SYSTEM i‘AND METHOD FOR CREATI NG BOUNDI NG VOLUME HI ERARCHI ES UTI LI ZI IgG
MODEL SI MPLI FI CATI ON CROSS REFERENCE TO RELATED APPLI CATI ON

The subject matter of this application is related to U S. application Ser.
No. 5 09/065,488 filed 24 April 1998, ntltled "Mul ti-Resolution G aphic

Representation Generated B ht Cont rolled Vertex Cl ustering_ For
| nt er act i &Y STEMANPMETHOD FOI{&R gEiNGrE@UHQ!N&M@WEHﬂEMRQh&E:SOf

this inven r t or e n by reference. FI ELD OF
THE | WEM'&@PQ@BEE éimg et i nvention relates generally to

P

conmput er graphics and virtual reality. More specifically, the
invention relates to systenms and nethods for gener ati ng boundi ng
vol une hi grOSY REFERENGE TO REIATEDAPPURICATION | i si ons armong obj ects

in conplex interactive conputer environnents or in ray tracing
conputation to generate photo-realistic conputer inages. 15 BACKGROUND
OF THE | NVENTI Qide subject matter ofthig appeliuaﬁohri@reiameddolw& iapplimﬁcutS'ebrNar e

fund :
Many Egaﬁ@é& 485%!%@%5@\@0@9@ eptfled iy iSsoltigh WPphE BRPIssERtAR’
of which ncﬁ‘?ger )}) Wel Bt-Cofifh oe\‘/e lusféﬁ‘fﬁ@oFoP%teractlvéf‘f/%%hi’&ldﬁ

rendered a |ve rane ra utlon for this problemis to use
20 nult 'Aﬁ;ﬂﬁﬁhbﬁé”% néoet@the)és@ignee |of inig dhverdion] anuhncdxpeeaibddmrem has
a series of geonetric approximtions with increasingly |ower
renderlnghmnwémmmele still resenbling the original nodels from all
directions. On the other hand, navigation in a conpl ex scene requires
extensiv$ interference detection between nodel s and t hus needs
support fr % | ision detection data structures to 25

achi eve |JHEF§FP¥V@i Hgygﬂigggé There is an interest in

I nteractive visualization and mani pul ati on of architectural,

nmecharigcal and TH® preskaitsinventigrprélatesi gerserslly fio aonuyuutpuigeaphics and virtual
reality. More specifically, the invention relates to systems and methods for
generating bounding volume hierarchies for use in the checking of collisions
among objects in complex interactive computer environments or in ray tracing

computation to generate photo-realistic computer images.

15 BACKGROUND OF THE INVENTION

Fast rendering and collision detection are two fundamental goals of many
interactive 3D graphics applications. Many realistic-looking 3D models, containing
millions of polygons all of which may be visible in a complex scene, cannot be
effectively rendered at interactive frame rates. A solution for this problem is to use

20 multi-fesolution or level-of-detail modeling, in which each object has a series of
geometric approximations with increasingly lower rendering cost, while still
resembling the original models from all directions. On the other hand, navigation in
a complex scene requires extensive interference detection between models and
thus needs support from very efficient collision detection data structures to

25 achieve interactive frame rates.

There is an interest in interactive visualization and manipulation of

architectural, mechanical and CAD models in applications such as computer

00033606~ & 4w e



-2 - si mul ati on, conputer gane, object nodeling, and virtual

prot otypi ng. Such applications nmay be standal one, distributed or over
t he worl d-w de-web. Systens and nmet hods that detect colli si ons have
been described in: U S_oPatent No. 5,572,634, "Method and

ar at us tor ati al Si ati on Accel eratlon |ssued to Jerome
Sjpf)uk Jr S Iaﬁggen%pplitg%game, 5%’ ect modeling,) and pgrtuak n(gtotyjpugg5$1w

(o " eI iy 84 S, tr o over AEB UL BaH Gyl Y

Col | i si on abek methonis tMat detecheallisions have béppakestiitsed inssued to Kenj i Shi mada,

19 Decenber 1989; Eur opean Pat ent No 780798, "Method and
Appar atus for nj I d ti an | sion Detection in
Three Di nensi onal %apﬁ?&%‘tsﬁ%egqyz égf ﬁ{l &Wr@tl@)r&ﬁ Spafighuary
1998. 5 Smulat@t%@é@?en%ﬂ%’”ﬁw ﬁjfo hQond D'ul 99 §m%h’t‘b%r1 6\,’°X€|
nodel s of objects to assi st coll1sron det 'oh™ i n spectfi

appl i catlon areas are described in: 15 U.S. Patent No.
5,548,694, "Col Ii4).8n Ratérfabloe 5550489, of CiMlisieh- Detector UtilRivgdCEllisiopt
Representatiogn” i ssyed to Sarah Fr| sken G bson, 20 August 1996;
U.S. Patent ”9U§4ﬁs¥§§ tolgery Yaggas, Chiay %9%61 Det ection" issued to

M chael Greenspan et. al., 13 Septenber 1994; U. S. Patent

No. 5,056,031, "Appar alié{%nma%@%t'fdw ‘ﬁbg c&?él)@?oﬂ Bgﬁectlon Methodwé‘f'fd?g

bj ects" issued to Masaru no et
above t eachi pparatustissuat ¢o &enfilBhimadas$8 Deicentber 19890 det ecti on and

the applications to specific domains. On the other hand, the presen]'E
i nvention is a nmet hod _f or processm an arbltrary collectlon 0
obj ectl®, in a si mAuiPREAR FBtentNos 7W98r oMaihed angd Apnasatusc fiere Ohject

boundi ng vol q?@lgthf: ichl6n "4Hd e PREUIBASIN iree DimdMiiindi GRbANs 58a60e

present inven
issued to Devic Goran, 7 January 1998.

Systems and methods for utilizing spherical or voxel models of objects to

assist collision detection in specific application areas are described in:

15 U.S. Patent No. 5,548,694, “Collision Avoidance System for Voxel-

Based Object Representation” issued to Sarah Frisken Gibson, 20 August
1996;

U.S. Patent No. 5,347,459, “Real Time Collision Detection” issued to
Michael Greenspan et. al., 13 September 1994;

20 U.S. Patent No. 5,056,031, “Apparatus for Detecting the Collision of
Moving Objects” issued to Masaru Nakano et. al., 8 October 1991.

The above teachings concentrate on the process of collision detection and

the applications to specific domains. On the other hand, the present invention is a
method for processing an arbitrary collection of objects, in a simulated computer

25 environment, into hierarchies of bounding volumes. The following teachings are

most relevant to the present invention:

()] U.S. Patent No. 5,613,049, “Method for Creating Spatially



(1) U.S. Patent No. 5,613,049, "Method for Creating Spatially

-3 - Bal anced Boundi ng Vol unme Hi erarchies for Use in a Conputer
Gener at ed Di splay of a Conplex Structure" issued to Brechner et
al., 18 March 1997, (2)3. G Barequet, B. Chazelle, L.
Qui bas, J. t.chell, and A Tgl . S BOXTREE: . A Hi erarchical

Repr esent at :\% %ngﬁdsgp'f"%@g ?ﬂlbg‘@- ,}'"?;PB@E%%?WQDEGS'“ a gomggfq;g gherated: g6,
Vol . 15(3), ll\a/li%glégl 8B4 %Ie?ﬁ%turé“&ﬁ%%% }Ig?gg{eqhngr et al., 18 March 196%) S.

Got t schal k, Lin and D. Manocha, " i erarchi cal
Structure for Rapid Interference Detection",. Conputer G aphics
(SI GGRAPH ' 96 Pr ofedi ngS.,Baypquet; B.1Cbazdle9d, Guibas, J. Mitchell and(4) Tal, J.

Kl ki, . hel |, Sowl | d. K., Zik ) .

BTy cent CRPRIREE LA HATRGHIdaL Repretemaban onifcas Br 3% hresegdings

k- DOPs5', J ' L | i ' uter G aphics,
vol . ?15(1), lligéogg,rabﬁﬁg ge;,a\y%ngsch?,g%,@gyym, @.@4%{%%&%@?’4}3(3 above

docunents provide significant advances in constructing good boundi ng
vol ume hi er ar chi e€3) t her 8. sGottschalymivh€. nleiny andnbDr dManeclm, 08B8BJned5 A

bet veen ¢ he HIRTBETRal DRIy o R ARIARE PEIRFIORT i COTRRAPL FRaPhiGE
bui | di ng t he giGGRAPH ¥ oReeki § %orﬂ@_)qq@pllg%.Kl osowski et. al.,1998).
Sone of thes 9hoi ces i nvolﬁge'g pensive’'conputation. It is not readily

apparent which choices are better. Many popul ar approaches are
based either on t{ hi erdr Klosesvski, Mobietd, ny MifchelpHirSmwizted tarsl Kc Fiangel y

| mat ts of _the i t nodel.  until {he exact . geonetry of the
model 10 s r eadHlenbCUsiAN beteatof hixiag Eayncling Vabimeybiaramhien Pt DOPS” by
the nodel. B i L m ; \yr ject's
(e e | e S adlchs VMRS CURE N itnfibe PRI 3 ], R
Besi des col | ppi2in—86t ecti on, boundi ng vol une hierarchies are also utilized

to 25 accelerate ray tracing process to generate photo-realistic conputer

| mages (see Arvo and Kirk, "A Survey of Ray Tracing Accel eration
Techni ques”, i Althgugh the phoye dasumentsiRropide signitigaty aduarcesgneensdiucting . |

Pp.  201- 28804 AR vEIURRS hierarchiet® #8re 7! G} RIS H%?\@hé&ﬂ%Jepsngggéign
15 issues, such as top-down verses bottom-up construction approaches; choices
between the types of bounding volumes, and various splitting rules for building the

hierarchies (see, for example, Klosowski ef. al.,1998). Some of these choices

involve expensive computation. It is not readily apparent which choices are better.

Many popular approaches are based either on the hierarchies of bounding

20 volumes that successively approximate parts of the input model until the exact
geometry of the model is reached, or spatial decomposition of the space occupied

by the model. Both ideas are aiming to reduce the number of pairs of objects or

primitives that need to be checked for contact.

Besides collision detection, bounding volume hierarchies are also utilized to

25 accelerate ray tracing process to generate photo-realistic computer images (see

Arvo and Kirk, “A Survey of Ray Tracing Acceleration Techniques”, in An

Introduction to Ray Tracing, A.S. Glassner, ed., pp. 201—262, Academic Press,
1990). Relevant teachings include:



-4 - (1) J. Goldsmth and J. Sal non, "Automatic Creation of

hj ect Hi erarchies for Ray Traci ng", |EEE Conputer G aphics and
Applications, vol. 7(5), pp.14-20, May 1987, (2) 1.
Scherson and E. Caspary, "Data Structurgs and the Tine 5 Conpl exity of

Section 5 s Couasibah & seen! " Aeerat nErealion: ok | Qgiecbr
cLiOn o) _ - - i cati . 8(3), pp.
50- 70, War o IR RS HSH Ray Tracing', (BERP Coip 80 GHABHES Hnd Adolichions. g |, OF

and G Dret 7¢8), pp. 14~e20 Mayi@8F¢d control of Visibility Error: A
Mul ti-Resolution Clustering Algorithmfor A@obal illumnation", Conputer
Graphi cs (SI GGRAPH 95 _Proceedi ngs) . 145-152, August 1995 (see Dpp.
149) : (@ I Sphersen ARnG:. aseang, “Dataoirisiures andh the R C

Park and L. ooty of Ray bR, The b SimwgelNol °f deditiogseperay

vol . 1(4), [DeseSeetiori9)sS; (6) U S Patent No. 5,613,049,
"Met hod for Creating Spatially Bal anced Boundi ng Vol une Hi erarchies
for Use in a Conputer Cenerated Display of a Compl ex_Structure"

i ssued to Brechné?) Rt Glassner gSpaeetime &tay: Traging for Animation”, |[EBE Qomputer

i R e, A, 000, B 08 o, 4550

42-51, 199783); In Kay and Kajiya, "Ray Tracing Conpl ex Scenes",
Comput er Graphics (SI GGRAPH 86 Proceedings), pp. 269-278, August 1986
(see Section 3.1), the 25 aut hors nentioned several interrel ated

propei®ies that WHuFdSEliaspae Gii Reetiakis, §lﬁe@ture-basgd)@§ntgole¢fa\/b'htwﬁtvLEm?rg bad
. Th i NG| ' ' ip t - hi erar sho
contai - obj bRt BlER08 Blddififn for) Bfopal UuiHERC o taEpel o
each node si@rapHice SIGEREIPH 95 Piocekligs) el 148-L18oUAdL0St Y995 (Sespul d be
149);

(5) K. Whang, J. Song, J. Chang, J. Kim, W. Cho, C. Park and I. Song,
15 “Octree-R: An Adaptive Octree for Efficient Ray Tracing”, IEEE Transactions
on Visualization and Computer Graphics, vol. 1(4), December 1995;

(6) U.S. Patent No. 5,613,049, “Method for Creating Spatially Balanced
Bounding Volume Hierarchies for Use in a Computer Generated Display of a

Complex Structure” issued to Brechner et al., 18 March 1997;

20 (7) K. Klimaszewski and T. Sederberg, “ Faster Ray Tracing Using
Adaptive Grids”, IEEE Computer Graphics and Applications, vol. 17(1), pp.
42—51, 1997.

In Kay and Kajiya, “Ray Tracing Complex Scenes”, Computer Graphics
(SIGGRAPH’86 Proceedings), pp. 269—278, August 1986 (see Section 3.1), the

25 authors mentioned several interrelated properties that would seem to distinguish a
good hierarchy from a bad one. These include (i) any given sub-tree in the
hierarchy should contain objects that are near each other; (i) the bounding volume

of each node should be minimal; (jii) the sum of all bounding volume should be



- 5- mnimal; and (iv) the construction of the tree should concentrate

on the nodes nearer the root of the tree. To date, finding close to
optimal hierarchy remains a partially solved problem SUMVARY
AND OBJECTS OF THE I NVENTION 5 .5t is thus an object of this

i nvention to provide,. ew system and nethod to generate effective
boundi ng THMYRA: ﬁf‘gr(é\gcﬁ?. caiRirualipR 6t thentren showld gpnegnteate on thag gpdes

| nfor Mt | ABaRMALIRBY Bf tHOWed! T8l ddtbCindiRg Wcsd b BBfihial hidParchp toniZiieh | NtO
its natural conmponents so as to genétrate Bftective bounding VOl Une

hi er ar chy partially solved proBjem.i fically the inventive nmethod includes first a
step of generating 10 sinplified nodels; second, deriving various
conponents of the input nodel from clues in sinplified nodels; third,

e SRRt IOR HEENAR (| [ 100 o el

partitioning parts of each m nimal sub-conponent into the boundi ng vol une
hierarghy. 15t s thus an Gbjécti oT{RR ihRdhtio L

system or an appar at usnt hét g:lje\’r?e?} atﬁggq)g?wgg%l @%N%ggir?ﬁ? %88%%%6(0

hi er ar chi genérate céffedtiveg bouhdingi wolume hierardhyt eFteec tauvrent dnpetition  exploits

applicatiops or. for ra raci rocess to generate photo-. realistic
i mages. S&Eﬁp%d?{ogﬁﬁﬁoéyé’@%lﬁﬁ&%a@ofal sigwpitied Medele i padition ipeHE Madel into
simplifie | | : to 20
simplifi cgf {ﬁ%ﬂﬁlﬁggﬁgo{ﬁﬁt{s% g’?@é\'{'é}?{r\éven élifci)}% bloyﬁlung %ﬁ@?@%‘faﬂ ‘so, the
I nventive systemis a framework that can incorporate other existing
met hods wi t hi nSpesifically ther iimwentieebeadithedt imciudes first a stepThofs gefAgeihgon
may al so take the formof an article of manufacture. Mre.

speci 19 capinplifiedemgdels; second nderiviag (varieus companepta ef thes inpus medeluiipm

the. compueles n SREE mbaSE T, TR Tord SoBPOREhE ikt LR PR Bnt v

method.  form the top fewSevels W thé evertasi BoindifG vBIURES hidReh@XERT tHER irfdily

evidence indirectly supporting the effectiveness and efficiency of the
current i ReERioNiNg parissof eagh minimal sub-component into the bounding volume
hierarchy.
16 This invention can be used to build a software system or an apparatus that

generates effective bounding volume hierarchies for checking collision in
interactive computer applications or for ray tracing process to generate photo-
realistic images. Such software systems may already have methods to construct
simplified models for the same application and, thus, overhead due to
20 simplification needed by the present invention is insignificant. Also, the inventive

system is a framework that can incorporate other existing methods within its

various embodiments.

This invention may also take the form of an article of manufacture. More
specifically, the article of manufacture is a computer-usable medium, including a
25 computer-readable program code embodied therein wherein the computer-

readable code causes a computer to execute the inventive method.

Some of the previous teachings have experimental evidence indirectly

supporting the effectiveness and efficiency of the current invention. First, the



-6 - invention is very careful in creating a hierarchy with all

necessary consi derations mentioned in Kay and Kajiya (1986). In
particular, in the handling of the top-nost few | evel s of the
hierarchy in that they are a natural pagtition of the input nodel. On

the whole, the current |n r1t|on rovides a framework that manages .input 5

model s i nMYERTIOR IS Very 9%[ d“ (56 Higragsiyuyith @llinecessaly e@siderationsel s
Ffevtelhg enlﬂﬁﬂéﬁl |ﬁg(a‘9°émag%§g nag%‘géﬂl qﬂ"{ﬂ? rp%[nﬁhﬁ'% gﬂﬂf o}"lﬁ{o&&i ved

t hr ough sfewlevelsedf thedblesarchipiis that theyvale|aénaturélt partition of epPiinpguti medeion t he
best features of both traditional top-down and bott om up approaches,

and can |Qé‘omﬂ)Mépée,esheserﬁgntamén@lamr@wde%@nﬁaqmrkdhabmnam wpud bot h

wes sagediodste, n agmidelesiy 898 pefrofio G R Kb ingling Kk K foels b foe"°
concl udedpbineding adblerhe hictarsiTBhdadp-down &RfiRd hé YSWer Rveldo IRéemiddiB%n

authors did not provide an efficient conputational nmet hod to derive
such conb@pRi®aghtia passinle with the peditions (dodey ihsoum shnplifiedr mbﬂelshy'ﬂns d

structure, of e subdi v sion down, b ded

t oget her . W,eé’egsﬁﬁ@y[ﬁ gaﬁ'taﬁ'&?? PB Qﬁpef"&éﬁg g%ﬁefﬁnﬁ%q'w%aﬁ qd%?nd
structure S [ j ust
a bi'g enuvnelh | dpproached, Sondiin iARirBoidie St Rstratt tedfilles |03
that the applidable teebathsapproadteshi er ar chy shoul d be effective in
gui di ng the search |n the proper branches of the hierarchy as they 20 are

[ | ved t th Th t hi ng
of " ach; evBrgondi Ere: YRS S0 JRNAIRARERER Was.pusdeied by Sonaraon

dl f on
i o compand Gasiry TP6T) ag thdlPEfperithants Rrkkied the iéed'of SHEh coftifed
consi der atatanstmctuté udowenet) cthe eautiyorisddidsrat provite an efficient cofrdputatioridhe

basic theory given in Goldsmth and Sal non (1987) is exBI oited, in 25 one
enbodi rrenf"'e)éﬁ‘oq ) q%‘\yﬁrﬁqCGnCOmhm&dlﬂﬂtﬁcﬁH%ﬁJrﬁaﬁ{%ﬁsﬂﬂﬁ (3888} iuret agothes

T by bR Sikrk B Spabd Kl b ARG o TR oRlPes UehmbelaghT ie
t he togetheraThisasthuturess ifterent E@Jnctﬁmdiétur@ﬂde farbIevel eara&m}e Richiis

sensitive to the insertion order of bounding vol unes.
Though sl akﬁerannilgabledp individugb phisstsand met st adhig envirenmieoh asss intended

nevert hel ﬁlséla% He? t‘ngS)aﬁ lé Lnagrg%orcljstha?m)e f atf Onf’élveljsnoeﬁﬁg rﬁ?e'r\é?ch?lssl%orb ¢ are

be effective in guiding the search in the proper branches of the hierarchy as they
20 are involved most of the time in the searching process. The previous teaching of
achieving this using spatial subdivision, which is arbitrary regardiess of the input
model, is replaced in the current invention with component hierarchy which takes

input model structure into consideration and thus can better guide searching.

Third, the basic theory given in Goldsmith and Salmon (1987) is exploited, in

25 one embodiment of the invention, in a bottom-up manner in constructing the
component hierarchy rather than the top-down manner as originally proposed.

This way can better control the merging of sub-components, which is unlike the
original faster method in Goldsmith and Salmon (1987) that is sensitive to the

insertion order of bounding volumes.

30 Though slower than top down approach, the current invention is

nevertheless efficient as it remains computational inexpensive as there are



-7 - relatively few conponents to forma conponent hierarchy.

Traditionally, bottomup construction (though can better achieve
criteria nmentioned in Kay and Kajiya, 1986) appears to be nore
difficult than top-down in that clusterg_of polygons woul d have to be

defi ned d | |1y bef th could be put _together to 5 form
the. boundeirvel B comePRetis o fabim chmpeReNters r%mﬂtwugheoagmt

. Ci . _ . . i . £ ad o
Comput a1 S8R RoudH CatboEr SehEYE brbMilrmoied FKAENd: Kaliya,

di fficul t y988) appesarsr tonpepriorgdfifficatt thanneg-ddwry dn thate cliisits asfegoliygons
Bar equet et al. (1996) and US Patent 5,6613,049. The forner nethod
conbi nes VeHIddeaNeitonke defingd pndesouped locally betase they eepld e prtipgether &0 ea

I I . | J reas. latier, . on sgnme resulting
(ol ute) PR ouncing SIS FieRlany. SERAZGrLRY Bt eledns T chERHLLL 19,
of the ol veatio usiag\ehaperaformation dREVEE frofEsirpMfied Mdduls.i n flavor to these
| ast two nethods is given in Sillion and ettakis (1995). Al so,

anot her sophisticated and thus relatively high 15 conputational effort is
the adaptive gepapuiationallydexpensivel hejtori-Hpaeonsirktionsmdwith thesdwslitional

hang et . diffeuty of clysteéd bhiyobhS AR Hdve; ahodetizpran darefutef Ghen
the obj ec{1998) aritPUS PatentBiG13,049, Hhe tfoimhett Rfbthdttonbifed MY Bihding

uniformy distributed (pp. 348). Besides 20 extra conputational effort,
t he d6 r evclamesndhasest i om detprminingh thepmisitnumy area (volume) nansongpall mal

' . IS j i dered ind d . Th [ t
nvent | orCOBRTRIBNS. VAP BREE ciorTeBsaHng il bbuadiaB: volume o
[ ' [ | d t A nt is
i 1 or il y A AT Botet FRCHLRHTINGE] GrefSertal o Ing i ki “GBARELT

The i nvenAnothedesethodesimilar i flawattothess lddhewalmeihoddde giviencia Silimsand t he
The invention provides methods and

g:):og; at Ltnggﬂﬁ{iso V{(gég‘%f ?Oérh%thlt !ng?f'gteﬁér goehigtiealed Rchdiig vlatively gﬁ?h c th_y
j . ; . I | ction
n fricer e bR oo s e SHABETDulT riadd ek Snd e Kimase BB AT one

and conpuSedeparg$19amd in ray 30 tracing processes to generate
photo-realistic I nmages.

Fourth, the experiments conducted in using Octree-R by Whang et. al.

(1995) concluded that Octree-R is more effective when the objects are non-
uniformly distributed than when they are uniformly distributed (pp. 348). Besides

20 extra computational effort, the Octree-R construction algorithm proposed may not
find an optimal cutting plane as each axis is considered independently. The
current invention can avoid this expensive computation, and is applicable and
effective with a simple cutting plane as the data at each sub-component is

uniformly distributed, though the whole input model may not be so.

25 The invention described herein satisfies the above-identified needs in the
prior art by providing solutions. The invention provides methods and apparatuses
to efficiently generate a good bounding volume hierarchy of an input computer
environment to be utilized in collision detection in interactive 3D computer
applications, such as computer simulations and computer games, and in ray

30 tracing processes to generate photo-realistic images.



-8 - Specifically, the inventive method processes a collection

of objects represented by polygons in a conputer into a hierarchy of
boundi ng vol unes, from ~a root volunme bounding all objects to
sub-vol unes boundi ng i ndi vi dual pol ygons _ or a small collection of

ol ygons. Man etalls in,the process of generating 5 bounding vol une
Ei e%lgrchi es cg Q%C?%éﬁ?i%n&h@d “%quﬁ“’?hg'eé?@;‘geﬁ'focﬁﬁ%%t@ ofollgctiono of objegts
require u | ' ; : ' Mplel e

thi's 1 nvenclSenta 67 pofgons in a computer infe'e étadyRirioerioblct FBmEX"Rof .

pol ygonal aroulst! valéime ipourmling adrobjects tesubivilomes boundingoindividual Gtygorist h a
ti ght boundi ng vohumi Such partitioning can be viewed 10 as_a recognition

of the sh&fedotmafccaliggtion RfderlyganssManysdaladsiis theppracasswef |gene][at!ngy a
pot tonPup 2ounanie v HEchics G e Bli-BR Sy e BB biBiRnAha o

conponent fhotfredlimvagedinterventidrop- down in that pol ygons vm thin a component
are partitioned recursively into smal l er parts. This hybrid of

top-down and bottomup adapts itself very well to 15 handle a diverse
range of input HiiBRSIC pERciRleremplayedrinyibis inventionwisen «lees fram simplifiedher

times fav t QM UPyes: . The, progess, of constructing boundj ng
vol ume hi 3&3&%&;@ Q%E{q 7 glve.n Eﬁfygﬁﬁ?b&:'o‘%?tﬂf fi AP _%F"_HISOﬁg‘@PP into _

| nt er vent icyinpdHehts aedcHWith @ SGHIBdUNAARY V8l0me, Such! iflidRIAY icainfid ?fe l'ied
to an input nodel to derive different |level-of-details 20 “sinplifie

nmodel 40 Tiasna reeegnition bf theeghapsiof theainputimedet, ovhihse essenceps captwsed well

b- ts. of,.conpone and so on .of .the input nodel. Polygons within
sach sub- &Y SIBRITERLBRCEI naoVRsal cRBS SO s DR HTGUS Plaver, o Brfiom-Up h

bdi vi de [ Lt : ' i t
Zﬁ als\s/:)ci g’t‘égatbggﬁg?ﬁg M%Mdélglﬁﬁe%egu tisn%(?)?,bﬁ ﬁgs 3;80 enzég'?]g;fg"ﬁﬁﬁge up,
in a naturtep-desyn in rthat polygonsrwithiaSa dompohery arel pamritibhed aeelisively into

Specifically, there is disclosed a nethod for execution by a data processor
t hat prepaﬁr@'e&rpwﬁ)u higdwdrid; o topadewa fNdh gotiemdsr: adpptsaiteelf vempwell to

f k LNE ' ; . ' i.fied Model
Gener 481 oangle RYVeIEETahd? of fiaud GHI|RSome fime favps oasSl whelsis 40 ca
The set ofothet rpessaverdgti®ntng. points in a sinplified nodel shows

The process of constructing bounding volume hierarchy is mostly
automated, with minimal or no user intervention. Some automatic simplification
algorithm is first applied to an input model to derive different level-of-details

20 simplified models. Then, the simplified models are used to derive components,
sub-components of components and so on of the input model. Polygons within
each sub-component (containing no other sub-component) are further subdivided
recursively into small collections of polygons, each with an associated bounding
volume. Results of the above can be linked up, in a natural way, into a required

25 bounding volume hierarchy.

Specifically, there is disclosed a method for execution by a data processor
that prepares an input model into a bounding volume hierarchy. The framework

includes the following steps:

Simpliﬁe_d Model Generation. Various simplified models of an input model

30 are generated. The set of polygons, edges and points in a simplified model shows



- 9- a sketch of the input nodel. ~ Conponent Derivati on.

Each sinplified nodel, wth pol ygons, edges and poi nts, can be
partitioned into parts that are to be used to guide the partition of the
i nput nodel into conponents. 5 _gonponent Tree Generati on.
Conmponent aconponent s gener at ed above can be arranged into a
tree (sucrsla %‘g&gﬁﬁﬂﬁﬁypﬁp‘%ﬁ one enbodi nent) of conponent

hi erarchies, formng the highest |evels of the eventual bounding

vol une hi erar clGomponent DerivatioBoRaéh Bfmpifflcd moblee ittt 'EISI OR8!S %HHQQ:arﬁaCh
col l ection of polygons 1n 10 —"each | eaf of the conponent “fierarchy is

r ecur si velBeipiar ean perpadtitionest intampars that are tobeeseddaguide ihel pagtition afithe s
connected .to the.c onent hierarchy into a resul ting boundi ng vol une
hi er ar chy.'"@ﬂﬁ:’ﬁoﬂﬁﬁﬁ& ?1%{"985‘?!%@' hierarchy is stored for subsequent use
to assist collision detection in 3D interactive applications or

ray-trgci ng prqoéppehent fee GeneratibH! Ceﬁfpoﬁéﬁﬁ%rﬁ{ ﬁﬁ?ﬁbh@ﬁﬁé{]{sﬁer@mfe@e
present invention w econe appar ent romthe detarlé Scription
gi ven her eéibevetean bei@manged into attoes (sush asmdeabintiyoidee in oné emhbadimenel 6f | ed
description and s eﬁ.i fic exanf*gl es, vﬁél e indicating preferred )
enbodi ment®ngon Ig(RIGhiesn, forpipg e highestalevels of 1the: eventyal Seupding nce
vari ous e d nodifications within the spirit and scope of the
I nvention Vv(\)/ihfrﬁgbécor?rcewgo apparent to those skilled in the art fromthis
detail ed description. BRI EF DESCRI PTI ON OF THE DRAW NGS
The present i n\Bouridimg Wdlumbee Elisrarchyr Sehetdtionu ritigsts tolsttiohost pofygdpisain ed
descri 8t ion giye héarei n bel ow and the acconpanying draw ngs which are
gi ven? 9388‘ % et the| campanentn higtaschyaisd reeursivalye pagitioned inde i sealiér t he
present i } retn: Fl 1 is.a block diagram
"OORELHSHS o‘i‘g?ol onsh nd°ld! spopgoted to the com%oq_elnghlgrqrghyé i1, &

of an exenplary rast hi'cs sy
di agr am ofresiting dsundirgs eploints hiarakch) Such!Baunliind'26lufft®Werarchy is stored

for subsequent use to assist collision detection in 3D interactive applications or

ray-tracing processes.

15 Further scope of applicability of the present invention will become apparent
from the detailed description given hereinafter. However, it should be understood
that the detailed description and specific examples, while indicating preferred
embodiments of the invention, are given by way of illustration only, since various
changes and modifications within the spirit and scope of the invention will become

20 apparent to those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully understood from the detailed
description given herein below and the accompanying drawings which are given

by way of illustration only, and thus are not limitative of the present invention, and
25 wherein:

FIG. 1 is a block diagram of an exemplary raster graphics systems;

FIG. 2 is a block diagram of the raster graphics system of FIG. 1 that shows



-10- a nenory for storing sinplified nodels and boundi ng vol une

hi er ar chy; FIG 3 is a flowhart that depicts the steps

i nvol ved in the nmethod of the i nvention. FIG 4a is an
exanpl e of a conponent tree constructedqgluring the step of 5 conponent
tree generation in the frane ; FIG 4b is a binary
conponent & SQ%E%QPBBWPBWPE@%%&%ROWM ¥plume hieggredy:aa duri ng the
step of conponent tree generation in the framework; FI G 404135
a final BV'”eq-'lGQr!ﬁFsrﬂqmﬂ:hfaF(lOlﬁbi'a% ok Fe?m Db tif

during the step of boundi ng vol une hPersna?f%;s; eng{r@t %gr%ﬁﬁﬁeﬁﬁ%thfg oﬁh@

f r amewor k;invandion. FIG 5 shows the parts extracted froman
exanpl e sinplified nodel during the step of component derivation in
the preferred had.. TAl LED DESCR| PTI ON OF THE | NVENTI ON

F1G P11 11 st r 1Gs S2iS AP PLE COMAGNSHH ee COSTURiea,fiND MeFleneaf a 15
mai n (klos el r EHinUR) 0 connected to a graphics
subsystygmtcb 2(5‘8.&&% e m@%‘?gﬂgg%aﬁéﬁ%' execut es an application program
and di spat ches graphics tasks to the graphics subsystem 200. The

gr aphi cs subsyd$tlem4b0is a binarp component tree dsosweetgd dirorm glee &Qmpzmmel Qmedoff

t hereto. . Jhe_graphics subsystem 200 includes a pipeline o

sever al cgﬁgoﬁ@ﬁjc‘gmgdheﬁté? OE%WB?WM enaratieninthefeaneeywedsiet ri c
entities for display on a raster di spl ay device 300. For the purposes
of descri bing A1V [ 2 r ' i

enpl oyed t hat tcfg%f zﬂ&nrs%n% r@%# 5% g?mgﬁ&é) n% EH%{‘}?JH%'F‘ tl?%i @gghﬁi OE]?’Bﬁggtg?Fd&be
real i zed FhGt 4ii duyag t theulstep nofd doundingotvolumé e higearehy ugenératian! iir thend

sense_ upon the practice of the invention. 25 A CGeonetric Processor
uni t iéo ?@@@W&i‘i 8Bff i gurations and conmands fromthe main CPU 100 to
perform geonetric and perspective transformations, exact clipping on

primtives agaipig! sSHAR tHe'b A BhtriALAHrh & eimPR' dinfplified model during

the step of component derivation in the preferred method.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 illustrates an exemplary raster graphics system, which includes a

15 main (Host) central processing unit CPU 100 connected to a graphics subsystem

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 device 300 connected thereto.

The graphics subsystem 200 includes a pipeline of several components

20 that perform operations to prepare geometric entities for display on a raster
display device 300. For the purposes of describing the invention, a model of the
graphics subsystem is employed that contains the following functional units. It
should be realized that this particular model is not to be construed in a limiting

sense upon the practice of the invention.

25 A Geometric Processor unit 210 receives configurations and commands
from the main CPU 100 to perform geometric and perspective transformations,

exact clipping on primitives against screen (window) boundaries, as well as



| ighting conputations. The resulting graphics primtives, e.g. points,

i nes, triangles, etc., are described in screen space (integral)
coor di nat es. A scan conversion (rasterization) unit 220
receives the graphics primtives fyomthe geonetric processor unit

210. Scan .cppverter unit 220 breaks down the 5 graphics pri mtives into
raster i nfl'SB i GAMputgtions. (ERQ. fesulting @raphisp| Rymitivesere-g9. poipisceliges.hat

are cover gt hESHHNA i L : ( hics buffer unit
230 recei 3@%@2%2@ (e:'é ,a%;nsg%’}%de@sggsé(ﬁ%p%(fexgrlﬂgg@rl)()%?oréin%li%?e scan
conversion unit 220. The graphics buffer unit 230 may utilize

conventional i rageamebheersicmfasterizbtidri)eunit 226 roceivédiive graphicapiimitives10
A display driver 240 receives pixels fromthe graphics buffer unit 230 and
t r ansf or mdram dke gppmatde pracessar Bpik 0o Scanicoaneder uhit 226 firagks downctheut put

di spl [ : ' r. scre as g.cathode ray
thgg. 5 graplq‘Q,é“ﬁrﬁEilﬁg.Qs ﬂhtl\égkga&éél !r%fﬁﬁﬁéﬁdﬁ 'g%aﬁ%oci Mg{gﬁrci‘pﬁﬁsf?%ypfﬁrgggsi ng
system acgixels tattape coyeréd@ih@@éﬁhi@@griﬁﬁti@é@m in Figure 2, an input
device 10 inputs graphics data to be 1 processed by the invention. The

CPU 100 processes the input data from input devi ces 10 by executing an
appl i cation pr dygeaRhicpbufenunit 230 despines.etores, andgpreghsess thespixelsofrome

o200 c=, 48T oA ST T oL AL, it 258 A, s

and/ or di sphe¥rtbrd ifage barferd A8 ¢-biskra8 StotBQhis iRfdrmation. Thi s invention

may al so take the formof an article of manufacture. Mre .
specifically, the article of manufacture is a conputer-usable nedium
includPng a A dispigyuddyerr 240 segeives piyelsniromdtbecgraptiice dbuffes runitn2 3t anei n
t he conpu

er - readabl.e.code_causes a.c ter to execute the inventive
net hod. ‘fénsforms thesg Q!’é%dr.t‘tgrmfﬂ@@%é%ég%rdlﬁm OBéﬁ?rﬂLgP't‘te@‘SPﬁVo
storage depvi U0 typically a rddtétEGeén's cﬁ'&s@‘é’éfﬂb&e?é h a computer-usable
medi um Wen the disc 320 is | oaded 1 nto storage device 310, the
conput er -readabl e program code stored therein is transferred into the
CPU 100. In t hifig.vais atsireplified diagrarapf isegraphicsiprecessing dystermpacdardimgt toe
' nventive tﬁrgﬁnr{/%% log.' RS ls%%\?v% iﬂeﬁigebr%z, an input device 10 inputs graphics data to be

15 processed by the invention. The CPU 100 processes the input data from input

devices 10 by executing an application program. CPU 100 also dispatches

graphics tasks to the graphics subsystem 200 connected thereto. The output

results (simplified models and bounding volume hierarchy) may then be stored

and/or displayed by display/storage devices 300.

20 This invention may also take the form of an article of manufacture. More
specifically, the article of manufacture is a computer-usable medium, including a
computer-readable program code embodied therein wherein the computer-

readable code causes a computer to execute the inventive method.

A computer diskette 320 which may be inserted into storage device 310 in

25 Figure 2 is an example of such a computer-usable medium. When the disc 320 is
loaded into storage device 310, the computer-readable program code stored
therein is transferred into the CPU 100. In this way, the CPU 100 may be

instructed to perform the inventive methods disclosed herein.



-12- Havi ng descri bed an exenpl ary graphics processing system

that is suitable for use in practicing the invention, a description is
now provi ded of a presently preferred met hod of boundi ng vol une
hi erarchy construction. For the purposes descri bing the invention,

it d b d I 5 b d
Fepr osent at | ont RSIBPECTReE A GReGRIaRY %@B&O piabaPang syeieat thaids Suitable
e apDr g 084 94 o &&.ﬁ% BlinPalieR0 B el pt.arrqgmog%@% RESE Hr D %I%fﬁr al so

benefit ro I ficatl oh

i s assunegrefemed methadl axfptbormctuyg voimniéﬂhmhr%hyi%engﬂﬁuéﬂmt F@@&N@pﬂﬁpdﬂes"@fda S
are sinply trian erwi se, additional processing can be carried

out to trﬂ&ﬁ@r&'aget?‘SoW@B?%"-Hﬁt'% asgumed; tayreadels arg) desoribed\isl golygenal

provid I trian s,wth
Gener ar poPoaaty feph&d orer Motft W R BORER 8%n generdi EelaiSy o

f r amewor ki. enabpmaﬁeel with bRitial @oBigens; for Yraphié bﬂﬁﬁdsﬁe’s%d@rﬁ@'also benefit
generation step 400, (2) a conponent derivati on step 4 (3) a conponent
tree 15 Homerthei @ﬁnsuf@ptmote ﬁml{e4)0faﬂ'l@oumnﬂgnvd\lamre rmrlSaraasumed for f
eneratio Fl G 3|saflowchart th delctsth W 0
'?hese invgﬁﬁé@y p%he discussion that | polygon g eSHUPlMu cfe?rr)del

simplificthelisy, eadtﬁﬁ‘ﬁhél%rgﬁééjéfné f&%ﬁ be caﬁ%bsbpt*% Ltl‘?éhagﬁ{)a legghé"gn%‘)l ume

hi erarchy for thé input nodel al so cal vol ure

hi er aﬂ@hytmal@les oeealternatively, JI)J ;BbWBEIrﬁhﬁDnMﬂIﬁﬂatrGENEWhr&érﬁiSERo%ﬁlace

The i nput ,nod s, first ﬁsedtoam)del sinplification process to

gener at e gqqqﬁeﬁwgh,gmeral RPYERIEY of the lowest level of detail. This
sinplified nodel is usually drastically sinplified fromthe input

nodel . (2) COVPONENT DERI VATI ON STEP 410 25 For the first
simplifi eVERVIEW OF THEMETMOD are grouped into parts. For each

part, a conponent of the origrnal nodel is forned by collecting all the

ori gi nal ﬁ_ol ygons that si nEI ify into the primtives in the part. These
di sj oi nt conpor&etgeneral framework includes the following steps: (1) a simplified model

generation step 400, (2) a component derivation step 410, (3) a component tree
15 generation step 420, and (4) a bounding volume hierarchy generation step 430.

FIG. 3 is a flowchart that depicts the flow of these inventive steps.

In the framework, the outputs of model simplification are used to guide the
construction of a bounding volume hierarchy for the input model. We will also call

a bounding volume hierarchy a BV-tree.

20 (1) SIMPLIFIED MODEL GENERATION STEP 400

The input model is first passed to a model simplification process to
generate a first simplified model of the lowest level of detail. This simplified model

is usually drastically simplified from the input mode!.

(2) COMPONENT DERIVATION STEP 410

25 For the first simplified model, its primitives are grouped into parts. For each
part, a component of the original model is formed by collecting all the original

polygons that simplify into the primitives in the part. These disjoint components



-13 - forma partition of the original nodel. Note that a conponent is

a subset of the ori gi nal nodel's pol ygons. (3) COMPONENT TREE
GENERATI ON STEP 420 The first-level conponents derived using
the first sinplified nodel in the 5 _appve step can be further deconposed

I nt o sub-c¢conponent.s in the sane way by I nvoki ng t he nodel

sinplifi ngrﬂgﬁ B?%ﬁewfagsiw igipalHmadelh Mote dhal a sompangnt ll?e fawhaeé of the
first si T | sults of the subsequent sinplifications are

t hen useggbgmﬁmdﬁgp:é!@ghg’f conponent derivation to derive the _
sub- conponents. There are mainly two ways of invoking the higher |evel
of detail sinplification. In the first, the 10 sinplification is

separ at el 3HOOMRANENEIRER GENERATION S&TERDARAt , whereas in the

second, the sinplification is applied to the entire original nodel. For the

second ey Sﬁr@?—lesvlé -Cco omra] t my not, beta u?set (i) an qc{éﬁgéhéeve'
conponent, i.e! " GREENE AEHYRR using: theofiest iR FﬁS’r
first-4evebogoBRaNeah -beF&HﬁeF aacomgﬂs?ﬁ irft6 %95%5)%0;%@1{? ﬁlétH%?%érHS.wa

b
sub-conponent into smaller sets su at ever o i % ¥ ubset

of sone finwkirgethel modepsinpiificaticacprosets agaijpowitin higherdevel of detdilnkenitaet hen
linked to_the fi _fst-_l ev g conponent that is a superset of the sub-
conponent ﬁfﬁr?@ﬂpﬁﬂqat@f\- g- edepits of the subsaswentsimplifigatignsgia them weed g sub-

conmponent t i . ' idiQni ' nt _tree
o T he " fhe Stb S cuthbortint dérafiéi 16 Bkife B Sub LOMaBeht, TpERTRAL FRkinl oo
20 two cway e nihvoking henhighey i16veidoR detdile sintplifieation. e kise Firstd the
boundi ng vol une hi erarchy. However, due to the possibly many nunber of

conpoHent simplificatien ds separately applind todeaghnfitstieved @pmpi@nent, rwmreaaei? dbg (r]I ee
' ' i nb f, child . all t I nt nqdes

(anreh 1> sk e, TIOR8 Shny s ek i ol hob ot e g s

may be hapdyukofe édlﬂcmPaﬁémﬂaﬁ net ba%tsu-ﬂslek bfh g%?-‘iéife"l b&@gohaﬁ{,%e! f

usually a néed to convert the original tree to a gree tree. For
each nodecpntainsepolygens ithat eame droemnsorezhab eneofinst-teve! component. Tig tam up

manner to,reduce the tree' s degree. FIG 4h shows bi nary conponent
tree convgﬁtrgﬁof'?g [hyt W@agV‘SQtF‘ﬁ%U%f?%p‘PW? I"@oéﬁﬂ‘a'?er sets S%I‘Zf) thsheveeNg oL UVE
HI ERARCHY o SthERAE SNsiel $F38bme first-level component. Each sub-component thus

formed is then linked to the first-level component that is a superset of the sub-

component. The further decomposition can be recursively applied to the sub-
components. The result of this recursive partitioning is a component tree of the

original model. FIG. 4a shows an example of a component tree.

20 A component tree can be viewed as the topmost levels of a bounding
volume hierarchy. However, due to the possibly many number of components
generated for each node in the component tree, the degree (which is the
maximum number of children over all the internal nodes of the component tree) of
the BV-tree can be high. Since high degree may be harmful to the performance of

25 collision detection, there is usually a need to convert the original tree to a low-
degree tree. For each node in the tree, its components can be combined in a
bottom-up manner to reduce the tree's degree. FIG 4b shows a binary component

tree converted from the original free in FIG 4a.

(4) BOUNDING VOLUME HIERARCHY GENERATION STEP 430




-14 - The topnost |levels of the BV-tree (which we will refer to

as the upper BV- tree) is then derived fromthe new conponent tree by
conput i ng a boundi ng vol une for each node in the conponent tree. In
practice, the conponent deconposi tipns are not performed down to the

el e el SRl CTRAICTE eyl b o S 9B0ie SRR Ve
[ i ; I | t E eaf
(5 a0PL| e £35in| SENGOTBAY O 1y SHEABRPTER. b oy g PO

BV-tree, aohiméiforceath atade tihethzodmpatentntred. ImeprBttiée, e thd Worhpéndritput
nodel . FI G 4c. shows a BV-tree constructed fromthe exanpl e conponent

tree in FAecgmpositigns are not perermed danst ko thes level wherrieael depfcompenent

i nf i ' . ' ifjed ] .a BV-

oo oo B Al B Triore, i T S oA Bpafr e
conponent sidrafshynbuildisy méttol | ig ipplicBotenegsh RafacdMionent in thESSorhp&ikrity pe
of sinple boundi E%evol unmes. Since the nunber of conponents iIs usual |y

much snal tree. Eagh leafcomporentisi Bdragyraplades theecarrgspondingdeaf intthesupper 15
af f or dabl use re exhaust.i ve bottomu | gor,i.th t erform the
conver si oﬁ\}dﬁ’e?h@n‘g(;ﬁ‘%o?fgﬂﬁ"}é??% € SOBﬁ@QiPPr&éﬁPgﬁ)’éi?@c qitgﬁeﬂﬁ'ﬁﬁ' El?.des‘l-'he
above fel G4 t ot - t hat
o ya0d | ISR SRALABVEE UoRifiofed idh #iE ARl rnihatie sl FIRRy 05

The presently preferred nethod that materializes the above-nentioned
generd franmewdhi framewode basidéelv reeiviantages. The(ifforBialith |dBtaiReVPith the
GENERATI ON, STEP 400 Rg}?ntly iEfgere has been nuch work done in
aut onat i CSW@ nglodels cag; allgw ra BY1tigs” building (reesssipeliargrarifientthen

al gori t hng hi& bl f ﬁ@r?éh {n?'qg,:} &Ny Si efwor k of
pol ygonsrrfscr)I %ﬁh;ng&e;\i ‘ng e(fQ{n?:ont | %%?ﬂ? %seuﬁazgégl&ﬁmﬂl ?gai%%e b?rg érﬁjt abl e

for nore gpeeified tppd pjsimmplenbdanding evofumes. Sinpelthbaimbernofdedmponbetseis
arbitrary t\?}glfl ogl}/ is allowed. These algorithnms form a spectrum
MEHAT BUC

rangi ng f hssmgller tasr hechember of petygenatie the deputt srodel, 4 swaew
15 affordable to use a more exhaustive bottom-up algorithm to perform the
conversion of the component tree to one with a low specified degree. The above

two factors allow more efficient computation of a BV-tree that is good in its

topmost few levels.

DETAILS OF THE METHOD

20 The presently preferred method that materializes the above-mentioned
general framework is as described next.

(1) SIMPLIFIED MODEL GENERATION STEP 400

Recently, there has been much work done in automatic polygonal
simplification algorithms. Some simplification algorithms are suitable for mesh

25 models, which consists of a network of polygons forming a single, continuous
surface, while some are suitable for more general polygonal models (e.g.
polyhedral models) where arbitrary topology is allowed. These algorithms form a

spectrum, ranging from fast, simple approaches with moderate fidelity to slower,



-15 - nore sophisticated nmethods with superb fidelity. In
one enbodi nent, the inventive sinplification algorithmis based on
vertex-cl ustering approach, as disclosed in US application Ser. No.

09/ 065, 488 filed 24 April 1998, enfgtled "Milti-Resolution G aphic
Representation By ?ont rolled Vertex Clustering For
| nt er act i TOT%/SOR !s?‘z‘%}ieﬁdﬂe'gﬁﬂﬁlvﬂg'\&lg?%b idelity. ¢ hat s i ncor porated by

ref erence above. This sinplification is one of the fewthat is capabl e

of handling gepergie @m;ﬁ%npoiﬁéggﬂ@ntﬁgd&h@hf g%:g?} 2 gdH?itl'\.fnl fétﬂaﬂgggl on. . on

algorithm herein, will be referre el sinpli
(FCS) vgﬁebgoh;stérmg approach, as discleséd timddS appliotidrh SevbNex (09/665,488

much af { cBSchARTAd e sathed FNiteRagoiuion SO 'Reh'rqr;’éa%&igfbégéryat%é s
FCs al%por PINve R RrBl e ElsRed Fof tetatobe Ydiicafiof Arppcatonsl gee

and poi nt that Flir mvotisrattsey vefetenite dbovehThissimplifidation! i§ offlervf tia $6W thaths
edges give 15 the nost inportant clues to the basic shape of the nodel. An

edge repreapahls ah handling| gepetaldclesst of rpalygonabdeiodelsnd blSc@lmhhfoatlongat ed

Phat can BECHIn fierding P, BE migred & 8RGHe oatingrody, Sglisrafive P Rslr. "™

Oriented BRuhtHrAY boxes (OBBs) and oriented cylinders are exanpl es of
such suitabl e sinple bounding volunes. In the preferred 20 enbodi nent,
OBBs have been chosen [S. Gottschalk, MC Lin and D. Manocha,

"0BBTHEe: A Hi Resal thatapnssiof dbe wbjedts rof theiinvantioar isctoche dineeffictantnThe

%gp g tete r O?v?rﬂll%ge§#mgg§%ﬁégy%%wﬁ} ?ﬁgﬁtegdéY %%%lﬁ‘qpe%éi ?r%é?ﬂl?g élwgg%og ket ch
of the nDERJcess! FoV s 'tﬁ%SF@Sealgbﬁtﬁn{rH% Tb'éanfd?fo%ﬁ 48 g \/Qgi ﬁrﬁgae;fﬂ iGafpar ed

to the 25 original nodel uccess 0 e I nvention de

si npl i fi chhedrC8halgorithm outmdts csimplifieds mackld yhati nmpyldcrminnmdag&st ledyeshow
good sketches qual |y |rrportant t he

sinplifiefn ﬁ@&g{%t%ﬁ%ﬂ% g@s%ﬂgqrgqé\hﬂwedgy%grs in m%quaéﬁént & edgassgive
det ai{g StHéCﬁmo%PﬁﬁﬁoﬁémsdléééﬂﬂrFesbiéé gﬁégé %?tl‘?é)ﬂ%:‘”e?ﬁ[%@fedbgereﬁ%]seh?scgﬁs' ve

parti t Il oning o onents 1nto su nents

elongated part in the model, and once the elongated part is identified, a good way
to bound it is to use a bounding volume that can be oriented to fit along the length
of the elongated part. Oriented bounding boxes (OBBs) and oriented cylinders are
examples of such suitable simple bounding volumes. In the preferred

20 embodiment, OBBs have been chosen [S. Gottschalk, M.C. Lin and D. Manocha,
“OBBTree: A Hierarchical Structure for Rapid Interference Detection”, Computer
Graphics (SIGGRAPH ’96 Proceedings), pp. 171-179, 1996).

The set of triangles, edges and points in a simplified model shows a sketch
of the model. Its vertices are also more uniformly distributed as compared to the
25 original model. The success of the invention depends on simplification that

produces drastically simplified models that show good sketches of the input
model.

Equally important, the simplified models should be consistent across
different levels of detail, since these consistencies affect the goodness of the

30 recursive partitioning of components into sub-components. The FCS algorithm



-16- neets the above requirenents, and thus can be utilized, as one

possi bl e enbodi ment, for our purposes. Qther sinplification algorithms
such as that of M Garl and and P. Heckbert. Surface Sinplification
Usi ng. Quadric Error Metrics. Compuiger Graphics (S| GGRAPH * 97

Pr oceedi ngs pp. 209-216, August 1997, 5 nmy, be adapted as other
possi bl e gﬁ%ﬁi%@nﬁgp"e requirements, Rade thysicapcher hiade sasinone Ressible

ar amet er ] ) ldt T r o) e on t he
Bl 11 e SHAHEREToRBuf Blipael Otk smpiER{fY ALBRMERHET B thef Bl
but gl obalGariandannd RatHeokbetthesSdrfaeausimplifidation i Msihy Quadiis 'Frror Meth@nat hs
of the edEes I ndi cates, |l ocations wth drastic changes in frequencies. Such

10 | ocat ee GraphicseRJGERRABH ©7uBresaedingss prllv|2§9+iés1].c6, A(\Q;Uﬁtl 'k9h97.
I i&h ' 0. d . omati ca a few of suc
?ogg{ : %ns%%%g?gﬁeg "gﬁfb’gfﬁgﬁ%&e gr%gﬁr@'ﬂ%ﬁs' Y As nenti oned,

speed, quality and snoothness in transition are the basis for ~ the
choi ce of the NofeahadFCSneqidray i lAputlv paifetdRbieausteringt EAE igth 15
sinmplification algorithnms are ?ene_ral |y slower, but have better output
nmodel detprgnine yhe regolution pfithe siveplified: medel o qoamy input prodeéls, dee towever

o 111 ol ooty ot BRRIE eParst Rahl; o riepughan dRtibtion ot toe
cont ai ni Ngrthe 8f tHeledgetSinglidates REEASNS it gréﬁg;l ?Sang(ef)in%{ggﬂlgiépsﬁgﬂes

with others, to deconpose the original np
DERI VAY| Clocgtiers 4@ good lengths for dlstering eselli witlthss o simpleualgofitom damebe
sinmplifi catei on step.in the, construction a boundi ng vol une hi erarchy

piongs toTdetest automagically a tf%WLgfeswﬁ ations 1¢ ganesatgpsimplifgd

(termed B _ _ _
nmodel s topRRydid tion a given pol ygonal nodel into conponents with tight
boundi ng vol unes. 25 Formal |y speaking: let T be the set of
triangles of the input nodel M where ones desire to construct a

BV-tree, call eAsBaa@htiorsat; Ispaed,equtv)al'rby aB(jE)nmnhme?dnrtdﬁ\sitir(])n ?rbﬁhé tﬁsts.bo‘;ﬁirE ]
Tlerr] of ,T, with the ro ode heing associated with the full set T. Eac
iLter]naI thsiehpics i the %&gt%lsoﬂﬁi%h@a%iqt%ﬁreweﬂﬁxméredgeeiqoré@b@nat ed

subsejs simplfﬂeéﬁbﬁ‘ RAGOFitnhL Br8" gdh&al - sIOWEr, "Bl AT BERS! o?jtpﬁ:thirrkéj(fe‘?n For
any internal node of
quality. For the purposes of the subsequent steps, it is however unnecessary to
obtain very high quality. More importantly, a simplification method must produce
drastically simplified models containing clues, such as stray edges or triangles

sharing no edges with others, to decompose the original model.

20 (2) COMPONENT DERIVATION STEP 410

The invention uses outputs from the simplification step in the construction
of a bounding volume hierarchy (termed BV-tree). The basic idea is to use clues
from simplified models to partition a given polygonal model into components with

tight bounding volumes.

25 Formally speaking: let T be the set of triangles of the input model M where
ones desire to construct a BV-tree, called B(T). Each node v of B(T) corresponds
to a subset T, of T, with the root node being associated with the full set 7. Each
internal node v of B(T) has two or more children in which their associated subsets

form a partition of 7,. The maximum number of children for any internal node of



-17- B(T) is called the degree of B(T). Associ ated with -
each node v of B(T) is a bounding volune, b(T[err]), that is an out er
approximation to the set T[err] using a smallest instance of sonme specified
cl ass of shapes, e.g. axis-aligneg-bounding boxes (AABBs) [N.

Beckmann, Kri hnei der "and B. Seeger. The R*-tree: An
Ef fici ent @@i ﬁ%ﬁ%‘é{thﬂég‘%%@eﬁégi for Points and Rectangl es.
Proceedi ngs ACM SI GMOD | nternati onal Conference on Managenent of

Data, pp. 322- FFsockHSP with SRIERSTe [/%fal'{(“?"g%a% ?gu%crllmge d@@ﬁé%{fy%% an

Pol yhedra with Spheres for Tine-critic 'on

Trans. Corqierapgboainmation to\the.set 37, 33ing ppsmalfédt Hanckub/sdf8 Gpecifiet &My
boundi ng Llog boxes [ S. Gohtschalk M C. Lin and D. Manocha. OBBTree: A

Hi er ar chi @iishapes, edf. axis-glignad, poraging hoxes (AGBERR) dNDBeskmann, Hodfirgeals

g ?gm at i on Wopeacmf ? Sﬁﬁggé\?g%eﬂk e A”%‘iéﬁéa’}‘g%oﬁf’geﬁéﬁ’? nde iod ° ©

Sowi zr al dod PSintgidtahRettangles. Prbcéetlings ATM BIGMODORREtGhal ConfeRshtd] ng
Vol une Hi er ar ch| es of k-DOPs", | EEE Transactions on Visualization 15 and

Conput er Q@MapManagemant ARfl)Dat@999P p§2213336] 1990.], spheres [Pur tHubbasde,

i rpl i 11 cduspimdling PRBRAGRIWR Spriged TR0 Timd Blicas CollitoR Detartion ACH
remai ns asTrans. Comphmscsral%vcsdvbi efR 8y, )ppt ﬁvm'oeJuiyetgg‘é] bé’rié:?@d%%hnﬁ ng_

triangl es, edges, and points of I npl i fied nodel
that A0 dioxesnfS iGotischalk, oG sbmgnd [é Marwcha2 0088 Tresrgl4e Memcmal

contai n t RS RePE, g Ereroe Detedort Snbbyter Gois ©IGSRABT S8 ng
such t hat Proceedxﬁégf ob. @Wﬁr?]g) X?Q%Faﬁ& d%BFEtQ%\%ni%Pb;dtoﬂﬂ §s fd. [Iﬁééc%w&l' S

sinmplified to an él'énent s I'S™par I oned
into part V. Hebt, thdditahied, He S@mﬁralsandi KT Zikamn, GEffictrd Collision Defectionmpeimgnt s

th that t bel t toif
and 25 onlBpinig daiec s o bt bR o BrbSeaimen B hemort
| nt ui y5velgpg @oﬁ@ﬁeﬂfi FRLBL AR, 1998, BB =g}, that are maximal [y

connected anong hemse ves as ssed Define S[err],
S[err] S[err] respectively as the set of triangles, edges, and points in

Fi r st Furthesimdee, kebel per thiet setnobfna‘ﬁbwsr in anpslygaidismobiel MR Afed
reI ation on 83 such that aRb means a is related to b) if and

only if aSiBRIfication. sash t&l@@@@.%@ $'ﬁ19“ﬁ%ﬂ te @i Reigh @ edosr emains ap a
adj acent thLanGh Sirbfrt) friangRY 91 % Uk s%i%rfetngﬁgleg,ag&ges, and points of a

simplified model m of M. Notice that all elements in S are open sets, i.e., each
20 triangle does not contain the three edges on its boundary, and each edge does
not contain the two points at its ends. Define F,, : T — S be the mapping such that

Fm (f) = sif and only if triangle f € T is simplified to an element s € S.

First, S is partitioned into parts, and then the triangles in T are divided into
components (with respect to m) so that ¢, {, belong to a same component if and
25 only if F,(t) and F,(t,) are in a same part of S. Intuitively, a part of S contains

elements that are maximally connected among themselves as discussed next.

Define S;, S,, S, respectively as the set of triangles, edges, and points in S.
First, consider the partition of S; into parts. Let R be a relation on S, such that aRb
(which means a is related to b) if and only if a can reach b by traversing the

30 triangles in S; where two adjacent triangles in the traversal must share at least an



- 18- edge. It is easy to check that Ris reflexive, symetric and

transitive thus an equi val ence rel ation and defines a unique
partition on S[err]. Then, for the purpose of having smal | total
boundi ng vol unme of B(T), the edges of Hgrr] and the points of S[err]

nosas bl R esin i %@?k%aﬁ%f rEeﬁ%?\}%ds?/grar'rl%@e;ﬁttﬁae%%&%{t{u% Bl o
of S3) W bRuk@ldhcktrel ﬁ”@ﬂ%‘l &fines a uHiqrﬁeapa?ﬁlr% Bﬁ‘@ THed, 16t lg#&%ﬁé he

part, since the bounding vol une of conporent corres Yo the

part is | htaeing small tatalibeunding eiime NEB(T), ihe edges ofBLsaritethd peineabf ig,i on
of the re |n| n% el ements in S2 Each renmal ning stray edge i s taken as
i

a separ at nsepe KigpglesHing, aneanclugednnt@rtbpcﬁeme@weepasisng|Sa, disy 10

point I E? Pﬁwﬁggﬁﬁ* "G 3 EFaBRpt T3 BfrBlis wibredin B EndocTar .

forns an in a sahfﬁilparﬂlﬂsi'lnéladéd infe thed| g éiﬁc@stﬁbld@ow ki FPSth%he
above descri ption. Initializations */ err err

S[err] ar éomoneat |C@ér@spce@pgctq the \part is tikelystst lmﬂude ithe gbdge. ngkeswend
points in

1. Formparts due fo_triangles */ do
i le s cpPsider the partitioh & shie Temaiie PmSnts S - adhfegfeining say edge
= Yl er tic
t shar e gétsalkeg e\ﬂla %a seggg%tetpart ,’-qfo WeadiPpbift thatlis a[neét‘iclpoﬂteg 4 s]@@‘é %trjay (y:
S3: = H] er efige qan} be grouped mto thedBame part as the etige. Binadlys bacivlremginingose
every edge jn% in §1,disola{eds %rrmln};ldent %ponlt?y elements of different parts, forms an

individual part. The following pseudo-code summarizes the above description.

/* Initializations */
15 Ss, Sy, Stare initialized, respectively, to the set of triangles, edges and points in S;
/* Step 2.1: Form parts due to triangles *
do while S3 = &
P :={t} where fis any triangle in S3,
S3:=83-{t};
20 do while 3 ' € S3 where ' shares a side with some t € P
P=Puth
S3 = S3- {t};
endDo;
let S2 = Sz whose every edge is a side of some triangle in P;

25 let S < S2 whose every edge is an isolated edge with both endpoints incident to some



25 let S'[err] [err] S[err] whose every edge is an isol ated edge
with both endpoints incident to sone

-19 - triangles in P let S [err] S[err] whose every
point is incident to sone triangle in Pgbut not any other triangle in S
Form a newa,I tgPuS[err] S'[err] S [err]; Slerr] :=
S[err] - P'qus'n [err]; S[err] := S[err] - S [err]: 5 endDo:

/* Step 2.2: Formparts due to stray edges */ do while S[err]

let e be an gdgeig) w'ﬁg?e every,points Incident to {o trﬁn@gfnrﬁ butﬁ tea'hké é\ﬂﬁ’%@@‘?ﬁ@

point is an endpodint o e€r edge or tria

Forma new part with { e } [err] S[err], { e}
Slerr] := [ Eormla g partmith P U ShU Se0dASR; /* Step 2.3. Form parts due
to remai ning points */ Form a new part each with each remaining
point in S[ferr]; 15 The above nethod outputs the sane
partition dug2 F§2tﬁe def i fed S1-S7; equi val ence relation. FIG 5 shows the
parts extracted by the above al gorithm froman exanple sinplified
nodel .5 Al giposi Pl € data structures are sufficient, in particul ar, on
keeping in orhatlon about the triangles incident to each vertex.

/* Step 2.2: Form parts due to stray edges ¥/
do while S2 = &
let e be an edge in Sy;
let "1 = S1 whose every point is an endpoint of e but not any other edge or triangle in S;
10 Form a new part with {e } U S%;
S2:=8-{e}; S1:=81-8%
endDo;
/* Step 2.3: Form parts due to remaining points */

Form a new part each with each remaining point in St;

15

The above method outputs the same partition due to the defined
equivalénce relation. FIG. 5 shows the parts extracted by the above algorithm
from an example simplified model. Also, simple data structures are sufficient, in
particular, on keeping information about the triangles incident to each vertex.

20  When given this, the algorithm runs in time linear to|S| The partition of S can be
viewed as a shape of the input model.

A single application of the above algorithm divides T into various

components. This can be recursively applied, each time with a simplified model of



20 When given this, the algorithmruns in tine linear to[err]S[err] The
partition of S can be viewed as a shape of the input nodel.

A single application of the above algorithmdivides T into various
conponents. This can be recursively appjped, each tine with a sinplified
nodel of . . . -20 -

hi gher | eighes;leyel, of petal, tg pbtain S cempaBrBls: of 6eMpansbiseaRd sthansdoon.
To digiige aPcsiAPBRERTY  fiafigiels! i i J
sinplified nodel m pB o%’ﬁﬁf‘é,’ﬁe‘?'bf‘g'v% Tcﬁgﬁg?@l%ﬂﬂﬁé& %ﬁ*&’i‘ﬂ?‘?%?ﬁ ricts

the vi ew of higheo level pf Betail; iHeTiheention restricts the view ofl M’ tolenipPoYE) embodi ment
step 410 nmakes each remaining vertex in S err] a 5 separate part. This can
arts and thus nmany snal | nponents of the

It |
ori gi nal model 1N S AAGVREMBORIEENGCHED 4 LhIaken Baghr remalainrvertex insSep 410,
original T PN
separ b e Seprfatd B, SHE | carl RRRIASiob ke iy pdt Bl thut, R smat e
to each compumehts ef tiex ofiginabenctict! I Sutther bﬁibbd‘iiﬁéﬁ@ﬁémahiﬁ@%&rtﬂﬂsi ined

e

fromsinplified edges 10 or triangles incident by the vertex.
possi bi | i S{er $10p ifidecidart & seme simplifigshedges oo tiangles)eseeditnidtniprinhaough

the locati t rtex to distribute pri.gi nal tri.angles  or

dupl i cat esgﬁgﬁt? réggt‘;ﬁﬁeswcg‘s%é;@ﬁav&'a@@?%%ﬂgHf'g'.narﬁ"qq% t@sﬂmﬂheg to each
dupl i cati @achdertekda@l fe UitritUIsd 416 ' idBkQed} implified ddyeshe
space of thg ) © respective comongﬁpiﬁd&%magg)@hg%%g&ﬁgﬁﬁﬂqjgégédée%
GENERKI| Or Jriarglex0 incident by the vEkexc dipenpossibiliyeis itbi ase foren dr osore

natural ly be.arranged intq.a Q nent tr C(T), in which each node
repr esent 2 ‘tl%\’ﬂﬂ)ﬂgrﬂe,s %"ﬁﬁ"g ttlgrougﬁ tﬂgﬂpq:%,qghgteﬁye !ﬁ?&@x @ gistdse qriginal

sub- conpo ; n : %qn;l e S t

t opnost Ig\%ﬁgge%foﬁ r?é‘p&%a&Fe"beﬁqudagﬁleng&@SFﬁ% |£°arc éy ﬁfq@g B%% &e
However, sloptcatioea friangleTis comgidersd being cutdnto sibtésl iy inthet $pirceCofithel but e
to the hi 9h degree of the conponent tree. As it has been nenti oned

t hat high ¥ECRMPABENS.-ce may be ineffective for the pur pose of

collision detection, a few ways, as described bel ow, can be used to
convert C(T) into a binary tree before making it the topnost few | evel s of

B(T) .15 (3) COMPONENT TREE GENERATION STEP 420

The components identified from T can naturally be arranged into a
component tree C(7), in which each node represents a component, and its

children, if any, represent the sub-components.

The component tree C(7) corresponds to the topmost levels of the whole

20 bounding volume hierarchy of 7, B(T). However, some nodes in C(7) may have
many children and thus contribute to the high degree of the component tree. As it

has been mentioned that high degree in a BV-tree may be ineffective for the
purpose of collision detection, a few ways, as described below, can be used to

convert C(7) into a binary tree before making it the topmost few levels of B(7).

25 The following discussion of the process makes reference to the children v,
of each node v in C(7) for i = 1, 2,..., k, where k is the number of children of v.
Each child v;has an associated bounding volume and a set of triangles 7, Tin its
represented component. The bottom-up approach is adopted to construct a binary

tree with leaves v; and root v. The method is similar to constructing a Huffman



25 The follow ng discussion of the process nmakes reference to the
children v, of each node v in C(7) for i =1, 2,..., k, where k is the
nunber of children of v. Each child v, has an associ ated boundi ng
volume and a set of triangles T[err] T4qits represent ed conponent.

The bottom appﬁ:oagh IS, arﬁ(}ogt ed to construct a binary tree wWith
| eaves v, SO S0 ISt arReir RilRaves. $ayi riangd V.t recehesenand semiinagk inteuy,

-21 - i , i | ; .
chosen andTd Rl Gitalis b set dtkigndlbs LY 5% and Hstan A8Sadpelf bopfifig, o
T[err] T[eolumearthem ¥ igrtrexted st ARSWRPHA G Bice of v, 4AH WITR-thd R0 of ¥hildrén
treated as a new child in place of v[err] and V[err] in the set of children

to repeat ta Fepgatohespragess | undih anly waecohildd rersaimis n avhicthiis tthe nodeevnoddsy. |t

i ni i ( PR{UrAl o Bigh Balf oAb, terteSing deiiidid BPuBtK PheoR.rauiirm Jfor) s '°
m ni num ( EellisibAYdétediom Pur, oseﬁubp%ﬁﬁﬁlze-a}-é‘é’ltHhv',Si‘éCHlirﬁﬁluﬂPRfd?aFJ}-{r&SiH'g;gs

searching of the snmall est boundi ng volune, it remains efficient

ef f ect i vepugposks). nithasigh sifchcan kppraachsequiremséarehing ofthalsmalleébbounding | n
anot her enbodi mept, we usg all triapgles in the union of Tlerr] (i =1, 2,
Q) to contRbEe, Ihemains ATk Anch SHRGIE-a the numas ool ehikendaaiarmally] o
t he Fﬁ,lail_space containing nost of its triangles. This can be applied
recursively to each hal f space until when there is only one or a few
vierr] in a subspace. The resulting tree obt ai ned fromthe recursive
partitQ oni ng wir anotiree enduteimehtwé uss dlittdahglas ds thhednivedef T = v, 2s..1, he
root of tpiﬁéoc onent tree Note that it seens that one

h

LCUT) . .
can avoi d B @aP?BH'%HQQC@?ijEaPet ard dhgpeassign eaghy negeevstadheri ed

del f Qi i r .relati
Sl nonhafisddteitinta Rt mdlt off Sianaiad Higkan R SadifeRl recursiVely fo XEhY
can be prhalfspate untll wHemathetdis erilp dheairrd fowpas adsubsphbe. ThahsultirRygbs 20
on the lower levels may partition T into too many snall conponents.

Fur t her noPltained from thesregursive pattitiopinguaill haveanadeser; aithe féaves andrbode of
sub- ¢ o] ts f co ent hus, it is a preferred nethod in
this fgr?\:/)e {%g&ﬁe{écgt{%fgn?fog\psqﬁfﬂee C(Tp-l;unber of levels of detail are

generated, and the nmethod described in the previ ous two paragraphs is

executed to ar Netgthst WSEEIRs tisati diiedcah Adia'suchTREdifEatn totCEB iMHee ¥
degree. In another enbodinent, the follow ng teachi ngs can be adopt ed

for the pinanysgaie sinwlifigdemodels of 1different rleyelsobtisietailh smdhabhhe®alaren,
Lo gt gl ERERE, o' SUFSpESRehg, ceRbutbtcu ot Eust B T,
Sillion aggpigaehdfan be problematic in that the constraint imposed by the higher levels
20  on the lower levels may partition T into too many small components. Furthermore,
it is difficult to guarantee a certain fixed number of sub-components from a
component. Thus, it is a preferred method in this invention that only a small
number of levels of detail are generated, and the method described in the
previous two paragraphs is executed to arrange components into a binary tree or
25 tree with low degree. In another embodiment, the following teachings can be
adopted for the purpose of the invention: (1) Jeffrey Goldsmith and John Salmon,
“Automatic creation of object hierarchies for ray tracing”, IEEE Computer Graphics
and Applications, vol 7(5), pp. 14-20, May 1987; (2) Francois Sillion and George
Drettakis, “Feature-based control of visibility error: A multi-resolution clustering
30 algorithm for global illumination”, Computer Graphics (SIGGRAPH'95
Proceedings), pp. 145-152, August 1995.



Drettakis, "Feature-based control of visibility error: A nmulti-resolution

clustering 30 algorithm for global illumnation”, Conputer G aphics
( SI GGRAPH 95 Proceedi ngs), pp. 145-152, August 1995.
-22 - Al'so, in the above emnodi nent, we first conpute all the

sinplified nodgls . before the.constructi.on of B(T), In yet another
enbrrgdi ment ong‘ll%’oé% ithe ﬁ%Pyeieg“?%d'meni ‘ﬁ?ﬁé%tn%qfeplﬂf&%b{aﬁw ﬁm\iﬁ'ﬁed models
sinplificpgf ' f ; e IR

i ol 11 copione tAACCHRBLANE of BT In Yt Rind o b0t ofe possihilty isfe i
5 advant ajernate betweembttieisimplificatioe anidgdorstrustion ef aylevlibf CET)iwieget | ght

i . bel h csinplificati d boundi ng_vol une
gener ;{‘?oﬁ{mpnﬁ%%ﬁ«fﬁ () Eg&rﬁhﬁ&%o@&%g@mf@%&&&é%mﬁr&m%@efgmam
rO;(r:rgi tn‘?ﬁgégorrpu gt‘?\gp\iste%'ﬁ%%#ﬁeﬁ gJBtéFﬁagan éﬁ%@%‘}b@% r%(ﬁj@l:gﬁsgﬁ@tb. ‘@Eﬂ | eaf
of 10 B(Bgtwesmthetsteps bf singdlifiodicreand BolihdingoimageRedsionpeci fic to the

boundi ng vol une type used or spatial partitioning techniques.

The generat ed boundi ng volune hierarchy data structure may be enbodi ed
W thin st device 0 his way a_uniquely created data structure
may take ’ ‘ g GENERATIGON, STEP3430 and t her eby

configure the st ra 15 cells therein. PERFORM NG COLLI SI ON

DETECTI ON Wth the conplete B(T), collision detection ]
checki ng, for  topRfb S " r e
root r gf t he ﬁf@g’?ﬂ hféot det es?%e‘gele\\/(ﬁgt%ire(@?ﬁﬁé%e%ﬁ%TP?%gsﬁem&?ﬁtmgh &

obst acl e gergaining)computadioartot campletel B{hgaw bleucaryied mmumh Emneaclil'f (629 ofygs,
expl o children qf ., w.th possibly the children of the obstacle s, an
ecur e, B(n Using raditignal obidid PaHitianing methedsospenifig ta, theubeundipg Mplume
B(T2) to rJA ' . L RS (indicated by the first contact
ff)unzj), tﬁ@%}ﬁéﬁ%%ﬂ%eag@gafﬁﬁ té\hlzrh!aﬂés. t hey have no collision, there
are either few (or none) bounding vol unes

The generated bounding volume hierarchy data structure may be embodied
within storage device 310. In this way a uniquely created data structure may take
physical form within the storage device 310 and thereby configure the storage

156  cells therein.

PERFORMING COLLISION DETECTION

With the complete B(7), collision detection checking, for example, can be

performed as usual: starting from the root r of the tree, to determine whether b(r)
collides with the obstacle s (which can be another bounding volume) in question. If

20  yes, explore children of r, with possibly the children of the obstacle s, and recurse.
Given two objects with bounding volumes B(T,) and B(T,) to determine their

collisions (indicated by the first contact found), the following may occur. When

they have no collision, there are either few (or none) bounding volumes
intersections between B(T,) and B(T,), or many when the two objects have large

25 number of primitives that are at close proximity. The former is easily detected
without much computation, and the latter can also be handled efficiently with tight

bounding volumes. On the other hand, when the two objects have collisions, there



I ntersections between B(T[err]) and B(T[err]), or many when the two objects
have |l arge 25 nunber of primtives that are at close proximty. The forner
is easily detected wi t hout much conputation, and the latter can al so

be handl ed effi ci ently with tight i;rpundl ng vol unes. On the other hand,

wh th i t | |
- (232 e 2,%’&3@{ : % %P&Aﬁﬁ'@uh’alonsvmtﬁ%q'?ﬁ%rQécmaBMs boypdingn wakigmadi ng
vol une mtets!ébﬁéﬁ@%!hoﬁx%nw érhfewiabftu‘a camgvggsteat ofmééestm@é tq@frﬁgﬁwbhese

three, the first two can be handled efticrently iIn

t he thi rdcantbefbandiedlefﬁcmnﬂy m genemplii Hesvever,efha tlmchamtlzdéwonoméuons
B(T[err]) and B( %erlré']é to,avo %&2? traversal before 5 arriving at a
positive HRAWES Garef rgat""ras‘f'oﬁoﬂ i #d & Tnatedpeoidhloggetrayersah beifore

I nter e§t' aawnq ths g%mat@étéarbnoknﬁﬁ{.; @ﬁafg.t)a parétmg ?fg&érﬂ gahas the

effe ting triangle can ched

ef fi CI ently wi Mtetetstmgkyolthe oqmputatxoncriﬂml’l) IitheScurTém ihesftionthasitHe effetl e i n
B(7) is, thus, nmainly dependent on the unber of triangles to which
t he conpo ﬁ’éﬁfomﬁﬂlwb'@ngi% iBtthat earh part oamt@f@laébed)effmnthmthmﬁumvom;gl are

(7)o eHiSToREs “THE doVel BhELNBRRERETY e T depenenti g the" ™

spat i al dﬁgmﬂé@%ftth@ﬁglé§ he Witsich ﬂ?é/cbﬁr‘i%héni Beldngsr 8cothet Wora@btﬂgh@%s\/&' une
and is thus not efficient for collision détection. The ne of the

curret@ i theeinpwrmpdel are noslongestreated Bquaﬁw Such ahcappﬂoacinsesujtst irman

b di hi 1 d i by.
Crensing LabHERCENHH O the omit Harsh a palincad BTN, SUGH 3R g crkRTR USRI whol o
roomto préilél'dléi‘:ohgﬁié tﬁinvé‘dﬁém \f]result in Ehﬁryb%%{“iobﬂﬂd#ﬂ? @&E%d is

descri bed obvi ous t at t'he same
ways. Sucthusanoteffoientaioe autiisiarm detedtiegaiTtiednathadiephithel carrent inviemtion IS
spirit and, Sfope f the invention, and all such nodifications as woul d be

obvi ous 26Mia5 Bnihesway| e Sholdeconstrust @ beundipg yolume diereshitiar manki n
fhg 4Sf§pe|r%\&§£$ll\)ée:ms ih% rOhmN8Yy %eliff each item with a bounding volume rather
than taking the whole room to partition recursively.

The invention being thus described, it will be obvious that the same may be
varied in many ways. Such variations are not to be regarded as departure from the
spirit and scope of the invention, and all such modifications as would be obvious

20 to one skilled in the art are intended to be included within the scope of the

following claims.



1 1. A conputer inplenented nethod for successivel ' '
collection of 2 objects with a hierarchy of bound”mmﬂﬂ!ﬂgnﬁﬁm a root
itndmvi duar o

vol une bounding all 3 objects, to sub-vol unmes bountling in bj ects
or assenblies thereof, 4 conprising:-24- i nputting an ori ginal
nodel appGANESi ng the objects; 6 generating one or nore
sinplified nodels fromthe original nodel with each 7 sinplified nodel
havi ng fewer faces and vertices than the original nodel; 8

derivi hg SubA compatenimplemented mpthest for syceassivelyeaproximating a colfgdtivphef 9
del s; . . ' th b- ts int {

i ex ar 2y Obiegts with a“RBEFEhY O RolRdine AR @ o fIdiBe bateing. A1

| evel s3o0f dpfectdoud dsisvélimes | BTN liRdivlial lobjects or %&‘éh‘rﬂli@sn%é}%t,s of

the objects in each sub-conponent that are leavés in 14 the conponen
hi er ar #hy compsisingrai ni ng | evel s of the boundi ng vol ume hierarchy; 15 and

16 conf,i .ilng_a renor vice to enbody the bounding vol une
hierarghy. 1 '@&ﬂ'ﬁ%gﬁgmﬁﬁﬁmf@awmmaﬁm ﬁ?%?ﬂﬁﬁt,sisai d generating step
iteratgvel y ge | ' L -k forth
in cl a?m 1, sai "%gérfe a‘tg?eng+ @é%g!rﬁgfﬁt%ﬂﬁga?lﬁg%&gﬁ gﬁ@ng%gp :gl @ﬁh %SEh

anal yz¥ ng simplifisgimmode! kiving fdwen fave® bndwestivesthan thedbrigingl mbidegt s to
generate 4 a plurality of clusteri n% cell widths; and 5 using the
clust eBi ng cel [defvinghsubwogmanents @hithagokiects usingtduesdraro thensimplifedhe 6
sirrpliéieqmg%éi ls. 1 4. The method as set forth in claim3, said

anal yzing subsSt’ep analyzing the 2 frequency distribution of edge |engths

wher e1@ach edg@ohfeétingthecsubibompoaiénts ifto Pcormpenéttiodrasy;set forth in
claim 3, said anal yzi n%1 substep anal yzi ng the frequency distribution of

edge fMéngt hs wessighing the: g¢gmponent hirratchyoas entdp fewtlaeels of the bounding
-25 - 123 %lu%% ﬁie%grnc%?(g ning this edge.
13 subdividing parts of the objects in each sub-component that are leaves in
14 the component hierarchy into remaining levels of the bounding volume hierarchy;
15 and

16 configuring a memory device to embody the bounding volume hierarchy.

2. The method as set forth in claim 1, said generating step iteratively generating

N

simplified models.

3. The method as set forth in claim 1, said generating step including the substeps
of:

analyzing a frequency distribution of measurements of the objects to generate
a plurality of clustering cell widths; and

using the clustering cell widths to apply floating-cell clustering to generate the

O o A WN

simplified models.

4. The method as set forth in claim 3, said analyzing substep analyzing the

2 frequency distribution of edge lengths where each edge is counted only once.

5. The method as set forth in claim 3, said analyzing substep analyzing the

2  frequency distribution of edge lengths where each edge is counted-for each of the



1 6. The nethod as set forth in claim1l, said generati ' '
substeps 2 of: 3 generating error tol erant masuﬂmﬂkuﬂﬂgmmfied
nodel s; and 4 applying a sinplification algorithm wsitngsthe efr or
tol erant measures to 5 generate the sigglified nodels. 1 7. The nethod
as 53t3f0rob§bdt§‘c6ht%iirm1%fchi§@ egderiving step deriving sub-conponents 2 from
the sinplified nodel 1Thcluding the substeps of: 3 partitioning a set

of triangles, a set of edges, and a set of points of the 4 sinplified

nodel 1nt & pHie ;ethod asset forth v chainy 1asaidigenentingestep incuding the slbstepspar t s
consi s in§_of all triangles of 6 the original nodel sinplified to el enents
I n tha plf't. 1 8. The nethod as set forth in claim?7, wherein S consists
of thegset o ' . set of points
S| err],3 3 éeﬁémﬂ@%%ﬁéﬁ?%%ﬁgs 8§Fhﬁgﬁ'?ﬁ??%@°§aflntf’gaparts i ncl udi ng
t he sufst epsapplying4a simplification algoritton nmusiagpéie serfarotelefaitr ndaresapat i ng
sone Serr@]@and S[terr]; D formng parts fromremaini ng

gl er r]°i ngEhgEAtathe ginaplifieddredels: then 6 formng parts
fromremaining S[err]. 1 9. The nethod as set forth in claim8, wherein
sai d suybs ' ] 334 r i [y d
Srerr] Himar adie methsd 88 Eort if Gim ¥, soif defofiRab HERRNBATR ABhOAENS o
not be2n &oen tresimplified medelt includiing the substdpsnsf: | ndi vi dual triangl es that
have not been assigned to an){_part into the 5 new part if the individual
triangbe shap@dtigRingqgeseli ohtiangles.i arspteol pdgess andta seb of pointelofidheg

into the . | l.C re also edges of triangles in the part; 7
i ncl ud?nggﬁﬁ Ié&qﬁégggﬁp%g%ﬁ%t%@edges in S2 having both endpoints incident

to 8 sone tormitg asubPcémponéit from%ach of tHel P Goh&ibthd Bﬁaﬂ%&n ¥ &t €X
incident to sone triangles in the part and not 10 any other triangles not

i n t hed pathe odaigal model simplifiad itn glenents dm thatgartput t i ng and i ncl udi ng st eps
when there are still 12 unassigned triangles in S3.

- 26 -4, 1,51 t t forth i l.aigm 8, . ' i d subst f
forminh plrt the MG SR frhoaimint &, WBetin g consiEieerahe st Gaegiess °
for{n' ng asgpmemtof\gdggs@;, gqtgg,ég‘etﬁptohﬁg g?,as not been assigned to any
part;

t he

said partitioning step partitions S into parts including the substeps of:

4 forming parts from S, incorporating some S,and S;;
5 forming parts from remaining S, incorporating some S,; then
6 forming parts from remaining S,.
1 9. The method as set forth in claim 8, wherein said substep of forming parts from
2  S;incorporating some S,and S, includes:
3 forming a new part with a triangle in S; that has not been assigned to any part,
4 putting individual triangles that have not been assigned to any part into the
5 new part if the individual triangle shares an edge with any triangle in the part;
6 including into the part edges in S, which are also edges of triangles in the part;
7 including into the part isolated edges in S, having both endpoints incident to
8 some triangles in the part;
9 including into the part a vertex incident to some triangles in the part and not
10  any other triangles not in the part; and
11 repeating the forming, putting and including steps when there are still
12 unassigned triangles in S,.



4 including into the part each endpoint of the ed po nt S
not also an 5 endpoint of any other edge or triangl eﬂﬂ" ’ it" ’”",
repeating the formng and including substeps when there

unassigned 7 edges in S2. 1 11. The2st hod as set forth |n cl al m'’s,
wherein said step of formng parts from2 renmaining S[err] fornms a part

for each Meneline methot s set ﬁ{rﬂf il clairh 8,1WherEe sBRf 8aktap oTebrrhipigt Paitd
claim11, further, congql si ng not for ni ng a new part wi th points

that & e AR @EMRINHY ﬂ%QfPﬁ[jitﬁﬂQr&%ne &ndngudes: distributing triangles

|
pat i 4l par tonBHew it afed b 3L OAS nb b eS5igedt Ak patth 7°
said 4 ep Ofmélgdiﬂigﬁﬁttﬁtﬁé‘mgﬁﬁ@nﬂpamtW%ﬁ@eﬂﬁ@ﬁhé%ﬁd&qmqg het Q;'ovérﬁje t he

sub-conponent into smaller sub-components 3 uSing si | ed nodel s t hat
are nmifre aedmmbqfamanthenadge@wmngl@m S[ and he sub- 4 ](c:orrponent 1 é4 ,
The hod as set f in clai m I n sa of connpecting su
conportent s i'fiPEd @%g}?pg)ﬁmg ﬁpgr'ﬁ? Eﬂ&'f‘gi W?‘S Wnagepﬁ"ﬂ“ gpassigned

parti tg onéageé){ngl sub-conponents into a corrponent hierarchy tree with a

| ow degr ee. 15. The nethod as set forth in claim1, wherein the step of
connecti ng sub 2 conponents into a conponent hierarchy includes bottonm up
mer gi rlg ofl 1alThes oisthed asmqlo‘oﬂhtils otdime8cwherdin saithsiepndf fonhingapatsponent
hierarchy tree wth .a | o e 6. . The nethod as set forth in

cl ai mas fERRIRNg ‘ni‘?rmfi %Qaﬂﬁgrggébrwalnggﬁlgq iNdF a 2 nininmumarea, a

m ni mum vol une, a nunber of triangles, a percentage of area 3 or a

per cent agen of he AHeiABd as@eﬂﬁﬁmhrwa.hhﬁ TRiFAEPGoMpribitg: Sub- conponents into a
4 bi gger sub-conpone

27 - 21 17. frdxleformtrigoainewmtmntbrndmtsmatlaenmddeww@ustmgﬁpamé efhdof
subdi vj di ng obéects each sub-conponent that are |eaves in the

conpor?ent hi er HW’“PEGT'@'&@@S pbihe origingbpdelsimplified ta ther painisig rertsdpy ect s
Into g bal@RGesla RPURS SHHIHGSchERE:

13. The method as set forth in claim 7, said step of forming sub-components
being repeated to further divide the sub-component into smaller sub-components
using simplified models that are more detailed than that used to obtain the sub-
component.

BWw N -

14. The method as set forth in claim 1, wherein said step of connecting sub-
components into a component hierarchy includes top-down spatial partitioning of

sub-components into a component hierarchy tree with a low degree.

w

15. The method as set forth in claim 1, wherein the step of connecting sub-
components into a component hierarchy includes bottom-up merging of all sub-

components of each sub-component into a component hierarchy tree with a low

degree.

W N -

16. The method as set forth in claim 15 further including the step of using either a
minimum area, a minimum volume, a number of triangles, a percentage of area

or a percentage of volume, in deciding the merging of two sub-components into a

bigger sub-component.

BWN -



1 18. A machine having the nenory device which enbodie data ‘representing
the 2 bounding volunme hierarchy generated by the 'IQ

1. 1 19. The nmethod as set forth in claiml, further W H’
performng ray tracing by utilizing thedounding volune hier archy. 20.
The method as set forth in claiml1, further conprising: 2

per f or i ng7¢colté Aisthod ebakt ferth REEMBRM, Aheréifthe sh of sibtividitigeshjecidin 3

utilizing the boundi ng vol une h|erarchy 1 21. An apparatus for
succesdi v&aghsih-esmpanenythat el leevesin dhe sigmpanenbinieracchyzinchidasataghy of

vol ot ool Sprinl Pt s e bty Hecianfencefnbpiding cBolie e 4

means for inputting an original nodel approximting the objects; 5
means {or 18en&maddHite %&enr\grthwemsryrabv‘ce%ueweﬁtb%dtésoa&ttahe %ééﬂﬁmg'thefi
nodel with each sinplified nodel having fewer faces and ver |ces t han t he
ori gi ndl bpundinge| volume hlerarchmarg@néca’tedlerbwl tige s ubethmdpooéntclainf the

obj ects u5| ng clues fromt he 9 sinplified nodels; 10 nmeans for
connec sub co one .ntﬁs) .a ,f&ﬂﬁgnent hi.erarchy; 11 nmeans
for as | ng ﬁéﬁ hdp giaimy CLIPPUSYevel s of the 12

boundlzlg V0| ung, ehbﬁhﬁ‘fgg% Qféﬁ!:lﬂgf tg¥laut|I|Z|ndml?ﬁ%S H&{ndﬁtﬁoq}dgﬂbn%%&

the objects in each sub-conponen t are 14 leavesn e comnpone
hierarchy into remaining |levels of the bounding volume 15 hierarchy. 1
22. A tonﬁ@t efhe mefhorbas eet foethtin ldior 1, Jurtbemtamprisingioundi ng vol ume

hi er ar dat structure. appfs a collection of object
conprlgl ng: 3 pert orming; ﬁﬁ[!'?tqnneeg?g@f‘l b?ﬁ‘éﬁe”r’r@ﬁe'ﬁa%tpﬁ"éxﬁ)fnﬁm’ n%blﬁﬁfé by
glrojl Sftnée ﬁth,?g the bGGH@ih@Wo‘ﬂﬂnQ'ﬁ‘?erQFcH?Pr e sinplified nodels fromthe
28 - 5 sinplifi ed nodel having fewer faces and vertices than the original

nodel ;1 621. An apprratus foy sudcessivplynapprexiofatingea aojlection ofiobjpotd wdth &r om
the sigplified, 7 t he sub-conponents into a

; onnectin
conponént N @F%Wc?fybou'gj'ng V°ﬁ‘me%1sf§‘?r§rﬁ FRPttWi‘-I'rEgr?&HHng All ebiecthtostiby t op
few | eyel %Rfméé‘ﬁo@ﬁ’dlﬁa intflvidual objects or assemblies thereof, comprising:

4 means for inputting an original model approximating the objects;
5 means for generating one or more simplified models from the original
6 model with each simplified model having fewer faces and vertices than the original
7 model;
8 means for deriving sub-components of the objects using clues from the
9 simplified models;

10 means for connect_ing the sub-components into a component hierarchy;

11 means for assigning the component hierarchy as a top few levels of the

12 bounding volume hierarchy; and
13 means for subdividing parts of the objects in each sub-component that are
14  leaves in the component hierarchy into remaining levels of the bounding volume

16 hierarchy.

22. A computer implemented method for generating a bounding volume hierarchy
data structure approximating a collection of objects, comprising:

inputting an original model approximating the objects;

B W N

generating one or more simplified models from the original model with each



10 volune hierarchy; 11 subdi vi di ng parts of“!,ﬂﬂ J’mwﬂ iyeeach
sub- conponent that are leaves in 12 the conponent hi A ””I"r
remaining | evels of the bounding volune hierarchy; 13 and 14" s
configuring a nenory device to enbody iFg-boundi ng volune hierarchy 15
data s§ruegimipified mbdePRavingedér fa6bs aRf v@ﬁfﬂé@%ﬁ%ﬂi oﬁ@ﬂ'ﬁf modB: 2

a conput er-usabl e nmedi um i ncl udi ng conputer -readabl e program cdde 3
nmeans, 6 enbodi edlerivinge sub-companents of the cabjpctseusing geesrfedm thebsimalified

volune, 4 hierarchy data structure approximating a collection of objects,
t he coﬂ‘putné?deeisﬁ readabl e program code neans conprising: 6 I ol 7
conputgr - reada S 8hén [ .nal node
approxigmati ng Hc])gng tﬁ}gﬁcﬁ? 860Iﬁs tg%ﬁp%%b?@%qm?gr%@dgram code neans
for ge@eratingassigning the eonthonentrhisrbicty avdetep fewrevdle oF thed balindmge!

W th ch sinplified nodel having fewer 10 faces and vertices than the
origi &I Yeiene hierarchy; conput er -r eadabl e program code neans for

deri vi sub-c .0hj ect Si clues f.r the, sinpl.ified
model 319,37 C SBAREING el o 1t MG e Bt Ren B} BB i8I g ¢ e
sub- 12 deeeomponent Aigvarthg IRORARINING96WSIS BY the Bounding volume hierarchy;
conput er -readabl e program-code neans for assigning the Conponent 16

hi era?%hyaag a top few levels of the bounding vol une hi erarcpy; andb_17
conpuj gr - r eadah] r code ans for subdiyviding parts of the objects
18rrpi ﬁnEeach su%pgmrm%tn}qeﬁgﬁwa ee“‘l‘%&%@énsl?qu%ﬁ'@bBﬁﬁaWQnYo'HV@r [EERFYnt o
r emai 9% Ng d&fh stremates of the boundi ng vol une hierarchy.

1 23. An article of manufacture, comprising:
2 a computer-usable medium including computer-readable program code
3 means, embodied therein, for causing a computer to generate a bounding volume
4 hierarchy data structure approximating a collection of objects, the computer-
5 readable program code means comprising:
6 computer-readable program code means for inputting an original model
7 approximating the objects;
8 computer-readable program code means for generating one or more
9 simplified models from the original model with each simplified model having fewer
10 faces and vertices than the original model;
11 computer-readable program code means for deriving sub-components of
12  the objects using clues from the simplified models;
13 computer-readable program code means for connecting the sub-
14  components into a component hierarchy;
15 computer-readable program code means for assigning the component
16  hierarchy as a top few levels of the bounding volume hierarchy; and
17 computer-readable program code means for subdividing parts of the objects
18  in each sub-component that are leaves in the component hierarchy into remaining
19 levels of the bounding volume hierarchy.

-



