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. SKELETONI ZATI ON FCR | NTERAGEIVE VI SUALI ZATI ON APPLI CATI ONs FI D8 e

| NVENTI ON 5 The present invention relategs-generally to conputer graphics
and solid nodeling, and nore particularly, to nmethods and apparatuses for

representi ng METHQDAND APRARATUS FOR GENERATINGATOMICPARTS OF, and

T oo AT S TR (R FEst R RS TR L7

several wel|-known tEORINTERACTIVE VISUMIZATYON ABPERIATICIGSEL Y,
free-formdeformation, non-uniformrational B-splines, or nore recently,

inplicit surfaces. Today's graphics hardware, however, is only capabl e of
deal ing wi 0 jciently. Hence, nodels are often tessellated
before di s%gérg) bﬁg&f'ﬁgééﬁna\inderi ng. 15 Related to 3D nodeling is 3D
nodel acquisition. The difficulty of obtaining a good 3D nodel has led to
devel ogne i in® i ; i U : > -and
Lt aBl o P o s e SkCnBater §F4inice 208 SRR
poi nts on ansemereiparticutarly; e edhods andiappafalusérfor pegresesting and displayidg
triangul atjon,. fesult, is ai n_a, palygon. . nesh. 20 A tradeoff has to be
establ i she%f‘ g%&éfn'{%%\ﬁlﬁtgnaa W’?ﬁfgﬁ?iapéq?ﬁr nEhXM th a high polygon count,
and fast rendering with fewer polygons. The ever-increasi ng nunber
crunching capability of today's processors tends to push the envel ope of
pol ygon cBACKGROMND OFTHE INMENTION naking it feasible to use nore
conpl ex nodel s. 25 Wbrking on the prem se of polygon nmesh, however, |eads
to many diTHe queéstifes eade pbhygistingen ihiee-dinferrstonidl YompsitérugraphRe, haslsdne it
expensi ve Eo (E%erform eonetric operations such as intersection tests in
col I'i d400n thet dRvalepmant of severalcwall-known: tachpiquass isuchvastqopstrugiivesselid

i nt erest echd | & ] e i i erar e
npr 1 2005, e LAY GERRNBLEA R ubofrh TatieF 8-+ B 6P Bore eoniian
concept ofimpliapeurfibes Taday'® gdaphics hatdvweareatiowehat, is oply tapablewf kizaiagt

for hierarchically organi zed stens. Jn fact, 3D nodel er ften exhibit
thi s pheno BHI'YL%E‘EO‘%B‘&@Y\AE%HC%E&P‘J&‘SgéFﬁ ?368&%%%@?6@ i%r??%’et gisPiywer
fashi on. AdftitieHOrerideeingbj ect hierarchy is a 5 natural representation of
shape, it is often non-unique and designer-specific. Even so, the

var | atisonRabfed /8l iodbiRgy s nfiidl toqaisliRf. THIGIRRORGRY UBlAiIGR £Bo8G he
nodel on the whole. The present invention describes an algorithm o

det er mi ni niP madsl hasded te developoferdimthis apea,tusing methodpstcipak yaser rangd and

for determni a iqu {erarchy fromthe onic rts. 10.1t is

concei vab{gf%bggg/s Fﬁao%'{%awearﬂem%"é S. h$n ?’hﬂ%boﬁg‘% cﬂfrg@éﬁ I PEYENFEEI ons
of nodel s,reppssentinihPtitts dHothel huabl'y Sudadd EndeeqEtd lurtRdYréce ¥@&n akhe
same cannot_be said of geonetric nodels, particularly B-rep nodels, which
are by far3R fréangdatios:. st ipagain dROlYIANGY$Esh-s a col | i sion detection
system that nmakes use of sinplification to conpute boundi ng vol une

hi er a2dhi A tratigeffriaseto: he estatiisbed between hawing a highequalityshodelusitte a-tigk ed

sinmplificat] ] r t ti.ng shapg, and the use. of this shape

i nf or mat i %dlf@orr{ Iécc()gr{r}%t fihé [?gsﬁnrf??ﬁ]&nol Wﬂ’@ fﬁ“é%’aPe\g(SBE?- Mg eYEGRPI5Ng
boundi ng waimber tiuathinghcgsability dfeoaayts Prodessopd téHNtodplish tHePBhvidlopé of
bottomup nerging. Bottom up nmethods only work well for organizing objects
in a scendlolygRN KouNp iR glicientefenseringo pnaking itndearible tseuser mope ordplaken
the 20 obj&gLef0 be partitioned consists of many sparsely arranged parts.
Hence, we can conclude that it is hard to achieve optimal or near optinal

boundi,ag L enar chi usd ithe t hod. [, TA takes..a radically
vt 1 o3 Wona MRl BHSe Y Aty on Mife i Wap SaRE o 0 Bitfenifib A
conponent paygemmelshds inferentde uaxtructotet] mdking tesxpehsive td pepdah\domdct he
sinplified nodel yields the conponents of the nodel. Partitioning on each

conponent PPN SHeN @srBtaisedipn tests in edltisiongiptadian aed Hardracing.ils teasy
to see why, bSt TRIdMeen] ri revl i 6 Firstly,
the sum ofpr%cg)gﬁtdi| ng vgpuﬁrveéstéf}ﬁ Wﬁ%&cpi"ﬁ dstﬁ'g‘ﬁl Fegrb,prg%’%ﬁetgﬁ?)'L (n;bgrrlﬁilln e‘ﬂbr"{‘%ent
partitionilmgrar€nce t he nodes of the hierarchy are organi zed by conponents,
it is 30 also easier to zoominto a particular region during intersection
tests. For conplex nodels with a nunmerous interconnected parts, it is
insufficient to use only one sinplified nodel or also called

| evel -of -details (LOD) for shape analysis. This is

L& e o one”LE5That “eaptor it “he eetertt 2" i
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26'1"' April 2004 -3 features of a nodel. By using a few LODs, the
deconposition of a npdel can be guided al ong each node of t he,pageniook OD
and a hierarchy is naturally obtained. Al though reasonably good results can
be obtained using this nethod, there are sonme issues that renmain to be
addressed: 5 (i) the association of polygons in a |lower LOD to a higher one

¢ be. strai p Ly e o . . b
o LD and oiipe WRBHERY 15 miost palurat B, Bfhe BF B3 hifhah conckiPaliamge ot
results; aad {0 db witht the €hcisthat icognition ewukse bespdbo dyeranchigallyi erganizeddel .
How t hi ffects 1 o d iti i l.ear. . ddi ti ' i fi i
Lol ng ver RS eEISISeRch Gl ThogR er BRI ik ehANBSEPR il eh ' o
i nvoked a élgé‘%gﬁéa?r?%e HESietOn & $5h-Rwey Rshih. AlMoligh3hé dbjedkierarchy is a

per f or man . I'n I'ight of ‘all these issues, an alfernati v%
f or nul &t i ovateral serieeentationdf isbapesit ifolen pea-unareen/mrsgNRDSeRIHETEVER THE

| NVENTI ON The | N d ' . ' i SEd i i fei
needs and SyErESREBIORElq HepalF I ] i3 Hok RHeBF U o TR EIARRR cEe
present i nyeali siMtHtewhbie Thedprasentsineentiornddsaritisscah algoeithirador deleymgengr at e

obj ect hierarchies, for purposes of varjous ipteractive ﬁ?ipl iﬁffz{\tions such
as: 20 (i)firet gaaelisstion of atemicapgrisnef Ay BPUL PRIYFORLRS TR AER: foh fiptermining a

Vi ew depemgﬁ%ﬁé@,}‘ﬂffp&;‘itﬂgﬁtéd‘f“)"ﬁé)\/i de an alternative structure to one

gi ven by ) Visualizati'on of conplex nodels; (iv) nesh-mapping;
vol undohi of B PGy 2eaf 16 RbleAT BRIRE FigfEthy Royoertiih 1EpRREARIBRSTL
o b oo e oot oot | va b oot o ararch co. Tne etk

i ncl udes t¢ﬁ,mff0<§lh%ﬁﬁi‘i’gC’fsg%%?tr(Cldeplsepﬂ%@%ﬁ'%@.’reﬂwmdﬁ 'tvg"ﬁs«ﬂ;ﬁrbé/ %ét a
orocess. of MEae SRS e B T AN o B e o4

wher e skel gs®of ssnplificatiby to aolgpse thobodingofoluine histrschies3) hedmvely iohdhis

Atom c Parts. This is the process of obtainin r f ; ' is a
part. ot « nditoler i Mk brs icdistrcofvel S Fsaa TOM T BE BRI P

nei ghbor i ngndqely Lisk o this hapkah@ir@atiod féridorodting beasding yolufhe higamitss
connects various atomc parts obtained into a hierarchy. Further ope of
appl i cabi | Ttadibenallye bprediagt valwnedtier@rchips ﬁf%seaﬁ'@t%fgﬁiﬁ%ﬂof”r’b?ﬁfﬁﬁ% Ing

o d Ov7 . . ; _ , q

that the dot BPhGRolrdiR, BRREIHEE sifino B bRY ork diof R CraRRirh dfoeter

pr Ief erred kOscwmeodintendispolygbhe pien\sentliopadowin engtheds peyforaypesrly wWhest i on
. Si vari han d .nmodi ficati ithin th i [

of T he2? v BRISEbIP BRIRETHUIRH: CHRSREmADY CHOSENoRIPIaES PAMEnEehed: Fe SEfh <

detai | ed desaipbl @it iBR FarBRCRLRTLENSimAIE: PRAV dgEmahsomdingiolume

i nvention w econe nore fully understood fromthe detailed 15
descri pti ohigrawmeshesiogreithieemethadt he acconpanyi ng drawi ngs whi ch are given
by way of illustration only, and thus are not limtative of the present

i nventi on, [RAN9gheakés :a radically different approach. Using simplification and shape
analysis, the major components of an object can be extracted. Further shape

25  analysis on the simplified model yields the components of the model. Partitioning

on each component can then be done using traditional top-down methods. It is

easy to see why this method is superior to previous ones like [GOTT96]. Firstly,

the sum of bounding volumes in [TAN99] is smaller, due to more intelligent

partitioning. Since the nodes of the hierarchy are organized by components, it is

30 also easier to zoom into a particular region during intersection tests.

For complex models with a numerous interconnected parts, it is insufficient to use
only one simplified model or also called level-of-details (LOD) for shape analysis.
This is because it is difficult to pinpoint one LOD that captures all the essential



FIG 1's a block diagramof an exenplary raster graphics systems; FIG 2
is asihplified diagramof a graphics processing system accorg&%g).ihﬁog he 20
i,nvention; FIG 3 is a flowhart that depicts the steps of the thod of
the invention; FIG 4 is an edge contraction exanple utilizing nethod as
described in the invention; and FIG 5 7°S a flowchart that depicts the

operation_of the t hod .of the iny, i ] E

T RVENT] Onfterestof 7 igdsla PYing BB AR fie AEPORPESIHERCIRS BEdeh chh oo

i ncl udes guiRdaloHgEachhiede 86 tie paient LOD amd a higrapdiiycis ralbraflytabtaiped. The

Host procéssor 100 executes an application pro ram,ang di spﬁtch raphi cs

tasks to tﬁh@oglgbm@'%@n%@bsg@demsz{ﬂé.c%@eg?tgﬁm using dHis; ﬁﬁg&pa&s to

a di spl ay’sﬁhﬁé%gﬁeg%%maw?gﬁé sABFddse@004 -5 300 connected thereto. The
ystem il i

graphics s 'nc es a pipeline of several conponents that

per f or ;1 ofRr at itheasseciationrof palygorpan @ tpverek ©Dcta At highes ongrmay SMtle on a
raster display/storage deyice 300. For the purposes of describing the

i nvention, a nY@OBIBVAfRe graphics subsystemis enpl oyed that contains

the foll oW iR Gldt Qi WHELS thd HesiFewhdmber bERODZ&Nd hbattotdniomspanempul ar
model is Mot to be construed in a limting sense upon the practice of the

i nventi on.(jij Gadiffetent tORsopresiice differenbresulist 884 ns geometric and
perspective transformgations, LRR Fh b | ' Q@en
Coi ndov) Honaarries g efed aft lseliobHd el The eI HEWIEL sHeae
graphigs prim tdeRwmpdsitbn RUtlear. | i nes, triangles, etc., are described in
screen space (integral) coordinates. A Scan Conversion (Rasterization) unit

Sean conntascpiniS DRHIEH BRI B AT e SuR aing ESNpy T gEE THROAia B =1

i nformatio ikl R huRiber lof dindd Y 10D eRshelAtion sAd shishain easse a
covered byﬂ?%des S“r%%ﬁ. CS Igr?h‘lbﬁbvesq A G aphics Buffer unit Zi’;gmr}ggei ves,
[

stores, anpenforotareependlty. pinxbght of @h thesessaHesoan AlEreatimh tiory:
gr aphi cs bgj‘fer nit. 230 ma¥ utilize conventional inmage buffers and a
z-buffer t9h2ROPEAHIH 15 HESPIREdon. A Display Driver unit 240 receives

pi xel s fromthe G aphics Buffer unit 230 and 20 transforns these pixels
into information displayed on the output display device 300, typically a
rast erjscr SBMMARY AND OBJECTS OF THE INVENTION

The invention described herein satisfies the above-identified needs and
overcomes the limitations of the prior invention by [TAN98]. The present invention
describes a new system and method to effectively generate object hierarchies, for
purposes of various interactive applications such as:

20 (i) organize an arbitrary mesh for scene management and view-dependent

simplification;

(i) provide an alternative structure to one given by modeler;
(i)  visualization of complex models;
(iv)  mesh-mapping; for morphing, establishing correspondence; and

25 (v)  building bounding volume hierarchy (BVH) for intersection tests in collision

detection and ray tracing

Specifically, disclosed herein is a method for execution by a data processor that
generates effective object hierarchies. The method includes the following steps:
(1) Preprocessing. This is to prepare data structures for subsequent processes.

30 (2) Skeletonization. This is the process of deriving a skeleton of the input model,



FIG. 2 i's a sinplified diagramof a graphics processing systemaccording to
the ‘tnvéntion. As shown in FIG 2, an input device 10 inputs %tagﬁ.'\ Gnqdat a
t.o be processed by the invention. The CPU 100 processes the input Aata from
i nput 25 devices 10 by executing an appljcation program CPU 100 al so

di spat ches graphics tasks to the graphics subsystem 200 connected thereto.
The out put rgHerd sSkéletcH RIPfullyaioNBbSedBbHY of Biin@leect hi erarchy) may then
be stored and/or displayed by display/storage devices 300. Having descri bed
an exenpl 48y Ganesatiog @ZUU&\éiaﬁ@. s dsrthen rogesssefi phlgiringovariousgfeatyrgsi |
2004 -G use | agtici t I v ' a. | i ded_of a
nmet hod of exk\Pg@h ﬁég a;t‘%sri’l.t C&Sgﬁ%Sﬁp@%ﬁ%&pﬁ%g@%gﬁnée{r%%or?(ﬂ'}é’ogér ?ﬁr’{geﬁgnt

of these par tenhattedarimeiglsbaring bddy) fitdme thpuskelstem. of descri bing the

i nvention, jt is assuned t%t objects are 5 descrihed.in olé)go.nal .boundary
r epr esént 460 HPSPIRGESSING. (BIFPIICESS FORRPHIS ¥ AIQHP ARG parts atlained; iplp aj ¢
appr oxi mat ethéerbrﬁ). anar triangles. This is to facilitate display as well

as edge contraction, as will be described in the follow ng section. FIG 3
shows a dataflow representation of the algorithm PREPROCESSI NG STEP 10 The
pur pose ofFyrther seopesohgpplicability ofthe eresent ivantionr yilldeecorae appargrddrom

required fgr .k OC I r iyl , | are
pert or mect: pAIetHER ERREIE R rpl PO RV L s SRy BAERIS ety
(P2) conmpuhengiatgildd Xdexdriphibar apdd speatfic, cxBfplesmutilendndicating nprefdged
table, and (P4) conmputing mn heap for all the edges in the nodel. Notice
that d8me @nbedignts of dhe inventionn arR gven) by, way gbdustegtion oply n8iPes SarPuss

i nput obj r i i } Frod; i e of
descr i bi ng- TG AR HIoBIcaNoRS FRmIn e saHE nd SLOPETRY I nyBAlioh AL PECOIRER P
r epr esent eappmrent toethpse skileddn e artdrem this aleddited descriptionThe vertex tabl e
VT contains the supporting vertices used in the nodel. The triangle list TL
20 contains the triangles used in the nodel and each triangle is

represente i f s (indices) to the vertex table
VT. In addgﬁ?%ﬁﬁﬁ%gggﬁg)ﬁp?gﬁkeéﬁéggmn ed structures such as facet
normal table and vertex nornal table, but these are normally not used. The
cont ent s ofhé hpresent aexvéstidre Wl lbecbrhe | mogd €ully sanderstooel Vainatthke ddiailiedg

the execution of the algori.th | n,anot her enbadi nent, 25 the original
mdel Gan Beegpdaner fereindieans M et miray oo Hiowinds whib dae by
vert ex- basgdyast idgStraRsh bAlyt RAJARSSTArBtAANImitaRR aStHepredend atdion, datia
structure and quad-edge data structure [GU B85]. It is straightforward for

t hose ski|wbéréint the art to do the necessary adaptation fromthe follow ng
description to work on edge-based data structures. 26'1' April 2004 (P1

) Making a py : 0 ol I I : i t is essential
to make a Eggyybﬁgtbﬁl%%o@%g%@ﬁ% ?ﬁ?ﬁ‘%ﬁ%ﬁggﬁﬁ Qﬁ%ﬁe‘% %gggdfhl s i s because
t he edge cPBIGr 2dtipBinylifiedpdiafamfiangEphics prtessing systéimeacadrdingl te thiest
as new vertices are added. In one enbodi ment of this operation) the
triangt® Iist i JM¥EQUAIY for rendering of intermediate results. \Wen edge
contracti opybSa ¢ f i fg@o i iggsel | at ed
triangle | Fls(% ?i@ra'gllgﬁfgﬁgg t@%t %da{%t%?ﬁggori giﬂr}gﬁmﬁggla(bggr}e Lﬁe%rnggg'er ed. (P2)
Coml out i naFl@r tejs ran glger hontriagiioap BxaMBleT héilizingt methed g sleredeedriaptihevNB
is used to.stoc.e connection infornation to between vertices. Mre

speci fi cal W’,e 'an@?Qex vO and vl are nei ghbors, e.g. (v0,vl ) of an edge
of a triangi@, 5ihamowkhart\hE{ dépPicenHe \WpekatidiPdimhe)metag ofené invemioghbor hood
graph VNB is used extensively during the edge contraction step. A sinple
way of inplenenting VNB is to use a two-dinensional array where each row
represents the |ist _of vertices re_'lzﬁti& E 118 vertex index. A nore

ef ficight BETALEDDESGRIFTENQF BNV & P8 . (P3) Conputinct incident
edge table INC The incident edge table INC is another data structure used
in edge Comeaqtinwra@@%n%@mﬂé@ @stdriipaphies d9sfenetian ihabbes b¥eail @ost)
defined as follows: for any valid edge (vO, vl1') in the nodel, INC(vO, v1)
gi ves the Ipretessor tuniti§Oeond hatgrapbics nguksygtem 200. The Host processor 100

executes an application program and dispatches graphics tasks to the graphics

subsystem 200. The graphics subsystem 200 outputs to a display/storage device



20 to this edge. The incident edge table INC is inplenented using a hash
tabl e. ‘A sinple hashing fornula could be given as foll ows: Ke¥6“‘:A;£ri Ydda *

di spl acenent factor + vl if vO < vl { vl * displacenent factor + vb

ot herw se displacenent factor is an arbktrary integer |larger than the
nunber of 25 vertices in the nodel (P4) Conputing mn heap MH for all the
edges i n 3d®Ecomtsdted lteeretdl heap is a data structure whereby the smal |l est

el enent or the element with the smallest weight is always at the top of the
heap. Thus, it is easy to retrjieve the smallest ight itemfr h in
heap. It uf'%e aﬂrEBﬁ\é’Ff Fﬁ?%ﬁﬁemoébgn@gg‘dﬁea sWBFﬁré%to 3%8‘(/%?() ﬁ? n]p[og\gn@%?rl\é{'t

mai nt ai ni @@férﬂ?o?éﬁﬁl@h%héﬁes&é@ 13 prepapd gedinkic vttt fondispli@pon'a rister
2004 _g_ incident edge table INC, the list of all edges is easily kngv\‘n.
The mi n hdisplayisterage dexice 380. bor thripHposes A digssribingifeinentiongeimedeleach

edge : . . i AR . _
engt i 19 lrABios SRy EHP RoeRpoveRhafidilalnt thaToRATGAuALKRIal Bhis,
conput ed hapedidbeTeatzad thatahisupartiedlay ahedel 5s obt td bevaanistroed. in Enlisdingr e
variations that serve to inprove the results and do not detract fromthe
obj ect i veSefse Wpan Hpractiss of MRINYERNABap is i npl emented using a |inear

array. SKELETONI ZATI ON STEP Sinplification is the process of obtaining a
sinpl er f ar ns@hnti®dProkbédde Jurfit PREBET YeridinRer habmetid I bRt %rsfé@tiveas
appear ance, as nuch as possible. In the context of geonetric nodels, a

si npl er ntrepsformatiors,vixact Chppingrambamitivers agaiaskgcseen fwindom)ikasndaggs) e

th licati . Sinplifi ' Ly .
| evel Fbf - orsr] ol compERIohE, . B ke ofepries AN, - pojnts

Col | i si oniiRes aaahgles] BN ddseribed #s sureehespackHDREYE)) coutdibletdset oni zat i on
15 [DEUS99]. The approach taken by the forner is based on the vertex

| usteri inciple while the oth t) d t tion. .k
cl ustering Brineiple il Lhe siher Lyoios ehas consciion LoRpRon
on appear gge‘?)rn?étﬁ&vﬁ’rtdcﬁgsorD%HﬁSf’f‘o.efScaﬁ| conveiter Widlt i270) BREKsS dewdi tiR er

version of edge contraction for the purpose of defining intersection planes
f or non- plgcaphies|prinitice Ontoe naider fnformmatiomr beeasdescriptioneebAispiay ¢areen t hi s

invention is djfferent in its nethodolo f edge contraction. Furthernore,
the rédul PR g@laé?ﬁﬂv?@drmtwagﬁ@sﬁ%ﬂ@c\f?g rather the crux of the
operation lies in the association of triangles into parts formng the
skel et on. RBréphise! Buftsr usit dSDI reddives, tstereseantitprotessasotieapbets frodethe Edge

contractiaon refers to the, praocess of collapsing.e s intp.vertex. .For,the
Ui pose. oReRBSEPMIATIEN Halt BRDTecrapREs atar ot ZAE o VEIRE EbEEnt 575,
col | apsec‘.iﬂnégé%&"ﬁf@%ﬁﬁ&% R¥ufdBoVstore M€ irforiatidid V1 are the vertices of

its endpoi nt G 4 1llustrates this process. Unless otherw se stated,
edge contraction is performed until the m n heap MH of 30 all e.d&gs IS
enpty ( SOA Displayldinivesnsit 340 seceivas trixels ifeom dagiiGraahics Buifer weit o8 and

267 1" i,l 2004 - t i I i S i .
assoc?l edrarerany IECPia FkMehEbEReg dn 1Y ol AgpRyTolas
begi nni ng Ho, q)hﬁcgiyeé edfe gaebAn step). The detailed steps in edge
contraction consist of: (S1 ) creation of new vertex, (S2) updating of

i nci dent edge table INC, (S3) updaji , iated trjangle ljst AJL, 5
(54)  updatfilly % 9GmBNis ABBRNGbE JPRpisNBEoRUsY BIEE RGPS 1 I o
list TL, (réant & oMM &8, ' S thltctlian 19 irpBls Jyrépiaas ida tevbe

vertex G ven vgﬂgn vl are vertices to be col |l apsed, a straightfor nrard
met hod of proeessetyby thevinventianx Tine WERW o1 ik p(aaesses the inpiiwdaie fromhinPuloes

not take into 10 consideration the relationshi f t ton
S. In4%he (fﬁvé%eesntﬁ RYe FEEEHING A0 m‘ﬁ@qr&;})rf)@%&ﬁvgﬁ hgd%gégg%iﬂg?%%ﬁ%’gvo
or vl if ejPRlcsVilskE toltHeIpashits subsysien i200 edgsedtod stheletboThS. olitpitnew
vertex vn is appended at the end of the vertex table VI. (S3) Updaglng%rof

associ at edestitafgkeletons tatamic parts, and object hierarchy) may then be stored
displayed by display/storage devices 300.

Having described an exemplary graphics processing system that is suitable for



15 Sincé v0 and vl are vertices of at least one triangle, the collapsing of
vO ahd v1 woul d cause at |east one tri angle to be renoved from the ]r{&)clel

I.n addition, the change of vertex numbering, i.e. vO -~ vn andfPil

vi ol at es the validity of the associated_¢riangle |list ATL. The purpose of
this step is to keep track of the renoved triangles, as well as to update

the vert exuseulrb pradtitinid @h@Sipoehtidre da 2edcripaos! ig hb\ﬁt prdlldedTBE & Aidtovd g
al gorithm exhaustively enunerates the types of ating involved: (1) for

each vert &Xtraeting alamie,p3rts from p pelygemnesh_and tﬁe*a)rra@gemmm thesg perts)
for each ‘fﬁtro%iﬁle‘fard VNB(vl ) 1 {vO}, renane ATL(v1l, v*) as ATL(vn, v*)
(iii) for each trrangle T in INC(vO, vl ) with v2 be its third vertex, do
25 store T to ATL(v2, vn) store ATL(vO, v2) and ATL(v1l, v2) to ATL(vZ2, vn)
store ATL(Ra, thel purpasesTiof viescribjngs tloe eimﬁé'rhi(or() it \A@)asswnéﬂ' lthatl objekty dre

ATL dat i t t C 30, T [
ALy R 8o BRGNIES AR RSt HBos B e
261" Apridurfdeed aré@eéyéllhlﬁéiﬁﬁ édaﬁﬂ' wﬁét@@lrvl/ﬂmmafnéf tr%ﬁdl@é MHgid t facipsiat e

is given as follows: (i) for each vertex v* in VNB(vO) \ {vl1}, renane
| NC(vO, vdisplay arayethas g¢dge conjractien cagwilves ﬁi@acrvbed im thrBplawingisection,
rename | NC(vl, v*) as INC(vn, v*) (iii) for eachtrlangIeTln I NC(vO, v1)

ith v2 b i
NV v B ettty réteseitish ot e BREHING 1 VRE o1 step.

(S3), it is mandatory to maintain the validity of vertex nei ghborhood graph
VNB after the coll apsing operation. The algorithmfor this update is as 10
follows: (R EBB@QE%@N&&TENB(VO) v VNB(vl ) \ {v0, vl } (ii) delete

VNB( v0) and VNB(vl ) (iii) for each vertex v* in VNB(vn), update VNB(v*) =

mBgX:}bs ke-ﬁ[ﬁ%)c? é %%%E’P%Rrg’g%%ﬁ% I s?gﬁd}ﬁ%&rjpgﬁ 2‘%%355#9{8 a&%lﬁt%glgggap

vertices aequiredaferd subsequemMotpeotdssing.f Ia bauglhufarﬂethet Yollcavidgr ¢ Bf@sl Szare
i normal s in facet normal table and vertex nor

required, the affgec

tagl e are R%FQSB‘%C&QS MafIng-G¢ coR¥ Shithe oprigingl dessptinted H@a’ﬂ@&a{'Ftng(P(%) mn
heap MH a f n?cﬁ'h t

ef ficient f‘t%i)(;ﬁ %‘%Ag gBr'\t/ﬁ( gl{e?geﬁﬁg?agsdrtggﬂedjv% Flrjltl\}?) \I/rzélggrgn% (?géngat? eagﬂtl re
20 heap. (<) e:ampublmgynmf feap tat aldhesdyes indha seodead dNotice thadtsomenothtbape VH.

Wh d dit b t d heck
agai ndt ¢ RSPHePUEhESCe PAENESTNAE PHL PRPSSa n it AFFbIFH RS RGN
updat e i s @sméSWitARichfigfor@asbnvertex vi in VNB(vn), do 25 if INC(vn, vi)
is not enpty

For the purpose of describing the preprocessing step, it is assumed that the
original model is represented by a vertex table VT and a triangle list TL. The vertex
table VT contains the supporting vertices used in the model. The triangle list TL

20 contains the triangles used in the model and each triangle is represented as an
ordered list of references (indices) to the vertex table VT. In addition, there may be
other augmented structures such as facet normal table and vertex normal table,
but these are normally not used. The contents of the vertex table VT and triangle
list TL are volatile during the execution of the algorithm. In another embodiment,

25  the original model can be represented as an edge-based data structure (instead of
vertex-based as assumed in the description) such as the winged-edge data
structure and quad-edge data structure {GUIB85]. It is straightforward for those
skilled in the art to do the necessary adaptation from the following description to
work on edge-based data structures.



for.,each triangle T in INC(vn, vi), do find and renane vertex vO or vl in T
tovn let ww =f (vi, vn) where f could be the |ength functio%.h 12004
heap_i nsert (M4, edge(vi, vn), wt) 30 otherwise add (vn, vi) t&°sPiaH4:
April 2004 -11 GENERATI NG ATOM C PARTS Havi ng obtai ned the skel eton and the
data structure ATL, the next step would be to conpute the list of atomc
parts assqpiaMeking bieobhefiBeetiall essselialed #analemtc part is defined as
the collection of triangles that represent a connected skeleton. It 5is
obtained fromthe follow derivation: Let R be a relation on S such that
aRb (i.e. k1§ asseptak ip pharg a gepk @xing originaldiesseliaied trigngls fisls Thisiis an
equi val en ty t & finC | ; Of <t R,
ol ed Q asardhgbdde Bntiacioh Q0B Pl in B MBS g RStk
wher e (vj ,asvh@ESertines ae, added. @n oRESTRRGIIEESI MGHET Bpeftiony e tridngte 6t is

post - pr.ocessi IS to.derj.ve the.qbject higrarc representing the, orjginal
odel | 1 by BeE e fesenig8BSing Vindh Elbrs PRI SA0) IRt 5
hi erarchy dipthielddaed iasthe hivdletdite esssanater] irfhgld Oist o destofed 30 M4t ahaal
nodel M and_each l'evel below it is a breakdown of the node into nutually
excl usi ve giginal model gasnbe federedr e atonic parts obtained in previous step.
Hi erarchy construction nmakes use of the rel ationship between connected
atom c par birsy ¥ hSiBRB5Md hAgggby the connection graph G as
fol |l ows: = P~ o~ ; and tp, tqg shares an edge
}. For nodels containing disjointed parts, the connection graph Gis also
di sj oi nt edThe ertext neigbbortemsh ocapm adWBdiss ubed dphstiose taomaestioagntanmation

BocP Rt 8B, SRy Feher DRV ReloraBhE H g oAhLS,
the rest obf hRcedies @iSsitAANGR, Mher aythy \Naw)laﬂmo & VABRSHUMRE vertex

connected. Gis undirected and coul d possibly contain cycles.” The presence
of cycl es neighbotwedtagraphdiiBrie used axtensively dwriogythe@dger cantragtionsstapds.

Hence it is_necessary. first trapsform raph into ree. e of
o ng t hi SSTHTE S mAtelierhe Rt Ve B Moo Bichd] AfECenaiE Fitl o
G The cosfowtepr@ebnedgre list 6 J6rtiel bistedt fetrroveriéxnede0n Mo efitient
cosi ne, of the angl e fornmed by orjentations of 26'1"' April 2004 -12 the

endpoi It s. MeHwdigde usgit PIACPRCYCHsen as such because a sharp angle fornmed
by the parts indicate that they probably should not be joined in the first

pl ace. meggg)c%p!w%?%t%ggqgsmlm on would be to use the axis of

| east inertta, Fch 1s talirfy expensive to conpute in three-di mensions.

Alternatively, the 5 orientation is approxi mated by the | argest eigenvector
E’@‘\)

in the priHae pacidentpder tablanNG is anpthen)data stiuetusgjused in edge contraction.

The elements of the incident edge table INC are defined as follows: for any valid

edge (vO, v1) in the model, INC(vO, v1) gives the list of triangles that are incident
20 to this edge. The incident edge table INC is implemented using a hash table. A
simple hashing formula could be given as follows:
Key = { vO * displacement_factor + v1 if vO < v1
{ v1 * displacement_factor + vO otherwise
displacement_factor is an arbitrary integer larger than the number of

25 vertices in the model

(P4) Computing min heap MH for all the edges in the model

The min heap is a data structure whereby the smallest element or the element with
the smallest weight is always at the top of the heap. Thus, it is easy to retrieve the
smallest weight item from the min heap. It is also efficient to remove the smallest

30 weight item whilst maintaining the property of the min heap. After computing



Havi.ng (,j'bt ained G for each connected subgraph of G hierarchy construction
can begin (step T2). Three types of hierarchical construction mat hQ]d are

i sclosed in the foll owi ng paragraphs: (1 ) uprooted folding n@tﬁ‘@ﬂ 2@%
rooted folding nethod 10 (3) common edgs net hod. The use of a particul ar
met hod may depend on the eventual applications of the constructed

hi er ar chy indident edgeotztbtel INO| thenlist ot iahlastigBsiis gzl RAoRAPTThemihhddpeisdeEAU! t
configuratib n__in which G is uprooted. Nodes of degree n (n >1") wth at
least (n ° ga")“eﬁ’é’é{fa‘i‘@r‘grﬂibﬁég%ﬁfr) sstnggtfediength eheachtesgeoss itsevaighti s, t hm
t agged no §'feGetidRse : :{iﬁ”\b L Nyt e H
Thggal gor ﬁgﬁﬁq fotre bui | di ng‘ ﬁ’H]%lréség?a'g& f%(g omg&qlggﬁthal Q?%QQF %Hbowﬁﬁ\eﬁ{)gﬂml | e
~ G ~ > melhadibeeveight dicepciecdgenis mmpuﬂedetmse(dori$ome6ﬁrema|%1hbl@63\/M _eﬂ@tle_l at
ueue, < Q T ol = ueye s not enpty. create a new node in o]
ge parsent %g#tmeééﬁ"%eﬂﬂ%r §'Léo§‘9#at at?‘@t 3%%%@% he r}'qsygs FOdode &9t of
M and P detretefrospihenstigbihe sf oiis BbrationCTheaRRNRedh IQifleierféd 462
Root ed fol di ng nethod The uprooted fol ding nmethod gives a sinple way~o
construct ?'ﬁ@agﬁféa}‘ri erarchy, without a priori know edge of the nodel .
However, the hierarchy constructed this way nmay be | opsided and not really
refl ect the natural partitioning of the nodel. A better way woul ;:I be tod
ick a regK NIZAT repG to be the root. A 30 representative node
Eoul d be the ﬁ%rgg vm'ZtRthgﬂgSTEa?gest boundi ng vol ume (repr esenting a dom nant
part), or one with the highest degree (representing a 26" April 2004 -13
cent er of Sirelifigatiopr iz dhedpiasese| ot tabdaimingua |sjmplert kenusafr a Hoelehrehiye

bot ot upP et et e fonkEl P SRR Ao e, 6% (ISSIAE: aine P

P2, ..., PBontext MngeMé&chnioﬁ(le(lg)é,eh Sinfprert hﬁ)d&iighé?@fwﬁ faddr gﬂﬂﬁﬂﬁer%; of_| e;/gl
h-1 to I le P = dequeye(. IS not enpty create a new node N

E)e paa ent tr%mé{f%%@doyergcg@ WB'& the apRligations” afr simplificatiomerg anainty of the  and
P arena of level-of-detail modeling, there have been ingenious applications like

Collision Detection [TAN99], Progressive Mesh [HOPP96) and Skeletonization
15 [DEUS99]. The approach taken by the former is based on the vertex clustering
principle while the other two use edge contraction. Hoppe employs edge
contraction for simplification and compression, with emphasis on appearance
preservation. Deussen etf. al, in turn implements a simpler version of edge

contraction for the purpose of defining intersection planes for non-photorealistic
20 rendering.

The process of skeletonization in this invention is different in its methodology of
edge contraction. Furthermore, the resulting skeleton is not the end product; rather

the crux of the operation lies in the association of triangles into parts forming the
skeleton.

25  Askeleton is defined as the result of a collapsed model. Edge contraction refers to
the process of collapsing edges into vertex. For the purpose of describing the
invention, assume that the current edge to be collapsed is represented by (vO,v1)
where v0 and v1 are the vertices of its endpoints. FIG. 4 illustrates this process.
Unless otherwise stated, edge contraction is performed until the min heap MH of

30 all edges is empty (S0). An additional data structure is required in this method to



del ete teafs of PfromG rename Pto M in G (3) Conmon ed4e nethod For
geonetric objects with many interconnected parts it may be dif g,.|/§:ull£00%
choose 15 a representative node to be the root. In that case,

useful to have a netric for evaluating .tshe "strength" of connection between
parts. This netric should nmeasure the relative inportance of an atom c part
and its nsloghlasseciated tnengle® Gidithis is tkmewmeés ithe tdsabcia!aemmgle Itshi/!SI’ L

ot i ned VRGN KD IRtRIAG B HbARset ins BRghIng UF e gyaletanizatorlden] e n 1

where tk aeﬁileénﬂefy 3n edye anfracthﬂ?chn&st @f P(Sﬂ%f@ﬁﬁbbf (d? ﬂew \,Ert'e& SSQ
v6) 11l s.t éva vb) in tk where f . (va, Vv in f,

rel ati ve( Ppdating ofclr@aslﬁmle@ge table) INCmﬁ)bmﬂaﬂlagﬂf?QQSOCM&r@w@m AThe

ot R el e RS BR R VAo D R R 8 TPyt

or, in 25(36)(1];3cdat|ngrmmdn¢mﬁMH bhe skaftétbrest rret ric. The algorithmfor

building His as follows: add P1, PZ, ..., Pmto Hwhile ( G | > 1 get
(P,, P~ G wthf (relative(P,, P~)) where f could be max or mn 30
function in X1 in Hto be the parent of P~ and P~ col | apse

P, and P~ to new node M (correspondingto M inH) inG 261" April

2004 -14 “@%rﬁb@éﬁdc\m@ﬂee&@ﬁcé@ﬁa séwlapéedara @t?a@hﬁorhvawaﬁéthbdw&é'étm

process. As nentioned in the summré and ects of the invention, there
+

are varl ofls NeMt evagtax we appiifc Bei de VHAZ exafefthis fdegs el &epuntsd

ob) oot hi EPAFERRAt e FeleflohSHbT By VIE VF IR Bl S8lasth &, I iadoFeRent (e
spirit anthvemba tHe hew vantextis givem the lkeontirateppy@rdr ¥ ift Bitiser wikidrlved in

the art from such a djscussion, APPLI CATI QN TO COLLI SI ON, DETECTI ON One of
t he nost PP’r?é‘gc@n%ﬁhﬁP‘ﬁé‘"apﬁé’r% inoskglatarodi | i Reweastax Wn is §PP%debeBIe

i ntersect pAR drasd vertdk Badi§ \At so true for the ray intersection test in
ray-tracing. It i1s 10 generally accepted that a tight bounding volune is

good for such tests 5| nce it wll ensure that pruning is done as soon as
possi bl e. ($&) ! aesasiateditiiandliedishAdd | ead to efforts such as BOXTREE
[ BARE96] , CBBTr ee [GOTT96] and k- DCP [KLC)898] to nanme a few. Mst of them
eithercta C f roach
o1 hef ! Qi L PP, QRRIGRRCH 1R S0 ARENAG, e SABRRS BT BRRVY
whol e. Topoudvsapses tat léastiong triangleetd betrbmv‘edrfrdmdlaésmdiat Iraaddisipalr g& as

the level of representation js too coarse at the top. levels. Bottomup
change of vertex numbering, i.e. vO — vn and v1 — vn, violates the validity of the

associated triangle list ATL. The purpose of this step is to keep track of the
removed triangles, as well as to update the vertex number in the associated
20 triangle list ATL. The following algorithm exhaustively enumerates the types of
updating involved:
(i) for each vertex v* in VNB(v0) \ {v1}, rename ATL(vO, v*) as ATL(vn, v*)
(ii) for each vertex v* in VNB(v1) \ {v0}, rename ATL(v1, v*) as ATL(vn, v*)
(iii) for each triangle T in INC(vO, v1) with v2 be its third vertex, do
25 store T to ATL(v2, vn)
store ATL(vO, v2) and ATL(v1, v2) to ATL(v2, vn)
store ATL(vO, v1) to ATL(vn, vn)
store ATL(vO, v0) and ATL(v1, v1) to ATL(vn, vn)

(S2) Updating of incident edge table INC

30 The collapsing operation (vO, v1) — vn requires that the incident edge table INC



met hods™-suffer fromefficiency problens since obtaining a globally optinal
solution is prohibitively expensive. As described earlier, UC@@Q&QEHEIAN99]
uses a series of sinplified nodels to 20 extract parts of nodels, hence

t aki ng advantage of their shape. Howevery.it is not clear how many
simplified nodels to use or howto select themto get the best result. This
i nventi on Hy gsgdted. The AlGSHBERr paifofhingthi tpditeti® givelp &cfollbwer ar chy t hat
is easily convertible into a boundiyg vol une hierarchy suitable for

col I'i sion dé} efarigashxerigxd riaWNBEEO) hiv1hnename NC(MPaviapiNCep, Vv7) - pm

whi ch form gRe nRAEs Wi | n [ LkPa&e nge top-down
partitioni ngﬁrrgrﬁeg%g can glggphﬁ@&»g#%bﬁ@g%'%t@ég ce E‘iC o'??af nodes
cont ai ni ng @iisfargashdriasgi® T imINDEO, o) witha@dbeeits tiod verteX,<jooi nt connecti on

gr aph t he MST of C nne subgraph @ fornms 30 a hierarchy H;
representing the obj‘i‘%?b%fgﬁog? ﬁi‘gg@r VE’gngr egate part R, the 26°i' April
2004 -15 Cotibﬁﬁéﬁ@%mc(ﬂj xg9ns of the nodes in G. Let bounding-box(Rr) be
the size of the bounding volume of Rr. The choice of bounding vol unes is
appl i cation dependent and transparent to the algorithm The algorithm for
mer gi ng t hS4)dipdatinaef vesiexqaiahborhopd arapi ¥&Byer gi ng of smal | est encl osi ng
boundi ng v | ,%‘aqé y L A vk S5dtaRdo Rr ,
R~ from R'Eva\%"ltﬂﬂ%t%e (sgg‘zlﬁtgss?n%)oun %yntgégoxzthrwklh%?%}@pgg{e a Lrﬁgnv‘\%ﬁoderﬂﬁ/lﬁdi n H
to be the gaphnVNE aHer dhe ddHapsingapperation, TiRe atganithmniodethi update is as
(correfopon in% toM in H) in R 10 This manner of hierarchy building is
siml a0 info8¥Sre to existi ng bottom up net hods described in [ BARE96] and

[ TAN99] . Thgyre i S/NIBABY PONBRP0a0Zem by picking a new root to
achi eve a n@?e ﬁgq:gygéﬁg esul t(t.%¥o co%ro)l qt h'e@%r anching factor, H may al so
be convert egi)i ntlelete YNB{vQ) ame¥NB{ot)e that this is done on a per node
basis, and does_not involve 15 alteration to the original el, M It

shoul d be pbitht & e86h vERigx ¥ Wé’ﬂﬁ{ve}itqp&ﬁtq gh@?"i)t‘sg%?\ﬁél\lq‘?@sﬂékbﬂf&i n
replacenent for conponent derivation in [TAN99]. The process of converting
the Comon%égztﬁdaﬂha@t#éﬁdlé%ﬁrehwd Re&SINMH bidaRBldGR € to the object
hi er ar chy. MON OF THE VETHOD OF THE TNVENTTON 20 FTG 5 is a

flowchart that depicts the operation of the nethod of the invention in
obt ai ning ®bgddangledisaéhisespdated se thateoliapsed yertinassargrregamadaoeyn. dNote

dat abase O;ha(??{) S%iégﬁpﬁ%@jﬁ ;&%fﬁggissfé@%&%é aﬁg,?fljegl‘len(?nl?‘j@gtiﬁ BNt R mal

el ements of, re tabase or a vir envi ronnment. For each
of these objmdetnd vetextrepmdl jatié aretobe ratampuatepaFos theasakentf effitiency, the

hi erarchi es are gener at ed detailed 25_.in FILG 3. The. i nput.nodels d
the okel ot JRGEUTA GhiTin peAPAMHGAMS SKFIEn ioke 2eh PEdoumed SRBPE U i dC1e
Menory as phew; iéhtFioGugaateAMH Riifecl] BE thish@oBikP irfBIle exaafiing theghtirean
I nteractive dISp ay SesSi| on wth a user. User can i ssue conmmands tO, fo

i
exanpl 2) dheppalnstaasl, onbnaffectediedgparare yeinseded dnte the eniarhsaapeMH. AVben anser

obj cct i opapens bRl {R ARGl b BBascboBRRE0N cherso Feafied e adht

edge table INC.

The algorithm for performing this update is as follows:
for each vertex vi in VNB(vn), do
25 if INC(vn, vi) is not empty
for each triangle T in INC(vn, vi), do
find and rename vertex vO or v1 in T to vn
let wt = £ (vi, vn) where f could be the length function
heap_insert{(MH, edge(vi, vn), wt)
30 otherwise
add (vn, vi) to S



260" April 2004 -16 the suitable data structures for nodification and to
pass themto the graphics subsystem for display of the data stzgul'\%;l_m(ﬁ@ on
the display screen. Additionally, in response to user requests t he
system can use skeletons, atom c parts,;@and object hierarchies to conpute
ot her data structures such as the bounding volunme 5 hierarchies, as

descri bedGENERATINGATOMCI PARIS traci ng or virtual environnment navigation
to determine collisions Mb. The i nventi on being thus described, it will be
obvi ous that. the sanme may vari e many ways. ch vari.ations not
o b eqlAE SRBMELING KETR 1B AT L B S S ATpotst NEH SRS and
al | such @Pedrhbird thaist 3F aWitichdits 2 iatbauiitl Pedfisasi{stdPhMahlaftofid are

intended to be Inc ed within the scope | ow hg cl ai ns
Apri | 200part ig defireRESItES CoBREIRT6Df manalasangmepraermaawn@,ted_.sk@mtqraslt J.

Mtchell an " h| cal Repr>sentation for Surfaces
in 3D4 pf o%éé'&\%?&"@d&%ﬁ&ﬁf‘%éek@%{' 15(3). August 1996, pp.
G- 387-396, C 4Bét R5bé BEdER N b8 Sswh tﬁat aHbr(BeJ a Jelatdrly)) ifther&exists lat weg,
S., Strothotte T., "An lllusfration Techni que Usi ng Hardware-based

| nf er sect PBWS ref tRIiPons”, to appear in Proceedings Gaphics Interface,

June 1999. n and D. I\/anocha "OBBTree: A
Hi er ar chi caI ruc%u?’gu@é%}p dé&forf&%eljr_%nce Det ection", Conputer G aphics

(S| GGRAPH ' 96 emlaauersgspf edOivakoge qmsesmamne{j@amwga i€utdoas and

Stol f Prlmtlvesfor the pmani pul afion subdi vi si ons .and t he
compui@ti on of FObPBRABIQIAAGIANE P 5%5 bt wf@re&la\dﬂﬁ&anw 4,
(1985), 76&% [ HOPP96] H. Hoppe, "Progressive Meshes", SIGGRAPH 96

Conf er ence bceedi ngs, 15 Annual Conference Seri es, Addi son- Wesl ey, August
1996, pp. 99-108. See al so European Patent Docunments EP0789330A2, entitled
Sel ecfive Refinenent of Meshes. (KLOS98] J. Klosowski, M Held, J.

Mt chel | , PASTHRROOESSEING STERI kan, "Efficient Collision Detection Using
Boundi ng Vol une Hi erarchi es of k-DOPs", |EEE Transactions on Visualization

s Commitl, S8, o ctefebl 1 BB BB AR AR AP s Lo
Proceedi ngsigital f[ydds M Wy @@dﬁﬁlgmlﬂ@nﬁﬂbﬁﬁphaoﬁeaduagm Wy, TT%BBJect

[TAN99l Ti ow— Seng Tan, Ket-Fah and Kok-Lim Low, " ting Boundjng
Vol unmgd Hi @feaaeqmye@ dgfineg %aépog%ﬁﬂe wheseithe rootm%tee@dﬁhﬁg%ﬂgmalswﬁsklvhm On

I nteractiygy3 scr%&gl Btow? 18 2 ghgg\/vmﬁ%ft@é noFanto mBidiy ﬁ.:sux}ég Ghel M5

Havi ng t hus ed our 1 nven ai mas new, an des reto
secur e by Thetleaf aothad erd atomeic parts obtained in previous step. Hierarchy construction

makes use of the relationship between connected atomic parts and this
relationship is defined by the connection graph G as follows:
20 G={(P,P) | 3tpe P, tye P, and t,, ty shares an edge }.

For models containing disjointed parts, the connection graph G is also disjointed.
In that case, each connected subgraph is treated as an independent connection
graph and is dealt with separately. Spatial analysis (see [TAN99]) could later be
applied to join them up into a hierarchy. For the rest of the discussion on hierarchy

25  building, G is assumed connected.

G is undirected and could possibly contain cycles. The presence of cycles could
create problems for some hierarchy construction methods. Hence it is necessary
to first transform the graph into a tree. One way of doing this, in step T1, is to
compute the minimal spanning tree (MST) G’ of G. The cost of each edge in G
30 could be the some function, such as cosine, of the angle formed by orientations of



5 1, A'nethod for execution by a data processor to process a nodel having a
collepfion of triangles representing an object into atomc paggusApmz(-_,o4
conprising the steps of: preprocessing the nodel to generate

structures for subsequent 1 o processing;,. generating a skeleton of the
nodel ; and generating atom c parts of the nodel by space sweeping with a
sweep pl ane erupoiits. Tiae dopt fepciior dstheseart ap suok bedaase ashaoprpoglefprmeder t ex

hbor hood h. VNB, de dge | e 1 NC MH of
cges, ek Ihe PSS IREte A<NEK ProRat EhRUBT e hdbe R RE: ot og

wei ght of an edge is the length of the edge and an edge having the small est
wei ght 1 sopBl Wéy’“di'%n%hﬂrlbeah%léﬁtaﬁm wBUM R Mee tRE axis Didesstt imegtias set
forth in claimd, further conprising the step of maintaining edges in the
m n heap Whichuish falit expersiyat toofcompulggin ithresodimensionsal Alimadiyelyal the of

i nt 2 netr oA 1t BRPERTREE by B I0eR EBenGAR I I, RAFLEF Lot 7

claim1l, @ﬁ@ygggpm)(bfsﬁ@gb}é&generat| ng a skel eton of the nodel conprises:
l etting edge (v b m n wei ght edgefromthe m n heap MH;

col | apsi n% (vO, vl into a new vertex v 30 a g;?ndl vn_at .an.end of a
B

vertex tal é'nqpbtﬁmgt(i?‘ﬁé’r §§§B(9°Hf'§ﬂtepr§ fRh P hY) CERStrudion &8N pe
af fected i |1 of
the'at f oo Ea. G 12F HIGEodparhich ?z@fé?%ﬂ%@?%%‘%ﬁg%}@@"ﬁ s
the af ectha:lfollemmg;egragraph@d@it)lU'fyoatetdrfOé\Cﬂiggd“H"@ﬂ (P),roelee! feidinacnptod and

ske| eton..S where n cessa d SUBSTI T 0,
Fepoald not I R SasR snpe 22T 5T < pericdansiethatay pale SRty
The met hodyastuaPhppltiatibng of Hetohstrucd@hrirarchgi d new vertex vn is on a
m dpoi nt of the edge being collapsed. 5 5. The nethod as set forth in claim
3 wherein said new vertex vn is snapped to one of the two endpoints of the
edge whi chl)dnioeted taldisgreethedst i ng skel et al edges conputed so far. 1 o 6.
The nethod as set forth in claim3, wherein said updating step includes

det er m ni Rgid ARthdY éﬁﬁl&ttﬁlthé%u@céﬁ@?aﬁ&@% \M'h@r'i‘ C—ﬂ“s aERtER N GdseLof

causes an incident triang l'ist INC to beconme enpty A net hod for
execut i ondegree ddv b}wd@a@@ﬁ@pﬂédﬁ&f@%@hﬁﬁéﬁfﬁmgﬂﬁ é\tfgcﬁémlé@f fhen of

of - “pibpr ARG R B " GheRER 8 A 2 B Ko R TRE MR iR~

DFOCGSSI Ng. mgatuhmf@ trkieirg Anisads fdlewspdel ; and 20 generat| ng atomc
parts of the nodel, wherein the step of generating the atom c parts of the
nodel i ncl udes agﬁéjaepsv\eéjm"ﬁd“’to obtain the atonic parts as foll ows:

while | G’'| > 1
add nodes of degree n with at least (n-1) leaf neighbors to a queue, Q

20 while P = dequeue(Q) is not empty
create a new node M’ in H to be parent of leaf neighbors of P
create a new node M” in H to be parent of M’ and P
delete leaf neighbors of P from G’
rename P to M” in G’

25  (2) Rooted folding method

The unrooted folding method gives a simple way of constructing the hierarchy,
without a priori knowledge of the model. However, the hierarchy constructed this
way may be lopsided and not really reflect the natural partitioning of the model. A
better way would be to pick a representative node in G’ to be the root. A
30 representative node could be the node with the largest bounding volume

(representing a dominant part), or one with the highest degree (representing a



constructing the skeletal tree; and repeating the follow ng steps until the
skel etal tree is enpty: 25 locating a branch in the skel etal bEegor 804
sweepi ng; orienting and advanci ng the sweep plane; conputing cross-section,
geonetric and topological functions; ideptifying critical points to
deconpose nesh into the 30 atom c parts where each atomc part is defined
bet ween t véprit@nsefodlis)y @r tould bélseRted mdnidlly byaRd usenMYierchy boastedctidrat
has just been swept. 8. The method as set forth in claim3, further

conpri si ngverlidnba; similgr asy befaial exaget it (ib ignave dasenbeligmdinsj Bierooted
skel et al CTATe N riangl es, that SUBSTI TUTE- SHEET
26 1 ?ﬁ&g@% tgédare é'ﬁéﬁ%#eét‘go@pygne edge in the given nodel, are
contract ed one add By, d&hd..; R totther to d. 9. The nethod as set forth in claim
3, further conpy, ‘.. '39 ntaining a virtual edge 5 (b,d) between two

di sj oi nt skel et a elr;&ta, b) and (c,d) when two triangles, that are
incident to a sane e&Qébrer’(he height ofe@’ nodel , are contracted one to b and the
other to (c,d) and b tracting sonme edge incident to c.
10. The method as se?&?ﬁ?ﬁsrﬁﬁléu gphtg%'v\her ein said constructing step
includes a step to twhise =dmuevefidt schotkelpbt on with virtual edges as a

skel etal tree by renoving it tmndard m ni mal
spanni ng tree algorithm c.%QYeQ \kﬁgEWoP%gééEg?E%éggﬁa%dﬁfl s defined as
the inMerse of the size ocreratesaasw@@datwalrtfdutarb@n@remtgfM’an P11. The net hod

as set forth in claim7, wbetAb s%lﬂfr&ﬁ@tl ng a branch for sweeping
‘includes a step to prlorltlze the avail abl e branches for sweeping based on

the total surface area of remameitoM #1 G ri angl es in associated triangle
lists (ATLs) associated to each branch, in favor of small total surface

area. 20 1 U'm‘O'n—oTé%‘rM forth in claim11l, wherein the total surface
area of th§3) gd Frettsd gles in associated triangle |ists (ATLs)
associated to a branch can be approxi mated by the | ength of the branch

mul ti pli edFar gaomemcaob;eagaewdh nodiry mercnﬁn@@tedmarmé may-ee Rifleult taschqrse

endpoipts. 25 13. The net susel 1.0

o ont o AtePEtealveg AR 1 ol ek o, i Mol pethEid 8 10 G metric
initially idreegarmating! theeseergitit of tcopasston toetwegh pdres. f Thist metdtpeihpuldf a
branch b under sweeping and_has normal vector along a first skeletal edge

of b. 30 1MeapHEe (Reniptie dBportanse qf nar aiemic pa\rth@ne. its R e .Cmf and
advanci ng Ienrao%rrﬁgﬁt nhé%eﬁrc?ﬁar '?glué%asmauﬁé fiRth8d 49\5 G812kiDe lér‘t@?\pop e
rough a w vV, Nns), passing

P(u, n), passing normal vector n,
t hrough v wotimoroedgés beMenntvmpaﬂhseaadvs defrméﬂaaaéodtowmar est nesh vertex

above e swee a o di 10 t he sum of

t he cr%@ 5?'6’8’8’6’?’13 %5 ?#)ﬁ)ﬁgr ﬁc,stq Ve 5"? %WESWSQEL@IWQQYEFIVQH%(’ g'ef%yﬁé set
of i nterse@bumbrjz(rrﬂ,)am||m,@t) étshte(\g“),%n @@ﬂtet@ae Bl ahaSot ¢ lTRBR. BlFR) in t, 26™ "
April 2004 -21 15. The as set forth in %I ai wherein said v is
derived by’%(atf‘t'ek%d r)rrc‘fogrfﬁ?ﬂ Parfad ipintRougdaiy e bp a@éé@p pl ane where the
fixed increnent anpunt is a function of the di strlbutlon of the | engths of

edges in t TpegmetibdBrednsthuctidon i$he keebhrethaving etigée blaBed orch f aaumubn ghies ei n
the geonetric function is given by a function on the area of

cross- sect mﬁflc1$UCWMWQY&th§étbeft6km. rrmoaeaﬁmqulmmértaedatge@t or, in
geonet h ¢ HBﬁtérOBnib%d%gﬁP % EmbHI& h¥i@ " ThBCaRBHHIERF Wity H is as

Cr oss- sectlo
follows.

add Py, P, ..., Ppto H
while | G’| > 1
get (P, P) from G’ with f (relative(P, P)) where f could be max or min
30 function
create a new node M'in H to be the parent of P, and £
collapse P; and P, to new node M’ (corresponding to M'in H) in G’



18. The-nmethod as set forth in claim7, wherein the topologlcal function is
a neasure on the change in topology of the cross-section. ‘h@x”%@hOd as
sét forth in claim7, wherein the critical point is a p0|nt on t

boundary of the given model where there,;js a change in either the geonetry
function or the topological function, or both. 20. A nethod for execution
by a dataTpeO&GB&$ET cdripRI&s ahs aeMionh@wm@ mes‘ra}dtﬁcbunamgf Frdde%aglﬁss
representing an obj ect |nto atom c parts, conprising'the eps of

pr epr oces Sangionsd ibdbe sumg@mr an@ abieaiss of Wbeuinvertion, stbﬁléﬁecﬁiént’a”ous

processin [ of
Phe model TyREBTE Brcgafi fief vAP sneL foBER s cof PSR R SR RIS o
gr gplh G ofolidwing! we deperrltlbé é;@aenlyotlnet bee C@fnmfab]edtmefarﬁh;e for logienguhch
node conpu a njinima anni ng. tree or eagh cannecte

Subgr b GPPISARI Fet ARPUCEH WY dbe Sl APEngoane PbhedovErdon Ml The
met hod as b%%%mfeoé r?ﬁtfb'tﬁb?é%ﬂmemﬁrtﬁé BritfRSin SUER PdisEqERHHn.I ng G for each
com ected subgra i ncludes a step of using fﬁe cosi ne of the
orientation of atomc parts as the cost function. 35 S~JoS i | TUT~ SHEET
26" April ZOOﬁﬁHézgﬁéTgbgFHéJgK%ﬁHg;gé&&ﬁ%&rth in claim2l, wherein the
step of céﬂﬂﬂh tion of atom c parts includes

the step of conmputing the orientation fromthe axis of least inertia. 5 23.

The met ho%%rﬂée ot Sthe' Mokt tinfe ﬁb%% g@?ﬁtﬁinnlrf r(’:ﬁll%ﬁ d‘éfec?ﬁﬁpg {HY ob ¥ t

cosi ne of orlentatlono ato ts Inc estepo conputl
t he ori entirtersectibnaest. Ehis 4 gést traeg‘enﬂm:tay interselctiop testcinpraly-tcasipg.nk n$

o e, S ST T Sk A B o
connect ed &%G@Hdt%ﬂhé@?d@’ne Ba\sa a%t&’ﬂs?oleal‘?ééeﬁt%el/elﬁﬁn@rﬁﬂs}m tthi§ area

acconplished wwth the follow ng steps

whi | e~G ~3aadhdd efferts swﬁbr@s MTREE){B@JB&E@& OBBJseet IRMTTHR and MRORL

< not ey ORRER, & el e WPST of Indfn WIS, ok, AR7 o, crprBE ()

create a wlmdﬁg Igr the bottbm-be ap@r@atth off mbtgiagdwith rﬂﬁlhﬂéaar'lteratbre‘ﬂmghtb@r S
of PfromG; and 20 renane Pto M in G. 25. The. odasse ?Mln
cl ai ml20, SRRPE&Tihe Feods! &g %Whe@nﬂlﬁ’?rﬁ’@’v%ﬁa%joé‘&lg 'ﬁ'l 'B? Pty for f'l"&Iﬁ’q%

connect ed &g%&%?%é L Ry he| G r@?ﬁ@s@ﬁta%ﬁ% fod)ééér%e{a?%he ) uemel}s Bbﬁom up

acconpl i she oW n t eps - pi ck

r epr esent anethedscsdﬁer frol eftﬁonelmeymlneblemsmemdbwmlhg a~gIGbaHy opﬂmablsblubdles at
| evel (h- 1% O?EH is the height of G; and while P = dequeue(Q is

not enpty '3&TRNEAVE Wshvﬁde M in Hto be parent of leafs of P, create a

new node M in Hto be parent of M and P, delete leafs of PfromG ; and
As described earlier, UCOLLIDE [TAN99] uses a series of simplified models to

20 extract parts of models, hence taking advantage of their shape. However, it is not
clear how many simplified models to use or how to select them to get the best

result.

This invention presents an automated way of obtaining the object hierarchy that is
easily convertible into a bounding volume hierarchy suitable for collision detection
25 and ray tracing. The atomic parts Py, P, ..., Pm which form the leaf nodes of H are
in general simple shapes. Hence top-down partitioning methods can be applied
effectively to reduce P, to leaf nodes containing a single or small number of

triangles.

For a disjoint connection graph G, the MST of each connected subgraph G; forms
30 a hierarchy H; representing the object hierarchy of congregate part R; the



rename P to M in G. 35 26. The nethod as set forth in claim25, wherein
said root is one with the largest neasure or, one with the hi Iieg g@gre

or one chosen arbitrarily. s~~s ~ |lru~ SHEET 26 1" April 20 'ﬁé The
met hod as set forth in claim?20, whereil the step of computing an obj ect

hi erarchy H from each connected connecti"on graph G having atomc parts

P1, P2"P N ' hef i Do ;
b to bt Thacyor pEBERERDs Hiifle Hadas! iRt Bl BliAdng FBIR)BEES Shee Fipe.
gn Eﬂe c@umﬂirtg?ggmnté OfﬁﬁTmHChOIfe afrb;oinmtimgdzolamegtmaashwhmndep&ﬂndent Hto
e the parept of Pi al co an 0 _new node

(corr esgcﬁﬂf{' {ﬁanfeﬁfﬁﬂw%“ﬁl ?lgoﬁq@ ?E Iq?{gtﬁma&d'aerg@ H?e Yareyr Ftdrqgl}gg§m 27,
Wier ei n saiefof 5d |ﬁWé@m@%|thof'sﬁ15|ié%t BAtlIoSirRfbdUMINPY@uneRustitanf a tesmn

edges to the total |engt the smaller boundary of the two adjacent
parts5 15omtgnalmedutian. hod as set forth in claim 20, further conprising:

subdi vi di ng tr‘gem% c;gi parts in the object hierarchies until each node
consists of a Si d triangle or a small nunber of triangles; and conbining
t he obj ect hi erar chiet &, p&j frovh Sewitinthel smaalleshighuadingubad(Rg @) une 2o hi er ar chy

I s obtained, wherein the sin ungi n olune hicer ar chy enconpasses

I ndi vi dual Obj ects GF2 t&?s'é%ﬂ?‘i%%ﬁ‘egé% '?(Parﬁmgolfz&ﬁ?ig}/di spl ay appar at us
for displaying and extiapsd RngR,;s& aéwtnode M’ manmspomng)mrMSinQEhierfat ed by space
sweeping Wi th a sweep plane, object hierarchies, conprising: nmenory neans

for storl r b kel e t rts
generla?t ed @9 g%&%%r sﬁe@ﬁé}ﬁ%ﬂﬁ H‘f"@ﬁg svvest'a'ﬁﬁ%{ arpn%aq‘é'ﬁ%d?%bé)g% @3@?%3
means, regptittisvdedctibeddo {BARESE] and4TABGS).of the apparatus, for indi cat| ng
adjustnment to nodify the skeleton, atom c parts, or obj ect hi erarchy; and

228252?LS%SES‘?@M@“%ngméfs‘é‘?f‘éeﬁaaﬁzﬁbmc ek et foctth e ieleag dnorel e
35 atom m@agﬁ%{%mf hF‘o%BhﬁSF tri%‘ agkﬁmg faRidh, Pfﬁ@@%ﬂw%erm%rﬂe@qhwbng

SUSTU+I T means fofr processing the nodel of
t he obj ecblnaru mreehd\kztedrmat tpar issdome lardianper nededdsis, PrckEiees g inyotvee

nodel ata sIr u for subsequent processing; 5 neans for
generh{l ng ?rﬁ E‘éﬂ}ﬁ 8H9'6P é{em and nmeans for generating the atomc
parts of the nodel by space sweepi ng wi th the sweep pl ane;

It should be pointed out that this invention lends itself well as a plug-in

replacement for component derivation in [TAN9S9]. The process of converting the

component tree into a BV hierarchy is equally applicable to the object hierarchy.

OPERATION OF THE METHOD OF THE INVENTION

20 FIG. 5 is a flowchart that depicts the operation of the method of the invention in
obtaining object hierarchies. First, the system loads or generates a database of
objects appearing in a scene (M1). These objects may be elements of, for
example, a CAD database or a virtual environment. For each of these objects, in
step M2, skeleton, atomic parts, and object hierarchies are generated as detailed

25 in FIG. 3. The input models and the skeletons, atomic parts, and object hierarchies
are stored in the memory as shown in FIG. 2. At this point, the system is ready to

begin an interactive display session with a user.

User can issue commands to, for example, display skeleton, atomic parts, or
object hierarchies. Also, user can interactively do adjustment to modify skeletons,

30 atomic parts or object hierarchies, and the system accesses the memory to obtain



means for conputing a connection graph G of the atom c parts; neans for
conputing a miniml spanning tree (MST) G for eacht o conneghg%)%gggraph
of G and neans for conputing an object hierarchy H fromeach

The graphics display apparatus as set fggth in ciaim30, wherein said
processi ng nmeans i ncludes nmeans for processing the nodel of the object, so

as to progyeguitBbRndatd etraciures F8E Infidificatione aati owi pawlthémgt@nﬂféigmbrbys
space sweeping with the sweep plane, and the object hierarc

h
gr aphi cs @ubarségmafppgtswd@sof @ﬁtgmtmwgsmtwwaWrﬁgrﬁe%o@m%a'%|'ﬁhrre
hi er archy o GRFRG! f bk RO, TRENSIdh S0 kdelBiClatahicapaltb] a5y and
for stor|ng X SKele atom c parts ‘denerated by space $weeping Wt
sweep pl amjemlrmerhrmes ko eompcnha/ptrmnd:iaia Istructlireg suchasethiel leounding votmsm]s,
responsi v .conmman t he .ap aratus for. icatin
adj ust fren "?rarﬁﬁ%ﬁf?s C§'B§Pe??f 'tﬁg H?%rﬁ' Afedng tq{ewgb:ag&nvggnﬁment
hlerarchynaqfEmaﬁtgqgmghﬂge%g"gmﬁghmgrarchy and processing neans, coupled
to and respon3|ve to said indicating neans, for accessing said nenory neans

to display either the nodel, the skeleton, the atom c parts, the object

hi erar chy, or Eﬂtmawﬁgtl%bam thusdessrbed i wllbbe@@ysqqtﬁgthﬁbmssm%mm B 30
means for no,

i ncl udi ng: v%hggﬁﬁ or B\{é&proggéggﬁagpﬁggﬁko%@p (g6 'tnégfraar@é& fdgﬁsaa{tﬁr‘ﬁu%t ures
for subseduergpinit andsscopg: ofm:h@snf/emtlcgerm1chtallngu¢h1mad1&d:aﬁam a$ whaldnbeel ;

and 35 neans for generatin ton1 of .t space epin
Wn e S ReS Siled h e af o intehasd fo B inqiagpwhiheRape G iRe” "9

conputlngfgmgﬁﬂ &S4ibin graph G of the atomic parts; neans for conputing a
m ni mal spannlng tree (MST) G for each connected subgraph of G and neans

for conputing an object hierarchy Hfromeach MST G. 5 33. The graphics
di spl ay apparatus as set forth in claim 32, wherein said processing neans
further includes: nmeans for subdividing the atomc parts in the obj ect

hi erarchies until each node consists of a single triangle or a small nunber
of triangles; and to neans for conbining the object hierarchies pairw se
until a single bounding volune hierarchy is obtained, wherein the single
boundi ng vol unme hi erarchy enconpasses i ndividual objects or assenblies
thereof. 15 34. The nethod as set forth in claim1l, wherein the step of
generating the atomc parts of the nodel includes collating triangles in
associated triangle lists (ATLs) of each connected part of the skeleton
into a separate atomc part. 20 25 30
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20 [LOWS97] Kok-Lim Low and Tiow-Seng Tan, “Model Simplification Using Vertex-

Clustering”, Proceedings on Symposium On Interactive 3D Graphics, 1997, pp. 75-81.

[TAN99] Tiow-Seng Tan, Ket-Fah Chong and Kok-Lim Low, “Computing Bounding
Volume Hierarchies Using Model Simplification”, Proceedings on Symposium On
Interactive 3D Graphics, 1999, pp. 63-69.
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collection of triangles representing an object into atomic parts, comprising the
steps of:
preprocessing the model to generate data structures for subsequent
10 processing;
generating a skeleton of the model; and
generating atomic parts of the model by space sweeping with a sweep
plane
wherein said preprocessing step includes:
15 computing a vertex neighborhood graph VNB, an incident edge table INC,
and a min heap MH of edges, and
maintaining edges in the min heap MH such that an associated weight of
an edge is the length of the edge and an edge having the smallest weight is
maintained on the top of the min heap MH.
20
2. The method as set forth in claim 1, further comprising the step of maintaining
edges in the min heap MH such that a weight of an edge is some pre-calculated
value of the edge's endpoints (vertices) and an edge having the smallest weight is

maintained on the top of the min heap MH.

3. The method as set forth in claim 1, wherein said step of generating a skeleton of

the model comprises:
letting edge (v0, v1) be a min weight edge from the min heap MH,;
collapsing (v0, v1) into a new vertex vn;

30 appending vn at an end of a vertex table VT;
updating associated triangle lists (ATLs) for all of the affected vertices and
edges;
updating an incident edge table INC for all of the affected edges;
updating the vertex neighborhood graph VNB for all of the affected vertices;

35 updating a triangle list TL, the min heap MH and a skeleton S where necessary;
and
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7. A method for execution by a data processor to process a model having a
15 collection of triangles representing an object into atomic parts, comprising the
steps of:
preprocessing the model to generate data structures for subsequent
processing;
generating a skeleton of the model; and
20 generating atomic parts of the model, wherein the step of generating the
atomic parts of the model includes space sweeping to obtain the atomic
parts as follows:
constructing the skeletal tree; and
repeating the following steps until the skeletal tree is empty:
25 locating a branch in the skeletal tree for sweeping;
orienting and advancing the sweep plane;
computing cross-section, geometric and topological
functions;
identifying critical points to decompose mesh into the
30 atomic parts where each atomic part is defined between two
consecutive critical points found; and
removing a branch that has just been swept.

8. The method as set forth in claim 3, further comprising maintaining a virtual edge
3s (b,d) between two disjoint skeletal edges (a,b) and (c,d) when two triangles, that
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h& (}5_ 19{ 10’i"he method as set forth in claim 7, wherein said locating a branch for sweeping
includes a step to prioritize the available branches for sweeping based on the total
surface area of the union of triangles in associated triangle lists (ATLs) associated

to each branch, in favor of small total surface area.

20 12.  The method as set forth in claim 11, wherein the total surface area of the union of
the triangles in associated triangle lists (ATLs) associated to a branch can be
approximated by the length of the branch multiplied with the average of the
perimeters of the branch at its two endpoints.

25 13.  The method as set forth in claim 7, wherein said orienting and advancing the
sweep plane step includes a step to set initially the sweep plane so that it passes
through the first endpoint of a branch b under sweeping and has normal vector
along a first skeletal edge of b.

30 14. The method as set forth in claim 7, wherein said orienting and advancing the
sweep plane step includes a step to advance the sweep plane P(u, n), passing
through u with normal vector n, to P(v, ns), passing through v with normal vector
ns, where v is the next nearest mesh vertex above the sweep plane along the
normal direction n, and ns is the sum of the cross products of normal vectors of

35 consecutive triangles in the set of intersecting triangles at the cross-section.
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functlon on the perimeter of the cross-section.

10

18.  The method as set forth in claim 7, wherein the topological function is a measure
on the change in topology of the cross-section.

19.  The method as set forth in claim 7, wherein the critical point is a point on the

15 boundary of the given model where there is a change in either the geometry
function or the topological function, or both.

20. A method for execution by a data processor to process a model having a
collection of triangles representing an object into atomic parts, comprising the

20 steps of:
preprocessing the model to generate data structures for subsequent
processing;
generating a skeleton of the model;
generating atomic parts of the model by space sweeping with a sweep
25 plane;
computing a connection graph G of the atomic parts based on the
connectivity of the original model;
computing a minimal spanning tree (MST) G’ for each connected
subgraph of G; and
30 computing an object hierarchy H from each G’.

21.  The method as set forth in claim 20, wherein the step of computing G’ for each
connected subgraph of G includes a step of using the cosine of the orientation of
atomic parts as the cost function.

35

SUBSTITUTE SHEET



10m 10m 110%m& ()- /10%m& ()-#EWUbC ! ~ Y $109%& ()-!" Y $10% (& ()-!" Y
S100& () -1 Y $L0% (& ()-! X * Y S109%(8(& ()-1 @Y $10%{ {& (homiope ! !
f)$10%0D& ()- 16 f)$10% (& ()- ! 4L#: 1 10% (& ()-, Y $10%&' () - o
$109& ()-!° Y $10% (& ()-aGXYzX9. C 10(<10% & ()-! " 90$10% (& () -
90$10988& ()-'!" 90$100& ()-'!  90$109((& ()-' 90$10% & ()-' YZ[I q) +j KC
igg<}1g;/a( “109& ()-!15°Y ! 109& ()- g&LOY& () -1 109& () - L$yL109& ()- 10(

+} RHA<KC
3CH10%& 2(3 1%%@%?‘1 550 farth jn ¢laig Fhoghersinghe St‘fﬁ&éc‘(“}‘l’*“éng Tﬁtﬁ«ﬁs‘(’? OERn3qw3

KC 10! q ° 3CH1bB&ecrdit{tjon of aB@HHLqMRS (jcludes the step of computing the orientation from

" 3C#10%e&’ () 3CH109%& ()-! " 3CHI0% < zodY: 10!
“$f 109% & () - %a’ffgg%gsf%ﬂéé??)-!D35#10fyé:)()-g!| ‘30#(12)%& 9|Z§:()-!| |

5 23.  The method as set forth in claim 21, wherein the step of computing the cosine of
the orientation of atomic parts includes the step of computing the orientation from
the largest eigenvector in the principal component analysis of the atomic parts.

24.  The method as set forth in claim 20, wherein the step of computing an object
10 hierarchy H from each connected connection graph G’ having atomic parts {P1,
P2,,Pm }, is accomplished with the following steps:
add P1, P2, ..., Pm to H;
while |G” | > 1
add nodes where each is of degree larger than one and has at least one or more
15 leaf neighbors to a queue, Q; and
while P = dequeue(Q) is not empty
create a new node M’ in H to be parent of leaf neighbors of P;
create a new node M’’ in H to be parent of M’ and P;
delete leaf neighbors of P from G’; and
20 rename P toM”’ inG’.

25. The method as set forth in claim 20, wherein the step of computing an object

hierarchy H from each connected connection graph G’ having atomic parts {P1,
P2,,Pm }, is accomplished with the following steps:

25 add P1,P2, ..., Pmto H;
pick a representative node in G’ to be the root; and
while |G’ |> 1
add nodes at level (h-1) to Q, where h is the height of G’; and
while P = dequeue(Q) is not empty

30 create a new node M’ in H to be parent of leafs of P;
create a new node M’ in H to be parent of M’ and P;
delete leafs of P from G’; and
rename P to M”” in G’.

35 26. The method as set forth in claim 25, wherein said root is one with the largest

measure or, one with the highest degree, or one chosen arbitrarily.
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pick a pair (Pi, Pj) whose relative metric based on the common edges of the parts

is maximized;
create a new node M’ in H to be the parent of P1 and Pj ; and
10 collapse Pi and Pj to new node M’ (corresponding to M’ in H ) in G’.

28. The method as set forth in claim 27, wherein said relative metric is the ratio of the
total length of common edges to the total length of the smaller boundary of the
two adjacent parts.

15

29. The method as set forth in claim 20, further comprising:
subdividing the atomic parts in the object hierarchies until each node consists of a
single triangle or a small number of triangles; and
combining the object hierarchies pairwise until a single bounding volume

20 hierarchy is obtained,
wherein the single bounding volume hierarchy encompasses individual objects or

assemblies thereof.

30. A graphics display apparatus for displaying and computing skeletons, atomic

25 parts generated by space sweeping with a sweep plane, object hierarchies,

comprising:
memory means for storing a model of an object and for storing a skeleton,
atomic parts generated by space sweeping with the sweep plane, and
object hierarchy;

30 means, responsive to a command from a user of the apparatus, for
indicating adjustment to modify the skeleton, atomic parts, or object
hierarchy; and
processing means, coupled to and responsive to the indicating means, for
accessing the memory means to display either the model, the skeleton, the

35 atomic parts, or the object hierarchy
said processing means including:
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subsequent processing;
5 means for generating the skeleton of the model; and
means for generating the atomic parts of the model by space
sweeping with the sweep plane;
means for computing a connection graph G of the atomic parts;
means for computing a minimal spanning tree (MST) G’ for each
10 connected subgraph of G; and

means for computing an object hierarchy H from each MST G’.

31.  The graphics display apparatus as set forth in claim 30, wherein said processing

means includes means for processing the model of the object, so as to produce

15 and store the skeleton, the atomic parts generated by space sweeping with the
sweep plane, and the object hierarchy.

32. A graphics display apparatus for displaying and computing a bounding volume
hierarchy, comprising:

20 memory means for storing a model of an object and for storing a skeleton,
atomic parts generated by space sweeping with a sweep plane, an object
hierarchy, and a bounding volume hierarchy;
means, responsive to a command from a user of the apparatus, for
indicating adjustment to modify the skeleton, the atomic parts, the object

25 hierarchy, or the bounding volume hierarchy; and
processing means, coupled to and responsive to said indicating means, for
accessing said memory means to display either the model, the skeleton,
the atomic parts, the object hierarchy, or bounding volume hierarchy
said processing means including:

30 means for processing the model of the object into the atomic parts
including:

means for preprocessing the model to generate data structures for
subsequent processing;
means for generating the skeleton of the model; and

35 means for generating the atomic parts of the model by space

sweeping with the sweep plane;
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means further includes:
means for subdividing the atomic parts in the object hierarchies until each
node consists of a single triangle or a small number of triangles; and
10 means for combining the object hierarchies pairwise until a single
bounding volume hierarchy is obtained,
wherein the single bounding volume hierarchy encompasses individual

objects or assemblies thereof.

15 34 The method as set forth in claim 1, wherein the step of generating the atomic parts
of the model includes collating triangles in associated triangle lists (ATLs) of

each connected part of the skeleton into a separate atomic part.

20
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