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BACKGROUND

[0003] Three-dimensional (3D) Computer Graphics (CG) animation systems are
used by a variety of industries (e.g., entertainment, advertising, etc.) to generate
animated content for movies, video games, commercials and the like. Unfortunately, it
can take a long time to produce animated content due to deficiencies associated with
conventional 3D CG animation systems. For example, it can take as long as four years
to produce a two-hour animated movie.

[0004] Traditional animators hold paper in hand while flipping between poses to
get a sense of the motion before recording a pencil test. This gives the animator an
intuitive “feel” for the animation they are creating. CG animators would like to flip
back and forth between poses in the same way, but the time it takes conventional 3D

CG animation systems to update a new frame does not allow for instant visual -
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managers, and even studios collaborating at great distances. Conventional CG

animation systems often fail to provide features that facilitate collaboration among team

members, resulting in unnecessary delays in the animation process.

SUMMARY
[0008] The disclosed implementations describe techniques and workflows for a
CG animation system. In some implementations, systems and methods are disclosed
for representing scene composition and performing underlying computations within a
unified generalized expression graph with cycles. Disclosed are natural mechanisms
for level-of-detail control, adaptive caching, minimal re-compute, lazy evaluation,

predictive computation and progressive refinement. The disclosed implementations
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[0012] In some implementations, a method of creating an expression graph for
an animation system includes: providing a text-based programming language for
specifying expression graphs for an animation system; executing a program developed
with the programming language to generate an expression graph; and animating a
body in a display environment using the expression graph.

[0013] In some implementations, an animation method includes: providing a

display environment for presentation on a display device; providing a first body for
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[0018] Fig. 2 illustrates an exemplary inverse-kinematics solver node.
[0019] Figs. 3a and 3b are examples of hierarchy inversion via subtree re-rooting.
[0020] Fig. 4 is a screenshot of exemplary graphical user interface for creating,

viewing and editing graph structure.

[0021] Fig. 5 illustrates the interconnection of nodes using the graphical user
interface shown in Fig. 4.

[0022] Fig. 6 illustrates a pull-out drawer for changing internal node settings.
[0023] Figs. 7a-7c are screenshots of exemplary manipulators for controlling
dilation and tickertape.

[0024] Figs. 8a-8c are screenshots illustrating a bendable-bottle model.

[0025] Figs. 9a-9c are screenshots illustrating a character walking in place.
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for minimum graphics frame rates and supports automatic tradeoffs between rendering
quality, accuracy and speed. It supports new work paradigms described herein,

including layered animation and motion-path manipulation of articulated bodies.

1.1 Terminology

[0031] At the core of our system lies an expression graph that generalizes the scene
tree data structure traditional to computer graphics. The terms “graph” and “tree” here
come from the mathematical field of graph theory. A graph is a set of nodes and a set of
edges, or lines, that interconnect the nodes. The edges connecting to a given node are
incident to that node. If, starting from one node A, you can follow a series of incident

edges and getto a second node B, then there is a path between A and B; the number of
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or one incoming edges and zero or more outgoing edges. Only the root node has zero
incoming edges. Nodes with zero outgoing edges are leaves.
[0035] Trees are traditionally used in computer graphics to represent the contents
of a 3-dimensional (3-D) scene. Individual nodes in the tree may denote objects that are
rendered to the screen, for example, geometry (e.g., a group of polygons describing the

surface of an object), or geometric transformations (e.g., a rotation), lights providing
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virtualgigepantional Gessencaviincanss)s gL S&g}&B it 1s referred toas a
scene 7f%gaphi Ccs systens, we use a graph for representing

€pendencies in a 3-D scene. W describe a

construction on graphs used for representing our 3-D
1.2 Geaenrdizal Scane Graphconput at i onal dependenci es t hat

underlie that data. In contrast with traditional scene
[0036]t " €€S AOH GhdRh iR é’&?ﬁf&@rs?s’te@ W rnaet £d@pRnor tiepresenting

may contain cycles. “This graph represents not only our
dependerties groae34Ly scend. heWmaydeacrsloe me congieuativas onpgraphs used for

further represents th i erarchy. of conpufations that ..
represgioiag AUt Ad- AERTIesH A itﬂ? %?fPBP%&HOé‘ﬁ%ﬁ?R:n%C{%ﬂR% hpteficghic that
| n SE . ph. i 1 L Glepthi 4 |
dua. FLETERS g SHRLETELAR LAty BopH Bk apscals gaph
that mAQSOntA @rfleS.aTgﬁrgegrplh r@pepatenpt oglyarisagnd gemgueige in the way
ur

specifically it is ing conplete. |ndeed, we
a scenddererdass, but xthepaspeesetiape bierpighy of Gemnw tajeens hat govern the

motiol S S8R L S A S BB IRS, CB A arapn s
ici@EE ol ' IRt 8BEMASR SR REoTd HeQlBdibed in a
Sufﬁa%ﬁigjﬁhf@%ll E@g%d?%gglﬁ?gmﬂg%ﬁ, vvealfﬂgtcai n ?,he noti on of1 sem
generginagdse psohgraping Iahgtagonspedficilly itds Traagtioopite. Indeed, we
acyclic, rooted scene trees. Ho,vveve{, there is not.a
describe Adxt-Aser CERIRIIGNEHATe BoPRSTIPR dilak uge (hPRfirdyRigethese graphs
.tree.:n oQur , t . . r . .
vt s 850 AR TSRS Sy S20RS B0 Y, BV i o
progre?xﬁ%ﬂﬁg‘leﬁﬁghagé@dclﬁ Rese groupi ngs may change over tine.
W may dynam cally enabl e and di sabl e edges, change
[0037kdge diViibin this expriesvien gaarh, pee ratainghe méogroéﬁmheﬁi%ﬁd subgraphs
subgraphs each with its o scene tre Thou Lt .
that P9 EORET BT Y HES AT SCaG BT AdaSon et 1 o single
: itd i ! ARV A0S ITGARGE ik :
ouch RFERRENcAchh byl P ME GBS IR @ s g
may Igfvet fahyseiglapping Eriqsidgs tisterehtometitiger atseena yregmad these

groupri]l?ésu LsayOfchgr{gaepgver time. We may dynamically enable and disable edges,
change edge arrow directions, and partition the graph into subgraphs each with its own
scene tree. Though it is often convenient to designate a root node, this is not necessary,
and in fact at times we may designate a different node of a particular subgraph to be the
root of that subgraph. Embedded scene trees and the dynamic nature of graph

topology are described in detail in Sections 1.9 and 1.17.
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i rection of . ows. to.get_ n

e g SR R B P T SR

or dirtg @%‘,%at frdesepUsHR IR thodatAtd-Bd at thdreceRasngernehfipuglid. We
t“necessarily the data itself) "down", in the arrow

refer td'ﬁam:dajched int @ diwdpesde hastrardatalependent on that dat a.
This way, if a node A has pu]l ed, data from anot he
[0038hod0 B ReASARATPIOTEBES haloHagH! S6URely PHETaRtGels the state
.N i j I i .. fro 0 Cc " ”
aepen I kSRRSOl i pun
againdfBe WRLtbACTahY edgl dre®is t@ gabdeedualy dbia fraowothef modes higher

B ”._up") fromitself, in the event it is part of a
up” i Hec geapls peidewhehadath chapgesyapgles posh g ingictiom ¢fhhe change

oS5 A BN S
depenggét {318 gl}{%ﬁé‘.c ThisNRa it h iR hRe pdile@aht-oRem’ dwMer node B, A

to refer to traversing edges in the direction
knowoft deiesl nagakatsto piibtldi deta hain witil édgeeiney opash from B.

respectively. [0041] Initially aJl nodes in the .graph
[0040hy e difacpugd Ot gr%m’éiméﬁaibﬁtcydg@f eit%ﬂ%‘ie'tsb}l? "o ﬁdgﬁ’fp are used
tooselg 1Rty Syl HasThE HENE" @ IE e 1BER AR e fTetits part of a
directbd @gcleSthat eaiPahile fhlowilgUeom! the ethdata deniat ofiedges m (or against)

returned. If the node is dirty, the node pulls on its |
the direntiom ofgheddge afiavss prputil enceuntey Hpt mdgr@g@g‘g eFor convenience,
f' ?t Ches t he 4 : " 7 1" 17 . :
we will mean the directions “down” and “up” to refer to traversing edges in the
direction of and against the direction of edge arrows, respectively.
[0041] Initially all nodes in the graph are dirty (i.e., their dirty flag is set). When
an output value at a particular node is needed, we pull on the node. If the node is clean
(ie., the dirty flag is cleared), the value stored at that node is returned. If the node is
dirty, the node pulls on its incoming edges (its inputs). Pulling on an edge fetches the
value of the origin node of the edge by pulling on that node. Such a pull may

recursively propagate upwards through the graph. In this way, the subgraph upstream



val ue of the origin node of the edge by pulling on
that node. Such a pull may recursively propagate
wapwan st hr ough the graph. In this way, the sPODUSING6/014713
upstreamAttorney Docket No.: 19766-003WOL of a node is
pul | ed cl ean. Now the node re-evaluates jtself, stores
a new value in its cache, marks itself a8 BPE&afctNyygec-00EWo!l
{etur?s the value to the node that initiated the pull
0042] Conversely, an external process iy cause the . .
of a ngdg ireP@iedatlefiid NOW EMpang@e T‘Fﬂéwlﬂlﬁ?s\}éﬁeyeéi%gfso? dfvhialue in its
nodes..d st.re re. m ' . Pk '
cache, GRS 10 QhR e AR BBl SRV ALE Y et fRJRECRRETRE I bl

[0042]n0des CopRbfRly, AntettdinBUsibcbdahhy ertuihe, vabidatsonbade tdchange.
In this way, "the subgraph downstream of a node is i
Now thastwddesistotad af 00483 dPhinstrpamhangi magkedpdirty. cilégrmode pushes its

s A U S 8 S8 4 i .
outputsPand'So B .efr%kélwgﬁht[a{tetsgﬁgﬁﬁm&@1%ﬁ1 btheRodSis pusiied dirty.

necessary based on ata"we have al ready conputed
[0043]and c dtirephusii-tirty pulleclgaraptechmuismivdlowsass hewadeste sub-pieces of

. | dat , A . .
the exlg%gi@g g?@}e)hgwg{rlﬂ%%{%g%% %Iegygzaﬁtgg;%ﬂéé{sgginﬁ} El"e?er%ﬂfysdo not
i di at el ec t hj '
ecom B o, SHRTR I D UL DR B Bsmpted nc
cachecd@ififGh QHe %‘ﬂgﬂ‘é alf)wh¥¥éha dHankadl @o ipudlidaté ean peithgoaghsations.
e

only as nee . This in effect provides |azy i .
Signifiesal iratthisnsablentehs glnaapwhen.wn@tgmgc chapgesi WeadRed immediately

G aph Eyal uation [.0044] .Qur gra dif f f .
recomppEERETHRIE bR Gl h RS o i e pafns iy throvugh
h i i : S e
e oSR0RBAGHE SIEAIR I8 B kRt cant Sk T i
effect piSHi@&s lnfy @ublatian oethaogrkphoul d lead to an infinite

cycl e of pushes or pulls and thus a conputer crash. W

enpl oy a marker nechanjsm described below, to provide
1.4 CEghpﬁrr%lqlé'dcﬁéb%‘il@f Feelwadiadh t hrough such cyclic

structures. [0045] The data flow ng al ong edges in our
[0044bysteﬂ@amgnqﬂﬁuﬁﬂkyﬁameh@#ﬂﬂanétbﬁzﬂemam@ﬂmﬁﬁ$§}nuﬁ©¢%ﬁpa¢&

often (but not al s) the paraneter. refers tine,
Our @B ey oL s  BhiatedhohaNEY ACBCR BoRbae QurplY d= fow
netwo%pztagret %&%ﬁc mgg‘use@]cié i BYAY B eblolit@uly FRMoALinfiRite cycle of
dta at”a particular paraneter value, while pushes
pushed @WMEE dndlitBiak cogpaitat@adin Videiedilyy withbrkiendiechémisth described
paranmeter intervals that the state change af {,ect S.
belowT taprovide controlled looping or recursion through such cyclic structures.
[0045] The data flowing along edges in our system conceptually are
(parameter,value) pairs, where often (but not always) the parameter refers to time, and
the value designates the state of a node output at that time. Thus, pulls upwards in the
system are for data at a particular parameter value, while pushes downward signaling
state invalidity will indicate the parameter intervals that the state change affects. That
is, Pull(f) yields a pair (t,v), and invalidation messages take the form Push(I), where I
= (01,00,0%,...) gives the closed intervals o = [tot] = {u | to <= u <= &} over which

invalidation is to occur. A pulled node itself performs a Pull(f) on its inputs if



is, Pull(f) yields a pair (t,v), and invalidation
nmessages take the form Push(F), where F =
wd@ 2006013787 , . .. ) gives the closed intervals s =P¢T/pS1006/§14713
={u| tn <= u <=1} over which invalidation is to
occur. A pulled node itself perforns a PuII on its
inputs i fAttorney Docket No.: 19766- 003WHT #@8‘&@83‘??6003\"101
(and so on, recursively upwards through the graph). A
nod?aé yusethls inter al ly heclcu ati,on it

necesspgf By Terur SRR PR WA &5 atnshabe B uh dedg drkgse this
111te1n%1§9 I t/l{(;éﬁé/alailgtgér)ﬁr(nltg?ﬁﬁr Itsatjtrfpig@gl y t¥ h‘?ﬁ c{%ﬁ% ts dﬁt}g‘tﬁd@alues, or

ere
it may Eﬁ:ﬁ'ﬂ?f pas ipuly vezﬁdatma Qhe | 11mayt pedd ma‘y guéit Ippifenpudt lpsill at a
fere

nt t s. [0046] to each individu
differems d €harhisitself wens dtag qret maﬁ Heh&émmtlﬁgp le pallg at élf%ﬁ?%’f 's.

o0k, Il LS UL G ATEASE e e o
only ftd{; ;ﬂaé ?ﬁ(gs%rte@étt gﬁa?éﬂﬁ%t%ki I%i‘ﬁﬂte?egr valfié N6 tdIeakdel FathtadrEss many

to cache ta over ‘a range of times. The deci sion
paramafigtshitiesor Wieateferdo eth lectgel e rfponpbrat aadhing’, \MIICHIWUQHY it is used
articul ar node fo'%( de, aut oma

ﬁal I
to cachie dlatq oeer HEIRLR, O § dgsistgy Wﬁ?ﬁ ﬁ@ﬁ tB ﬁ@?@f’}ﬂ femporal
cachm%etgdtﬁ n %{\ga%?’a(ﬂllgloﬁg%? %{‘la d Ahadalio hﬁca?%y a¥ Hﬁﬁﬁfbietd below, or it

an ex aramster val
maybté@@tﬁyhmn@bat@pelgforal ternatively it may ask for data
at an unspecified "input" paranmeter val ue (desi gqat ed

[0047her i Whs Riagsl Pelaiey ClxiilS meg coiar 58E0RE pyp it parameter

SN (e S ) —
mput y g AR e @alﬁla ‘%&é‘s&gﬁﬁé@ WBRILE a8 RIAAP SaAD - THIY kbdodd @8Be is only

aranmeter driver yields the "current" 'value for that
allow@ﬁt/\&lmtthe sotircet dfi the sletodeparaiseott hpararméter it fgom a “parameter

kI nput Par a I tl
i, oot RSB b BE el e

yiel(:Isd{he\aIIJe (gqslheé ey I%e 8 hhE lt”atne@? ﬂ‘llg] sﬁaﬁtcf EAR! §ieh28ife pull at

par anet er I ver e ani matli on

kInpu‘t?]!”ﬁ‘éht iP Lih{ﬁli&ﬁlyata kgt Rar aie )d!a&,{ Q\S itheoukl e af the ”culrent”
node output for the current animation tine. Pulling

parangatet ‘Ifaéuqufin atts;traret yupwerds ipi the pallicheim dacthe sipple ca@& taf a single

par an;e?ttrel Y('%lo iatltsl eglpxgg%;gjrzlagécpéﬁ@ég f‘ﬁlé lpg]g%%ﬁgyfeiﬁsttﬁg value of
o RN YO R o UGl bt vave
yieldsUheheeiced tpsit Cilateafomytﬂhe ¢. hklkImpuiPdrdreddkemis discussed further in
Section 1.18.1.

[0048] Because the graph may contain cycles, we take care not to pull endlessly
along a series of edges that lie in a cycle. Unchecked, such a cyclic pull would lead to
an “infinite loop” or “infinite recursion” and a program crash. We guard against this by
raising a marker flag in each node as it begins its pull, and lower the flag once it has
received its data. If a node receives a pull while its marker flag is raised, it knows the

pull is recursive. It then has a choice to either signal an error, to return an estimated,

default, or stale value; or to allow some finite number of recursions to occur by keeping
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an "infinite loop" or "infinite recursion” and a

program crash. We guard against this by raising a
worenokar378t ag i n each node as it begins its pul PCT/E82006/014713

|l ower the flag once it has received its data. If a

node receives a pull while its marker flag is raised

it knows the pull is recursive. It then # ey PRk QP ¢l 766-003WO!

to either signal an error, to return an esti mated,

default, or stale value; or.t [ finit
count qihaer Y Rl s Tesee Ve F Hog ik Bfchg At GRAR operator who
¢ NOQ. 1+ -0 i .
B
allowinB@opfsERi BSel BEra@uanbn i@ kesu] Rebeid sabgaphs ghdtiws eapable of

options. W use the last option, of allow ng sone i
recursfvencemplibatisinsofuele aarisdrative ereganinimization; Algosityge fprsolving

e B SO e ST SO AR Ay prov
progrseie rréﬁné&hgﬁmé Endbé a%ﬁaﬂ%ﬁ s BEQPIRAEN atel & tidN.

simlar te ue to pr e progressive refinenment of
[0049EXpenshiien alrgdeiptusies astatieiswalitiation measdgatls this ectssage specifies
49] When a node pushes a state invalidation QESSQ%S' .
])) e invalidation

[ 00 \ a noge
the (clgf»ed,m@swbs disjrint jatarvaleaf nasametar 59dies Q5L e
isjoint), interval: of a I ' -
e TSR SO SP TR 19, 4856 MG i 1o
animatRAME ahe pulbR dRsicANRE Ehatithé Bl Ut alé fBdé¢ Brintalie ovéleme set

push desi ghates that the output of the node is invalid
of animation $omeess skheofodmsithatieceivée thispysh that isodesnadeato which edges

. receive this push (that is,.the des to which,edges.

point F5Fn 19 FoRFTHE: REHLEHRE TS P oHeTRE VA Ry A T output

edges! DEABEHY ESnipRA ﬁJCQPEQVél?.e' Tn AHE Ridy, ad@esapAndowhivard from the
continues recursively. 1n this vvayy t he” graph downward

initiatffgo AbtlB s iffotledtwith sietdenialiddtondedsssigehy Because the graph may
state-invalidation messages. Because the graph .

contalponTEERIVE JRHGERe REt (AeBREP U SECHBIOBGRTIURIGA P 25 this would

ecur,siélm through a.c ckee:r

1 i l.d. y .
lead to Wi e &%‘ﬁp St i %C%§?lé§tfa§1ﬁg%"ﬁ§%gﬁg %rg%lgpavrvne guard

againS BEkm P BYACH pASIRInE Hirth fh@rwdl§Pphst rdyied ehatRus Riregly dirty over
& dirty i ;éfyergal sppast gnodtZs thatygre already dirty o}iler,cy
at leagit tHecimsérvahbeingt pusted. bBy rigdpciinedve Bpownthadtthe entige subgraph

know that the entite subgraph belo uch a,no [ e
belowgfucyoes @&?laﬁaBV¢5%\fi¥ngvq? _@E.E%as fhaf i tﬁl&"é}f\fgfjﬁﬁel"s%s no point in
Conﬁr{dgﬁ%?l}#gﬁ'fﬂﬁ point in continuing the push. 1.5 Adaptive

i 50] An individual node may contain no cache
of its current val ue, may

1.5 Adaptive Caching

[0050] An individual node may contain no cache of its current value, may
contain a single-line cache of the value for the most recently pulled parameter £, or may
contain a multi-line cache of values for various #'s. In the case where t denotes time, we
refer to multi-line caching as temporal caching. If a node contains no cache, then
effectively it is dirty: any pull on it will result in it pulling upstream. If a node caches a
single value, computed for some parameter t, then it is clean at ¢ but dirty at all u # £. If

a node caches a set of values, then it has a set of dirty bits, one per cache line, and it will
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contain a single-line cache of the value for the nost
recently pulled paraneter t, or may contain a

wOoreiobitid7she cache of values for various t's. |PCT/082006/014713
case where t denotes tine, we refer to multi-Iline
caching as tenporal caching. If a node contain 0
cache, then effectively it is dirty: anyABWTYID“(F{RIH19766'003“/01

wWill result init pulling upstream I f a node caches a

be cleaigggell%% pqss%gxngm v for s]]ma ?ﬁtgrvaﬁq. és gaél%gabei%xg these
cache Eﬁn%? targfnc}"ca:inlfﬁ?’ceg; Eﬁ{ﬁtﬁ tthl??i\'s fp Paﬁéteg'lﬁfe)fval' &dun@Ng will be
ftorn No. :

ache ey Docket
mappé'ef”zﬁﬁs EREVBhe bBV esBasuch \cacheslnms Hapessidil-yerompdly Ying atdth.
of disjoint intervals. As detail ed below these cac ﬁ
[0051] i nes Nodesnmeyi hevienose yham ong, owipat, ad egcly quipat ¥pll have a

cerar LSO TRTHE by HRERE i SRS, 4108 W v
a comh Lget E)PM éb&g%es IBYNRaYAeHDL hddeamag eav@U b Udutpﬂf) dbut no

each out put have a separate cache. "Qutputs of the
outgoisgnelgrds eomﬂimjtedj’snetlmh eutparte o slaibicage, stoiheméf thielriodshlidlgot have

f dirt |
the oufpieaBl RGURIAAS CBIPNER BULESRH DGR S Ehnect od (o
[00521f1hat %6&%%%@(1)}3% tdlﬂalrﬁs ‘f@egedecﬁ&e }/\%&?Cdtfhu{ %}ﬁﬁgeeggin@ single, or

ot have no va I's conputed for or

multi-GAE @y ivilltdyat oﬁlﬂepu;tﬂ n{a@%hc@dﬁsﬁgﬁapmwﬂmdhmhmme\ﬁepamculm
deC|de whi ch cachi ng schenme (none, single,

outputnshahl dsen e?hq n@l}emw ppedigé 2 prticHiar L@Epuhﬁ@aye%@%ﬁ flygamically

nat e ene, a
du111‘lg-ﬁ)b0£8ﬁ)e%€ﬂé% eét?leba%‘%)m ca#lg y'b@%au%? gﬂ?é*&se%'&ﬂL%%ééﬁ?
[0053gynam&@ﬂokﬂat—ﬂzu rdeRtiBh OGF Al RXAHHE | 8hen®d tiRDIves a cost-benefit
utomatically or because the usef changes it. [0053]
calculdtibramiiost of el cachingrschéma is dohiosy of dhe watd compy desing cache write
cost-benefit cal cul ation. Cost qf a caching,s

plus ﬂfuh @%@W BHprogn é%fat‘éﬂ%ﬁy CAENB A8 AT e‘f}i‘ﬁ §a‘E1H’ég costs a
copy %1} % 119erf%9 %aﬁogache Qﬁhﬂ%&ﬂ&é}h ﬂgea Sof 91:0991%10116 cache slot;

|ne cacC costs*a co e-wite

multi-Bae f'ta@ﬁi@qlgecdﬂ§§ Pb F,!Sorﬂeéim{ey‘/vflw &ﬁdeefchr caghemisg ph‘m memory for
: cache slot; multi-line caching costs a copy on_ .
storing aichehowlote Trots, wachlcslrthe widessplss aﬁ"efi?@$9f ¢aghing an output as:

2 0%'52345? % 7 cpeclon e dhohe phie 88hen cachea
cache_cost {phen uncached when uncached

where cache_slot_size is the size of the value type for the output, and the “1 +” reflects
the cost of the cache write for cached outputs.

[0054] The benefit of a cache scheme depends on how often the node is pulled,
how effective is its cache, how expensive are cache misses, and how important is the
node. The pull rate on a node output V is the number of times V is pulled per unit time.
The cache hit ratio of V is the number of cache hits for V divided by the total number of
pulls on V (windowed over a unit time interval); for uncached outputs, the cache hit
ratio will be zero. The cost of a cache miss is the time spent on average in re-evaluating

the node following a miss; when a node or node output has high evaluation cost, we say
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where caclie_slot_size is the size of the value type
for the output, and the "1 +" reflects the cost of the
weawha13m81te for cached outputs. [0054] The beret/U52006/014713

a cache schene depends on how often the node is

pul | ed, how effective is its cache, how expensive are

cache nisses, and how inportant is the n’étfi’@‘eyDFH‘é”Bu’IgF“Omwm

raltle (cj)n a node output Vis the nunber of tinmes Vis

e er unit tinme. _The cache hit rati,o.of .Vis the ,

that nAQRISETOUPUE A RPERFIES TIBF RATNGE L, DOHE it GLYn RY B8 node’s

priori faspcyéscﬁb bn fcﬁWﬂg\g@gﬁcﬁl\ée gA% d‘éﬁéﬂedtr %ltg@lﬁglll%%ﬁh\éaﬁﬁwuty reflects

uncac

salien@ee ﬁﬁe thherdgaséd @Ele@ncaﬁl@ﬁ' enid §erl ﬁ)CﬁEIF? Bxpensipeniutpiits of high-
average 1 n're-evaluating the node fo Iomnn a mss;

pllOllWlBiFdea withl@ lwghroderatebptia 1¢W§a 'lgghlté‘@’ﬁp a5t 8@‘%1 ewaqidates for a

more (ilﬁ&l \'/'A% éa%@ﬂ%@@éc ketﬁpﬁly, c{ tge JFra élt %evgleua?zgn c<|9s\§ é)f anode
as the Qégf te BRYE Ag%npfé @Jdlﬁé‘tm@%xag 888é bP&sdnie !‘;lﬂilhgl’mféﬁval window.

I“ons. detal l ed elsewhere, the priority
Thus,refl ects sallence due to projected screen area and

user focus.) Expensive t puts of hpriority nodes
cacle llﬁﬁ“’flltl 5”44‘?"&[%”—6&"1“ POt )&E{ﬁfg %W‘éﬁpf‘fzgl °hit ratio are
cache zgﬁﬁﬂtaaﬁﬂ%agﬁh@ﬁ cdsOF preoriBPT RUIBAGrES S catRe_RidGhlidyg scheme.

Fi nal we define the periodic evaluation cost of a

and Wdﬁd@d heghualugy (aégeéxdeng-md@wewel ages)elps| ey S AP yyhose cache-

secRE RGBT TRaThAS D1 S IR AU, prioe gataion

cost ex@é%:@l@"somé ﬁ&@ﬁ't&&;ﬁ@ﬂe P@ﬁgéﬁbiﬂ%)(foﬂo%iﬁlg Uadduent ¢adie misses or
*priority *pull jute * (1 cache_hit_ratio and we

occasibnaltk durase idlel tire) (as IStCPl’dilldﬁ}j thienchslvirzg/ éﬁlageg)USEdr at such an
every t put whose cachesel ection nethod is
C"1’flf"1"5aW‘Jo‘ﬁ’ri’:I &€ and that bel ongs to a node whose periodic
mdmi@ hp ngg?;lsﬁgﬁﬁg§ ysonme fixed threshold.
er|o ow ng’'frequent cache m sses or
using mh@aesﬂmematﬂqftﬂu r:wngnﬁ cﬂhlchlrngl stbymeearreconsi der t he

] cachin H 21 h an out put. W eval uate:

cache_igeg T3 67 ’W‘WE%E 7 (1 + cache_cost) using the

using Qﬁ&ﬁaﬁ:h% Q8¢ (ﬁfthé B@xﬁﬂ& r&Bftl cﬁﬁuﬁ%@@lﬁ@ne and
cache_need = cache_i nadequacy / cache_cost),

[0055)si ng (Dthlﬂao/hleh ctbetlngflest lzra:hn_e;etd nnstswa’gge@gga/mme aggressive
cachusgasccq{e?r?e S(%H*?pnlﬁcs with the lowest cache_worth and lacking a high cacle_need (or
that are already using multi-line caching) are switched to a less aggressive caching
scheme. Also, outputs which are regularly differentiated or integrated (Section 1.14), or
that drive a motion path (Section 4.1) automatically use multi-line caches when feasible.
[0056] For nodes employing multi-line caches, the mapping from parameter f to a
line in the cache is determined by a cache-mapping function M. This function depends
on the total parameter range [twin, tuax] that is cached, as well as the number of cache

lines, and the width of those lines. We use the cache mapping function:

s=M, . ()=c,+round(cr)
and say t maps to cache line s under M if and only if
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[0055] Qutputs with the highest cache_need are

swtched to a nore aggressive caching schene. Qutputs
wawdaok/113187 | owest cache_worth and | acki ng a hi ghCT/US2006/014713

cache_need (or that are already using multi-Iline

cachin are swtched to a | ess aggressive cachin

scheme.g)AI so, outputs which are rggul ar | thmeyD"g‘e“\%“19766'003W01

differentiated or integrated (Section 1.14), or that

drive a mption path ection 4.1) automatically use
n@lftﬂq\fi)zzﬂb%éhe@mééfg)a%@ﬁ)l e. [0056] For nodes

enpl oying nulti-line caches, the mapping from
Rarageter t to a line in the cache is determ ned by a
cache: mappi ng function M This function depends on the
total parameter range [tmm tnmax] that is cached, as
wel | ds t he Tnilweirarampetes seke at whieh lopkyPtaseuih dt h of

those |ines._ use the, cache mappi ng function: s = M
, (0 do+r an%%&f‘aﬁhlé%@‘ggﬁﬁtt s to cache line s

under W if angheQpinbdrioMings tethellaeiet No. : _

19766-003W0OL (0 < s < N) L(abs(c,i - round(c,i))<

c, o/ vhaihe:lirtes ard ivemparednfeemr0 wal{lg at whi ch | ookup

occurs, s = the cache line to ich t maps, N = the

nunberc of Ii%’@’@@%‘%]ﬁléeﬁo%??goﬁé\g&@tﬁﬁs are number ed

from Q. to Ny ﬁertd}ﬁ:a&?ec s/ el GnfQHHASO AN HARG O 1
0, C'- = the number of cache I nes per unit® change

i N pargjret er= ﬂme,caﬂfeﬂblefﬁntdﬂe%ﬁai@h&th@l:aiﬂnﬂr]line,wieﬂlm,al s V

2t he cache |line width, round(x) = x rounded to the

near esoungd{?d ger rowmstedyy the peareglijsaget.e val ue of x

that is, abs(x) = x.for .. at W se abs(Xx) = -X,
and Lai’sﬁ“‘ggiE e algSIutE Y, uei%or,x’gﬁqgg’i s true i(f)and only
I f bOta{bsﬁi)i§xtf61ux‘32@[‘9t1{élrd:v§setabb’@) =[0m@ If t in ["";"

W] maps to sone cache line s and s is marked cl ean,
we sshyial ¢débethait is, occurred, otherw se we say there

was a cache m ss. W define the cache,
a’b is true 1? and only i?{)oth ais true ancpb is true.

[0057] If £ in [fnin, twex] maps to some cache line s and s is marked clean, we say a
cache hit occurred, otherwise we say there was a cache miss. We define the cache
inclusion ratio as:

Cinclusion = 2 Ctol Cr.

[0058] If Cincinsion = 1, all parameter values ¢ within [twin, twex] yield valid cache
mappings; the cache slots are maximally wide (they abut one another). This provides
us with potentially inaccurate but very fast graph evaluation, since all ¢ in this range
will map onto the cache. By allowing Cincusion < 1, we increase the accuracy of graph
evaluation at the expense of evaluation speed, since as Cinclusion decreases, fewer queries
will result in cache mappings, but the ¢ that do map onto the cache will be better
centered within the cache lines. At Ciuausion = 0, only exact cache mappings are allowed;

the cache slots are infinitely thin. Varying ciucusior in the range [0,1] provides us with a
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inclusion ratio as: Ciicliisum2 Col C . [0058] If

Cwcinsioii - 1, all paranmeter values t within [U U 1
waOjosstizsBd val i d cache mappi ngs; the cache sl oPGT/HE®06/014713

maxi mal |y wi de (they abut one another). This provides

us with potentially inaccurate but very fast

eval uation, since all t in this range wi "4

the cache. By allowing Chtinsion < 1, we increase the

N
trade Sdg? :lrdg@v?eém lsheb @ SiHldt a‘j:d?,lr&l?}f heyeegpl BGstrolPitis ttfbﬁ:le"offth Pﬁlt-node by

gl E‘eﬁh
oy 19766-003WO1
P ont o

p onto'the cache w be better centered wt
allowiitye eadc hedei frespedify dtswonshnimsid), dhisy iejett omachieseveral LOD
mappi ngs_are all owed; the cache slots are infinitely
mechqipsms ayaiahlacpsceiasedbed nextt he range [0, 1] provides us
with aAttorney Docket No.: 19766-003W0OL conti nuous

1.6 Aﬁﬁﬁﬂ&@ﬁh@hﬁﬁ%@&@gﬂé on graph eval uati on,

ng us to vary of f between speed and
ccur . W can.control this tradeoff --hode b .
100595 i PieB e FARBAN PRrEp L FROReo G A BRI G therfipde retrieves
. v
e v R S RHEL A RIS HEN 108,013 R 8 g
node h3858] ahene af:cache hit occurs in response to a query

Pul'l (f), the node retrieves the value v stored in _
1. ceathen theriealae vamdwhiahs e Yalae sigsedaf theyneargsf cacheditigdo s, even

m occur t he node..may do any one of: 1. return the
vgﬁﬁ%t@%ﬁi:,elwgﬁe%ie@lvhe val ue stored at the nearest
cache line to s, even if that cache line is marke )
2. grstagn the valge Yopproripre: U&F{I@T%‘ég%‘%?%@e Pﬁ%ré?pr‘FlgﬁBﬂrmg cache

?ﬁé%ﬁ,e AnbiRe t}[ﬁg ?1?%%)11—\%?@?,29@&% 0 ¢ an %:_ L '>sf‘ es s and S+

are non- <'s an s; 3. Pull(u)

5. RefiTdubrmsin @ 41 SRBhBaEToa v POrgRILdor bolleppeqmpnte it
- oftpdtWhlddshy) ffbaB@eltddtgom ng edge, but only
partially reconpute its output values. [0060] Wen (3)

IR R I A
[0060t] hat Cﬁ?ﬂ‘e% 335 cr)]gcuﬁ‘s?,rweo gg}}) 1te niod% %j—eva Lrtals?est. i}? t ICn%cl:olg % fscl)r%g cache line
s, then the node will place each v; in that cache line for output i and mark the cache flag
for line s as clean.

[0061] When (4) occurs, we say the node does a partial re-evaluation. The node
will not store any value in the output caches and will not change the state of any cache
flag. It will store enough information to enable later continuing evaluation where it left
off. In returning (f,v) to the node that initiated the Pull(#), it will include a special token
that says this is a partial or intermediate result and needs further subsequent
refinement. This provides a mechanism for progressive refinement of complex
computations within the graph. Further, it provides the ability to create graph

structures supporting looping and recursion.
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for line s as clean. [0061] Wen (4) occurs, we say
the node does a partial re-evaluation. The node w ||
WORH0641398 any val ue in H e output caches and RET/US2006/014713

change the state of any cache flag. It will store
enough information to enable |ater conti nui ng
eval uation where it left off. In returni NEmefDogy Nep!9766-003WOl
the node that initiated the Pull (Q it will include a
speci al token that says this is a ti,al or

[0062]; 1t or AiasieaastomafiFalliatkpte SISV e IR ai§Hs d o @bove based on

_refinement.  Thi [o\VA E r '
S TR e ——
applickiibh, M@t refledds Qe @gudbh@nibidl leky béfore Heatetalkaaph evaluation is

structures supporting |ooping and recursion. Attorney
complBecicethatidhe Lrp@%@sl BO3veme wogdle disdtas oauthergrdesal (rgency and

chpose bet yeen chani sms - ( bo based .on the . .
level-chriFGRiE AT ariFor BVET 1B1owaPR 17of HFUpAL] e ingaregtlt i )
o i - | 28t | tire pulled
ocuny Ml s TR S 1 308 458! bl pule
clean. @vabyad diftiinhsa@ephve heaysitegiatniihg oup dbtiee: Bhile doimgehis graph
may be drawn on the_screen. (Urgency and . )
re-evaluafism; ge aplisption vell gaise thayergenay sbthe eygluatipnas the deadline for

—_.ldeal | al.l cache m S ul Lol ) ;- OCGML I ] :
arawab e S SRESTRE", EFRy L Bk P 108 ot
strate%g;b 912?@,5013(4% UléBleE e 88tidnd ISPARI 18 beloBi dPeésrendEbetween

y

egin running out of time while doing this graph
strategies é)ainda(d)dnr atdieemppiie dahahcaddd intajegeh prde fypeapg may be

G T AR O AT S
over s%@égﬁ% Lii %f%%ﬁs%ti@ glﬁ\ﬁﬁv%séﬂxo ekigd ’Coﬁfé)u(téﬁ@n and detally edpidvides the

ect and 1.8 ow. Prefeéerence between
least-seirpAtiagi ieshafior. adgatedy (1)otendsgbweeataaddelay drafldgt cdigihg direct
~into each node type and may be overridden by the T]‘serﬂ )
manipyflatigieihenu T H @XPRRIVS (RTINS RINITEY s ¢ §-a (g 0 Fyall reen size)
. preferr over .st,rat L4 involves no
soctioBl S B2 DU (5K TLERY A Ble BACRURE fhe, 11 Y
[0063] ©aSt B Plek iy AYBVidRAe stald, abpeikifmhle, e Ppastidlqesults provides
create a delay or "lag" during direct manipul ation
us withhvenl-tee yuerpleessity the(axecwignty speed-qfrthe giraph eealgationjgad ensures
to small scr ee;[] Si ze) seqt%ons of, the 3- li) scene.cgqon'. ther
we cap gl e RFEetATATS F4te iR IeAAWInG HrsssEneh it LIS ROV} Sﬁ“ﬁ—lf‘m el
4 Ik A8 | : beitltd BBHIES to maintai
LD SR SR BT A A 1 st
frameSRREMofe bhieergllpAnhd&caipliat the firandditbrelesing@ate from node evaluation
rates, and even the evaluation rates of different nodes within the same graph. We
further generalize this level-of-detail control within the Pull() mechanism, as described
below under Level-of-Detail (Section 1.7). The usage of this LOD control to achieve

constant frame-rate is described below under Real-Time Guarantees (Section 1.8).

1.7 Pull Level-of-Detail

[0064] We now extend the Pull(t) semantics to include a specification of the level
of detail (LOD) for which the value is requested. We say Pull(t,lod) yields (t,v). (The lod
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we can maintain a target franme rate in redraw ng the
scene. This provides still another LOD nechani sm
wo e@ditnggspf f accuracy and/ or node reconpute rBCEUSW06/014713
order to maintain frame rate. More generally, it
decoupl es the frame rendering rate from node
eval uation rates, and even the eval uati oN°PREEHp: 19766-003WO!1
di fferlent nodes within the same graph. W further
) generalize this | evel -of-detai]l. control, wthinp, t . .
is actuply o yedHEC R DG VELEARD AL o AL uAnby 5 simplicity )
. e - . ti Ji 7). u ' Ak
This UENERAE" kB ol B0, KEPle b, ghiEL PRARA, iR Mermative
represBRlaBWns Ae exiople, eoRe@yananbeanultpdy tepresdnt8il .withifi the graph
Pul | Level -of-Detail [0064] We now extend the Pull (i%
with the hahieckaniomi yreHid eudorspiéenllyiselact Hie kspt tepaesepiaiionpf The level-

el PO R B o o o
set the 2680 Qt_@é’l\gfacﬁf Sf et !ﬂgbhﬂnﬁ, YRCERIMSIHABY icoMtrollitlg MR refinement

discuss it fiTst as scalar quantity Tor sinplicity.)
leveloglalsﬁbﬁﬁleﬁibn&ﬁffdeé.aiI control can provide a switch
etween nultiple alternative representations, for .
[0065kxanpllde Hutnkbidy valey wasinalesiql e @BP@ 1e]c?v\7§f ¢Rflpls passed
___the graph w e | ad- an t el g :
through, A g¢ ﬂu? 1%2\/\%% gyilns or ﬂgnﬁgfzg‘.i gfﬁé{q#:c%ﬂs a(PT: AL fRbbotHon 1.9

representa evel of - detail

below9aNodks thdyemua et ldddLihealpays aldtighfon dhieis ot iswdraal reasons. For
alternative algorithns or to . set the desired

exam}dﬁ;cau na?y nufy wianatgevaluaty ar Brpudeahgraph vy doHehbl 45 fige step of
. the refjnenment | | of a.subdjyisi .

o eSS TR 8y PRSP g0 o 5 .
user réhﬁ %éorlﬁssmjy i(*aﬁséj&sl%%%rttﬂé U8 Blo8 BFPSARAlR M Ides kﬁl‘i)u%h 51 dialog in

Render calls are described in Section
the usbﬁ et fhcdNodpsograpmaiitiafly dusihgasodbleypnptrastion. Alsstegeigd in the
their own internal reasons. For ex I node
next ssgiRtn, e EPBNEAHIOR G A PURCSUGIOA VBEoR LU gRryeae Briareen or
tep of Lts O i,nter \ ' j: o
even TR QbalF a2 1SRk, 81U ABT SR thrstor fater

graph"@¥veXfl 111i§ bMowaithe applitaemr tol theded-6ff atnderingddetail and accuracy
particul ar nodes through a dialog in the user

with speté té aveimizepruaditamdleimedting fdampnatergnals.
onstruction. .As described in the next section,
10066 | T SRARLAR ot ST AP BhaP B oD g 157t 4 the nodes
them{2RRAEG: ?@é Vg?s%a% QUv@VER GUebRlicHeAdah NRESES difttlédst eAMmE that is
to providedi ghter-wei ght, “and therefore faster, graph
normmn;a\géeéa_&af thathios eajuabws Zete epd ileAspenifies thatatie- Bifplest/ fastest
rendering detail and accur acy .
possible representation or algorithm should be used. Lod greater than zero specifies
that a more-accurate representation should be used. A negative lod specifies that no
evaluation or rendering should be performed at all; what happens instead differs
between Pull’s and Render’'s. A Pull at negative lod will result in cached, stale, or
incomplete values being returned, as described in Section 1.6. The connection between
negative lod and increasing urgency is detailed below in Section 1.8.1.

[0067] For a Render with negative lod, neither that node nor its children will be

rendered at all. For Render’s at zero lod, if an imposter (a polygon texture-mapped with
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with speed to maximze quality while neeting

frame-rate goals. [0066] Interpretation of specific
woewseniyst values of lod is left to the nodes PCT/US2006/014713

t hensel ves; at the graph level, lod is regarded as an

abstract, unitiess value that is normally greater t

or equal to zero. Zero lod specifies tha%mpﬁe”*“N°]9MGMBWOI

si npl est/ fastest possible representation or algorlthm

shoul d be used. greater than zero fi.es. that
an nnm@f %@b}eﬁf Sl Oen PTG SUIGE e ae Bl e imposterwill be

drawi], Ho éﬂ oij B{je B@Sﬂ %&ﬁ? c§tP€1th§ Sﬁﬁaé&g{ééﬁlg&y ;{l{tﬁ%@{t' R dering

(sud1ggibgﬁﬁdﬂl%tb@§e[g@¢ul s and Render's. A Pull at
negative l'od wll result in cached, stale, or

[0068] nc onﬁNhﬂe W@]h&)@silb@rsﬁ@d lodraifisweraa siesesqaldreap) value, in fact

Sectlo The i on between. negativ
we mainiaiay W@Ct &E‘ﬁ-&@- egeugg 1 $eQMEtY %\HCP%%&:?. %)ﬁn?%%g shading
] 2 ﬁlsIcHl%[ l6d)abe rel
o 1ER05E), 088 SRSy PTG L KO LK sk vty om o
vectorRedided 'led at (Ibébrt@,, Lokhic, |lddd@n,, ilodyast ledhg)(f)a E@tt}@dar types of nodes

t ext ure- mapped w t hAtt or ney Docket No. %f ﬁag
generglly Withgepen Qﬁl}’o%} acinelegadiof teas aOIBP@WHas g F?mipgnen‘f
o i ool SATREPAE, UL Lobeotian 8y BERC R o o
cimnné\z/\ﬁyd%f BLarh LS hedh dRfhiRndidis exprally msmhd {@eﬁs]oddcfo,m, while
| e we have discussed lod as If it were a sin
nodess tegirasentingalightyemifeingi surfages mey raspangd ﬁO dradhi lﬁ&’om and lodiight.

Againg G GrlRitp srch diedss R S Fridor Rirrpitf Bes iy lod, except
that oI F0UdTRI ik 3Rl SA0PRASHINRAISC MBI inkiAddiatély ehoh Afly one of
vector-valued lod = (lodg eom |od w Hc, | oddf nn,
their do@tﬂl(ﬂicharhlmlhjﬁiﬂﬂtr)egaﬁae.tl cul ar types of nodes gener al I y
wi Il depend only on a single one of these conponents.
The | od conponent(s) to which a given node type
1.8 ReakddmesGuaganteesrred to as that node type's LOD
control channel (s). For exanple, nesh deforner nodes
[0069gener aWeydeaeﬁpm@rpuEle saft-Fepddifmeniguardiitees epdbs maximum time
representing

ht-em tting surfaces re
taken Hett%ﬁweé%fgéﬁngléﬁg fIPB GugfiEn Og\ﬁlzjﬁq‘?n @Xplfréﬁhql}dse?sﬁ d‘gfg ﬁ‘Chle"e this
Qll‘f‘is wto interpret the values within | od,
ﬂuougﬁggﬁﬁa%ﬁgﬁha Hﬁode types return fromPull and Render
o GnbfitdIfRdiapt@lODWhen any one of their contro

channel s fall negative. 1.8 Real -Time Guarantees
partial evaluation

e progressive refinement

adaptive caching

parallel evaluation

predictive precomputation

1.8.1 Dynamic Level-of-Detail

[0070] As mentioned in the previous section, the system can dynamically adapt

level-of-detail at the application level between and during render traversals. After each
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[0069] We desire to provide soft-real-tinme guarantees

on the maximumtinme taken to traverse the graph for a
w@ewen1perati on (typically renders). W achi eRE€T/URI086/014713

t hrough various mechani sns: dynam cally adapt LOD

partial evaluation progressive refinene Attomeygadggetko 89766.003W0!
caching parallel evaluation predlctlve
preconputation 1.8.1 Dynam c Level - -Detail [0070]

rendeSrdRM ] Oﬂ'l%q%i 1 c&ﬁﬁé \E}gfe\é'lﬁ o ﬁ\t ﬁﬁht% w#@ak@ﬁgl% TG g?] the target

dynamical I'y Ireat
travetsal edte bdf ‘ﬂﬁmﬂ aaeméablwes I&gnﬁdéﬁh@[ Fdsear ethﬁﬂ'lﬁeces%f}ﬁ fthe apphca‘aon
tor Docket No.: 19766- 003V\D1 render traversa
incr e@cSﬁ%%Q“p {ex¢) A nidtecaeigan dercpassiwidl bainitiatedrvith|thisi gher lod.

S I f t rave
COl’IV%lgﬁ@'hZ gg{f?l Sg?gc}‘05<t ﬁ)élg g‘baé‘% (aqlvg (ne aBBBth{%} Wé]lll reduce the
top-leivam)gzases the top-1evel lod. The next render pass wl |
be initiated wwth this higher |od. Conversely, if the
[0071] ; averElag ap@bkatu@hgem adagh ldeglotedy theingpiki @atrs®f recursive

- | 1od. [0071] The application
Pull’ Cog,ﬁgbci%? Ctryo ngﬁt ; 8@%& #r&%&% Felugo M?gele?aﬂg it Pevhen the
apphd\:/égl'otlel%eg g’@%&&%@[ Slstlllg?()tl flgﬁ%ljf@etr' n% %ﬁ‘% %?T%gs’app antcli(%c?gjﬂ“lread will

increaise sieddicy bowamlselsO as Bid ﬂlm@ra pipecdtbies tHStrhyéfBalRiats eRadBne. In the

tchdog thread will increase urgency towards 1.0 as
evenfvﬁ C{;ﬁﬂgn%bsp%sem wgmcy rigge pbaye 1i0neBatbawll toePull and Render

.the . o i s excee e ris, ,
mulhglgl%vgé’%ﬂ .atlléglcﬁe?ca&l '66 Bty af’ﬁ‘gi (Lii%g ﬁ%‘%isl 3l H?%%ff‘?ctt’é’e lod’s
Thus, letidctpad RIBLEIIS all hs thd deadliriespsproaditbs UsRSut %H;ées f 1

h as |Cts ef fective |So& S. aThlus e19f eCtSI ve }lgdg%é of simpler
and f@&iﬁlr rerepérda e | |If1 Gh@p#aadhmh és exeseclod affedtiyet hd’susgll become
ler and f {ilesent ations. If the deadline

negatile, BrERRREN 0V SR Ve VBMAGOR PT WBCBHEENEHA PUEHINg 2 near-

1mme3fa?é’Fé@ﬁh{‘ﬂoﬁpefa&éﬁ:&lﬁ‘%m@f(ﬁl uation or rendering and
ensuring a neari nmedi ate return fromtraversal

[0072} ecur Sihathis way, based on how well a given render pass has met its real-time
deadlines, the application will adjust its own top-level lod, attempting to maximize
quality and accuracy of the rendering without exceeding deadlines. When the
application is too ambitious, using an excessively high lod, it will raise urgency to ensure

nonetheless that traversal terminates in soft real-time.

1.8.2 Partial Evaluation

[0073] As described in Case 4 of Section 1.6, there are circumstances in which a
node may return a pulled output value before it has completed re-evaluation. This
happens when a node begins re-evaluation (i.e., a pull occurs) with urgency < 1.0, but
urgency rises above 1.0 (ie., effective lod becomes negative) during evaluation. It may
also happen because the time spent in a single invocation of the node evaluation
function exceeds an application-specified time limit. Nodes may also electively

prematurely terminate a particular evaluation, for example, because a particular
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[0072] In this way, based on how well a given render

pass has net its real-tine deadlines, the application
wowdob/1sdgust its own top-level |od, attenpti ngP@DUS2006/014713

maxi m ze quality and accuracy of the renderi ng vvithout

exceedi ng deadlines. Wen the applicati on IS

anbi tious, using an excessively high | od? °f“?y%|°lﬁem° 19766-003WO1

rai se urgency to ensure nonet heI ess that traversal

algon@@a%;saﬁf%p;@ceafsz@ eeiFind TudeRat bk YRR ome se
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w6 Sl GATRLEREs Lo Lo AGHE a5 SRR Brotub dommatl

follow_ﬁ Sthb ajees fﬂhﬁﬁ nih@ pedialiyegidlaated- eugutatekeept( thae theaoutput
pull occurs) with urgency < 1.0, but urgency rise
subgr aﬂowé that outp. COléTlTv@étfpvbe ey kbd cdiws FEBERIUPBY Pull's on that

s S8 R0 RN 5 ARARER 9 ARl B

fully rb! Légﬁfda%] at Mﬁglgéoﬁ@ tl‘?ep@lhﬂpﬁ@%ﬁ apR Qﬁﬂ%eﬂ:ﬂaﬂdeﬁ&:lédnnhé described
es may also €electively prematurely termnate a

previqmiyt.i cul ar eval uation, for exanple, because a
articul arAttorney cket No.

[0074ﬁ| gor iSmRElY cahifaniigRd g Gnses R 50% St i Pified node will
retur 11 I:H:e {30 gﬁé?&&%ﬁﬁ? 1&6?(% g%élg FI’?&Q gfecﬁget lod U&’O@lr lelflll is negative (ie.,

era cases,

whentdrgé/;ﬁﬂ sal1.py oggeds iher sigrypli telcw thy 1tchﬁ weli uemaﬁm a:hrty, and
the part| al'ly eval uated output, except that the outp
subsequmgrlaplﬂ: sgfn ﬂt?a@ubglﬁ]plEItW@wﬂntﬁ'@éstotwﬂbé’nn%‘ﬁké‘B 8 r@l}ﬁ to other

o UL PUL 8, 0 et AR SBL O  e os
occur vhith Grbatel lﬁnrl@ a@éﬁ@iﬂ@ts% ik epfth®h Z&Pisnéveﬁ1|ﬂ@all3ﬂh@ﬂ11legauve (e,

subgraph will be marked cl ean, as describe
urgendyt €¥iloQ)stiyon [r@dl:'hdﬂlg Bhisi aatel yRecaaél ﬂdﬁnfqllfomedgﬁec’@ls dsp, rcaching

and 2 of Sect 1 | I
ozt Bl o 6 e b ednoge 1) S SAL6 e
shiftin} rolbsd c&eggtﬂb ss(aﬁ G0 alfbl§u yrﬁgef}ﬁﬂ with %n—lﬁ%%h(}e lod. One

&5 grap Yne fiode WiT renain dirty

circuristBS@aheRhidiult n&yﬂ%ﬂﬁt&alﬂ@l BgacRbvan hbnmghnm@dtmﬂl at a given
pul | on that node. Due to other sections of the g

node is6€ t mgm:pmasmfdtam sipgeHges upweards iabs s(ﬁ%{élhto ’&@Fﬁéhat node
IR Ve T
an e#{e?xl‘?éjgﬂyl n‘vgﬂ%ﬂe f%ﬁt gQ ) Jp%?@cmm bl & RABEmoREGaaked B#dph would

cachi'ng
exhibit this problem. Clearly such a large graph would be beyond our ability to

recompute effectively, and we doubt such graphs will be encountered in practical
situations. However, this does highlight that the maximum path length in a given graph
gives important information about how costly evaluation of that graph may be.

[0075] The native ability of the graph to partially or approximately recompute
provides a mechanism for achieving rough results when real-time demands do not

allow for a full recompute.
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strategies within the graph will be automatically
adj usted during these repeated pulls, shifting
WO e®o018s as necessary to allow us to Pull w PET/US2006/014713
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upwards in the graph to reach that node exceeded the
avai l abl e tinme bounds for graph traversal. Because
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[0077} hi s gAyeserithencelfl hleate afd danfrtiahi bhatheycdvhivg wontdgy within a
scene conponents gradual |y updating in response to . .
given maydie dnajs elhangeraser %mﬁ Bueap ersgdo obwrvg& SR8y Oga% fekiRg cache

def orymi ng surface chan S l 10
an 5 S LSS SRR AR O LR el cur sty o
K ENEh oM Ir8sdiREAY cAbbRNhiohlEiGGty VLs.f e dodéeh area or user-
senst 1&8. 41A%ba|c1)t? ve Cachi ng [007%?1]191As fr}rllexete‘ol) Qnegeabove_ and
focuséd) Sewgraphs to Ge-evhbiatachpidly. s Thatseggdapiivhicaching is an important

enabler of the real-time evaluation methods described in this section.

1.8.5 Parallel Evaluation

[0078] Given that we can traverse a graph node-by-node, pulling input
subgraphs clean or rendering output subgraphs, we may wish to break up traversals of
subgraphs into separate threads. This enables symmetric multiprocessing on shared-
memory architectures. Every recursive pull or render presents the opportunity to
spawn a new thread. We track pull/render cost (as described for evaluation cost in
Section 1.5 and elsewhere) and use that as a guide of when to spawn a new thread. The

ideal situation is a node in which two expensive Pull’'s or Render’s are performed on
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gi ven node nmay change over tine in response to
observed efficacy of any existing cache and cost and
wo e@guea8y of node re-evaluation. This processPCEUS2006/014713
integral to our ability to sensibly manage resources
to enable high-priority (e.g., large screen area_or
user f ocused) subgraphs to re-eval uate raffPBPPoFREs!70¢0%WOl
adaptive caching is an |nportant enabl er of the
real -time eval uation t hods described in this
large gBgpingn subgBPESPar B | 41 EASPUAORS [ 067 87aVEr§Fe PO o fubgTaphs
51mu1t\é\ﬁ%&1a tfnaf\lt? { #1is %ch{lg 1t@ %&%n%( 't'lg%? yl.lnl dfqgeﬂcfé?@tat ;he scene

aphs' ‘¢Hean” or gr aphs,
glaph Vi‘o%b E{er'i’élﬁalm B0 th ﬁlé‘ﬁﬂs@bae]@f id® ﬁaﬂhﬁbel éttabuﬁedamatdaffaent
hreads. This énables symretric nultiprocessing on
pr ocessh]a;r Rirteniially thris prowdes peordayvie speedsurdiepaupning o a machine
ender presents the opportunity to spawn a new t hread.
with n\@(nsppgia& QFFFPFender cost (as described for

eval uation cost in Section 1.5 and el sewhere) and use

1.8.6 PP@& cﬁ%eﬁ’&@bgﬁtﬂfati\ﬁﬂﬁn to spawn a new t hread. The

situati IS a node in V\,hl ch two expensive

[0079]53II ibor R%g%%vélﬁg?@eﬁ}eﬂrtft%% e%st @H‘l%; yp1Jf-))9 ﬁlt time in the

typicaf 8fiputd&dls Eé&lﬁ’ﬁlé WAnaI s forageh a SR e aW'@Scan take advantage of idle
Si ITUPt aneou . fact, this occurs quite conmonly

time tohee-éwalnatef dﬁi‘;}n chexdes aThnshle Igaue]n‘glaglqyaphlmb]@t in con]unctlon with
different |ar -l ev nodel s i deal

tempogdlafarRing # 1%@5’?‘ o F%@E%’&‘?Sscmﬁﬁ’ h/%t“m' cache slots,

’chereb&ir ?Kﬁr%e $h¥e QIAIET 51BesS RAAL HféaWéluEémWNrégl é?@r fo BN hE Yredictive

symretric processors. 1.8.6 Predictive

conluafltig GRaPHeal b are AREAPI NG thead th@ n‘nqmtmétlmse nbdes Wik be pulled at
vast majority of processor tinme_ in the ty gﬂ@“

paramegerpipliess atheshantthe guia embvqluﬁ@lﬂ@ﬂghéﬂersua 1as Yk

[0080 an %Pa}gorﬁzt g?c%eis for gr ?dlc%\é? rd. ngglﬁaﬁ?&?le@c?og ehd ¥)1oduct of

odes. cu e In conjuncti
prior zt%"ahﬁ cbﬁm‘i)ﬂlﬁho%'éhﬁﬁes ¥empatRVa datebapaeSeciontll. Bl”E‘She greater
orresponding to dirty cache slots, thereby filling
is thetgrodeact abbdighertis the tgriaritgahor vabdielve ve-cvallationo If fye have an
redictiyve evaluatl}%ggt cause . we are antici

Ll
estimath st thhe gL eBeaL GaUSTPF Pah sibuagpt ciain node
types, asl%tr ﬁo s gﬁ&sne oﬁé 191%@%5 2\};@92 :oli] ggglg%u{ ﬁgﬁleﬁéﬁl ﬁﬁgorlthms) we may

use thlaﬁ ek %gﬂlﬁa@tﬂﬁ@afeoﬂleﬂé%damh%ﬁ prﬁarﬁyalﬂmﬁlaﬂy wasey tack how
the product of
much time phas passed since a cache-slot was last re-evaluated, and scale priority by

occurred

cache-slot age. Scaling priority by error is useful for nodes that employ Case 2 of Section
1.6 (return approximate value). Scaling priority by age is useful for nodes that employ
Case 1 of Section 1.6 (return stale value).

[0081] At the application level we maintain a priority queue that ranks nodes

according to:
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priority and cost, wth those neasures conputed as
described in Section 1.5. The greater is the product,

wo b@ohiygBer is the priority for predictive PCT/US2006/014713
re-evaluation. If we have an estinate of the error in
a given cache slot (this may be easily conputed for
certain node types, such as those perf orfffopgy DocketNo-: 19766-003WO1
subdi \éi sion or simlar refinement algorithms), we nay
use that error estimate to scale the re-eval uatipn
priotET t §ost 'Sig¢i | ar | yn%é neeles that beve BiF e Yf?fﬁﬂﬁ%’g&mwr
passed since a cache-slot was |ast re-eval uated, and
seiakiéy prdsot ergr by cafmerslesthaideve geevionsly petoned Yolyinae and
error is useful for nodes that enpl Ca 2 of .
Section 1.6 (return BPPFSNGAR &S |c3é.)a1_-va%§ea?rirﬂrgmetr1c, or
priority by age is useful for nodes that enploy Case 1
ghioBéct tash 1.6 (r et ufay nades dhatargaiet Rudbed igh negative effective

application | evel we I ntai riori queue, 1 hat
rlgnks nodes accor di nﬁgﬁ(&l. é\l#lgﬁcgés}yﬁggﬁg%elﬁ%‘.lﬂgh}cy
766-003WD 1 priority *cost *age for _nodes. that h
[0082]yr evi G lEffiGiencyy WEPIY SpHes to ir g iny El/wﬁ:ggg}tygélrepg ?l¥c?se nodes
for des that . revil o t i
that P33 Mo SR B L AR RO DA e oxpect

to be pdrRahiat&drel phalictioiRSeval@iticll. Enffhctite, thietheahs e include in
negati ve effectpl ve lod (or that |ack any sinple error

the priveityi @ieue| Dog2hodkes fosfwhich demporalecaghing ip @ﬂg&ﬁdt@ one or more
include in the priority queue those nodes that have

outpuffpt h a high priority and a historically high actual

[0083%OSt - A ggcfgrrﬁﬂfj%rt‘lg@f VP efhtd BnP§oPAObnCAPabR8id Ssyls@ims) low-

redi cti e- eval ion. In practice, this neans we
prioritynizliaitieedd(s)t F&hpnithe isyyteguéubugih dbe idleddgeddsr withistsep, yielding
temporal caching is enabled on ane or nore qutputs. .
CPU fimeggmone-peent wetlst Bhamidledme kesome ﬁgaﬁ erin 16l thread will
) H-.pr ocessor, syst N L QL] [
o, YRS ETEN L YEEAFRRIE L o BELR, PORRF R vt

the nodetltdhdgk GRYs bt WhidiOiteBA@reBI@S ate WREK . TMbeRaldiienthar result in
beconmes available, an idle thread will run, pulling a

Pull’snod ethiar nodese b these iroles lwaivet taeposplliocached pyipsits gpd no other
ueue. W evalpyate the .no t those tinmes whi ¢ch

thread {5 resaeHgadng b, wetafie ﬁleefﬁlr“%a{v It BH”?.%\‘?S% alichstor nodes

fromt.;hegr‘;gglrrgtﬁ{/u%ﬂe(’t her nodes; if these nodes have

cached outputs and no ot her
[0084] In this way we wander the graph filling caches during idle time, helping
to ensure that we will be able to respond rapidly to further user actions, especially
frame changes, which tend to be the most-challenging action to consistently perform in
real time. We refer to this process as pre-caching, since we are filling caches in advance
of when the cached data is needed. This mechanism is especially effective in
conjunction with symmetric multiprocessing, allowing us simultaneously to handle

user interaction and to prepare for anticipated future demands on graph evaluation.
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thread is re-evaluating themyet, this idle thread
wi Il also pull these ancestor nodes fromthe priority
w@®ee13780084] In this way we wander the graphréT/Uk100g014713

caches during idle tinme, helping to ensure that we
will be able to respond rapidly to further user
actions, especially franme changes, whi ch*{PBREOFG Nge!?766-003WO!
t he nost-chall enging action to consistently performin
real tine. We refer to this process as pre-caching,

1.9 Rendee we are filling caches in advance of when the
cached data is needed. This nechanismis especially

[0085f f ectliheeulitimatergoahof igoaplwitakesyhgetarally is to draw something on
mul ti processing, allow ng us sinﬁLtaneously to

h I
screenys 46 1HIGPEET ISBHERNA o OBHAIRD FGT VithA CPHLRER TP gaersdl,
. b A ap Jat.l. ; - .
aistindf 3R G5 S g U RHHD %‘8’8’%@} b py bl 3@8#‘*% er traversal

occursdbPd h EbRYREEREuSIEREH df Ispedial &xxprosston aoded tilled weene graph nodes
screen. As with prior systens, we acconplish this via

(or siraplyogedousies)evaerefer kv 8ris aitbguipst amie doengrgraple  All scene nodes
bott om up, eval uation traversal jinitiated b . Pul | . g

possestifs PRHHGFAAT AE B ol LT BY AP REGTDE AT A specifc

inputPind BS%L‘F(%) CHRe E§1%'n@ Bf RRE&R fédd Ads IREBRNANRRIR AHRBHA’s ctin_in
(or si scene nodes); we refer to this subgraph as

input,tihény sertengdapiistsAbtheseizae saoesplpos SBeschildremof a scene node A
I nput and a ctm gut out gut (agig possi bly additjonal . Aj

are the sepnesirstastietow dhtiF4 AHHOBIRBUE &)Y StRR nRdpeRYish othprwise A is a

cene node A j e ¥ L-&hd \
o U8R o AP REPRONGA B ST Py pove 4.

The d&BiAEHEEHIA afe SReend@daediratie dltpussame graghfbel Beene graph
A's ctmout output, if any such nodes exist; otherw se
nodes/re describegfmomfhllyrin setinsl.4$.3a scene node A are those

cene nodes in the scene graph,abqve A. The
[Oossﬁescerg%ﬁ% ‘B?V%Sf’jr ’é“‘i‘%@s g’ & %eRﬁgggrs 95538 PO G P node and
X i rdRpH (MRHE certai
proSFEIGIALLClo b, S50 Qe eyt desergtp (tecarain

exceptiohd ideb@sbad heee Reddir Seetsndd7).o0 Fo seeder tlozlduBritD scene, the
_propagates depth-first to all enabl ed nod In the .

applicatiopualls déendesr eip dsmaated ot BiF €306 digtr. o MOdRE Y oy dlisabled

(expliglgléfﬁ g%nﬁwgﬂ%%gﬁtfvé&ﬁ éfe:%}"ﬁ ’-%rn%ﬁé—r:e ?13)9[%5 dndetH thi¥fen from being

ation ca nder on a desi gnat ed
traver@PAARnb3RLd&g8e. Nodes may be di sabled (explicitly,
by the user), ich prevents these nodes and their

[0087¢hi | drRarafretenstteithg Render call specify: (1) a graphics output context, or
graphics port, to which drawing should occur, (2) the pull parameter at which to
evaluate the expression graph, (3) the desired level-of-detail of the render, and (4) the

render mode settings to be used. That is, a render call is a message:
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traversed during rendering. [0087] Paraneters to the
Render call specify: (1) a graphics output context, or
w@er@phix87 port, to which drawi ng shoul d occur, P€RVUS100€014713
pul | paraneter at which to eval uate the expression
graph, (3) the desired level-of-detail of the render
and (4) the render node settings to be uSEF® PR 766-003WO!
agrgnder call is a nmessage: Attorney Docket No.:
19766- 003WOL Render. {gp, param lod, F); where: =
tRﬁ?QﬂH@%ﬂm@W@éﬂ@dEﬁport, param = t he éraph paraggter
at which to performthe render (usually the val ue of
twabemgt obal ani mation clock, i.e., tine), lod =
(1 odgeoin, lod prHc, |oddeform |odsh piie, |odiight)
gp = theowpsat peghievelrs o f detail, and F = a vector of
render node settings_ (described below). [0088] V\he{]
* param e ghaplepatareetenaRehdto perfopadie peyderdasyaliysthe yalue of
state_of .t desi gnat ed, graphi cs port in sone
node- Ef5ezP 5@“@%@&0?§§Eggﬁaﬁww odg-specific geonet ry
lod tﬂzbﬂ%, BALL ,lonﬁ,%,q,,, qaﬁﬂze,rl%;gﬁ)%&e%é@frecﬂ (el vl Qi) abyl
cal T1°ng Render on each enabl’ed child. After all
®  Chhldeen oheareler etadearettiigsadeseitedrbetovay er sal , node A
reverts the graphics port to its state prior to L' s
[0088]0di fiyg@kh Oitsde iAf r@@Wesaememwriméods@ibm@mMﬁeS the state of the
Initiated the render call on A [0089] The graphics
designrded grapides ppariasememagie-gpesifigrisae dssuhe agy apHpepecific geometry
o thaf ke Pt Gtacs PR B o 55 ge fRleac enabied chila
After %ﬂ Rhidlen TR 1@6@%}%%@1& Qbnd ENERFriM, 1SN r8¥dre thdlgraphics port
arget, such as a high-quality off-1ine renderer,g¥h|s
to its Bightpricaf @r Atsontddéfidations aifiany, aodt exgrmeftoawhomever initiated the
renderi ng-export plugin. "G aphics ports" are sinply a
rendefiealpperd- f or nani ng such heterogenous output targets.

t fal t.h ] : . ]
ooss ! e 5 M B 8 BOGEHBY 10 s e

whicl S8§RS shelift be deRefd! SthrdutdrigiveaRaerihg ahey salld behen OpenGL
gp paraneter is passed unnodified through the

contextg farresiaweple.e Hderendating to enteréeronl tatpaiowsh. asfagugbiqupbigy off-line
rendeg(%art ¥ }sg %ﬂgﬁ‘r@ rBfeY atr(;E%heer ilgx?o%iag(r)lg t c%%téxlgeo gi r%‘;ltdielgl?lgl-letxipgﬁl plugin.
“Graphics ports” are simply a wrapper for naming such heterogenous output targets. It
falls to the output target referenced by gp to decide how to act upon the state changes,
geometry issues, ctc., generated during render traversal. The gp parameter is passed
unmodified through the recursive render calls to the child nodes.

[0090] The param render parameter designates the animation “time” at which the
state of the scene should be rendered. In most cases, this param will be used as the
parameter for resultant Pull’s and for recursive Render’s of child nodes. Certain nodes
perform input pulls or child renders at different parameter values. For example, the

MotionPath node (Section 4) evaluates its ctm_in input across a range of parameter

values. In fact, MotionPath nodes entirely ignore the param render parameter except
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state of the scene should be rendered. In nost cases,

this paramw ||l be used as the paraneter for resultant
w@iob/18378nd for recursive Render's of child noPEBUS2006/014713

Certain nodes performinput pulls or child renders at

di fferent parameter val ues. For exanple,

Mbti onPat h node (Section 4) eval uates |t‘§“°E‘fyrﬂ°Fkﬁ”‘li°nBZﬁ6°°3W01

across a range of paraneter values. In fact,

Mot i onPat h nodes entirely ignore render ... .
when spegigbiath SeBEBHAG t RHHIVY: BY ﬂsﬁel a&é‘? fﬁgﬂ%l Jifatipn, are
ci.al renderi ng optlons, such as tickertaping
enable @ecmfl}} gbpatl on, are enabled (Section 4.1.2). [0091]

[0091]The | %erﬁfﬂj@énc[@r heterd 68sigRAEe The Hevels-of-detail at which the
| evel s-of -detail at which the scene shoul d be
scene slendd bedenderedodn nuwms easestthisdofl yilhie useg ammedified as the lod for

ot S e 3 AP B orunciog b
- A Il
B e R T e T
over c@hlldh@i{,epl ovirdiagi fdbin Jedsadutaildde sandibeing] d)fedb]eda dbat are obt visually
objects that are not visually inpor

impor ?%ﬁdléfﬂé‘til@lﬁf’@g%d impge-| She fed e l%?cscﬂagﬂlnt by aiﬂﬂ grgater than unity
for theg% 2127% %zr:ogﬁl {]aﬁ ILlJ?niltfl%{ H{e el Egl?taﬁ}%é Yife %‘P?Aﬂ BP%S{ ?eceﬁﬁf selected

curren ecen

node. SRL@SGhEEC BOdthg eﬁl"ﬂﬁznﬁﬁl ﬁaﬁﬁ@ltéln@p ok ddven h@gelmalaﬁ@éﬁfblmed in
up or down is generally performed i n Model nodes

Model @wsde&: (@action 18183). Inaddditn tooautpmaag tseating dus knvisHal i@geortance

vi syal i nportanc user . focus

or useé?fawsc fhq yesgvery FaRIay BP0 E! i 3 fes TR pggte via an

applic\éja&a Qﬁal@%ph{e‘:%é&]@]d@ha&}a@@e i A& JONR A gﬁiidfﬁllé/ al @Ellﬂﬁenders from
use I nput pulls or child render om t hat node.

that nb8892] The F render paraneter designates a nunber of
render node settings. These settlngs control variou

[0092hspectBheof rander goppmpater em@na?@ iR ?fgrenﬁlébﬁ%‘?‘f%/ settings.

SETERO R A —
style g dﬁﬂfae%ﬁ“’ﬂe‘l‘et@ﬂ@df‘&ﬁmdlﬂ@%%@' réiidéﬁ style (b.gY aViréfrfi@e, hidden

ometry (e.g., local coordinate franes, normals,
line, Satr §leciede wovatth rsél,adeé);mptmmbm@ﬁ natve@ahﬂmgﬁm@y (e g., local
bones), and so fort The user may exg CL{mtIy overri

coor dg}@ye Epmes ﬁnq:rnéeg@tsu e-gHIVAtSEextig cg B?)qe§, ed}?mes, bones)
il
and s@ éa rt anTélef g?ecl)\é L EQEE& grdv%r ﬁg gﬁl ﬁﬂgéthgg. 5{;_ ﬁténolgie via an

om t at no
appliR&0ANE=ESg; has Mrﬁaﬁ@&t@ Q8 REQAbE Fehderdxd Efatahode and for child

render calls from that node. The ® parameter has no affect on exports to external
offline renderers.

[0093] Because the graph may contain cycles, we take care not to render
endlessly along a series of edges that lie in a cycle. Unchecked, such a cyclic traversal
would lead to an “infinite loop” or “infinite recursion” and a program crash. We guard
against this by raising an inRender marker flag in each node as it begins its render, and
lower the flag once it has completed its render. If a node receives a render message

while its inRender flag is raised, it knows the render occurred recursively via a cycle,
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offline renderers. [0093] Because the graph may
contain cycles, we take care not to render endl essly
w@bkonglasseri es of edges that lie in a cycle. PCT/US2006/014713
Unchecked such a cyclic traversal mould | ead to an
"infinite loop"” or "infinite recursion” and a program
crash. W guard against this by raising AfP"PHRERGE 270600Vl
mar ker flag in each node as |t begins its render, and
the flag once

lower t has leted it der. If ; .
and. it vl YBe e e SERRHE BT Wil to its

chlldléﬁ‘ r’ﬁ{lg‘ %j 'mblklg?gg\ﬁg tfl%o%ic?{aﬂﬁ%n %%g%gdggg%&f Y.gl t?6t1 ensuring

cycle- yﬂfétl%; df%tl Wpuledi ately fromthe recursive render
out traver3|n to its children. This is anal ogous
[0094} o t hélheeshan psonided ef theeatri i iopEt PHA sgeng Hasle isfle) Epﬁ@ltenated

rrons G SRR RS R ioe RS st SR BB shoua
be rerld&B&f OTHRL {0 leyalh{d%n (£sTHe teetétﬁz' BY thd e elRO iRtk edefines the
space in which that node shoul d be rendered. This is

coordalasospare wistinigtdeforgrthe aibrte afialtes anlycn:fets EVn geapl’ucs—state changes.
defines the cogrdinate space existin e node

The ciifprubowiyit 6peqifies Bikrrogrdipatecpase i whahaﬁa en ?Eé node exist, i.e.,
the pos%nt:}mD%E ﬂ%’e“§1BHE Zlﬁed%'lg Tﬁ[% ﬁ&?—cﬁﬁoc{f Ryeﬁ ﬁ(? P{ét ﬁﬁa’ L& of its

dren o e eXi gost - c mo

childr8RI®Iost ABled Go nbhB10ANFthe tod@linde gysfc@m fagehe yalueeat the ctm_in
pre-ctmof its childrén. Mdst nodes do not nodify the

of ﬂlew@nmap@ss?ylsmmgh nomogdified,tel chn_guttseechildpgn af %ﬁch nodes live

e TR B R TS A

system PAF ofie }h fraR80eRing Thensi@hMHEQHRS Egh § 'Hi’ddl{d/ chjfleout The
coordi nate system in some way transformng the matrix

generdleTwesforat motla aaccnplishesuthis Thesfpemetiah br mﬂﬁpkymgd@l@ ctm_in

| h th f

atri Anpih i F ARG} BT, il QRO the ctm_out

Subcld¥s QY bffn;gls'f&% p%&\%%lﬂcli] ﬁl&-lteogll &%1@%81% CO§HBES| ABHCxaMple, Rotate
ranst orm provitde hi eroi ev ranstf orm control S. r

nodesS%eTB kige ctRohagsec [fi&ﬂ&y fHeidlEef-RgleloN@AtEG ARSI 1foltaﬁ£brb1y1put Two
their Euler-angle or %uaternlon rotation input.

speciad mrhcblsse;»u bt Taassdermf ?rmca narfdb r]mltSB@ﬁ% §158A otoJ ®$Sﬁﬁ§ﬂe grdculated

serrblegrtlc ted h | §

hierasgiyi, emPTaaberad Lt SY B i Eaec T 2H6 AL, A deseribed
in moflegshibedeiibPigsdet ail in Section 1.18.3.

[0095] Several types of nodes exist to issue geometry to the graphics port. For
example, Surface nodes are used to draw subdivision surfaces. Other geometry nodes
produce primitives such as points, lines, ellipses, quadrics and text. In addition to
ctm_in and various node-specific inputs, most geometry nodes also possess a material
input. This accepts values of type material, which are generated by various kinds of
Material nodes. Basic Material nodes can be used to specify rendering state data such as
ambient, diffuse, specular and emissive colors and surface roughness. Material node
subclasses include Texture nodes for binding a texture image map, EnvironmentMap

nodes for binding a reflection map, FragmentProgram and VertexProgram nodes for
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[ 0095] Several types of nodes exist to issue geonetry
to the graphics port. For exanple, Surface nodes are
w@e®d/11308dr aw subdi vi si on surfaces. O her geonetT/¥S2006/014713
nodes produce primtives such as points, |ines,
el lipses, quadrics and text. In addition to ctmJ n and
various node-specific inputs, nmost geometiePePogedioal’Eg0swWol
possess a material input. This accepts val ues of type
material, which are _generated by vari i nds of .1
bindinga a4l HEERENtRARH v o AT aBANE L Shogler et fpr binding
eci render | 1 ' Lff e :
proce i3 shdd g 1A o, BiRaf FeRaGHED  Mp @I Fhltes e eS8iibed in
greatel\/_aéfa!ﬂiiﬁ'SeE‘@&iﬂ.&S’hC| asses include Texture nodes for

inding a texture inmage map, Environnent Map nodes for
[0096]i ndi dther rsethectadm tipgs eRrstgieesPREGyrthm eamera projection for
rendeny g o He g B e PR 0k, Sgvert noce ypes
i - tRGHRSs ERG et ABLRPIRIOLAEINBAN Parts).
ems’ct@ﬂgg{elggﬁ ?g?rég%?%?ﬂg ﬂg%f I i§8r1ce r%}ndserg{% l\(/at eri al ng1dg)s
[0097Fr e deleié hed sbvergl eptata]l Kieldaidf scenSeptplomatiesBardd one special
?0096] O her scene node types exist to, s

) . ) ) %eci &y the d
situationnéhad 1pedifsche aloveviewieiendgr texrrh rydclynosiy ag used to
stec SRR A0 A ! DBER e SPUREBL AP Butput. At
nodesAERGERNABAE +S BRIGF RN § VDGRl Sata RPadiedifRrent [f0R thatidiehe parent's

are several special kinds of scene graph nodes, and
ctm_oahe IsperseaKinentaiis i /8nsoleeh arodes dpoyidenhan ateyeatiyejpinitransform
render traversal. Switch nodes are used to sel ect )
evalugfigsh é“‘??i}ﬁmsﬁ} &n gt }“a‘mné’leetr% oupetiEd 2 gc}r?ngeﬁeg?ﬂv%d from the
irelt! s} ¢ : iR9865e AhdiAV¥aPhdiQH8n bR usual case of
desueggﬁ &ssit&\% ?ﬁ%ﬁmeglaceg%%t |1'r%g:ﬂzgs6 rlJa e d? ff elr er?t 1f rom-t haltlsu(?f caseo
end-effb@oP plogitions beihm dettrmined efos @ ald-kémemhatislly Krewl ther joint angles.
nodes provide an alternative g'.oi nt - t y ansf Olgtﬁn o
Subgraplainuersionris sechennative modithat wyerts the spppliie & o data from
| Qi Nt..i.S rived tfro [ L Lt No)ET . .
paren bt S {75 SEPGIE, SRRt i i Secion
1.17 —Uglj@'lanﬁ@% @{%?@m@fg@gct or position being determ ned
f orwar d- ki ﬁe icall'y fromthe joint angles. Subgraph
inversion is an alternative node that inverts the
1.10 Dstaal'ypeow of ctm data fromparent to child within a

| ocal subgraph. These special cases are discussed in

[oogsPect i oThdvdlde pRydiadddcat hapatioghir fbde gatput villbelatecof a number of
es .
data W%gs. Supported types include inf, scalar (floating point, aka real), point, vector,

covector (aka mormal), matrix, quaternion, curve, mesh, field, deformation (Section 1.18.2),
material (Section 1.18.4), image, char and string. Single- and multi-dimensional fixed-
bound arrays of these types may be used as well. Anticipating the modeling language
defined in Section 2, these may be instantiated as C-style arrays of fixed bound, for
example, “int[32]”, “scalar[5][6]”. A field is a parameterized type defined over a mesh;

for example, “field<normal>[m]” is a surface-normal field over mesh m.
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[0098] The val ue produced at a particul ar node out put
w Il be one of a nunber of data types. Supported types

w0 p@batzsT nt, scalar (floating point, aka real PCT/pSio0é/914713
vector, covector (fl/ca normal), matrix, quaternion,
curve, mesh, field, deformation (SectiongdmdBoddine.: 19766-003W01
material (Section 1.18.4), image, char and string.
Single- and nul ti-di nensional fixedbound arrays of

] lﬁ,\m may be used as well. Anticipating the
11 Ijrégggﬁ) g Fg‘nguage defined in Section 2, these may be
i nst i at ed - styl fi bound, f .
10085l 2941 £ B 48 (RO Byt 880k BEHR el Eve, a given
de iRBLARE %{E@ﬁg{%h dsN@th QY&hut &n sorfribte@4@MRl iput only if
node if I el danr I>[}r$jﬁﬁei asl surfat?g-no nmal C?‘li el d over 1mI':*)ic,lh e
the type Af tloe pejpiRankehedone of 36 By PE3:CEpted 1y Bod inportphitesnstyle of
[0099] While a particular node out put produces data of

polymprpphigaimsorggronds § JBat RbdBei hitit PHAgjARERESt laRgHags & which

func’cic,%r?:sgg"\say pb’:‘en 8?81%1@%&%13% ﬁ%%ﬁg?rgﬂg@iegﬁ%ﬁg?&%h é & Ltgggé, ybl,{tf function
overloA&ERyerbthivh @g@?i&ﬂ)‘ B is Tbt pesshiviedl. of pol ynor phi sm

corresponds hat” "of the C++ programmi ng | anguage,
in which functions may be overl oaded to accept
112 Impiats pnd Qatpwts er i nput types, but function
overl oading by return (output) type is not permtted.
[00100]. 12 [Bepty Aode dyfaudgtites cbARh iAPht v byutmadeabd, ypevhich incoming
defines certain input and output tabs, to which L
and oytgebig edgesntespaetiisin graydbrsoniestede cAnVBPY fRycapgunction in one
Ofﬂlreconnigst ed. An input tab can function in one of three
T088S5% 1. If there is an edge incident to the input,

1. Bt id aheedig?eowcide&t E&ﬂﬂﬁﬁ?ﬁg wdshyiielisp@t ischgnecpPpahd pulls at
result in pulls to the upstream node. 2.
Ahe armetresdt in pulbetotbe upragaspedef y an i nt er nal
expression for an input tab; pulls at that input
2. rigseinhtivelypitel wsat iy splecifyien éxtprieb siparssior fier &x predsalgrpulls at
| anguage 1's described in Section 2.2. 3. |If an inpuyt i
ithathpwoiesels tia e vatitativasoh tha exriesEen.e dtee@gprssiopdanguage is
Seé th node,.i s faul ted, and pulls of the input
ﬂa P WerSHPE A%l ue. Nodes provide standard defaul t
values for all their inputs, and users can, specif .
3. Jf epARpHt PenQfetonyested and has no internal expression, we say the node is

defaulted, and pulls of the input yield a default value. Nodes provide standard

default values for all their inputs, and users can specify alternative defaults.

[00101] Both input and output tabs possess a name that is unique among the
inputs and outputs of that node. Input tabs specify a list of one or more data types that
may be provided to that tab (by incoming edges, expressions, or custom defaults).

Output tabs specify the unique data type output at that tab.

1.13 Gain and Bias

[00102] The user may specify a bias and/or gain for any input or output. The

value at that input or output will be gain * original_value + bias. By default, gain = 1.0
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[00101] Both input and output tabs possess a nane that
IS unique anong the inputs and outputs of that node.

WO pat11378bs specify a list of one or nore dat aPCpPeEm06/014713
that may be provided to that tab (by incom ng edges,
expressions, or customdefaults). Qutput tabs specif
the unique data type output at that tab.APmePoeksiNg: Qﬁqg-omwm
Bi as [00102] The user may specify a bias and/ or gain
for anfy i nput_ or outdnk)ut. The_val ue at that input or

and bigaF PGkfonpealaiaryss anckowpugs. falen éﬂt?etype%}l%%aplgypm’fe values for

. default ain = 1 t . : - .
g oS5 R0 S8 PP RO Lo by BOFES P Phpcat
those 9@tBtrh¥RESriSen@RA! OFYdcalRiovadiHas hias agahinphd s@il@sor biases a

1ose F@?ﬁtypes forglvvhi ch%eggor%\égdpts of gain ang/ or bias
single arapmetigapBy ispedifyeng ghivse lHdj asamentpsitahe usghearestale or bias all

Speci fying gain qr. bi at an Jinput scal es or_biases g. .
edges LaTan e Hi S Wl desinesyas Fiogi PPy fhariopy Rathii P Apptication

ia a ‘N U ' 98Bl GANY BBecify gai

vin Y ppb e, 80 ] el 08y, SAUREISAK) Specity i
and bigk hédesdritedapsetitat 2.012 beléva "node i nspector” di al og

box, or the nodel definition code itself may specify

ain and bias as described in Section 2.1.2 bel ow
1.14 Integralsnagy Besivatiyeseri vatives [00103] Node out puts

can be integrated and differentiated with respect to
[00103pr amaflede toutplity candbs intdghated| tine| differeatidied, with respect to

integration qQver [tp,tb]. amounts to summ ng th
paramyeigrefin) Ferabades W‘ﬁgb opyaltihétash © q}eﬁo RGO, ‘,9"%% [t apounts to

summ?%g? Fc)lzé f_cq%%h')_:c_ay_}_(? zi%me%?%wée?f ]}Gg,,)( 5%(951_\/14115&) ,;)(% fed b s?_ep;‘%ﬂz?eﬁi =1/cn

Thatid+2 + + 11 "/ MQ ) =- SY, ' =K") where f(t) is
t he output value at paraneter t, y is the value stored

0 che line | i).1s the mappi ng function
dﬁs’pc@gééefl(b%\f:(%lf%?fgﬂJ%Jr%gﬁgﬁe nunber of cache
| irnes per unit change int . [00104] D ffM rentiating
at t involves taking the finite differénc at Mt).
Hi gher of défderi%abi V¢ wmy Y& Tddmuted by Gonpari ng
the derivatives at successive cache =MW
where £(¢) is the output value at parameter £, v is the value stored on cache line 7, M(f)
is the cache mapping function discussed previously and cr is the number of cache lines
per unit change in £.
[00104] Differentiating at t involves taking the finite difference at M(#). Higher-

order derivatives may be computed by comparing the derivatives at successive cache

slots. Thus:

d 1
-(Ef(t) ~ ]—1VM(1) =¢,Viyyp =¢, ((//M(I) - l//M([)_]), and
dk 1 . - ' k ; k
Wf(t) ~ WV;V,(,) =c,V' Y = c, Z(_l) (l-jl//M(t)—i ,
i=0

where V is the finite backward difference operator, and (!} is a binomial coefficient.
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slots. Thus: -/(0 ~ - VMv = ¢, WM) =C1( /M,} -
yM!>] ) , and where Vis the finite backward
walpdobarsre operator, and U is a binom al PCT/US2006/014713
coefficient.[00105] If sone of the referenced cache
[00105@' nespialind'8t 1 FFadYicsd Badhe IR A6 MR LreBUY | déan, nERY more
e inplicitly necessary. In sone cases it nay be o
Pull(t;)comeg tiedntplicitlymhedessry. &n porhe icadesiemeydiecconienignt to maintain a
_derivatives thenselves to facilitate fast ev%éu tionfl.1 .
multi-lite pacheeplotire flerErtiiest thgaselvep e g lt?é%g?%s%‘f fidion” of higher-
.o witten in our expression | anguage may reference the
order %fveatélygf" or derivative of any node output as descri bed
[00106]N SeEkpRAsidng writtdkbinShi@ Xpr&epedang@ibkOnhy Céfesmcatiny integral
édges wll follow a simlar routing between two nodes
or derigntige ofippsy nddmodipsit apdesfribgdiin Ssei®@yyés into a bus,
drawn as ‘a single thick edge, sinplifies display of
.he Pﬁggh. Creating a bus has no effect on the
1.15 Sigpa 89ty of the graph: the bussed edges continue
to function autononmously. 1.16 Transmtters and
[0010Tecei (¥ten paEOYOsigeanyilh&pllavs mnsimilas niouitig; brtwegn two nodes or

gl'oupgb%tr}tggc{egidn quir?gia?lgées%%eﬁcgﬁ)e:i%g$ a: Bud NG QHE Bt SRe lefick edge,

nputs.” For exanpl e,
simplih@dﬂ!p@agﬁ&f @l %Tﬁf)h.o CredtfeKa Bub hasifualffeyt e fimctionality of the
out goi ng edge 1o the paraneter input of every avar
graph:(the duSet édges contisud taafvarcior putonoarashi-t er nodes
"broadcast"” their input value on a naned channel. Any

nunber, of recgiver, nodes may "tune" to that channel by
1.16 ?F&Né,m%ﬁr%lar\fﬁkﬁﬁelf’ﬁ@ will produce the transnitted

val ue at their output. Functionally t'hils |é§ elguia/al*e Lo g
[00108]o an Astigher hamreon soptibutph e Mlnker i she stgplgged graph is the

ressi ons reference a b c imati
ot IB RS T o518 6 LB 3ok DBy g amimation
clock %gtds‘ﬁﬁﬁ_ Thadeald ohitébifs elok Redhkharuficadr M@yt of every avar (see
i nf or mat ?Ion and render “traversal are propagated
Sectiohd il d8ghawdi 2.3 x fFressiitnr gedesh” bragdensht Hiiethpiteirler enya named
several situations nodi fdyest he ysual,,

hai f
channgle p étye HEE1REA Pft egrier SX1des TR e T4 hie P atiegmg! Py dtme after

. from i i Ried¥NAECohgrAl ChaMRSIly this is
whichy {1} REHAOHEE pofiehy GRE O UTRRIC SUBRR, TaRally
equivalent to an edge that connects transmitter to receiver. Expressions may reference a

broadcast by name (see Section 2.2).

1.17 Dynamic Topology Changes

[00109] Sections 1.3 and 1.9 described the usual way information and render
traversal are propagated through our expression graph. As mentioned previously,
several situations modify the usual chain of dependence and traversal. Three such

situations result from special nodes that enable dynamic local changes to the effective
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graph topology. A fourth situation arises when a nodel

dynam cally changes its own root to be at a different
wmowe/ 11307 di scuss each of these four situati onBCHERN6/014713

1.17.1 Switches [00110] Switch nodes are used to

select anong nmultiple alternate sub-scenes, each

beneath a distinct CTM output. These nod&&meRpeidipe19766-003WO!

any nunber of CTM outs, and a scene node connect ed to

any of these outputs is consjdered ild", . bu .
graph iRyt hers |Slwm>n 3FiFSP Wﬁise atond SraEishly Shimass its own

of! | ue
root to Bg a Qaﬁﬁl&fﬂtﬁc?:ge g sgcugévj\% éﬁ?s%rf@% éellct:lt?dglo{r?% rl;)glo\{/\‘?.
traversal not graph evaluatlon That is, a push-dirty
1.17. 1Wskit¢iussh t hrough to all connected out puts, and a pul
fromany output pulls on the i nputs The val ue i nput

[0011 @‘ﬁ ce ptS@uch@ztﬁbdeFta?Lg Bked EB' 3633 IneV R lg" U Sle ZMi‘élma’ce sub-scenes, each

e- di mensi on arrays o I nt egers (or scal ars).
beneaflS¢ distingt @M obeputo Uhdeenddesthay hew aisy nintbeg ef C)F M\beats, and a
a single value is provided, only one output can
scene gadey eongectedt t@r@llyp%\ﬂmﬁe PR RS 5911%¢161\?§| yeshild”, but render

t he ple corre u
wraverfi ol G GlEpTRT Fet SEh TRRURoGDR B Lo e e output is
spec1fﬁ@leﬁ%fa' @ﬂuPYnﬁdﬁe PREGtAé fMAE lswiRASIHLY Giffedfs fenider @Rthersal, not
e anywhere fromone to an inpl enentati ondependent

glaphfevmhﬂitlsqmp él?halt iisriatpush-dietyeetlbpushathweuglh tn alfl cersngsted outputs, and
correspond to t i ndex,of an conny ect ed out

a pullefrercany, QPP H; @Q& R the iRy pﬁl %fm‘it 5P ot dfeger (or

scalalg%a e%daltlc? el cﬁﬁ{engﬁ)tl%? %ﬂ“(a.?.ls t(.ﬁ’rl ge%ggi‘ (S REARENT E(Sbeﬁ&‘l% will be

ynam ca ena and di sabl'e

roundehl t@&he alestdégfrﬂ;@%' r.) AN lexneaTpingleofaltib és plﬁ:efld)éd somily ohe output can
nodes to nodel if-then-else and nulti - 'SWi.te
be activpepled tisre Ews@w aTE @3y péé'ﬁ&lewcawféﬁ th%ff@@%?lecﬁ?rrespondmg

outp T e LRy FRCHEM Al it ookl AR SpL AR ghe voer

at mo?fé@-@@néﬂﬁcﬁrﬂﬁﬂ%nef ﬁﬂdlnrhﬁ‘ﬁtbeoﬁnﬁbﬁelﬁaﬁm ofie &b N0 hplementation-
his is useful for a nodel whHose frame-of -reference

dependﬁaan Giesd mipghes hiotit. Ao&ekfe;ktam:dlee that dode hobeorgespopd to the index of
sitting on a table m |cal be represented

any conesf ‘?‘FFQ“ES% ek @95%%15 - t abl eIO however, if

[0011 QL ch ar%h@l‘ies%ﬁ? 33en OWH]t oF d&fatt @@%1 Neernathee rgggl%ns or to

cup, we wou ke to represent the cup with
dynarhiallg eaablensé. cslanpacaddishbie (hide) a subgraph. An example of the use of

by

switch nodes to model if-then-else and multi-way “switch <selector> <cases>" constructs

is given in Section 2.1.9 — Conditional Execution.

1.17.2 Attaches

[00112] Attach nodes allow a node to exist within a coordinate space different
from that of the parent’s ctm_out. This is useful for a model whose frame-of-reference
changes mid-shot. For example, a model of a cup sitting on a table might logically be

represented within the coordinate space of the table; however, if a character picks up
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character's hand, so that the cup will follow novenent
of the hand. [00113] Attach nodes acconplish this by
wao ai06ng7sul tiple alternate CTMinputs and a paPCT/U$2006/014713
sel ector inputs, and providing a single ctnjput. One
sel ector input, sel_trnns, specifies which CTM

will be used for translation; the other s‘\étf”éeéf)&‘ike”e" 19766-003WO!
i nput, sel _rot, speci fies which CTM i nput will be used

f or rotat ation and rotation t he i nput
the cyfyve el CBour GRLT FHPGRRI R <OP; HURGH R FOSCR space of the
e not.ation are
R A A e A S R
[0011(31] m_ouAttauh piddes Scabaplisinehis Ianthlying speltiply @lternate CTM inputs
conponents of the input CTM s are discarded. [001 14] .
and as;w& pf selertpr inputsy ta@éhpmw@mac% esmée FiagutapPBenipigsser input,
sel tu? é?cgf@s V&HIE@I rtTI@Ie}Hpn angil BE'us ! tfbl ttf%%? é‘{l 1e .otlrlre[r selector

targe provrdes a sin
1nput[ Qfﬂbolﬂpe\fﬁiels avhitg @f VRgthudhaNDBs she f@@%ﬂh@ﬁt eT&Rakeion and
which its children exi'st, attaches do not nodify
ro’ca‘aoh of sheingpuy G sstre aepam@dl theelgh an kethoapenalizgstiontstep, then the

selectﬁét@gﬁwg a@gtag% W@nOdeﬁchggl T ci) ﬂg uni ggli?lbl%tp 0. ngnc{ provided at

the ct§‘?'ou¥ BH ta@%aﬁee's éeﬁlaxﬁ‘f R; e@tﬁ’vé FifGhefts of FAL &%
S t

roun I'ng sc e nearest I nt
d1sca1/&e‘dal ue |n [I .n] selects the correspondl ng target;
val ues outside [|..n] select the ctnn matrix. The

[00114der nBpecifisally, an afteelenodemesepise yaskablg member afipputs:

b | d d
ctm_ 0 Gy S Bl O, e L R T 000 16T e vt

andr;ﬂjﬂagghlsﬁﬁgmﬁm ofdescribes the nornmal chain of
dependence within an articul ated structure in which

[001 1(5&)or di Watile- theadwch chasgesr thatdoordinafesspspe i fvibéch s Chlldren exist,
es of s and/ or _bones and the positio f
attactiglo ot fikBha Sene St SRRGErOTel dhBeRErH dieffe gytach is the
node %BG\‘?@ernéﬁé Eﬂl LRess & 1ﬁgﬁ{ %%ﬂ-ﬂﬂe@é‘ of ’d'{enéé%ﬁ of the select01 knobs.
Ki nemati cs }% reverse process,
Sel_ti u&e and Cses_prﬁcacfcypﬁag dategpo i tscalar firoun V\&iue,hrcarmimg scalars to the
nputed joint/ bone transfornms to position the end

near eéif mé%ﬁeér valusringd. pj spdestytherosrgsppadingdargsy Yeugeeutside [1.n]
selectggle g{/n]i qugatggs% { &k S{{l&}? se%gl dAt mggél o%gﬂﬁgﬁ&{ LAk Mmy number

under-con
between zero and an implementation-dependent fixed upper limit.

eput CIM’s are

1.17.3 IK Solvers

[00116] Forward Kinematics (FK) describes the normal chain of dependence
within an articulated structure in which coordinate-space transformations are specified
at a series of joints and/or bones and the position of the end of the chain (the end
effector) is determined by concatenating these transformations. Inverse Kinematics (IK)
reverses this process, allowing the user to specify a goal position from which are

computed joint/bone transforms to position the end effector at (or as close as possible
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alternative nmethods exist to solve the | K problem
[001 17] We provide a general class of |IK solver nodes
W0 bab/1s39Bve i nverse kinematic problens. D fferket/Uus2006/014713
| K_sol vers inplenment different solutions, but all have
in conmon a series of transforminputs and
correspondi ng outputs, an enabl e input tASPORREENes!?766-003WO0l
fsel ecLi on between FK and | K operation node, and inputs
or the CTMs of the goal and the effecgtor. ecific
to) thgogear s Thiy Ctoéﬁkléutéflﬁ’é?maﬁp € SOVRE- \(F| NAQiERD i, &na many
nt e r lﬁgﬁ near est integer) enable
altem tn;e @Sglioggﬁ%%gégcﬂ‘ée a% fbp %egn] K sol ver is disabl ed,
[001179]nd t e @ﬂ&%@rgﬁlﬁ@d@asls fof @KIME@ hedi@vBiat solve inverse kinematic
forward-kinematically. \Wen the enable input is
pr oblegmae dDiffer elitteIK_z@lwal sisiplemsnt dléﬁer@ttéphihqlwd@}%tﬂl hét"ﬁfé§§0mm°n a
transfsgrm nod eg,i ﬁgome i nver seki nem
o8

series 5 FRURERI RPG 00 < AFEPHAHAB ELGR eI ERaHsha gnables
selecﬁSﬂ%e@v%eéH FR Jrfc?ﬂ@ﬁ%el a@iBﬁHﬁ@de %ﬁdeﬁﬁgﬁ’%' Br ke €T f ltl%e gozzl and

own in i s node can et up to control
the effédiore 6peoifntsomm may Thke btlemshpunimais vpell. sWhe:gI the fimteger (01 scalar,

in 3 are driven by the forwardkinematic conty ol ra h
roundpd fotneasest infeser)] e snpurtrﬂé 768 PEISERETS §ﬁ%§{< disabled,

and thg;“g %]ll}]SfOI% Lofes ﬁlﬂtl{v% %ﬁaﬁ Ve ic a@%}c? ﬂn{e?neh‘nﬁllgf N1y £ {Hg%ﬁble input

ree joln onnect

is g1e§t@1 'ﬁlﬁn L& oS t035'“f69 séaf inpthe), deak tdiirn fodenbeaird inverse-
to the ctm out of the target node. The effector i nput

1<1nemascconnect ed to the ctmout of the chain end- effector
var

B TR R
lengthtsh‘;:‘fhltJ Qgﬁﬁ?@% %cﬁ{/&eﬂ shOWH 1'naﬂgSP aghis Nl taBdeR u'psto control a

| ess-t han for a scalar input),
three jomt tlﬁhu'zl el tiamsorat enpas s&dl tihr Huigh3 Lmlﬁnii‘u\femebytthe forwald—

out |, out 2, and outJi, respectively n enable is
kinemgiie C cgn@ at giaphppr hess three ioinfs) (Hhe @6%@1?%16 g SHEPHP ALL out 2,

o3 o GRI9H bl Bl R 0, I P g

to an ?N/QK' é%ﬁtél‘ﬁl‘y{g cliial Qh@' all Gipark € E&ﬁlécfe%h&f ﬂfen@thf_lpwi 6f the target
or it may use the transforminputs as soft constraints

node. a’ﬁlde gfetionpiputds nomentqcbtoemeatnmmtwéélme ¢lraan @ﬁénﬁf@cmawde The

mput ed out The_sol.ver aI |
swing GEEREAS AOTUFUER o KD T SHEGE & ohr Qlaﬁbéﬁ@gﬁoa@emﬂ"e K
2/ 6 Q4 tfort §Hce. Wkh R3S €170 for Tess-th
SOluhéltstlaS% \%}CO%I %1]‘-\%{% cuﬁl arle%cgne grlap?] nod des, for less-than
0.5 fosal scalas 1dpuf)pin Uake 23 &idMin_13paite pm;decﬂmhuw@hpmmodfﬁeai to out_1,
CTM out put and t hus
out_2, and out_3, respectively. When enable is set greater than 0.5, internally computed
transforms are provided at the out 1, out 2, and ouf_3 outputs. Depending on the
algorithm used in this solver, the IK solution may completely ignore the transform
inputs, or it may use the transform inputs as soft constraints and attempt to minimize
error between the inputs and computed outputs. The solver algorithms we employ are

standard, widely known methods.
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are not scene graph nodes but rather are part of the

non-scene expression graph. [00120] The I K solvers we
w@e@eiitlssuse one of several techniques. Cycli cPCT/US2006/014713

coordi nate descent (CCD) takes advantage of our

ability to quickly re-evaluate a small nunmber of

outputs following a |ocalized invalidati 6ffmepRegst No: 19766-003WO1

dirty) in the upstream graph. W visit each

[0011g]$?r;e?\%§;|t§ié’? 2%33@}%éﬁﬂa??a?v%a%#a{e?,ib%ﬁaéﬁéwﬁn?ﬁh%‘fq frene graph
nodes :lg ﬁ&&%%r g%gé fadilr‘]lglh 111)?%2?'1% d\rgglg(?ctr}n%@ydet aog%ful Bﬁ{put and thus

are not §‘é’étn@tg1 ¥Fh 96@5159@1& rafhdrhge pr@bof E{Bild?ﬂls&enb @Qpﬂé@sibhfgl epll
fector. Iterating on this process brings the

[0012@]r f ectThe Hosdlhersgompravide tis¢ ene ehaqvamléec avguest r@icknegrdinate

f
descont e AT > bR %ﬂi@%ﬁw Rtisklr i cerliette eyl pymber o
outprs AR e L by d e R R TR0 il UPriti @Bt We visi

each cfé@i@enéif-ﬁ@ed@nt(h@ avdrf et e dlatin one af aaimenghkingzm adjlustment to
It gives the partial derivatives_indicating how the
that aeardodfringthereng effectasdpwinids degpal;whish wgaé/stq afljpgfeach avar may

trol Invetln e cobi a
be fordRh e BRAGL Marer WBb eitbanae & Hectr oElrifig on the
end eff&ﬁogoﬁjera &V%Stﬂigce@%ﬁig@r’m@ RE¥CtoS o Thé ?obloffﬁl{ 1syseachable,
make onl changes, then reconpute the

and sh]@tcl@ésl thn efﬁecﬂoh euh’enwam’la theygoadti ibis mrideadhablt e. The
Jacobi an for a |ven node may b

f . b . .
[0012?1] ('t o BRI A B ﬁ?ﬂi“?ué% thse BeppiBBplb iR fginkage at
the cul rent }_?élxﬁ%jacobl 1Magolﬁ9 n'tﬁgt m\’ﬁ@ﬂdl?ﬁelﬁsid}gllt Qﬁensmn to the

an ‘acr oss he ent age 1s

differ éf&@o‘hn@ﬂ 4 siﬂ% &IShiTEblES 1t giveaahe puatialdighvatived i]fﬁdleiﬁlhgﬂ‘low the
and observe e resulting changes (deltas) in the end
end eﬁecttex; woll resprossletoganall shangeisti tia Vgﬁg, certzplayarpr Byjegdng Hee Jacobian

s GO SEnbR FR5GE ARTChtyd e R BBSET P BTe gom

Becaub@’ﬂ’f‘éfac&ﬁﬁn%%pg' Wlid 1BEalWE WSRiaRe Bﬁ%ﬂﬁﬁalﬂ BH:Q{ thEthcompute
Jacobi an transpose netho "avoi ds thé ( pseudo-

the ]ad:cb’bi&m m e stve porfygwrating aadstemqltlee Thafadokiary fan ggiven node may be
Users are free to i t their
foundyly VrAreSRHGE PREC BTERHA® SIBBIDE Uy ST b Jigwever, a more

o0 e R 95 R M B ek, SRl oo ke omat

adjustth@{t8 k6 BYCH Avar @égié\e-bﬁﬁﬁéld@hte@fdl&sw@ fhedestilhiaiy changes (deltas)
inverts the usual flow of

in the end effector. These deltas, suitably scaled, provide the content of the Jacobian

matrix for the current linkage configuration. In general, we will not be able to invert the

Jacobian, so we use a pseudo-inverse. The Jacobian transpose method avoids the

(pseudo-) inversion step by using a simple matrix transpose.

[00122] Users are free to implement their own IK solvers using the External node

plug-in interface described in Section 1.18.6.
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CTM data fromparent to child within a | ocal subgraph.

This occurs when the user specifies that a different
woeee/1vd78hi n a gi ven subgraph shoul d be used aBCT/li82006/014713
root of that subgraph. This has the effect of flipping

edges along the path fromold root to new root.

[00124] Figs. 3a and 3b are exanpl es of HIPBFAPEHo-: 19766-003WOI
i nversion via subtree re-rooting. For clarity, only

ctmin and ctnjout connections are shown. In Fig. 3a,

1.17.4 t Héerarclyy Anversionsee is rooted at A In Fig. 3b, the
subtree below Ais re-rooted at J, and the edges al ong
[00123]at thiéEuFdz]/ ihesreiof ée an fdlteppetieambdehibat ivwrtsnidecayal flow of

incident to A has _been routed to / . _ Th raph above
CTM dlatafriemf pateat| to chidd asithipea legal sybgark- niw%n%ggﬁsg@’, hER fhe user
.l nyert Hi.erarch . N0 . H\4E. 16
specifigy Bt a iR NS e i hm A o, SRR Bnhd HeBEB R b 1By of tha
subgre{éﬂ'@ntl"h_fsyhaﬁgﬂﬁa&tbc@ o tlipging’ @nderaléigves path frBaf olderoot to new
ach tinme the applicationinitiates a render, it
root. increnents the value of this serial nunber. Wen a

ode that .is [ t ' t.he | L Hi .
001200 S5t oSS R R A B Efooring
For cl%fitya%n%}p\éﬁﬂiﬁdm@ chl{? ﬁi“ EbASe tibfs GYE KRBT R8Ty, BRS $hdYriginal

rarsing an tnverte ‘fo ag and recordi ng the serial
subtreBUsrbesteafattheip@5s 3batit subtidecrelpwss ésrd-moted bt fraadcthe edges

to its parent. A node that is inverted in the curre
along pads A-C-le] hawadepmfkpped) apd; the dncagning edgforsidgry to A'has been

] vertH erarc ssages. ce a node has been
1outeciMrﬁgog,lagﬁggé‘d%gr{?u%gﬁ%%? 's Wi thin the same pass are
[00125] at 8fcasubANE! 4 Ew SRERILS, IndeerHidrarthy ehhetoded@aX pass and
I's rendered, it propagates the render not onlg to all
X

receivet Thehipiplicatiorh progrhsomaintains apgeriehnunties vadguely jdertiying each
i nRender nechani s described in Secti]?n 1. 9i1§ .event s

distingtn gerRIsR dERVPRIm r Be{FSs o€t BRI G SBRECHREY Tfgalest ¢ ggnder, it
increngs%r?t? e t}m;e%ri%l Bgﬁqfeﬁ‘ o h&L G orRANAPIs Bot inverted receives

erent pass, the node lowers iIts inverted flag and
the InveRERESrE16F Rbddge, {t 026 lanTatdrnalardtation dealit isiparaofodry inverted
~ the user specifies the node at the top of that ) .
chain HiugingrtbRyuitsotieenaler pass B raigaga ag e AR iSO ging the serial

bec the new.acting roo ) Rl o d i
oSBT, 1% RSY PERADRL BP0 bR b0 4 e s
inverte§ TR the | ARk §rhs ML LTRRYinba e aidNa) willighbrOAFV\Av drekierarchy

node maintains a l'ist of inversions that initiate at
messdghat Omude. node RagbeerBmvaridd 3gybsequent Render's within the same pass
are treated as inverted renders. When an inverted node X is rendered, it propagates the
render not only to all its children but also to its parent. The anti-cycling inRender
mechanism described in Section 1.9 prevents the Render from recursively being sent
back to X from its children. When a Render is received for a different pass, the node
lowers its inverted flag and renders normally.

[00126] To invert a local hierarchy, the user specifies the node at the top of that
hierarchy (node A in Figs. 3a and 3b), the node to become the new acting root (J in the

Figs.), and the animation time range over which the hierarchy should remain inverted.
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node Awill record internally that within the interval
[twQerbt,vstore] the subtree (properly, subgraph,

W@ 2613787 may contain cycles) below it is re-rpoL/Es2086/014713
node / . Wen A receives a Render at a paraneter val ue
inthis interval, it will first raise its inRender
flag (Section 1.9) and then will send | n¢#merpasiediog Hyj66-003WOl
to / and by induction to F and C. Awll then pass the
Render to /, which will recursively r

nder F and_ C
Each pegrinintginsiy lighef inversiong that inisiateat tilap@ﬁe@r % g9, 8a and 3b,

node %g}/v&}éf\//wéerclnd Hie 1|11I%11kt 1%%@{%6&@ lrﬁteeggl ﬂ;gae; r{, cshn i) dél%*}t ﬂ}ra]roperly,

subgréph, \WheR if rrfa?'tdéhfh‘in Ey @) RNAe it i8 ge-rdbtwd ht n@cﬂ@}‘: e8thewiA Feceives a
rendering i and then wll recurse over all its

Rendehatl edp@mn@eqt@ep@lu@ 111tth1atmt@valo¢gwlmm(q r@se g gqlieqdez\/\ﬂ@g (Section
he inv

15 S B BB SR S bSO i e
pass tﬁé‘g{% er & £ ﬁmcﬁ %ﬁqecﬁﬂaﬁ;e } fendlek Flahido@ é aPKap, Ht E‘M M. Awil

ecome ctn out, and Vice versa. nder1 ng
receivg @ORehdgr vohd Cslﬁutl x|v111 prereltdowaise AfseinRerder tisne auﬁed Hmweve1 A
node; however in this case the‘ﬁre ctmfirst need

will ngte ﬂﬁ‘ﬁpﬁt%l"feﬁ‘oﬂﬁetlﬁ@%sffo@t% ben i/ ggyrng grom ren elmgf A will
ransf aorm. es hi n e

pr oce%#J ml‘gutel 81 g d sol;ii and tf1 §v1f|1 n%//Cngl%[ gvér.lrJazltn%%%?}rgrﬁlg ggé%%t C, thatis,

Ovelgggd@ost ctmfromthe ctmout "input" is nultiplied by

the matrix inverse of the xforminput and the
[00127ksul tWingnpreedetng hta podviodethednverted path from: }ptsptA the behavior

o LSS ARl (o e S SePNST o i
had b¥idthd! 'CB%_OCE 91 bice vdy Ez? R@g&éﬁl[l %P%T&ﬂgﬁ‘* V{?ﬂltstﬂptél&éeplace in the

rnverte I S unchange H er ar chy

pre- cthﬂMBElfd Mﬂdf&ﬁbm@zeﬂ sechivhase the pmeicomtfiohnéalsktodsd ¢c3n1f>mlred from
an inverted view of a npdel hierarchy. For exanple
the paskarac fer invgitidneprbyranséorar Rodeso Hia vabues JPW%W%@‘G ctn_out

to thel gt o Bl oo P bokPorg ol LALPRL impu i
multiShQP Wyl GhdtmHhixt Btersch@F aRE SFfom |1h whandceies @eslﬂlﬁing pre-ctm is
entiré body to swing relative to her stationary

provifled earthe ctatinéoutprat. tﬁblsmevieasetwﬁ}e ammlr(uontmwnh@%) behavior of

Trans: ?rggtpﬁest, hvgh@g?G@lfgay \é\?l abgieé'};; Nﬁo)éi ogl C%li(l)i?pgl ' ['Jg\gelbe%lavmr of
noded 1A% the Qﬁlzéigécpgath is unchanged.

[00128] Hierarchy inversion may be used when an animation task calls for an
inverted view of a model hierarchy. For example, a character hanging by the arm from
a tree limb may be animated relative to a model root in her hand rather than the usual
model root at her pelvis. Bending the elbow joint of that character will then cause her
entire body to swing relative to her stationary forearm, rather than the other way

around.
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paranmeter drivers, constants, file readers and avars.

Many ot her node types exist that process this data,
W@erboratsng cal cul ations, generating other dateCT/E82906/014713
p{OQUCIn? t he geonetry, lighting and shadi ng t hat
ultimately is rendered in the 3-D view w ndow. r
descri be each major categoiy of node angtt&i‘vg%ﬁcﬁgw\é@%wm
of each. 1.18.1 Data Sources [00130] Paraneter drivers

such as cl ocks, have already been nentioned. Such
118 ExpyessipmMNodes i nputs (or optionally min/max range
i nputs) and only a single output. They nay be
[001293 onf | Patedni theegrralhl prigmages Jrophefevexalt types @f epodespencluding
val ue range. For _.cl ocks, the rate at whjich .
parameleg A DR P Br BTy TS RS TG ARG st that
procesd sy B B e e P e the
geome8iy iditingrarsi siglding teppeltin{atblyt isi renderedripntvet 2® biew window,
sone fixed stepsize) forwards or backwards. Noqfclock
Here wradeaetibe eady mpiarsatdsesy obrgdeoynst g¥s r%a‘ﬁé’?eéd%teéi: 1r ange,
but conceptually they take on all values in that range

imul taneously. In practice, they return zero in
13851§@gﬁb§ggﬂﬁﬁ a pull for klnputParam and otherw se take

on what ever specific val ue s pulled, cl ed W thin
[0013Ginel  Pareoaed AT, b o0 BEYE FieBE AR ap goned. Such
not her. node, ty | ' ' .
node FRFA ST A G M0l SEEY e TR T pnd 288 ke utput
They %@} Use &Ctlﬁi%lﬁé@ iRty tol hery eleite oirgpus aiver mbarenedliyy rhoge. For
the node at nodel -construction tine. They have a
clocksstheghte atavbishoirepyery inefterotied juemallyHertae jagpfigation’s notion of
y conceptual _difference between providi A v .
w3 B, e FDSEs B SE et oL M prgn i o o o
faster-H{MReal Bnfe SPEKIARY: fAGR-stépphd (HhaF 88t i_n%i*éﬂd@dt'b@nlgy sefiee fixed
or the other met hod may be re convenient. [00132]
stepsidd) [ferwerties:s barlavaidai | Idontchockopetaete, ddyeeptisq Haty over some
rather than their val ue bejng set inter gljc L 1t.is
parametidange it cansiptralbetheytage pa ‘faé“‘%sa}ﬂeg a ffyﬁlﬁgs sjtptigneously.
stri desj.anat i ] i ' .
i o, e GRACAETA R UL LN, it e
on whiltdveeEpatifid yHes wals gulleds clagip@dsoitkinthyir hiloeredddnge, chay.
inputs for configuring inport options or additional
[0013tut putGorstws diregnetter acdaftyperatischelipse pligs, gpmgnts have

N N

set int@ﬂgally to the node at model-construction time. They have a single value output,

and no inputs. There is no conceptual difference between providing a constant-valued
input expression or connecting an input to a constant node. In different situations, one
or the other method may be more convenient.

[00132] File readers are similar to constants, except that rather than their value
being set internally, it is read from a disk file. File readers take a file input string
designating the file path and provide a value output. Various file readers are available
for reading different types of files, and some may have additional inputs for

configuring import options or additional outputs providing extra information about the
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several other formats. This reader has an objects
i nput accepting a string giving names of objects to be
wo emd/11318t hat file; if no value (or a NULL val Re)/usz06/014713
provided, all objects in the file will be inported.
Q her inputs control the assenbly of meshes frq thg
BJ data, for exanple, by specifying a ¢ HiPag gy No- 19766-003WOl
di hedral angle at which a hard edge (two distinct face
nor mal s) shoul d be |agi¢rod ced

data xapeREE B Yo BEReH RO S s P 5 AL PR Ayt OB and

L T

of ob]éc%%@lj&eﬁﬂﬁﬁ&hﬁ&ﬂeﬁf nayalud (@BQQQULQNEIH{Q)IIHPI oxddeésyll ob]ects in
audi o, notion-capture data, and so for 001 3;
the filaweillsheaimeportierbs Cither ingoits eepspldthecsgem i)b’uPél hes from the OBJ

data, f\éi’j1 ‘rekaarglgf > ﬂag(fsp%lg}x&}élﬂgé%@u ﬁ%%)lﬁl dﬁbecfé Isalﬁe at V\%&P ¥ had (edge (two

dlsnnczﬁ\{&e ﬁBﬂﬁQfs? sﬂQHfdnﬁe iRfrodh &Rl gat hi%@hﬁﬁﬁn@l’sﬂ'p dher MeshReader
I mat 1 on -40, August 1990. Exanpl es of

provideétd endsht ed amayl cafoheshesr &t s antict duput, hplus sarh abyedds_read output

Oper ator m t want to var
giingheamerer of Sranbes taron MG e fien it istPr daading numerical

arr aysdlir?i%eis{a?u%&"[%%r i&d alt (y?nét{bqlu&;?tﬁ\fg &-&a,%d £6rEONES

fom he dba ani mat | node; an

[00133]0veIr ASls drBRdek ochai komeapopir tolangruldted datrimbdest ad defined in
t'he avar; and"val ue" and "sol 0" outputs. The val ue
W.T. RedvpsitE. §| Wstbyt med\&l. defflere The wieny g;@é@lzngnarglt ARELIQTH Efgironment,

fourn 3 TEL Gt Bl s B st 208 MEsamples

of ar ug{é%?él%g ﬁglgall)l@%%éhﬁ{htg’es th@Pd Qﬂj]mzﬁ'ﬁ ofl&@6sr B@htl Want to vary over

. ars are a tenpl ated node type and can
time bihet apirhatesdt Talueafty waharecibylpepdrameisri dtivenr t g‘lhﬁy have a

asi ¢ mat hemati cal operations are _define
paranfeterrvalue anpit, velneh qisaeldy fpess KseHy diom sﬂqte @Y%éal @leahon clock
parti cuI r,, vaI t p
R o I e o
“solo’f 'éﬁ%lit@n Ohe thBuP u@pUl BREE . th@h\ealﬁel rtht i onar dekeni lohl anthe input

is conplex and is described in detail in Section
paranikter (winat Henpulfis nt klrmut}’mm)rm afdthe papEngter é"Equested by a pull.
ynam c, oce | ed and stochastic
Thes‘ﬁ@r?b‘&ﬂ‘é"rff"ésc‘\*ﬁ%e 1@@%?’? " conponents of an avar, if

[0013&;[‘% °KS d@%{ﬁﬂéﬁ%@écﬁeﬁ aey, %%héaﬂeen@nqjlﬂeaadma&grpe and can be

ynom al curves, or splines, wth
instan®a@&d ffcyﬂ agy thtuy aypre fat m@mlt cetdiar Basio mvél;zerD@tmétomaﬁons are

defmeld97X6/\?e gggg’%und scalar- and quaternion-typed avars to be of particular value,
but other types are possible as well.

[00135] The value output of an avar is a function of the param input. The function
definition is complex and is described in detail in Section 5. The function definition
may include kinematic, dynamic, procedural, sampled and stochastic components. The

kinematic components of an avar, if any, are defined by parameterized one-dimensional

piecwise-polynomial curves, or splines, with knots specifying the value at particular
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paranmeters along the spline. The form and
specification of these splines are described in
w@Ee@bila182. 3. [ 00136] The application keeps treckUS 006014713

user-specified current mani pul ati on node. Nhnipulation

nodes correspond to conmon nodalities of [ %

for exanple, translation, rotation, scal ’ém éj??g(et

squash{] st ret ch rresh def or mat i on, gl obal defornation,

etc. The rs at gi ven_.no t are..those
paramaiesh Sl GiRR B8, (0 TP TOLFPeRcARRIC! QureEPUEe dip described
inSectIiJn{TEzS as reI evant to the current mani pul ati on node,

hat are within a subgraph driving any input

[0013@]ot hel’l‘hﬁah@plﬁhﬁmm)keép\s trhek Oﬂarlﬁet-lspecsfeédacmedztsnmwlatzon mode.

graph node or nodes. Active knots are knots in the
Mampat&auqremoageze rcov@é@orsbtq remusn podalideset magipiafient ﬁ%texampler

] ked and 0 be t

R v A SRS e ST

deforr&itry e@cf TIQ@ nGeTBRG | f aRGdiVen RRAReRNe theseabilary Besignated (by
avars. We also indicate fn-camera which active avars

the uspaemadti-snsknetion dimd) e relelvet @dhmgml?@nt mmpudﬁbols mode, and
(see Sectlon41fl)30r current mslf no pat.,h
) !;

766 003WOI

that o éV%]éiI“eétsé@SrT gf]mg R o gp g 1")16%1?11@ currently
selecte en M % %t 18 ok Y teAEt%tkntoﬂ"eaﬁC flc\/ 1ﬁvﬂ‘1re é&lvtehﬁym (see
€ r oo

“jornt"™ node o

Sec’c1oﬁ‘5§j et theTsf&ﬁVM ﬁbhl@%@@éﬁ e&ﬁ@cbﬂlk@dtahd fve&r o berrﬁimpluhaded: Beetion 5.3).
that this avar has a knot at the current frane (frane

[0013%kr 0) .Welpeoyislel awintramerdindicating afdhe mrrpﬁ&tcrf the C’I‘Ji“aﬂli‘ély active

mode 594 98 S B S RO e R R S SG e acive

knots laﬁ”dg@ sdibaE gﬂb‘ﬁ&?@aﬂﬁmbt@ thesd @Rrs. 1806t cG@ERErafie if no path
the view. were a d|t|onal avars actlve t hey

knots windeledv&l.l i sted to the right of the vvord "rot", .and
ach woul d have a §el | ow box around it

[0013|§h at_dvdberairiel Rhte Aoy ety S ek avar i
u U QL "l
the raf‘t eaé og @{Tﬁ? dlrh%t Hgf’nlt’?{’lo{l? B¢ H} : f/IgdHa\r/%rggélhvﬁwkﬁé?)gv g{)@‘é'fbund the

word FEeiTBndfhess thht @ik uvePiBs adirotat avacsrrbadfrknet Erahe zero). The
frane zero it would be drawn with a dashed |i ne.

yellovy dgageid bn the motik@bpatit é@mq Frap cORBrmS ge e@&t&lﬂcq @f a knot there
ooty DBt P OB LK, kPl er 0
the 1oWRk r&% €0rile? of the view. If there were additional avars active, they would be
listed to the right of the word “rot”, and each would have a yellow box around it if and
only if that avar had a knot at frame zero. The box around the large frame number at
the bottom right would be drawn with a solid line if all active avars had knots at frame
zero; if only some active avars had knots at frame zero it would be drawn with a dashed
line.

[00139] In Fig. 10b, we see that the “rot” avar is still active, but that it does not
have a knot at the current frame (frame nine) because the word “rot” is ’not boxed in

yellow. Similarly, we note there is no yellow diamond on the motion path at frame
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yellow. Simlarly, we note there is no yellow di anond
on the notion path at franeAttorney Docket No.:
wa200661088WOL ni ne, and the | arge frane nunberPCBUSHEDG6/014713
the bottomright of the view has no box around it.
[00140] Each avar is internally configured at
nodel - construction time to have sone def AfPtPoggINge!9766-003WO!
which is the value that avar takes on when it has no
. animation (i.e., no notion hannelsi i p.an eﬁableq% d
nine, angl e lpugedrazae pugiper) 9" afiheoottomstight ﬂ‘@dﬁ%‘@ 3P RG GReroun
. preferred display format for avar data may be
it e !
speci fied, such as the unit of measurenment (e.g.,
[001407ET er Facki w218 NBiters el l’t@ﬁﬁgﬁﬁ@{i ahsmoddgoastsiction ime to have
I'Tnearity (linear vs. logarithmc), and scale. An avar _
some crefputivadiih avlichis Geredue thahaver akespn svied ibbaphe apangdon (e,

rang i.e.,. hard ljmit anpd referred range.(so e
om0 8% b BY s B BSE! B SR AR Wcerming
the pfe@&*ré’cY is]%ltagefofrmap Ubr tREY A4 rﬁﬁy Beesp&ified, 0§u®X 88Mhe, unit of

to guide onstrained optim zation solver running in
meastaeghepe idenmatede kivgmms seermibs, radieps)t degrees), heartgeflinear vs.

can optionally set direct nmanipul ation coptrols

. . (see
logaritjnich anst seade. b oAy at Bayealpe be reshfquBars Ahyallovest output
scal af. avars,. t- hard=lim cirfLed.
e 0 AN TR LD el Bt h s o no
affect 89 EvalafGolof thd AvirtifseB! Bu@eh eRee ddeeiddasoraxaatplayto guide a
of unit quaternions demarcating a convex "spherica
constipiieylgaptimization séliveh 1meizg ain maydepsudent g@relorTRe external
user ¢ enabl e a Hol d, Poses de .in,which al ) )
compyiagen,, iﬁ]?iuﬁ‘@r %?gh(a}ailyegggﬁgs&oéaa%u%wbigqgnﬁ?&,(see Manipulators
| | inhi®Y Sfor QB4 _hRgURrallichf98R specified
lowFROLBRBEFL L, PURR Lok pS0Ul 349704, KSR A 98 poi
as mirded i endayeximuthivaliss Fohquatefsioh avhrsasofestridnigard-limits are each

_nmovenent between active knots. \Wen playing the Y
specifiedi amenoirra of Wnit gpaiernigns dgerreading @ JRYEX ¢ Aehaiah@olygon
s el nts junp discontinuously to the positions and
Wlﬂm%f’vg{{‘gl ﬁﬁé{ﬁ%&%ﬁn@mt ake at that time, and otherw se
[00144’12 NOtTHEOY S M eAGBIRMPHbIF Pobdinsodkyirswhidhi dltiiegy drping avars are
the

out put val ue of the global animation clock the )
evaluktedtastthoeglh thdgi mntaihledliawemhyegomlyategpqddﬁnqtg apghage times at

NI TN =R S -
move{}}%gl:t r%e%eéﬁ‘l Q?cuys;é: RAG %’eﬂ%;slﬁﬁﬁ &b himhASY iMithls HOWE, at each

own val ue out puts constant’ except when the
activeARhdBtHeOstene elements jump discontinuously to the positions and state they

normally take at that time, and otherwise do not move. We accomplish this by
substituting for the output value of the global animation clock the knot time fjeis of the
last active knot prior to or at the true animation time. Since time-varying avars use this
output value as their param input, in response to pulls at kInputParam during
rendering, they will hold their own value outputs constant except when the animation
time £iow passes the next active knot time #uext_notd; then tyeis will update to tuext ot , and all

the avars will jump to the output state at the new e .
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time tnoiupasses the next active knot tinme t nextj id,
thent ]Kid will update to tnextjwid , and all the
wW@r@ra13m81 1 junp to the output state at the neRCT/US2006/014713
hel dAt t or ney Docket No.: 19766-003WOl 1.18.2 Qperators
[00142] Operators produce an output that is
functional |y dependent on some nunber of AfoHfRogket Neg}766-003WOl
exanpl e, basic operators include the polynorphically
typed nodes Multiply and Add. These are actually
§@f*&nce wrappers around a general Conpute node
t hat takes an arbitrary nunber of inputs and_ a
[00142)ser - Prsvaters dpraduicA Rt iRtk phats ise functigpalily rdapesdentyeon some

function,on the i.npuf [OVi

eval uat e t ; ) aps,an |
b B Fler T PG Bt CaB e pretl BB RSl weed
nodes']ﬁuﬁ%ﬂ?rdlﬂﬁﬁdﬂn IREE 280 adrudllp cofr BREN@ORYAIPLH@found a general
wr apper's 1 nclude Translation, Rotation and Scal i ng,

Computei rohle thiee tadea haarbitipuy siufdrer o inydts and mxdsey-previdad string that
sx/ syl sz, respectively, and produce transformation .
expressg pome GppIT: PonLvRIfatedissioeion gp dhe ktidaboan geyide the
. for i i ng-dynam ¢ ' i .
st 00U QLS NGRS oA} BRSLER 215, Ot
convefiRhaé wiaPppoecirictilel TiahisBatigh) R dehltidaehud rsenBngr whivhdeske scalar

. that conpute some point-val ued function of points. i

inputsThert £i/ky/tza rey/or modl wxgves sespectieelyunnei piedyce & fignsformation
tr.I\/bshu?rgfornevs apply this function across the vertices

matrogeutpipsh, usual [y in sone |ocal coordinate franme, for

[0014§_Ea”p|1?6 S@{&?Q%r@ dbRRe nbH&der Phtrbflud@ng dynamic changes in

rface-relative fashion. Spatial defonners, “or gl obal

graphdepology is suppit pf iheirse Kinamntion HieyarbidesailedposietaibisSection
in global or Iocal space. Both types of deforners
117.3accept a nmesh_in input mesh or point array. The only

[0014Jtiﬁg|t | %\A%ﬁ)ﬁ%’zgtggeﬁﬁ %%td\é@%?ata g;lﬂilﬁg 45 ggéiﬂ v?lglfﬁgrfﬁ%t?oﬂ df points.

€ each accep I Ona ran_e

That i5,Nd éfelmbPexprassed eho fuitiofp' EAS) iMbsh ddfermapapply this function
paranmeters of mesh defornmers are point-w se fields
acrosst fret varbinéopfratmesth aisialy tin weste, loghli ¢aprdisate flame, for example, a

vody SELETSETSAL TR b PR SRR ARSI REP o o gtoba
deform@y? lél&r)gl}( th&r Qﬁﬁc’cﬁﬁpﬁpﬁﬂﬁﬂﬁy biikidnt $n (dhdhal Salocall space. Both
ef or ner’s f rg, can subdi vi de mesh

1.18.2

, It ke nesh defor
types bhfefosnieed arcepte triesig 0 mputengshas prastairiedTheboly jeal difference

between mesh and spatial deformers is that, while each accept additional parameters
controlling the deformation function, the input parameters of mesh deformers are
point-wise fields that conform to the input mesh, while spatial deformers and their
inputs have no knowledge of, and need not conform to, the point-data topology or
layout. (The one exception to this is that spatial deformers, like mesh deformers, can
subdivide mesh inputs before acting on them, as described below.)

[00145] All deformers provide two outputs: mesh_out and deformation. Deformers
may be used in either of two ways. They may be used to actually deform their input
mesh or point array in a vertex-wise or point-wise fashion, with this deformed mesh or

point array available at mesh_out. Alternatively, they may be used to compute a vector
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[00145] AU deforners provide two outputs: nesh_put and

deformation. Defornmers may be used in either of two
wowrys/113TBey may be used to actual |y deform t heP@T/US906/014713

mesh or point array in a vertex-w se or point-w se

fashion, with this defornmed nesh or point array

avai | abl e at mesh _out. Alternatively, th’éym’ﬁ‘ﬁ%?"kﬁé“ U Bf003WO!

to conmpute a vectorAttorney Docket No.: 19766- 003WOL

el of g ool 005 S B SR L ALY Sinigaration o
the Gl sy Ph e nPhifiot PRt B8afs 8P cARBREN Byithe deformation

functidd; #hR v'eS.to@\fﬂld ablvailable b ehedfforsiEdi @@tpwt put. [00146]
I'n our inplementation, all neshes are represented and
[00146]endeﬂ1ed01as isphanentetion slireshkes avhappresentsdl ard rendered as

s BRSBTSt A AP Ry e
node, e Bﬁﬁé&l&]ﬁdlegﬁél gp Svidel gﬁtgﬁefoﬁnédiseé/&ﬁl ARyt be EPEcified at the

sur ace w ef or me nmovi ng the refihed
deformi@r § sdi@sl idput. "Ehs ptadei veidl lieed{efbl med bgmaetiag thevdfingd vertices at

vertices at the base (unsubdi vi ded) | evel V\g
the spggélgdflyvqﬂgagl@ﬁrethgn mognggrergoeseainthgdiase r(gpsuetﬁﬁyﬁe ),\E%Vézl Zero.
When gBF%l\g}El%lg rsg{efzeg 6 é(gloa%rgernsﬁ] aciegouﬂs SJHM'-VV sg ?3%1 AYRSHer flelcbs conform

ormn I'nt arr

to the Eﬁ‘ﬁ&‘vﬂ%c{:ﬂﬁgﬁcs.ﬂl&b& ¥s igRbRIIRhbRdefdrBidd Z Eg@l’ptnnt arrays lacking
def ormer subcl asses exi st, such as Rot ate f onner,

conne8éviciPafformation. Cy| | ndrl cal Def ormer, Spheri cal Def onner,
Coni cal Def onner, Muscl eDef or ner

BT e RN —
Cylnu%%t}lg%e}%rﬁ{ef typg érzémﬁgfo‘#ﬁlf pr MaEbRfRal «gﬁﬁﬁetd ef QWL'EE&lf@Defmme;,

equentl all'y,” passing t out o
]omtDH]F& g Bbﬁwefbﬁntzihﬁhdrﬂﬁimel susadtheifse Fael performs heiarticular type of
deformation vector-field outp

mesh lsionmadpni gt dFiEmeErigey feahais Sbamen, hastng g mesh_out

of 01192‘3?%{»?%’? f e H;z ds\%olgrlkog e h&xﬂéﬁug %(])7’;119151?7‘? gar aF Pe eld outguts may

be coﬁﬁcﬁH@d‘t (@mntk&f) Of TRk NS - al{cQQéiéﬁ]a -Blﬁdskﬂaeh@ésﬁﬁlmn peint-vector
nmesh deforrrer takes as inputs any nunmber (up to

sone
addmomp leirentranom fordepepiehe dyforiiatipr yeltorksdaendufe supixof parallel and

ffour pai rs of bone_id, bonejweight point-w se

-seque%%lq%erow%fﬂ%ﬂﬁ nputs and a body space CTMinput. The

[001 4§ﬁ ne | ﬁles SkEYBEADEfPHRE hﬂa@hfc{e@%rﬂé}er)akéﬁ h9irlgifs Bﬁ? Grumber (up to

assocl ati'ng up to four bones with each
some 1mplementahon—dependent limit) of bone ctm_out’s, plus four pairs of bone_id,

bone_weight point-wise scalar-field inputs and a body_space CTM input. The bone ID’s

index (counting from one) into the bone inputs, associating up to four bones with each
point in the input mesh (or point array). The body-space CTM (pre- or post-, as
described below) of each bone is noted with the skeleton in its home (default) pose, then
the transform that carries each bone from home pose to the current pose is scaled by the
corresponding bone weight and used to transform each mesh point. For each point, up
to four such weighted-bone transforms are applied sequentially. A positive bone ID

selects the post-ctm of the indexed bone, while a negative ID selects the pre-ctm of the
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point in the input mesh (or point array). The
body- space CTM (pre- or post-, as described bel ow) of
weawh/1308e is noted with the skeleton in its hpeEUS2006/014713

(default) pose, then the transformthat carries each
bone from hone pose to the current pose 'ﬁmﬁ&%k$QNQM9%@mnw01
the correspondi ng bone wei ght and used to transtorm
each nmesh point. For each point, up to four such

bone inelexhil &g-tho absdltanedles BBLRATD. apRbirGc SN & Joo idbquivalent
positive bone |D selects the post-cti of the indexed

to spepifydng inzete weighdat Thie ddfometretts péréompne fatmway weighted-bone

At t ey. Docket -No.:. 19766-003WOL bone indexed by .
defor{‘\gg‘%b‘%{aﬁlﬁ/’@l’&ﬁl1}}%51’01?‘5 thEOPBIAT PRARY | Frgsemsitayel pugsreal-time
apld@ GapplicRAbhY Al e0h 1R-§RERI T PO L LT
erap deforprrpg}r t hus perfiorrré foﬁér-%gy 3&%(%%52(]'%0%2‘5@5]9 capabilities
GL_AddY yertax idendbfort G&_vepest_preghngswi SarpOghle ab p&fOBAYhe skeletal
suner - | evel hi cs applications. On

co and real -tinme gra o

defo“i‘?‘é‘BBW’éﬂ"t%%liaP%%pféF rsPthYéquOgﬁdgafc‘é}@ammbeﬁ eEbones falls within
: t ex, progr.am are able

o e ARy P R 51 S B o st

compaaatidns prothetlethdr) rdnbatingle NEGbelorRbnRABES Rl S connecting  a
wi.thin hardware limts and (b) that the deforned nes

SkeletalDefgrmeae ete depd onbnspesifipshe vanttnodenys thasliaetsn (¢raedhy and the
ce, when connecting a

e B M T A A,
the skefetd @urkRiIEhRRK @Hﬁe%&%ﬁg@ﬂﬁ%@@ G PR L) Gl g}é\émlaél llﬂﬁeelr incident

take care of connecting t y_space i npu
edges menpobdres imtheeasik edietone(va ttbréty fediRir dhgssg. bone
i nput tabs hidden so that they ﬁn d_thelr !nC|d$Et ]
es are not .drawn in the graph editor view, er eby
1'18'3recg38i($f§‘p@ﬁﬁ?‘il%sr). 1.18.3 Scene G aph Nodes [ 00149]
cene graph nodes were described in general in Section
.[00145. 9. TiHe¥eS Bl Eedes sheei dascebedién general gn Spiti@nboddEtese nodes

consit B0 RS SRR TR bt e e e
are mefégﬁ?a}tﬂéeﬁﬁg ?_)é gcégggggg 1(1) E‘iﬁ}&%@? rgil,l%( ?}?%er%b 411(1: %é%lﬁﬁnla r%% a tReétngr message,
and al} gl cre Goneatenated dretrptirm MeatriRe (AEV) ressageindaddi@rovide a
ctm_ori 3Pl od Tk el meresgi By I ofrHer 1 and dlompioirsrender
aves O 1886500 1 105 3687100 SN 6,50 LB TBSE o e
basic SeewteSraph®ddea]agsthe BAGtemipyPanObf WhRAGE HaRRHRAdR oW,
[00150(1r oup Grl%SS nodes are the most basic type of scene graph node. A group node
itself serves only as a collective parent for the children beneath it.

[00151] Part nodes introduce a named scope over their scoped subgraph. We define
the scoped scene nodes of a part node P as those scene-node descendents of P reachable by
a path, such path having length greater than zero and containing no parts except one or
two at the endpoints of the path. We say the scoped scene nodes of P are “scoped to P”,

The non-scene supergraph of a scene node R we define here as the union of non-scene

subgraphs above (i.e., ancestral to) R’s inputs (other than ctm_in). The potential scoped

44



itself serves only as a collective parent for the
children beneath it. [001 51] Part nodes introduce a
wo20ved1¥8bpe over their scoped subgraph. W defP¢TES100€014713
scoped scene nodes of a part node P as those
scene- node descendents of P reachable by a path, su
path having length greater than zero andArE’B%tDﬁfkﬁlNﬂ919?168'003\”01
\p/)\zrts ex;:]ept onedor two at the endpoints of the path.
ay the s ed scene, nodes of P a scoped to. P". .
subgrapihel R PsW@ P06 8.5 HRionH o Seavitaa S RORLIo b Physeie nodes
in the Hgﬁ%c 1'%@?\%5%{11 Qn%ﬁ@ @R%dﬁg diRhP tﬁ@toé{@ 1£=,échﬁble from R
uts er than ctnjn)
via a ith Q@hteﬁhl '%Clﬁlp ecbietrardes exbagpket TNen wel 8fbie ﬁ&s&md subgraph of
subgraph o art P we define as the union of the scene
part Pnatitle yoispedt (1) thogﬁ pedenin Fadpstential ropgdnsubigspph that do not

belong @pa%}}g%ti?‘lgl P%&,ﬁa}fﬁs}/t gsg%{gﬁqﬂs%b&;ﬁﬁ? ﬁ ‘B)gtglog% gﬁéesﬁ% ow P, orin
the no‘ﬁ’%‘%@ﬂé s@elg’e‘?ﬁhsvﬁaoq@fp’ﬂ BedBRISHOPEEL §tébﬂ6t&ﬁfth@fsc@péd 51B3g1 aph

(a) those nodes in P's potenti al
of anys demddelmibgf Emmﬂlldlaﬂhadd’ nkoelf)band latt arearst ot ther perantialsscoped

pat ent i al | b h
B e RSPl E o (0] L0 oges b o
[00152SC eRQeNT s 3&% gtg}?argglg 1tn {3 sE&?epg&?)‘?lgﬁgatﬁlfMﬁQH@ 186t to a given

ny descen er than and that are

node AGoritAbhRetRopeMt dozhpEtoRse b ﬂl.lfbgﬂhphtlﬂflamey Furdecanggle, a node
descendent to P. [00152] The nanes of part nodes i

“Thurnbie whesee figll aptih piat 1/ Frednm/ Rﬁémr/ tand/d hé\m&P v Eisho i n‘f}S&e scoped

i S 5 FOTRR . L B By o o
“RAr ﬁ\%ﬂfchgiﬁ n fghﬂ e sc%f;bé tsﬁbgl Ip‘hhﬁ p%?piﬁgd’s ubKicARRe®Es i@ global

s in the scoped subgraph
SCOpeOf part RArm V\,hl ch in turn is in the scoped

ubgr aph of Fred', which
[0015§130p(r;_\ [iggiglp ?sr}a‘ W@{ggpf ipgrtahg%éﬁ%tfe | gs&lgr?lat:qg&gle? i}%%lt scope of an
ncerSERIREL <Rt s BRI pphondel oo

best r ug&t@&angod@ﬂfoqgent ed as a I\/bdel node [00154]
st scene graph nodes pass their pre-ctm
[001541 m i nylostsasnggrapeh nﬁ@q:s(pq@g dheig pﬁ¢ clan (Fpm @gzt_}n) through to their

post SR8, EAUSHELA® 94525505 L0RD ASHES et ranstorm
their $rEGH R plodce HRH ﬁos?—@ﬁﬂs(é&r’d&l In}'j t Badiy Tedi@fdrms multiply their
ctm_in input by the transform matrix at their xform input and assign the result to
ctm_out. Convenience subclasses of transform, such as Translate, Rotate and Scale,
simplify building common expressions, here effectively combining a Translation,
Rotation or Scaling node, respectively, with a Transform node. The Rotate node is
polymorphic, accepting any one of rx,ry,rz Euler angles, an orthonormal matrix, or a
quaternion. Two Transform subclasses, Bones and Joints, provide higher-level control
over the matrix transform and enable direct manipulation via Manipulator nodes

(discussed below).
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ctmn input by the transformmatrix at their xform
i nput and assign the result to ctmout. Conveni ence
waeabelierses of transform such as Translate, ReCEUS20861014713
Scal e, sinplify building conmon expressions, here
effectively conbining a Translation, Rotation or
Scal i ng node, respectively, with a TranstBPmPAGHES: H1&00sWo!
Rot at e node i s pol ynor phic, accepting any one of
rx,ry,rz Euler angles, .an_orthonormal matrix,.or.a
[00158] 5t eBRTIBRECTHNSTTAN SPEFTietEHISeEES nasoely zjgd lihear element
... J0i nt.s rqQvi i g -l.e B%e R i
Wlthmt P _ﬁus?%lrl ?ﬁegn%ggeﬁ al"l gﬁé}ljcrseééfdwngg{] %ﬁﬁgatl I on Bf/ ?921% (ehgthwise)
translad¥dmi, ek ahee Haseswid) sedssed bethoppnat hvesney Backet There are
. No.: 19766- 003WO1 [ 001 55] Bones_ are transform nodes i
indepenident pepriesadt max_wompas fgr eqngrelling fhe seetiaheh opg ©Oeh which
an.articul ated skel eton. | nput | | ow f ' ' '
bend 574 SFlet ECiongt TSy EPRGTat: ohrof moBfe e ARt ol othe
animaﬁéﬂfa ?aralﬁ@@ré WPHBALNQDANR! forxRamPle, Reftthg dID@A@HAECars to 1.0 will
I ndependent mn_u and nmax_u inputs for controlling the
produsebbn@nofdlengtinep progrianh fahthi etedatdh gosevpb b dhemagter. | his may be
may be convenient to normualize the |epgth d,ot her
accompbtest Py ACpEARELPePRSIANE GRS DEOEERLE! SRR (D] P anputs or the

o setting all,len . i |l f
v R B, FAE D RYPESHE i s AP a v
to inteffadE AGHESthel PrScelRY (BE., ACGORRLY) Shadmby tadjousijiistghe bene inputs
. bi as (and possibly garn) of either the bone inputs or
d1rect]1yh(§7(a€5act1@uﬂﬂﬂt3$.; Syedlerls manipulpgopdispity snayebe spebpispecifying
aind/ or _gain at the avar output so as not to interfere
value 1Wd°¢"tt1]1’gravﬁ’rsocesses (e.g., IK solvers) that may try
adj A i . . 041 o i
e P o (b P o e g
articulBpeC bkale . VRIine ddcept ss treit heravapst efthelas|orfunergal matrix
are transforns that represent revolute or spher.ical
(e.g., famn ﬁﬂg’ﬁtﬂm—ﬁngie sotagen) e qralgripe (&g *pm\]%ﬂﬂg’@rnale{}é/ﬁtlued avar).
. s their .xforminput, ejt r | ; -
R T

rotatidrBaghrs ZEF R, Buitéhi®hnivais st gdary@ioh. idehtityy wifenethe skeleton is
desirable to assenble the nodel so that all joints

in thewiléfaubiepeent dsedithi bene pEweeteist sis cnabadens dipeefting a “pre-
i 215 a5 it 3 HESSAE TR ) B, e o
coan RGBS 47 B S e R ) v
drivin@UtRujcsnt OfThel @gslichienlpryyidet 4 kinplei fity-demonstration” joint-limit
configuration mode in which the user moves the joint through its allowed range of
motion and the application sets corresponding avar limits. For scalar avars, this is
straightforward; for quaternion avars, we fit a convex “spherical polygon” around the
observed motion range. The user may subsequently edit these joint limits “in-camera”
by interactively manipulating the unit-quaternion vertices of this spherical polygon
drawn on a 3-D virtual sphere centered on the joint, or the user may specify new limits

by demonstrating a new range of motion.
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rotation input). Joint limts are set vialimts on
the (scalar or quaternion) avar(s) driving the joint.
Wab@6apiiBT cati on provides a sinple "by-denmonstPer/UsIw06/014713

joint-limt configuration node in which the user noves

the joint through its allowed range of nption and the

application sets corresponding avar |i mi‘'"&"ePgFetEdf3go0Wor

ava][_s, this is straightforward; for quaternion avars,

we fit a convex "spherical polygon" around.the -
[00157¢bser W@ofaﬁ‘é‘ﬁtérilﬁeﬁﬁﬁéiersl’fﬁ’éd@ge@g fhs, bongs antleltftty compprising a

these joint _limts. . 'in- i ' . .
skeletofga epioRi b pifehhtiop GARIEIT ol o (ABLREH eloton ovelay over

geomeBRN@idsCaba RAL OB ThiBus idpleinchtédl biyiienatrispheghest (Section 3) in
centered on the joint, or the user nmay specjfy new
skeletdni micde aly thte mwirent animagion-lek timge Bmesminchipings peimasily are

ket .No. 766- 003WOL [ 00157] To facilitate user
excmdgﬁg’éﬁlgtﬁ&ﬁhﬁaﬁéa%‘g 1Fﬂ‘ge1t51?ﬁ1es and joints conprising a

[oo1ssjke' eFBzgfacé@ngHﬁaé GenRBhARBN £ i@RleARi @RsKe & @wtaull-Clark
ranslucent skel eton overlay over geonetry (Figs. 10a

subdivagion 19kfacedhi A bsrfacepherendedptsya rigesfieinipwy andyognaterial input
Section_3) in ske

I d
NIRRT T M M-
equalsgﬁg :nglgr?eqicfai ALt bPae dr ca'iz%. 'éJrZri]e Sétﬁﬁ{jij Bﬂthe[xféﬁaﬁﬁl Commonly, a

es provide a nechan renderi ng neshes as
mesh Wil BHblmaEd at k AdsshREMeshode, Beér paaced thrdughraf deformedaetwork, and
~accepts a mesh input and a material input (described
ulhmab&in/)fec\imfrmesuds@ oy verwlegin@at mul | - A ark refi nenent
t eps, re ne | s the nuneric floor. of .t . .
100158 poisiiisandcaLils e et saeh modiEro s dynamic
- ] Wl AeSil MOsRtioR e 1passed
cl1angﬁ1§§ﬁ%é Jg)p&é(#%}'r @r‘s’neg% \(/%Er; K, ar?g ui%t[li %aq%gl ?/ bepf ed to a
[00166Jur f acElyphsard svene enasl hodes PAVAGOE Bk ticiwd graphics that may be

Attaches are scene graph nodes for introduci d i
diSPIayefé@wfiqu)asi@z mlpﬁlgéﬂcgg@ Interelive V@%@@W%{eg‘% Iﬁ%q"gﬁf part of
etail 1n, Sect] 414,
the C%_oﬁ“@éw SRR T gt]égt {718ﬂla ?&é i|r5 g%ﬁ%é%? ? glz}\(?é% ’ gEeB%ng}Bl@Q Include
MotiofPabh apadtoapdtpossiveky TanipuHalledmdshed-stefacct ¢argrol hulls),

views but that are not really part of the CG scene and

EditPainé (exttaldeuints omuhotien patitstand aeytroldheis) AgnOW%ﬁ@@ labels
vt 2 G OLL DAER P R LGS A o e
or an%)@(%es legage{né;ﬁrtﬁﬁl R&feshcB"obif® 14 aRbirbd), lankd. Miasilakbl Qliscussed
below). During a normal rendering pass, glyphs are rendered in the same manner as
other scene graph nodes, but glyphs generally are excluded from ghost and shadow
rendering passes (Section 3).

[00161] Manipulators are glyphs that provide in-camera direct-manipulation
control over animatable elements of the 3-D scene. Example manipulators include an
arcball rotation controller, x//z translation handles, x/y/z scale handles, and a bend
manipulator handle for controlling bend deformers. The application is responsible for

creating and deleting manipulators appropriate to the surface, bone, joint, or other

object currently selected and the current user-specified “manipulation mode” (defined
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and 2-D graphi cal markup), Jack (a 3- or 6-dof point

for use as an IK goal, attach target, or anywhere el se
w@2w1113781 reference point is desired), and MaPCPUBZ0€014713

(di scussed below). During a nornmal rendering pass,

gl yphs are rendered in the same manner as othe[ cene

graph nodes, but gl yphs generally are ei"ét?rl]f?ﬂg%f(efr(’dm 6-003WO!
ghost and shadow rendering passes (Section 3). [00161]
Mani pul ators_are g

: | yphs that, provide in-ca . "
e e il fopinboBit AR PSR grgRRApgde”s an
a1 25 ENR L35 HBH! ' o
arcall Spph e’ v BF Bt R FofTRAUPH pAURORLAEN HER cRlld of the jont
node. NgnehaBe Wby lates dadctedhatid int @nchamghe hal andiffeperitanenipulation
handl e for controlling bend deforners. The application
mode, Hee amdjsetion Wil detgte tharrchallcaEolifs] et i ng mani pul at or s

ppropriate to the surfa . {:Qi At
00162300 Pl g R g Rk e LS5 scene. Trey
take i BReGHd B "tHBMNE NS BLHIAR 175D aypé. d&lor nedAigler Peyitlight 1
«© n@giect I\I%I'I.):1 19%66- 00 : above .Q]@()Jr exanpl e,Ij?’f ﬁle A
inputs dsedifask entispecilai noloarfdllof eatec mud Hoearityowdile Siwoktiglg also has
. an arcball controller will be created. by th .
1nputsafgg|qoggtq1}ﬁ]1e,aﬂ@p@oaﬁ @@gﬂn@ga.aclclﬁﬂs&r%fsgs( h}@?}tso fake an optional
.nade, en. t u I S C i Qe
ot 10 B Fark M ACPESLRL 2 L) Bk ) and
custon@Mehh€ AidtAPutibhd ofl gbetaessdieirgy attdtriarcehtdenl veth a light (Section
[00162] Light scene graph nodes define theat{i %af . .
1.18.4)| iAyhtiixvy lighting endgripdetineetheTheight widh wWhislhyeach of the n lights in a
correspondi ng .to e part.icul.ar,li t . EQE
3-D scgne Iﬂlg’lnc iegfl? P&:]i]?e Hggu]if?ﬁ?ﬁtlg tPS rsgule;;{te,r. f 55@% rgﬁg‘ﬁx defaults to 1.0
everywREE WA is ©Q}tQble ©k Qfsbr fadifap@tdtibh @eAbE! Fachhiphes intensity is
y P 5 5 ty
potlrght al'so has inputs for ‘cone angle, shape and
scaled ﬂ@?ﬂﬁm’o?rgspbk&ir?lmﬁﬂbe&m'y bgfurs finakeersleriogt (Rad gptionally before
_ material input for creating advanced effects such as
interagfisisarendeiing) ek sedatur es) and cust om beam

o016} ' hieedl it A il R YRyl Rl CRiran used for

: : : : _ I ghting
VieWil{?é_ bhohedef ba1asrd DB itBhvicwdrts eplipiinte alite lofsid dagnera class takes
[Tghts in a 3-D scene illum nate each of the m

transfaum haatel inputsherofecimeandrhiew anst satx thecreaderiag gojeciion and view
.everywhere and.is editapl e by the user . 1 .
matricgs ﬁFFQ\C‘\‘gﬂ‘ e ggjtgqcffé_sesE%fs 1e|el’i)a§¥c[ cqmieray %Enl%ﬂl {6)1/ ﬂ}gvgdé%gﬁ é\égher-level
contrd? %vgp CaiROfd £IRALHRRABES (5. EIHEY tREE Fie fpanatilt, and roll), view-
rendering (and optionally beforée interactive
camerﬁeigdﬁégfeg)s Ofisceertul $alb)f abif, suGA6BH CHjvelens swestirgsy(fagh length,
nodes define the virtual ci '
aperture, distortion), shutter (shutter_angle(): Ialqg ?E;nl t(l:*artl:saprcr)?{ @ﬁc’s).u ie]eltefrqrrlput accepts
a material value (see below) for creating advanced effects such as lens filters, vignetting,
chromatic aberration, internal reflections (flare) and subsurface scattering (bloom), as
well as binding arbitrary shaders to the camera. Cameras provide an image_plane output

optionally used in conjunction with Film Backs and Imagers (Section 1.18.5) to further

define or utilize the rendered image produced.
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viewi ng a scene. A canera defines the viewer's
eye-poi nt. The basic canera cl ass takes
W e@esismM matri x i nputs projection and vi ew aPdI/B81086/014713
the rendering projection and view matrices
accordingly. Subclasses of the basic canmera exist for
provi di ng hi gher-1evel control over canmettgHBFt No- 19766-003WO01
nnvenents (e.g., dolly, truck, crane, pan, tilt, and
Vi ewcanera novenents Ulse and fall shift,
1.18.4 Mﬁ“ﬁ’@la—hh@dle?l t), lens settings (foc(:al I engt?q
aperture, distortion), shutter (shutterjlngl e) and
[00164]i | m Mrdﬁyp&dmde@fqb@)ne %P‘Wﬂt@d Ffrﬂi‘i%ﬁla aEl@é’ﬁf%eSas‘lCh as ambient,

s 8 AR T AL ARAORSY e, i
reflec fﬁ 1h A8, bhﬂi}?ﬁl‘?@ﬁlé’pﬂ&ﬁfeﬁﬂt ﬁ{h%s,( zithﬂfs@heﬁ@ fffects (”pa1t1c1pat1ng

su ace scattering onm), as well "as binding
medm’ély bnﬂ 5@ rfgn tahatiessmple &die: sabeia sumdmrfagvme@w cgavemient way of
i magej pl ane, out put opti on

I d
i S B T o

B e GO g PG A

node. Halv@londheritMigs ndeéd B Rtsphaticanst diIHieE‘felfhabtlmmmt |Té’$ texture
such as anbient, diffuse, specular and em ssive col or
imagesdathaiteelr Qng.hﬁ deam (ars szn@@yft) whichy maye originafe at a PlleReader

i on ad| and di spl acenment maps;
SeCﬁoé’t{T%gE %‘rfi‘cal ?e(cgﬁ’égt g@ )pating nedia"), and so
[ootePr th. PﬂEEﬁrﬁanBiee GahRkiaBt ehlRldeS UGk as Fragviesg@m  and
onveni edt way of setting just diffuse color. Texture

Verte;\fmbgtrmm|noﬁl©si,ewhhﬂﬂbhm1 OplenGe- PDagoren8-abdt eertax progipmso S hader
s bhone 00 OLEIL e [0 ST) LeXtur) . ooecatl O 0
1ende1t11é§f)gr bbe?%gi”‘egs h p('i?é eal%? sGHPSs ]!5 L erbh@ANIRR. The

cones rom an inmage i nput,

[00168hi ch NHXn&thlerlﬁk@ adfiiarikil irﬁﬁgﬁd%ihd( pastidon 1ikat&18all()ut output.
or at an Imager (Section 1.18 [ 00165] Programabl e

Connqukitgr naﬂsplnenmamimls e serlag rvélnvwsr asregHdy of complex combined
Veyr t exPr oglﬁam no

e AR S DL T T i
diffuse zib%g ecﬁmtﬁ ntfgd QHA tlflé%rdlf-fﬁ?e SHal! Wih ahBler bRdY, =l thi@)specifying

rlng atch rendering program such as Pixar"s
a glowenhey, Mol a[M&ﬁ@ﬂ)eoMyhngmt bunqi ma}akél“lwsm@nrtalnqdﬁs could be
I nput and provide a_materi

out t Connect
conneﬁmtpm Bt Gon g T 1 g PR S ERIA bsle material
for spec1%ng uﬁ:cPeanmg haterial properties such as diffuse and specular color. The

effects of these nodes will be combined as each is chained together.

[00167] An Atmosphere node is provided as a proxy for accepting a material input
to affect the scene atmosphere, providing participating media effects such as haze, fog,
Rayleigh scattering (visual perspective) and diffraction effects (e.g., halos and coronas).
A given scene may have at most one atmosphere node that has global effect over the
scene. Atmosphere material is primarily of importance for off-line rendering; with the

exception of fog (which is supported in hardware by current graphics cards), most
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effects. For exanple, several texture nodes m ght be
connected, with one specifying a diffuse map, another
wor@ehsd78ng t hat di ffuse map with anot her nmap, P@r/vkioneo14713

speci fying a glow map, and a forth specifying a bunp

map. These texture nodes could be connected to a

shader for controlling the off-1ine rend¥PPAFofsfideedys-003wWol

and a basic material for specifying underlying

material properties _such as diffuse and specul ar
atmosplagremateralsete dgnered duringsiateragtive WALripg CUmnSRBgreqaodes are

each.is.chained together. [001 67] An Atnosphere node
unusug@ngpaéﬂgg‘mggngCﬁ&g& "for accepting a material input

to affect the scene atnosphere, providing

1.18.5 PRhhE R PN d I: medineraffReEs such as haze, fog,
Rayl €i gh scattering (visual perspective) and .

[0016%I f1ragh) %Elcf?; BE\S!t e bedin cHBLASHRNWiFOELNER) to PrBY MR Further

cene nmay have at nost one atnosphere node that "has

controll bo8ethedi{2einagy genération ?@MSS.AFimmsithS acaept en irahgei glane input
primarily of inportance for off-1ine rendering;, w t&,

from a ¢ranemrceist 4 oiiiesil npgt (i cen teisedip gimplats RrapgrAgRhplfilm stock
by current graphics cards),. nmostAt.forn C .

such af pRBB BN LSO G T €U B B RO Ll Gar o0 accept

i | b hMBo HEOHBR IfHGn PRI LaP AR BoRbFy M MuiHdackdare the

mputét%gt%&?ﬁ%yl ﬁ%ve no out p%tﬁgsl.ggb% 18. 5a1| magi ng ﬁ%)ges: )

only rodergpa diaakidian]00b6gherkiateb dokisprodych aoumagut malue. With the
conjunction with canmeras to provide furtper control,

exceplée P! HifcasPRAETAONEYEN G aiFh the HSpBRE SBPIYFN (AMsHeRng camera-
. ,accept. an. i ' ' . . 11
wina G ORI AR AR MR ATH 2y B00y o o

extern@f of filin® 18h@6lers sdhase SPefest ohriarsi@ivefrendérinn, grain
and reciprocity failure. Filmbacks also accept inputs
[00169br cdnidgges aqegpt de irfrigderylivesr ingrit {tospa caMesd ppd pagduce an image
ani sotropy) ., Fil mbacks are the gnl.y,node. type ot her. )
outpuf-ha égﬁlgé Fearﬁoalééogﬂ‘é% %Brﬁ’&u 3@51??&'1%5}5[% %\9 g, &vailable for
aditiy i Bl QReRbtid BEmesReCt eQyeeRhll Ned A @Rjunction
hadﬁ%%%nggguﬁggﬁaBp ym?n constrainiﬁgq%agg?amAXdoﬁl )
with tegsird inodes @dctignt11ks.4)nbepradticy e reBagionnmapidrmtheiskise capture a
are used only for controllin externai of f-1ine Iso b
rendemeshigergs of Hifoseas donBseidin Tt scaner ABE iNrese IHBEE iy, also be

. 0169 er C ' LAPULf B & 1.18.6) for
dned%%h%?3La%%§%?6§J%%?%hﬁ%ﬁgagﬁgggﬁﬁé. ﬁgggr&ﬁbges M 118.6) for
integraA8h 990 slifiRy, bt bsBirigabr-dolmgiongeclianksftawas.| abl e for
traditional {physical, filn) cinematic caneras. They

are typically used in conjunction
1.18.6 Miscellaneous

[00170] Transmitters and receivers together provide graph-wide broadcasts as
described in Section 1.16.

[00171] Macros are encapsulated graphs in which particular outputs and
unconnected inputs of the graph have been designated “public”. All other outputs and
inputs are private. The user may instantiate the macro in another graph, where it will

appear as node providing these public inputs and outputs. Macros do not alter
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with texture nodes (Section 1.18.4) to produce a

reflection map or otherw se capture a rendered i nage
wo@Roobhes78cene for use within that scene. The |PEDES2006/014713

out put nmay al so be directed to an export node

(i npl emrented as an External, see Section 1.18. 6 fO{

integration into editing, conpositing orAtomeyDocketNo. 19766-003WOl

color-correcti on software. 1. _18. 6 M scel | aneous _
evatucbp b RIS 3, AT oY SR OB B S ffonce of an
encap%gg%ajvli?‘!y%?gg?%ﬁ%ﬁu&ﬂié@psu' ated graphs in which

Icul ar _ s and unconnected i nputs of the graph
[0017Xave meandesigmatied whoubefititioAlHas debe loaletthteuginah external
inputs are private. The user may instanfiate e mac

plug-in intgnfache Thgy aphcodaseineCirt iy neing gaereyi ﬁB&&ﬂen are loaded at

runtinfrghd e B Taf ot iRk "R FeB09eBtaBilds UG al T on
of the total graph at all; they only provide the user

1.19 @lqpy\egaigﬁge of an encapsul ated view of graph
structure, [001 72] Externals are nodes whose

00178ET i nigii o shasschesnsidrasded, LhaRpRby 2Bnast efdH 404 &g i bottl
[ [ tergg e.lThe§ arescoded in é}g E§ ugingggﬁgtovided o
modelAPlowit refigarsa-$o difedgmphreditoi #80 eabansedafipaicteatting, vigwing and

cting e S B2 S0 DU gL 0S8 1A% SRl 6. e

ex Lary. cant r.ol : 4 .

10 ALY £ BRI 5P 02, 0l U008 Bl o
404 migk e hﬁ;@anﬁéit&,’(\/‘bggse@ét@ingdﬂrbﬂnng lishef &abiviohode appesd Oser-created
Exanpl e nodes 404 are shown in Figs. 2, 4 and 6. Edges
nodes4Bacavseart] Epteanads) adso qeppapl imthis jish rfiter ciertingounpde 404, the user

aps 408 and input. tabs 410. .Nod 404 b
may iaspaRe BT By Kotk togreppation 1 rfin R dfinel fgh 402 The
. LG, - r : -3 ) alise fr
e AP Sy SRR 0B RSB g o o
outpullS &b mgﬁ ) ih@ ktygrececinpatilde irpeitntde 404 dro viepegist.i onn some
it within the control graph_ 402. Th
e St & 0201 407, The Ueshe ToY CONCEh Dol
key Wllﬂgl ggk%%ﬁ{goﬁ%rf ?egcfeggat }1tseg$m?1gt§.stg8n1§9§eﬁ%ﬁgﬁé %tﬂg ?{idgﬁésl?o b8 RYpied and
pasted &be&khRINORENGHesMIE of GHE Saft4 tyfe 6dgeshet@amanihternal settings.

pressing the Delete

Internal node settings (e.g., input expressions, gain and bias, user comments, output
caching strategies, etc.) may be viewed and edited either in pull-out drawers 600, as
shown in Fig. 6, and/or a node inspector application dialog. In some implementations,
selecting a node 404 in the control graph 402 selects that node 404 elsewhere throughout
the application user interface, and vice versa.

[00174] Nodes 404, input and output tabs 410, 408, and edges 406 may be hidden,
which has no effect on their behavior but prevents them from being drawn in the graph
editor. Hiding an input tab 410 or an output tab 408 effectively also hides edges 406

incident to that tab. Hiding a node 404 hides its connection tabs and incident edges as

well. Certain connection tabs are hidden by default. For example, Cameras, Lights, and
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key will delete the selected graph elenents. Sel ected
nodes 404 may al so be copied and pasted to create new
woowes13487 of the same type with the same intePCEDS2006/014713
settings. Internal node settings (e.g., input
expressions, gain and bias, user conment oyt pu
caching strategies, etc.) may be viewed %ﬁﬁ“ﬁﬁﬁ?&ﬁAQMGMBWOI
elg?er in pull-out drawers 600, as shown in Fig. 6,
. and/  or node i nspect.or appljcation.dialog..ln_sone
basic Vigiariataindieri Bret BenkdnP 2uh GARTHAGEY Y Refeebats dred so by
defaul%l ﬂﬁanl]ﬂof}(%) 8193%%.&'@&{13?1@ halninaes é%le@#ﬁ eRBRELDERR1EE ROHESs accept a
e application‘user interface, ard vice versa.
great 1iRAbAddf NpUes oh@4yom radi bane wititipatskekbe Mdaorcywodut drage bone
_ edges 406 may be hi dden, which has no effect on. their
inputstpah alli kel by srebaidht Shistievidesm les- gﬁalferoHeWnOftfﬁ?s graph. The
__graph edi tar, H di L[ . L . ‘
user riy SRg SRy )t &R ok Bk af Ryt U AR OH Rl B time.

The ude? %?Hﬂu% BRcBtRAR iBdeRieltaserits ShaonRaeiihahe gedpth aditbr 400, for
e

i nci dent edges as well. Certain connection tabs are
exampiie,doeaildyy selletng f. hifden elemgite, Hicing pargde ingtesgraph editor 400
. ndAtt or ne cket No.: 19766-003 basi ¢ terd
hides fugtaodic BeAiD SRy PIRHiR SRS FOTonPY TOh AT ey also be
el i ) BRUte+-BA&d programmi
underfiPRf ort e PRIl o EP AP R RN sty BRIk Bamy! programming
langu e@adesﬁﬂ‘ﬁb_@ megf. RS showsenddes rii08achD0bomel W00d i aonaected with
skel etal hierarchy, but these bone inputs are al
polylingschf2n aipgl @baul t. This provides a | ess-cluttered view
of the graph. The user may show or hi de any node, tab

or edge.at 4 unti r nmodel -construction tine. The
2. Prgggﬁm%ngﬂ;%ngpggggto have hi dden el ements shown

i thin the graph editor 400, for .ex e, .l OW_ : .
o178 B T B et S R R i s
editor GHbt Hier?QQ. h%%ﬁﬁeltm bt HQHErd BreRiche 9 8p¥iifehe @ABh via a text-

Vi Ce versa. trol” graphs 402 may al so” be "under st ood
basedq:ﬁdgﬁghin@gg Wiriguage. &¥¢ esmibet thi tcordoft our medeldefirition language

text-based progranm ng | anguages described next. Fig. .
(Sectian A bud wiogebseBD0k NGOICHRE 1SRBREC R TOENBANY {ed Outside the

| yli.nes 502a.and 502b. 2. r ] a : :
oML A0 0 8 O P08 Sction 22
and anh8fias! H¥QIibei @ 8edticnURB. gAaate a@di tescribeethese in three distinct

~interface. Frequently it is nore convenient to specify
sectiohfyehegy afilare propertyertittaf st prog lawgipgg and alfragde wged to define a

M b _ . . .
modefl or chileceﬁ()tnh of Hiodels, f The rregl?l%%lg lgﬁéﬁa{]glet is Of]urlinagn 287 Hete, allowing

specification of any computation or algorithm that could be expressed in a general

purpose programming language such as C.

2.1 Modeling Language

[00176] The modeling language in our system is an object-oriented C/C++ -like
language. It has POEM (Parse Once, Execute Many) execution semantics, with models
being unrolled and the corresponding graph instantiated once at parse time, after which

the same graph is evaluated as often as necessary. The system provides garbage
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(Section 2.1). Two subsets of the nodeling | anguage
are commonly used outside the nodel -definition
W@ eaobilngs7 t hese are the syntaxes for expressi oPGT/US2006/014713
gescribeg gn aﬁc}ion 2.2, and animation, described in
ection 2.3. ile we describe these in thre i Sti
sections, they all are properly part of %ﬁ@“@ﬁ%ﬁ§“:ﬁﬁ%@%W01
| anguage and all can be used to define a nodel or

col l ection of, nodel s, .The, resul ting, | anguage i,S.Tufri
collectiggighae e 411 ‘Shgos pALFY CHET U NA SR AET i suage
corres;%&gc? fd hodd H?He ‘ﬁﬁﬂtg, B ﬁ&% 55, | QofmSt 'ﬁfe@roé@éﬁ@%i@ecﬁves
rogramm ng I ang age such as C° 2.1 Model i hg "Language
such d0@L7Blde e/ Iam Al ngclbeangdagedifh arunvsiailem Ve aso provide a
~_Object-oriented ¢/ C++ -like |anguage. |t has PCFM iy
#includePacesewn@asisncedieoiee fipsluding PP%?F”%@‘ genlypige within a
. odel s being unrolled and the correspondi ng graph
gvmnﬁﬁg@gﬁ?mgpﬂd once at parse time, after which thg same
graph is evaluated as often as necessary. The system

'2.1.1 PeRVidepngar bageAttorney Docket No.: 19766-003WO
coll ection: there are no "new' or "del ete" operators.

o17fTed Serbdell i ) :
10017 e B A S 18 o cxample, the
model;goagzcgl ves such as ttinclude, #ifdef, #elif, #else and
endif are available. W al so provide a Micliideonce
conMededfee directive for including a particular

header, 98l y once within a given translation unit.
2. 1%? (?fec{lérati ons [001 77] A node is created in the

createl anguagdes iofplypeblylodet namiedg “Jae” &uot “Exafrpl Modehaputs may be
specifiggiggrlitﬂ%g grea:rﬁlaw’q%ggplsﬁ élggine Z?%falrgggts Eliq%ggéhgsﬁiﬁibvp\gl %ga?rﬁ%t%;s or as
a6 puneE Pl PR Bt el o or as name=value pairs:
pairs:
I{ingﬁgﬂfggyﬁgﬁ?ys%®;o,P); Translfte upwards (ty=2); [
Translate upwards?ty=2%; ault t% t,xQ izn(()i tz 4nputs default to 0.0 %/
[00178] The first line above creates a Translate node “sideways” with its input
tabs tx, ty and tz set to constant values 5, 0 and 0. The second line creates a node with
only one input set to a non-default value. Anonymous nodes may be created as well,
for example, “Translate(1,2,3).” Here the system will generate a symbol name to be
used for the node, however that symbol name will not be available to the program so

there is no way to refer to that node subsequently.

2.1.2 Inputs and Outputs

w1

[00179] Node inputs and outputs may be referenced via the selection operator .,
period), either by name as node_name.tab_name or by index as node_name.in[i] (for
inputs) or node_name.outi] (for outputs). The first output of a node may be referenced
with just the node name alone: thus, “myNode” is equivalent to “myNode.out[0].”

Inputs are Ivalues and outputs are rvalues. Assigning an output to an input establishes
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[00178] The first |ine above creates a Transl ate node
"sideways" with its input tabs tx, ty and tz set to
weovstig3187 val ues 5, 0 and 0. The second |ine cPEHUS®OE014713
node with only one input set to a non-default val ue.
Anonynous nodes may be created as well, for exanple,
"Transl ate(l,2,3)." Here the system wi | | “JBHEPHEE0-5?766-003W0!
synbol name to be used for the node, however that
synbol name will no e available to the pragram so
an edgehep erige ﬁ%a\ﬁwl‘%aé'e‘i EH@P FHOR YT 1%186%95 V1o %dﬂBHPP?ameter toa
declare%ﬁ%ri:z I nputs and Qutputs [00179] Node inputs and
outputs may be referenced via the sel ecti on operator
(".", period), either by name as node_nan ie.tab_ n am
Avar upyrigitdex as node_nane. xn[i] (for inputs) or

de, nape. out [i] (far outputs), _The first output of a
ﬁgﬂmgglbse(%’r%f}ér ergéﬂm\?\ﬁtt%ﬁ‘vﬁ%%ﬁest {hﬁig'% de name al one:
thias.ix = fiyhiNode" i s gquinakghtontue -5 myione/ out [ 0] . "

I nputs are | values and outputs are rval ues. Assigning

00186 _OUtNMHestadaidplu By utsists dihdshesGhttaiaeyspaoes 66 wdocould have
[ (?9766- 003WoL anpeggge. An edge is al so created when an

writtentigalboviesaspassed as an i nput paraneter to a
decl aration: Avar up, right; Translate trans (ty=up);
/A*anne_d up. value -> trans, ty */ trans. tx = right;
/A% ERECt right.value - > trans.tx */ [00180] Nodes
anandNPuhsd (b, pyHts, tAlHPi t di stinct nanespaces, so we
could have witten the above as: Avar tx, ty;

[00181] ans|@deeprletiafised symbyl “Ril'~oy eqhizabintly, “NOULLBindidwtes we wish
predefined synbol ™nil" (or equivalent|ly "NULL"

to leavenhipeiditte slissermgated.t Shisdavemmenly used avish pasisenabparpmesers, for

IS, nly used wth positional paraneters, for
exam@ﬁa%‘@aﬁ%&%m (tx,nil,tz)". [00182] When

f LA0. - h i
[001 8?]‘; qunﬁleﬂgle?&e{?#?ggép %@?}:ﬁﬁ Fez?s[ %g?&%fmé%& 3% dshend ¥ohlue in an

assi gnnen t th output wll be
assigniwdrlty, &g aefathethpabatpuandill bel Pafl-ehiat khe perwearshiddortatvhich the

pul | occurred. (The caiisational -pull is t he uLI
causatipial Bleenrrae {ogcrpsationd pull is the pull that caused the node on the

left of the assignment operator to re-evaluate and thus request the given output rvalue).
We can pull at a specific param and/or lod via the function-call-like format output
(param, lod). Given an avar ty, “ty(25)” (or “ty.value(2.5)", “ty.out[0] (2.5)”, “ty
(param=2.5)", etc.) references the value of ty at param = 2.5. “Surface coarse (mesh
(lod=0.5));” creates a Surface node “coarse” from the output of node “mesh” at level-of-
detail 0.5.

[00183] In addition to its input tabs, every node has an implicit parameter named
“comment” that can be used to provide text for the node comment. Avar nodes may
have default values (the value the node takes when no animation channels are present)

specified via assignment.
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| eft of the assignnent operator to re-eval uate and

t hus request the given output rvalue). W can pull at
wW@2®paci781 ¢ param and/ or lod via the PCT/US2006/014713

function-call-1like format out put {param lod). G ven

an avar ty, "ty(2.5)" (or "ty.val ue(

"ty.out[0](2.5)", "ty (paranr2.5)" et c ’)“"‘i“@(ﬁ)é?kﬁﬁ’&elg%G -003WOl

the value of ty at param= 2.5. "sur f ace coarse (mesh

(lod=0.5));" create a . Surface node fromthe

SR UHPIETTGHe " meoh #Idive ey Se'b#o‘fa%"tte?ﬂ? %bfsz [ 00183]

luﬁtt@‘él'e% je@d?, 1O | t S ¢ Bﬁlygﬁ‘lcﬁgﬁplm?)%ﬁﬁtﬁ #NQUE *has an

[icit paraneter nang conment” that can be used to
pﬁl@me@e-”t@ﬂtmlt dhout waxipodewichirérHlelavar nodes nmay have
defpayl t val ues (the val ue t/*“&elfﬁt‘?tgﬁ)sto SsWwhen no
anl imati on channel s are presen ) specified via
assi gnment . Attorney Docket No.: 19766-003W) 1 Avar

2.1.3 sz(ap@hhdy[&arametkrimddfypese pol i cy: see Section 5 of
text */ units=" degrees", / *only affects
00184}l Sp! ayfanmmbde laxd fn €QE rnbhatdsChiad it bte type palameter
[ ﬂls)/* V|S|blgﬂlgr?|GlJI help */ = 30.0; / *defaults tog
may b8 @e&agte@esFm/ e>@mlpla, Avassrendemglaaatib dz@alﬁtypes scalar”. (The

L 00184] Several noqde ty, are ip fact te n
type “Hd fohsTAPRYRYSe S dp et ati i apiabit tpe, a
} sareaterrplate vvlth def aul t type
CH lﬁég g% Q‘%’%ﬁe type "real"” is a synonymfor "scalar".)
To instantiate an avar with a different type, a C++
-Avakex, symt;ax i s used: Avar Asglarguars’?; | *scal ar avars
r<scal ar > sx, y, sz nmerggd'laea;‘&glt r avars */

S
A"é’r‘ﬁﬂlgt ePhPBR% rot; al'&riron “avar */ [00185] By
@bttetmoﬁseﬁﬂt,ar avars def atwt;uctton@n@vaar‘)/d use an
itive layering policy. (Layering policies are

[001 851}3'5 cr '%ﬂﬁgeﬂaﬁl’ts&@ldl Qfvad) defRURNIE 0D A avasss addftid Iayéing policy.
quaternion identity (x,y,z,w=20,0,0,1) and use a

(Layenmg iofikies are viesdrihedrinrfgpcpion Byy QuAerniRroa s slgfaulh fry quaternion

I babl
1dent1’§fc I},Iﬁ\é)e a@g)y(ii)l( aggcbﬁgeo% %@Pgﬁﬁﬁﬁg@%‘? m%\/\ﬁc Wa,tilfl% @%f default and
addlttge ﬁetefe"rﬁ% }Fl%%Lab Yar@ f}{{ift vHatded At forlRalifehaslst(e.bs sx,sy,s2 above)

rom he policy
We can specify a different policy and/or default. The defaultis inferred from the policy
if not specified: additive avars default to a type-appropriate zero and multiplicative

avars default to identity.

Avar tx; /* will default to 0.0, additive policy %/
Avar length=1; /% will default to 1.0, additive policy "/
Avar sx(policy="*"); /* will default to 1.0, multiplicative policy */
Avar<quaternion> rot; /* will default to identity, multiplicative policy 7/
[00186] Implicit in the declaration of an avar is assignment of the global animation

clock output to the avar param input. The connection is made via broadcast (i.e.,

through a transmitter/ receiver pair) to reduce clutter in the graph editor. If we do not
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i f not specified: additive avars default to a
type-appropriate zero and nultiplicative avars default
wo eobdea8ity. Avar tx; / * will default to 0. OPCT/US2006/014713

additive policy */ Avar length=l; / * mnl[ defaglt_to
1.0, additive policy */ Avar SX(pO| ' cy= *Atibrhey Docket b 1 1h766.003w01
default to 1.0, nultiplicative policy */ o
Avar<quaternion> rot; / * will default to identity,

want tivd 44 tbQ:@tthm@-d%ﬁ}dlCWe HeclI0%; ﬁ&fd laéf'ﬁ:}} ﬂ1a't hd %{?rfzm input is nil
decl aration of an avar is assi a

or is egpAeEed 6 sene ckhauyput, h shdien awatstmgeamldmp ut The

nne on is nad via broadcast (i.e., through a
[001877

ansm tt 84 PR v%‘?l%"g}qn) Qrothee gvate wathim taescope blask (“{...}")
follov\ﬁﬁspcﬁe eﬂgg&ec\%\%&ngﬁ it g} ﬁ{éo‘{‘cglﬁ‘gqe%escu ecff in, g%ch% 2.3, o Normally
animatipneX@l itiche-kyrispe avms wivald it POIspEikBAWyithdn the @bdel itself;
i s connected to sone other output, as shown in Listing
howevery, Ehezg are @‘ETSEBV?HW Haycls fds |CD31V@memtq imalufcer "etmmaamar within

foll t
the miltbl Pof RERRE, Al honuly o BrneBeineths G BPGtnore might be
used tatefitlel the profiRdf QR écx@lrusidﬂ"@f that étﬁ% @Yrﬁﬂéﬂ%&eﬂ%‘buﬁ? specify

specified within the nodel itself; however ere
one caqrelipate ohshe profile chrve fars sufacerifertoludionn dhusieh cases, we may
Wi t h| t he del . For, exanple, an avar

well V\Bl%l voeﬂlctﬁfpet the Wb plajEithin g moded qedey é\fh@@mplb ehowing the use
of emﬁ&icﬁﬁf dv@@ dtathexs Qé‘ﬂ 1&1%1?’%11@@ pEXEy Usi on of that curve.

Simlarly, ar cou pecity one coordinate of the

[00188) of i I@thew rtm&pﬂaﬁéd agler Hases Ghcliig@e ook QR @cﬁn?ﬂfeh Transmitter
cases, we may well wi sh to include the avar da

and R\ﬁﬁlﬁﬁln Mlewblél typeden be infearsdl oshowage whemead enatf specify it
edded avar data is given in Listing 3 bel ow.
0188] Ot her tenpl ated node cl asses include Constant,
Conpute, Transmitter and Receiver. Wen the type can
[ &onbtafieianss:" Ffedm USAaGetrivg> ne@tg, ,;‘,,\zoy specify it

licjt tant name="Fred"; / *<str|ng>|s
$ {é fg? (4 sm/fet<ét|””f>’%)t§”(fﬁa4¥9>f *<string> is

ITBefr@frﬁ@QQ’rﬁmgf RS M tc@{ﬁ*ﬁfﬂg zihl§l peczfzedjan t infer

%y pe so it is specified |nput
ar.input = name;

explic

Receiver recv (bar); /* <string> is inferred */

2.1.4 Assembling Scene Hierarchies

[00189] Scene node hierarchies may be built up by enclosing children within a
scope block. Transform nodes implicitly scope the nodes beneath them up to the point
where the transform itself goes out of scope. Material nodes implicitly chain into an
input subgraph above the “material” input tab of subsequent geometry until that

material node goes out of scope. Thus:
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Receiver recv (bar); / *<stri7ig>is inferred */ 2.1.4

Assenbl i ng Scene Hi erarchies [00189] Scene node
whe@eatrBl es may be built up by encl osi ng chi | PEEDNS2006/014713

within a scope block. Transformnodes inplicitly scope

t he nodes beneath themup to the point where the

transformitsel f goes out of scope. MatelPAP PAYHEY: 19766-003WOl

inmplicitly chain into an input subgraph above the

"material™ input tab of subsequent geonetry until that

Feanslate(l Vb de goes out of scope. Thus: Attorney Docket

mﬁé 1;1917366 003WOL Translate (1,0,0) { Cube (1,1,1); }

Sp elge (1); and { Translate (1,0,0); Cube (1,1,1); }

$phere (1); both translate the cube, but not the

%Eﬁgrzn,to the right. Simlarly, we can define a

S rrpF Box nodel with animation controls as: Mdel Box

{69 var tx=0, ty=0, tz=0Q Avar sx(policy="*")=l,

policy="*")=l, sz(policy="*")=l; Avar<quaternion>
rot; Translate(tx,ty,tz); Rotate(rot);
cal e(sx, sy,sz); Avar r=l, g=l, b=l, a=l;
Translate (1,0,0);
Cube (1,1,1);
}
Sphere (1);

both translate the cube, but not the sphere, to the right. Similarly, we can define a

simple Box model with animation controls as:

Model Box {
Avar tx=0, ty=0, tz=0;

711t 1701

Avar sx(policy="*")=1, sy(policy="*")=1, sz(policy="*")=1;

Avar<quaternion> rot;

Translate(tx,ty,tz);
Rotate(rot);

Scale(sx,sy,sz);

Avar r=1, g=1, b=1, a=1;
Texture("mytex.tiff”);
Coloz(r,g,b);
Cube(1,1,1);

}

[00190] The cube primitive will be transformed, textured and colored by the

statements that precede it. The close of scope at the end of the model ensures that
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Texture("mytex.tiff"); Color(r,g,b); Cube(l,I,l); }
[00190] The cube primtive will be transforned,

wa@ eoob13387 and col ored by the statenents that pPEDES®06/014713
it. The close of scope at the end of the nodel ensures
t hat Att orney Docket No.: 19766- 003WOL chg S
transformation stack and material chains ?Rﬂfyﬁ)c’ﬁm%dl {66-003Wo01
Box wi II not affect geonmetry outside of this nodel.

2.1.5 sions and Optim zat | 00191]. Co .
changifo b 1B SRR G- B Rl FRETS P, BHRLE djox will not
affect%é@%é&%%h%bdégf@ﬁ]s S%REession. The nmodel program may

ontaih arbitrary expressions as defined in Section

2.2 below, with the one nodification that certain
2.1.5 Eﬁpmimmdnd@ptm‘hzahenaccessed as parameter-|ess

functions (e.g., "lod()" and "ctm()"). Standal one
[0019HXPr €% eaiﬁ)%ieg ﬁ@cﬂ@é‘t%ﬂcéx}aldélﬁgoﬂderﬁtheﬁ @les or implicitly via
string, etc.) inplicitly create a ut e node (except

an expesgien.o pilfhemmeidzl pregranasaje S@ﬁabeahbm@ﬂwxpméﬁsmﬁl pedefined in
of expressions %g node in de Wi

SectioRsbEgrter: "Sher feopnq TeogEgRok] xfimb FeREL Pl Jogals” are
aCCGSS?d taﬁ '1331 al{lftff ﬁ{s@tﬁ%{&loﬁg P ?t e o'a?)d

rg')” Stafndg’ﬁﬁ‘lleeex%ressmns
éate 'a Scal e !

assigned ﬂbltbaeiépﬂy@é§ (106 Sedl, S@irgy, etip) | idhgpiivitlyl comasd aC@mplahesmde (except
trans.ty = 2 *up_down; / *connect edge and set i nput
wher ee)mnnggd@mray, ap d@chgaedjh&e@@@) e&gﬁ@gggp]@‘q,@;f expgessims to node inputs

may bR g B LA RATEY (et Bt BB uent

expressions nmay be conbined into a single Conpute node
(efrr-espandintg to the tradii Onghicnipided “a” "/

timzations of roced t t,
pi%lga 38R, heh podaBites é}a@?a%d’af?aﬁfémg%p%g%%s#/

(gl SMht 1s used only once will be encoded into
the gstl nati on node |nput rather than instantiated as
a'rgeghate aes;Conput e node ("inlining"). Common

trans.ty = 2 * up_down; /* connect edge and set input expression %/
[00192] These expressions and the implied gr{aph structure may be optimized
automatically. For example, multiple confluent expressions may be combined into a
single Compute node (corresponding to the traditional compiler optimizations of
“procedure integration” and “copy propagation”). When possible a standalone
expression whose result is used only once will be encoded into the destination node
input rather than instantiated as a separate Compute node (“inlining”). Common
subexpressions may be merged into a single Compute node or input expression
(“common subexpression elimination”). Expressions whose results are not needed are
dead-stripped (“dead code elimination”) unless their declaration is qualified by the

volatile keyword:

58



subexpressions may be nerged into a single Conpute
node or input expression ("combn subexpression

w@Pbkdoaitns7 on"). Expressi ons whose results are POL/US2006/014713
needed are dead-stripped ("dead code elimnation")
unl ess their declaration is qualified by the volatilg
keywor d: At t or ney Docket No.: 19766- 003WCAPRPSTg P 18766-003Wo!
char ¢ - "a " +l;/* ¢ is unused but will not be stripped
*/ } [00193] The function within an explicitly
decl ar ed Comput e node is specified follow ng an

FOBIHEURRAE = OPET; 2 Q¥ ukuised ut wilStoRBe shiye®yPr essi on
| anguage described in Section 2.2. Conpute input nanes
are scoped within the function definition. For

exanple, we may (re-)define the |linear interpolation "
[00193]unct iThe functinnswitbimen @miisithe deylssh Copppiiganode is specified

T R T —
SeCﬁOIbTL %??ar(liéinghf‘en thftOmdYE hfe %ogoeﬁv\ﬁviﬂﬁﬁ ithe foR&tios Grtbiaftion. For

iplication®as a scaling of the vector distance of
exampi®she eyt (repdefinedhe fineal intapolatiogifangti@ploe inisshagas:y pe
nanes here is optional. W can define a nore genera

| er behayi I dentical to t RN
ey e e T RS (PR
X f:x)fa0028p] W specify "x=" (shor hand for "X=IU")
to indicate that "x" is the first input to nyLerp,

[00194 1t herad !@geeé henen® 10fyMebialesy. anceil Dudaplt blehd $mir MO to M1.
ot her node. The above statenment will create a Conpute

(We dufitie micsh-stalneenditiptioativec e ca isrglintgs ohghedveckor, disgancgnef mesh
ut _and, out put, edge connectbons to.thHgggg%gndeﬁnea

verticeygoindaob ST bRPEHD TGy, NESGs ey BRSO

more LRSR ED BRIl bl oprotanshom, Fpcomspml e,
Compite niei{xv,ak| t=)beadse tthe resul ting expressions are
1935 g MRS 2RSS, (TPSh, sClalseaa Ml i e i
input tor rr{(yLe§l ,o1ya%ﬁeri Ratl PRERANE Lt a%‘ef'er@négacdlﬂﬁut of some other node. The
above statement will create a Compute node with three disconnected inputs named “x”,
“g and “b”. Input and output edge connections to this node are legal to the extent that
the data types along those edges yield a legal expression. For example, passing
(scalar,scalar,scalar) and (scalar,mesh,mesh) are both valid bepause the resulting
expressions are valid. However, passing (imesh,scalar,scalar) will produce an error

because mesh-scalar subtraction (the “1-x” above) is undefined.

2.1.6 Macros

[00196] We may define a macro by providing the macro body following the macro

declaration:

Macro DoSomething(real p, matrix | quaternion g, r=) { ...}
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[001 96] W& may define a macro by providing the macro
body followi ng the macro decl aration: Mcro

woe®eet7BT ng(real p, matrix | quaternion q, r=RpCE/US2006/014713
}Attorney Docket No.: 19766-003WOL [00197] Here
paraneters hand r are decl ared as pol ynor phi c: g8
be connected to matrix- or quater ni on- valMtiBy st B’&té?“'mwm
while r nay be connected to an output of any type,

SO RLCRTATIE:: - LRI NG A —

befaore 1t | ' ' f
t atrix- or a " > ,
o LB} bl B AF g 1 PR SRR BEG At of any
type, PRRERII Bt eRp@RSedapLblBadiEs thd heagrudfoutvitiandhe npurs body. A
p geu y
of a macro node correspond to specific outputs and
macroumapnatle ased myads hefongdtisslafinetli Horwardhgeglarations of macros are
all ed public outputs and inputs. These public tabs
decl ared by identifying particular inputs and
00198)Ut PULS 88 orRdibklifior, Whhdbs appBadss EeGlpstiRtdDRoEs. YL ut
[ zlﬂssw ng exr%a?l%& st a?lements. aEgported tzlggs can ge 1e outputs
and inpetaotd maaotivele"@xpEepondsd spenfit putputs Rod wicanpeded inputs of
Macr o Col or edCub dSph [ — '
nodes gaithigy g 813559, sc%éﬁ@ép@;l%i%éﬂfg&ltsggﬂé %1"1?1'1%?, htpéésegfpju Ilzllcc’cabs are
expor t. . adi dius: g i
cecar AR ST B PRSHETRCME, R AT, vt  nod
declarg88€ ' Rag i sb%i8d) dypsh-Mstalerhayte! SExapiltal edbs cii beutpamed via the
3 [001’99] he first output of a node may exported by
expodesl’ apnstyutth&onexpanplesel f as public. In the above

exanpl e, we could have declared group g as "public
FigUR Beredcl@IaEphaN exPlici tly exporting

Color (public 1=, public g=, public b=);

not allg}?v_@%l

Group g {

Cube (1,1,1);

Sphere s;

}

export s.radius ‘as sphereRadius;
export g.ctm_in, g.ctm_out;

}

creates a macro with v, g, b, sphereRadius and ctm_in inputs and a ctm_out output.
[00199] The first output of a node may exported by declaring the node itself as
public. In the above example, we could have declared group g as “public Group g...”

rather than explicitly exporting g.ctm_out.

2.1.7 Naming Conventions

[00200] We may refer to node and node-component names by absolute or relative

path. Relative path names begin with “.” or “..”, to distinguish them from expressions

involving division.
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2.1.7 Nam ng Conventions [00200] W may refer to node

and node-conponent names by absolute or relative path.
woRedoat113767 pat h names begin with "." or "..", tBCT/US2006/014713

di stingui sh them from expressions invol ving

di vi si on. A :
i sion. Attorney Docket No.: 19766- Oogv,glme'y%oc_%élylcﬁ1§766—003W01

real x = 4; Part B{ real x = 3; real y'=
*refers to/A/x */ real z = x; | *refers to/AB/ x */ }

S%Igéxul); I *rel | | x| Translate(./ B/l XOO; /
fo/AB/x */ } Mdel C{ Translate(/ A By O;

a1 kBtger - nodel reference, error if Ais not |oaded */
2.1.8 Conditional and lterative Unrolli ng [ 00201]
Bifti onal unrolling of nmodel code may be specified
iéa? Lhe preprocessor directives M, #elif, ttelse and
. These conditions wll be eval uated, and
S@ﬂE(ﬁ éd, branches fol | Swefers ieR4cY1y once, at unrol |l

eaTE .e., during |n|}ul @‘L’So{fy B g,) [00202] Iterative

fSr and whil e | oops ar®e unr d at graph construction
time, thus these routines do not thenselves give rise
go |t tive or recurS|ve Q%&b tructures. For

%ﬁﬂ%1é‘ for (i = 1; ¢ #ﬁ? Avar make synbol("v"

TrdrfsRad( I/)s)/x,oco;eat es fl YGE]A\&M/AVIID’&I@S named "vIl", "v2",
"}v3' "v4" and "vb5". Note the use of the

Model C {
Translate(/ A/B/y,0,0); /* inter-model reference, error if A is not loaded %/

}

2.1.8 Conditional and Iterative Unrolling

[00201] Conditional unrolling of model code may be specified via the
preprocessor directives #if, #elif, #else and #endif. These conditions will be evaluated,
and selected branches followed, exactly once, at unroll time (i.e., during initial parsing).

[00202] Iterative for and while loops are unrolled at graph construction time, thus

these routines do not themselves give rise to iterative or recursive graph structures. For
example:

for (i=1;1<=5; i++)

Avar make_symbol(“v” + itoa(i));
creates five Avar nodes named “v1”, “v2”, “v3”, “v4” and “v5”. Note the use of the
Lisp-like muake_symbol to generate symbol names procedurally. These generated

symbols may be used like any other name, for example, we could now write “Scale

s(v1,v2,v3),”.
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Li sp-1i ke nke_synbol to generate synbol nanes
procedurally. These generated synbols may be used |ike
wa@eyenidter nanme, for exanple, we could now wiPET/USas/@14713

s(vl V2,v3);".Attorney Docket No.: 19766-003W01 2.1.9

Condi ti onal Execution [00203] Conditional graph

eval uati on may be introduced through contfiPP{ERgs No- 19766-003WO1

expressions (i.e., those containing "cond ? a : V) or

by instantiating graph structures involving
2.1.9 ConditippabExe¢woRi . e., switches, attaches and IK

sol vers, as described in Section 1.17). Switches may
[00203i]rrp| i Clohkytidreil cgraph e dlatinrg mayh dei fnttdrewed| $heough conditional

anguage construct, for exanple: if (drawsphere == 1)
expresgionér(ge.( H)oseJosgainmige” ©34 3, 8) ;bgimﬁ}' O P@’f@ﬁ'&PV&l%ﬁPht%%ucmes
. Switch. ifO {nl a =E : ba ( 0 " :
involvigty cGflaieaial How (5 8RERES difachly o Be (ool o O i dPggribed in
Sectionh §.19% N5 ft&itbsOpHaQMRApEEHY Yoo ERAtQDMlIdUgANEle if-ilien-else language

"drawSphere == eval uates to one when true and zero
construtipforfexhsgple:The correspondi ng expressi on graph is:

[ 00204] The underlined "val ue" input tab indicates it

has,_an. i.nput_expression ("drawSphere==l"). A nulti-way

ﬁf%"ﬂsﬁhfp ui t by adding additional outputs to the

Sphtels)node and providing a multi-val ued i nput

expression (possibly via a separate Conpute node).

2l 10 Iteration and Recursion [00205] Iterative and

repdrssye graph structures may be created by

connecting node outputs to inputs in order to forma

i -hG L& aBegs.aph. For exanpl e: Attorney Docket No.:
whichf %Jé%l- 603WOL

Switch __if0 (nil, drawSphere == 1);

Cube (__if0.out_0, 3,3,3);

Sphere (__if0.out_1, 5);
whbere the name “__if0” is generated automatically. The conditional “drawSphere == 1"
evaluates to one when true and zero when false. The corresponding expression graph
is:
[00204] The underlined “value” input tab indicates it has an input expression
(“drawSphere==1"). A multi-way switch is built by adding additional outputs to the
Switch node and providing a multi-valued input expression (possibly via a separate

Compute node).

2.1.10 Iteration and Recursion

[00205] Jterative and recursive graph structures may be created by connecting

node outputs to inputs in order to form a cyclic subgraph. For example:
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| *create Conpute node with one input "x", expressing
thefunction "out = x " */ Conpute Fibonacci(real x) =
Wwo2006/118Nnect Fi bonacci output to its own "Xx"PETIP82006/014713
usi ng the given input expression */ Fibonacci.x = t==
?0 t==l ? 1 : Fibonacci(t-2) + Fibonacci(t-]I
[00206] Thus "Fi bonacci (3)" yields the vAloy Cke‘N° 19766-003WOl
" Fi blonacci (4)" yields 3, and so forth. Referri ng
y to nacci" with no ex ara ter
I Sl utenpaoRaceE b Sr B PR SRR oot | e
I@é{@éﬁbonmlgm,gelg has meaning in the cont ext of
tPe surroundi ng@ raph. The scoping rules of the
Vairaeatabore @R i TFfa&w”a nguet ﬁlsgl %Sl%ﬁé’af’”égxpé‘a%ﬂt 4s
ég%nq@(gre =hasgy been (proy ded, even though the
eclaration statenent has not yet been closed by a
t Fibohaaelft-Benfiberasei(t-Ifhus, we coul d express Fi bonacci
sinply as: real Fibonacci =t==0 ? 0 : t== ? 1 :
Fi bonacci (t-2) + Fibonacci(t-1). [00207] Here we
[00206]f ovi deylsheriboitebi(9n pisldshehebesliie of, “HilsorGoaipd)t ey1é1a1@h?erand 50
tthan as an input expression. Note that althou
forth. mé:fmazg; mmpslydec Fibadcdd veith agl explicit pararpetes éZPﬁFlé%i theg Fibonacci

numbeg ¥ ehe e Asiice it Poterare ﬁ&%@%&%b@%m tnegglr e context o
the su?f%ﬁ{lﬁﬁﬁ%g}agﬁ; peflﬂjes Ffﬁbéﬁgquféél o BRI R %e bre sééh that a node is

ve, puts may be as functions,
declarbditas tsB6iy aWits Inadid lyas ledenrproaideal, eeert ﬁaiughathe dleclaratiprt $tetement

function paraneter if the varlable definitio
has neteyelr berreslosed &yt mdrailing servisplonyr Thit MéecFP‘;‘/lgt B¥RyGEH Fibonacci
time- (or nore generally, paraneter-) varying input.
SIMPITA%G gr aph generated by the above statenent is shown in
{:I g. lteaﬁpiﬂboglla&@g]t—qéts mentd=qrrgd previously, in part due
oits ability to represent graph structures involving
i t er:&iliogaccilid) T BEARAFEN- t he nodel i ng | anguage, and

[OOZO?.Ee 9r3pfR v@i\é? Hélh'eqr:le SRR Ad 88! Bodyl Sf the Com ute rather than as

i ng-conp ow ng speci fication of ‘
an inpiRERPFakioan Noteahgpililiduph Fibbnawilstdubared s essebl it qanabe called
general purpos amm ng, | anguage sy

e pr r u
as a f@natioor gpam@l@df amg D oyt - 1(90/31\}%1 turn d1?fe1ent values for different

parameters because its expression depends on the Pull parameter . As mentioned
above, all outputs may be used as functions, but they will only return a value that
varies with the function parameter if the variable definition references f, either directly,
or indirectly through a time- (or more generally, parameter-) varying input. The graph
generated by the above statement is shown in Fig. 6.

[00208] As mentioned previously, in part due to its ability to represent graph
structures involving iteration and recursion, the modeling language, and the graph
evaluation system itself, is Turing-complete, allowing specification of any computation
or algorithm that could be expressed in a general purpose programming language such

as C.
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[00209] Listing 1 below gives a nore conpl ex exanpl e

of nodeling |anguage usage. Listing 1 describes
wheiobdiytg’ a desk | anp. Listing 1 #ntludeonce PCT/US2006/014713

"gl obal /1 xghti ng. M Macro Standar dMvbdel Trans forns {

Avar tx=0, ty=0, tz=0; Avar sx (pollcy—"*"

(policy="*")"=1, sz (policy="*") =1; AvdM gfcg?ﬁ%:ﬁgm-omwm

rot; Translation trans (tx,ty,tz); Scaling scale

public matrix xf_out_ = trans

[00209§cal eﬁlS}fmgfbjd delqvargives) a{mg’feaﬁﬂ%‘&’%ﬁ’éqnf’}’lg;%é C?ﬁsel% language
usage. j@ftélpg‘é ?(leDrgS b(uxl 112%&1@ Alabi,: 970, b=0; Material

sp cular = (r,g,b), shine =
50); Part Base ( Mesh nesh ("Base.ob} " ) ; Surf

ListinP3seSurface (nmesh, netal) ; ) Part Arm{ Joint q {
one bO ( Joint 1 {

#includeonce "global/lighting.m”

Macro StandardModelTransforms

{
Avar tx=0, ty=0, tz=0;
Avar sx (policy="*")=1, sy (policy="*")=1, sz (policy="*")=1;
Avar<guaternion> rot;

Translation trans (tx,ty,tz):;
Scaling scale (sx,sy,sz);

public matrixz xf_out = trans * rot * scale;

}

Model Lamp ()

{
StandardModelTransforms xf;
Joint rootJoint (xf):

Avar r=1, g=0, b=0;
Material metal (diffuse = (r,g,b), specular = (r,g,b), shine = 50);

Part Base {
Mesh mesh ("Base.obj");
surf baseSurface (mesh, metal);

}

Part Arm {
Joint 30 {
Bone b0 {
Joint J1 {
Bone bl {

Part Head

{
Avar kind (comment="0 = pointlight, 1 =

spotlight") = 1;

Avar radius=0.25;
Avar r=1, g=1, b=l, intensity=30;

real c¢{3] = (intensity * r, intensity * g,
intensity * b):
if (kind == 1) {
Avar conedngle (units="degrees") = 30;
Cone (radius*2, radius*1.5); /* draw

housing */
Spotlight (radius, coneAngle, color=c);
} else
Pointlight (color=c);

Color {(r,qg,b):;
Sphere (radius); /* draw
bulb */

}

Mesh mesh ("Lamp.obj");
SkeletalDeformer deform (mesh, j0);
Surface armSurface (deform, metal);

64



Bone bl { Part Head { Avar kind (comment="0 =
pontlight, 1 = spotlight") = 1 ; Avar radius=0.25;
wae@s/113787 g=|, b=l, ntensity=30; real c[3] = PCT/US2006/014713
(intensity * r , intensity * g, intensity * b ), if
(kind == 1) ( Avar coneAngle (units="degrees") = 30;
Cone (radius*2, radius*l. 5) ; /* draw B‘ﬂ?iDﬁ%‘e‘N?"19766'003“’0’
gpot: | gEt graldi us, coneAngle, color=c) ; ) else
ontlight (color=c) ; Color (r,g,b) ; Sphere (radius);
2.2 ExpregyigW banguage Mesh nesh (" (Lan'g o)b] " ;j : ( )

Skel et al Def ormer def orm (nesh, 30); Surface arnBurface
[0021(]def oMt laefalge weptavidesorBotdratg Mathenlgkebexqoesningo node

s St a2 Okt e BRSSP L e of
uses. standard, knfi x.. ¥ ' ' s
e ool S TR e 40 LB e Rk (=) i

necessity {RRABWE) vailahia thelspidssibhodcalMwodisisipygta@nd global broadcasts
~operator ("=") is necessary (or allowed) within the
(Sectiomxipt® ssiphe refersmiced byiaanmp and thews age suimbgraf prgstesined global

and local variables, constants and a rich set of functions, most of which are listed in
Table 1 below. Expressions are parsed and evaluated by an public off-the-shelf POEM
(Parse Once, Evaluate Many) parser engine that applies aggressive optimization to the

parsed expressions, providing fast evaluation speed approaching that of compiled code.
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(Section 1.16) may be referenced by nane,

are a nunber of pre-defined gl oba

W 2006414785,

and there
and | ocal

constants and a rich set of functiPCEUSI06014713

of which are listed in Table 1 bel ow. Expressions are
parsed and eval uated by an public off-the-she

(Parse Once,

Eval uate Many) parser

en gl n.étmfnﬁ/aockgtal(ﬂfﬁ 6G-003WO1

aggr essi ve opt|n1zat|on to the parsed expressions,

provi

bie caaatt oF

Jined CABPaR SR p 0 BOVIER Btigs

1- Exanp
Functi o

Rahredeftmed G obal s, Loca
ns. Att orney Docket No.: 197

@du@onstants and

£56- 003WOL [ 00211] In

adaitio
Glidpagt i 0
mani pul

Tid Wat 15 snown 1n tne t
ns for basic character and
At i ons; operators for array

ABloBal aNiaiin@i6cK e
string

mesh and matri x

i ndexin

Dstadd@sd C Matri X _and quatern

et ftamtihe ons _and

oper at of

sndtiamad so forth. 2.3 Ani mat

slenerdainguage

[ 00212]

fps Section 1.18.1, we desc

r blipg flamoespeuseond f

auars,

DEys@fntlate Wy adnattinevar i abl es, t

b wall-gle¢ldiatetanddime ( or

nmore ge

nelicast_biyye>pabasttiens>) varyin

0 nrad¢dUmeadedst hi N our

express
| ayer ed

SBHCYT, $6B1T, $SPROY, BeCHR) $DEPS, we
plepsesent ati on of avar dat

gegomi/etenhgnvironment
avaand detail the

PRSP S

LRkt i cul
5.2, thq

R¥naVhi ch Tayers are conbi n

P (bedl@of iadiece  an

abad oufput value. W also

H @ssolukdy@th tb ioceocdd on

2 <% ORAEYorM[<@Maf] Ndtilon C

hannel isputitdesd nddgi ng

ki nemat i
ani mat i
Because

I n many
system
to speci
speci fié

val ues

specifi¢

functi of

of paral

G[fhannel's as those involv
bn typically created by a h

veh ihihe tslpdal neld (zero-
Uhaed)ani nat or .

afminpstssui tability to inte

aginbaref input tabs

phie@orand nodi fication, Ki

nenidd peraarienedlicon | s

Wa)sgorh, hel s todilighor.t ant | a

effecoiVels@lswif-tbRih  our

besaywestdescri be the text-
fy kinematic data. O her

| §

b delcbetfanguagerans ¢de
htes®) cl asses _are

rdmvi a tab-delimted tables
1 pointers (procedura
stochastic | ayers),
ret er At t orney Docket No. :

| ayer s
or thrq
1 ¢

csamﬂ@d&@#amel
araneters

) gyhy Eﬁtﬁléedcfeh‘ﬁ?‘}%t 4P8n
7685)003W0 1 val ues

| ayers).
ki nemat i

Ceamrsthnisour
channel 4

\¢ary val ues specified in

viErd ¥iather ed _notion

e(forwarddynani¢c and nmul ti

I)m—ﬂtﬂmnam c

rteRerspecific zerg palue

chidatidemtinsi sts of knots al

<{ypo228] Followi ng commn

A¥ire-spepific ddantiyvalug

one-di nH
Onstraterp ¢

val ue th

st ohab “cuifes, ©FSpt T fes:
frannel has one spli ne.
&&a bl .iAe” akes at_a partici

Each

SRefrT i ARTies
" knot specifies the

0ssi bl y

e iv6 lagidilps(bRal

A;Hﬁﬁﬁstc

|nfornatic

P %Hafstaﬁi f"&%ﬁtg%

ei ther side of the knot.
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The spline is interpol ated between knots. The data
stored at a knot, and the algorithmused for

WO pioenpykat i on bet ween knots, depends on the kpor/U$30p€014713
We provide several knot types commonly used in prior

systens, including stepped, linear, Bezier, te
bspline, cardinal, TCB and tau. For Be2|’ﬁ?meaH&°l‘$ﬂ? g0 Wo!
knots, we provide left- and ri ghttangent handI es t hat

| ndl Cat a the | ij‘%hr‘l rl aht daori v +

| nt er pal &Y F‘ﬁgta‘aseﬁﬂs‘i A @%gﬁ‘i‘é“n?talbet

1@0{_{10&1e&1c Lh y'Bef’Bohc

di ssi m |3 e involv st ap TR erérerrJlo i ftglﬁsf
first s?°n1%$?§8 3f‘lec‘fsﬁ2tar§s}‘esemnt tiwi ce, once as each

spline it hen N pol at e fetween these two

spli _nesgéEt ?5’5&‘4 CosPheanlh’ %Sg%rr%%ﬁﬁon we provide in
speci f yj H Owljljm uala rctudesT TP SoladdboWde
avar, ti 5111, 1ﬂQ(>Fﬂod1'J:e1Y 6u‘nH a'bé'?l ”dn enunﬁe%%mmonrs he

~ c]chrve P T@ge i ch’ eacK 'knot| occurs, the val ue
of each

é‘{h‘dllaﬂam d”y RTTOT-TyPe- SPEChehdorPAbRARRIEES
(per knmasemaasmw@wrs for—eac
gi ven i may opt
the | ayeg, S8 rﬂ,ﬁ%[s‘nﬁeth?ceﬁ) To whi
bel ongs[~, [#'g 2 -Knot "Types and A
[ 00215] "SLAL SRS -0y TN N an ani h-anidhd-deivatekongvdnhe
scope of a particular avar, select|mpitch |ayer is

bei ng r PLEFEPEREDRatPERY) de the ac h-daderikane witatapecToe
format |&:AA@E0RY) Docket No. T 1978&mdesehi subietvadf
that described 1n Section 2.1, Wlt [sthe additions of a
Layer ayemane” statenent for scoping by |layer and

kno t at t f the f - A
(002137 ardn e fo Whekjrerovidn dis ibleos RTRvge

t I

charafoRRE A RRgHPMns BBéraldts b Ay, epést] AT il indedng
basic A¥@Ex id fuatetdibn fufidvielanllldplvators, and sb &yth. C

{-..}}}", "Avar /IMtx { Layer C{...}}", and so forth.

An exarrpl e kinematic ani mation data fil e i s shown
2.3 Amighationangudgey 2. Mre particularly, Listing 2 is

for kinematic notion channels for five avars;
[00212] G eghlSeebm i1611Rote'ddssribedyoat esendlomasaby ewcalﬁetﬁd variables, to

with an extra "spipn" paraneter at . the of . eac

providnslar e g4 ob e 51 cvauinarspi SR POF sapression
graph‘?gfgg%ﬂo% _53we & %\’Qay!ate‘?ﬁt le%ges%néahoﬁeéfl £hr 4ESE@ etail the

process by which layers are combined to produce an articulated output value. We also

NpdtMOhoidey PE ar e

I BRshibodli&&t Speci Ty
CihtehptatiorlY er

Bia&ly ad@diokar anet er s

g&nctions for basic

describe, in Section 5.2, the taxonomy of avar motion channels, identifying kinematic
channels as those involving the splined animation typically created by a human animator.
Because of its suitability to interactive specification and modification, kinematic
animation is in many ways the most important layer class within our system. Here we
describe the text-based language used to specify kinematic data. Other layer classes are
specified via tab-delimited tables (sampled layers), function pointers (procedural

layers), parameters values (stochastic layers), or through the combination of parameter
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Auto -gene rated b y Reflex dev build Jul 16 2003
18:23:58 * User no on 7/21/03 at 12:20 PM* File:
w0 kmensi7a] o/ shot s/ Dive. cue * / Layer " Up- downP@r/t82006/014713
Model Greg { Part LArm ( Avar ikCGoal tx { 30: B
-0.0203 0.05 0.05 0 0 47: L 0.0142 56: L
i kGoal ty ( 30: B -0.0275 0.05 0.0801 O. T?”’??Di‘ﬁe‘if‘? ‘9%6003\”0‘
8 12%9000082 0.3912 0.1511 0.1511 56: B 0.1812 0 151
021 Q.0021 } _ Avar i kGoal y
valuesoirgt botodaty, walugs sRecied B doopauBDE Pty duAgRes jgerward-

omenfSg BB QR OB 00 ) s v

[00213(]- 1, @oﬁéwu@g 3FmnBor @rdtR8, ol TfherfatdbdatalcdiB)sts of knots along
param@‘?eﬁigzsé 012}3~ é)s?@ijég cun(f)e% (91 s%%mgs 8eA£r1ch |T<11geome?’gcs mo%o%sgl%lmel has
one spline. Each knot specifies the value the spline takes at a particular parameter and
possibly some additional information about the curve shape to either side of the knot.
The spline is interpolated between knots. The data stored at a knot, and the algorithm
used for interpolation between knots, depends on the kiot type. We provide several
knot types commonly used in prior systems, including stepped, linear, Bezier, Hermite, b-
spline, cardinal, TCB and tau. For Bezier and Hermite knots, we provide left- and right-
tangent handles that indicate the left and right derivatives at the knot. Interpolating a
spline segment between knots of dissimilar type involves a two-step interpolation: first
we interpolate the segment twice, once as each spline type; then we interpolate between
these two splines.

[00214] The information we provide in specifying channel data includes: the path
to the avar, the layer in which the channel resides, the curve parameter at which each
knot occurs, the value of each knot and any knot-type-specific parameters (per knot).
The parameters for each knot type are given in Table 2 below. We may optionally also

specify the layer set (Section 5.4) to which the layer belongs.
Table 2 — Knot Types and Associated Parameters

Knot Type | Code | Parameter List

Stepped D empty

Linear L empty

Bezier B Left- and right-handle length and derivative

Hermite H Left- and right-handle length and derivative

B-spline S empty

Cardinal | C tension (tension = 0.5 yields Catmull-Rom)

TCB T tension, continuity, bias (Kochanek-Bartels)
U

Tau tension, continuity

[00215] Statements within an animation file define the scope of a particular avar,

select which layer is being referenced, or provide the actual knot data. The format is a
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Avar t z 43 B 0O 0.05 0.05 0 O 55 B 2.3851 0.4622

0.3395 0 0 63 B 0.4347 0.01 0.05 0 0 64 B 0.5303 0.05
w@205/18787 66 B 0.1788 0.05 0.05 0 0 71 B 0. 364BCDUSLH06/014713

0.05 0 0 /* END OF CUE DATA */ [00216] As msntioned in

Section 2.1.3, the animation specification s

descri bed above is not properly a disti r?‘ét‘fmeiyé?? A& 700003 WOl

fromthe nodeling Ianguage of Sectlon 2.1. In fact
ani mati on may. be specif id Wi, t

subset rpfcibiat cisgeribRrl 48 osicHEN | Alretdtha i 2SR n ne@(eé”“me

e et

par amefém?zkﬂ deql :zoﬁ' aridl stefleherachy MaslslopBdtindepehdently, that s, ”Laye1 C{
St andar dvbdel Transforns K f Joi nt rootJoint (x

ModelS}zieblAv;mb’octl{l]E}} ted equiznlengrtp o Models My oL agterd tgé\‘ﬁﬁm g 1Y

Moadbp bk Grevedemy X bt B/ SRVEG (P B[R An
examp&S [P\Igrrf%ug A @Llllél%gi A6k sﬁB&bnfEé]?@thﬂ&Ilstﬁi{g gl Moﬂel“gﬂnhculaﬂy,

Ve no |rect y We pass paranrnil so the avar
Listing®is foir rmqeimmemoemarclwadels foptverneans Y/ 6(31 elgdjké‘flm/ wristRot” is a

'Const ruction' /* u knot-type val ue para
quaternion-valued avar (V\glth an extra spn}i)’e pa1amete at H;Be end of each knot

statement), the others are scalar-valued.
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Listingcher at e surface from mesh */ Materi al
/* Refl @y, cuehrest ©r{iG02-B7
* UsercfP

0O 000 BOOOOO500500000010B397 005005
0O00O0O0O0O0O0/0B40000500500000400B400O
wWO2006/10680 0 0 0 0 750 B 2 50 0 05 0 05 0 O O PCOUSRO6/@B4713

2200050050000094082250050050000
0990 B 2250050050000 1000BO 000 05

00O0O0?} /* Build nesh surface- of-revolﬁtPf“‘c’YrP°“kftNPelé{766°°3WO‘

hei ght =10, Curve3dD profile (um n=0,
y=u*hei ght, z=0) ,

X=r adn,
'y'),
("glass") ,
19766- 003WOL

# In addition to the nor mal renderi ng
 hutopregRiEiTey F‘Vt‘?ﬁfe‘?& PRI ¥ et Pi®l. 10, we optional ly

V\f‘ée%rretr 4s "'t woul d be posed at alternate tines

umax=l,

Revol ve revol ve (proflle /*

Surface (revolve) ,Attorney Docket No.:

* pitel 1/UsQ{'ls/r\Nbxsbota/lD§.vercﬂat e ani mation variabl e settings,

Mode

translucentiy into the scene as ghosted geonetry.
Normal |y onI y the "active" nodel (the nodel containing
;h;é acti Ve node) is drawn ghosted, however the user
RAverride this by specifying particular geonetry to
|nc£vuﬂ|eysb.ﬂ #<hie ghosted renders. [00218] The user may
speci f32/ BNe WP nrelaf Bitrary tines at which to draw a
ghost .l 'Ghdst¥ may be drawn at regular intervals in
tinme, for "exanple: "on 24' s", that is,
oncgrpereaegond for a 24-frames- per- second (fps)

ani matspom,-°.a% 5 Fhown 040h OFR @ 128D.
47: B 0.4219 0.082 0.3912 0.1511 0.1511

56: B 0.1812 0.151 0.151 0.0021 0.0021
}
Avar ikGoal _tz {

30: B 0.1243 0.05 0.05 0.91 0.91

47: B 0.0903 0.11 0.11 0.1491 .125

56: B 0.113 0.051 0.051 0.08 0.08

}
Avar wristRot {

12: B (0.623, 0.681, 0.2, 0.29) (0,0,0,1) (0,0,0,1) 0.1, 0.05, O
37: B (0.7799, 0.54, 0.253, 0.18) (0,0,0,1) (0,0,0,1) 0.05 0.01 0
84: L (0.578, 0.6356, 0.4459, 0.2512) O

Avar tz {
43: B O 0.05 0.05 00
55: B 2.3851 0.4622 0.3395 0 0
63: B 0.4347 0.01 0.05 0 O
64: B 0.5303 0.05 0.05 0 0O
66: B 0.1788 0.05 0.05 0 O
71: B 0.3649 0.05 0.05 0 0O
}
}
}
/* END OF CUE DATA */

[00216]

As mentioned in Section 2.1.3, the animation specification syntax

described above is not properly a distinct language from the modeling language of

Section 2.1. In fact, animation may be specified within or alongside general model code

by scoping layers and associated knot lists within Avar node declarations, as shown in

Listing 3 below.
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Ghosts may be drawn at "knots", or keyfranmed val ues,
in the animation (Section 4, Fig. 8a). Giosts may be
waele@en1387 desi gnat ed "key poses" as defined byPCT/US2006/014713
user-specified time markers associated with sections
of geometry. Chosts may be drawn at a paffl W alyo. 19766-003wol
notion path knot during interactive nani pu’i1 dt1on of
that knot (Section 4, Fig. 8c). In sone
. . inplenentations, the user may set a preference to have
LlStmg[a:Dh mani pul ati on ghosts shown (1) never, (2)
monmentarily during interactive mani pul ation, or (3)
divplaysrgherr-&At™or nore path knots are sel ected. O her
preferences are possible. Several consecutive ghosts
may be drawn duri ng adj ustnent of knot interpolation
I at R Ssaasbadirassswhs ke t he user is dragging franme-timng
beadstaleagngrt ve) mot i on path or mani pul ati ng path knot
t an/qesng ipapoqllgsraag.ls%gtvllrgcﬂls 41" 2:_'u4= ‘at BQ:@OQ,eruj—'lng: ‘g‘:BOSt s at
al terfat [V E LEMeS 05 acaanpliShed hyscherdorim ng a
Rendefisdass. aver shhe speed hdied vaodespcafterme{ 1) setting
t he *glvebald ami ymat Peninglkioclevtier tdde dghst tinme, and (2)
renderi ng the_ghostg, using a n_on,opaque color (alpha
< 1.0% ®Ft WEHERCE “6F *Equi Val eht bl endi ng. [00219]
Ghogls . Jmy fhe.shown to assist in conparing alternative
ani mathen cspectifical |y with differing sets of enabl ed
| ayers (Sectirgntydy ralyerzm ‘do this by rendering the
scene ong:%‘;gmgr‘hﬂz > other &dj usting which layers are
enabl ed, ; ghd Btjjﬁono:fb?ﬂ ehidgot he ghosted nodes a second
time. Begause changs ngsenablbed | ayers invalidates the
af f ect edo.por tzi B D5 OWF CeXprressi on graph, the ghosted
nodes wit-P3%bé T-&nttét ed°dnder the al ternative |ayer
set up. At} dinéy. FofKet K., ,19766-003WD 1 [00220] User
control s; guer, ghoshs hevdes bRg i ncl ude: ghost opacity
("al pha”), illum nation node (whether to perform
perivertex lighting conmputations or use constant

shadi n fade rate (ghosts, may fade in opacity away
froﬁgafﬂ%%gfgm&ej}fof‘érﬁatcetfrr‘tgev,gpgs 'shgam in Fig. 8b), and draw

st yEL@ve('ingQﬁIlS (ERM-0pEnaH1aWaBS, SuFka6ES=0r:

" St k@kivE irgure"e:9kiet. etvons) . A special "Doppler shift"
mode col ors ghosts at times earlier than the current
time SRS ?ﬁffﬁ/f?ﬂﬁﬁs}‘ghﬁst s later than the current

. Maternial glass™) ; . . .
ting, thlugslihted and redtinted, respectively, in our
iypl enmentation). Finally, the user may choose whet her
or not ghosted geonetry is selectable via the nouse
cursor. By default it is not selectable,
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and clicks on ghosts have the sane effect as they
would if the ghost was not there, for exanple, they
wWowiob/1s38BECt opaque geonetry drawn behi nd t he PEDES2006/014713
[00221 ] Ghost rendering foll ows any distortions of
the notion path as described in Section 4.1.2 and
shown in Figs. 9a-9c. This is acconpli sh¥gmgiPapeye-py7ec-003wol
pre-mul tiplying the ghost concatenated transform
matrix (CTM by the path distortion transforns in
3. Ghatsi on 4. Cur abili ty to rapidly render ghosts across
multiple animation tines and | ayer settings i s enabl ed
[0021Wy t hén hdditmmato thaciimgl rnkering oégepmsty degarderd irgpection 1.10,
weop it BL 600 R eh S0 B SRR B T atcrnat
. ' 1 v ' .
s B e
only the “Gic§péaynedet Utive nidde ugntBRingpteeactiidi nadents titevn ghosted,
path foll owed by an _ object npving through that space., .
howevp thefegr may svelide dyn jéSE‘EFrlﬁYéT‘%Ba%W%\Ti%?HUE&M{FO igGlyide in the
f these systens al so provide user control over the
ghOSte?}Dllef‘gﬁlSpat h by allowing the user to directly
[00218YBNI PYiAt €sdrNBap RpREfPIonkNe PRt arbitrarexang et wiieh to draw a
control points onthe path. This effectively lets th

14

e

ghost. UShosts peyi by dtavamst eegudar, intenvalp s sy {orrexemmlen ongit anthat is,
entire ject .traveling thro ace by mani gul ati.ngx.

once-FERSefSach TOF % A TOUERT AP EOY [4P) DR PReBr b1 igen (OFig. b,

Ghost$ Xﬁa@ﬁ?clra\e@n exiERdst i %e?HBin‘éH AR, rEPeeseRhabh @Peddivn 4, Fig.
providing control of articulated bodi es and defornmabl e

8a). Ghiokfsanep bealrhow atglesipmate Ykeyheospsit is définerebyhetespecified time
object to be viewed and mani pul ated, but allow n

markegh gsﬁgﬁ@@_wd] lWifha ;%’g)p@ R EAFREtDh] oS} Tay 159 Braen g &prticular
.an ni al e - : = .
oso ST M8 IS0 NI 5.

some RhpR¥iedtSEHY, GHe uddiembliakt htpre®ratRetollast sk rmipulation ghosts
teﬁporal cacﬁlng; it is flexible enough to control any

showrt y)eevkr, B} inemperitaglyudivngg interachive mamprkstigni oh(3) ahyays when
scaling of and within articulated bodies, surface

one oy eWﬁaPi"‘Bng}m%?n argisglsateddes &\‘?ﬁt P‘@E%rfan‘ééﬁd afg, possible.  Several

refer i , - whi & L o P
conse L ARER R B BRI B RO such o
while FR¢ se@Ydra rP@kAtmiy lvadsellatd the motibheatlnof acanipulating
agg mig g

4.1 Visualization . .
path knot tangent handles (Section 4.2.4). Rendering ghosts at alternative times is

accomplished by performing a Render pass over the specified nodes after (1) setting the
global animation clock to the ghost time, and (2) rendering the ghosts using a non-
opagque color (alpha < 1.0) with OpenGL or equivalent blending.

[00219] Ghosts may be shown to assist in comparing alternative animation,
specificalljf with differing sets of enabled layers (Section 5). We can do this by
rendering the scene once normally, then adjusting which layers are enabled, and then
rendering the ghosted nodes a second time. Because changing enabled layers
invalidates the affected portion of our expression graph, the ghosted nodes will be

rendered under the alternative layer setup.

72



4.1.1 Path Shape [00224] CQur technique for

i npl enenting notion paths relies on tenporal caching
wowakitms78ur expressi on graph (refer to Secti onPd)/USW06/014713

user may specify any reference point on any surface in

the 3D
scene by a nunber of neans (for g@ggggpﬁagxﬂ

clicking directly on that surface while §8i'ng §766-003WO!

_dezi gnat ed \vaﬁy on the keyboard). To draw a notion path

i_ndi cating ere that reference pqint .on the surf.ace, p
[0022kny e Uk Gagiolsp 28" et FPRierings RaHtt ShHe PRAFR ( alpha”)
. .wor | d- | . . di e 7 i b .
R FRTE Tl ¥ Al AR @04l or ue

constafPERGAgY, ReEerap{dHostswnhf fddeie gegitpaiay Ménrthaderrent time, as
these |Tne segnents as a connected polyline, givipg . . ”

shownt ineFigp fehramdcdrast style (ghasta magindiayar @5 SNERES: fat Stigs-figure
define "curye’ herein ta inglude strai [,

sclen S5, L PRSIt LRk ST by Ml e han e

curren"{’lthﬁmiﬂérehﬁgpLhQH Ugsa REROhEN QGHE \@rint iné (blue-tinted and red-
unnecessary detail5 the adaptive nethod for conputin

tinted ! fekpectivaly, ig dus idedemebiatiobp| Bimallyhtite veatranag cheogegwhether or
descri be how we_ conpute the 3D positi f.the,.

not ghpgtegr gaesretpbisrielestatin yi '@éﬂotéﬁe%é%l‘s(?fo?ﬁysg?fa}lﬂ& faynQfgelectable,

and 1{%S %Em'cglf?os@{évﬁﬁ%%&ge%m a5 th&/ HREE1 ROhRIgHOsEHa8 Mot Mere, for
surfac®; note ho t d

wever at the - reference point coul

exampAS, thap will stieet ®fdquicheosienfyatawrabdhind die ghstbe

requited is that we know its positiaon relati t.he . .
[00221 ]?c al Ghast serelesivgrfellaws @11§;¢’é$tg¥ﬁ017[507é ilz%jmmlélvﬁe?é‘é #p figspribed in
. 0 | nt f i S. . .
sectof e Yol ShObr e - RS RN ARy by pre-motiplying
ratl . . & i : . g
e SGRELHAPE L Qo st QTP o ey, psprs i
Sectiohi4gi Ouanabilild) toeapidlygiehder effestst aavssomdipBouiismating, imes and
19766- 003WOL Secti on 13'3\1‘5183)' ILn the first case of .
layer sedtinga s sankigdhydgha terpraed 53chiRg srhems esc Egﬁ it g?wcné)P L

the reference point P, nay be represented as a 3D

4.Dd§g%ﬁgpﬁgﬁg n/ in the pre-transform (local or body)

( system of the surface containing that
int. The Local coordi nat erm | f i fdi: . s
00223 30135, 25, SOCEELPLShBHRI S PREEL b A5l aping and
COl’ltl'an#l%V\ﬂ‘lteh Wepledthsf Swfif@aRd andr duforn@ble Bodig. t e number of
refe@rence point position at any tine t involves
animdticansyfstems noddy arpableyto thepleylauarye tomught 31 spasg frdicating the
is available to the surface
path followed by an object moving through that space. We refer to such a space curve
as a motion path. Some of these systems also provide user control over the motion path
by allowing the user to directly manipulate the shape of the path, for example, via
control points on the path. This effectively lets the user specify translation, and possibly
rotation, of an entire object traveling through space by manipulating the path of the
object directly. Unlike previous systems, we extend this motion path representation by
providing control of articulated bodies and deformable surfaces, allowing not only the

path of the whole object to be viewed and manipulated, but allowing changes in the

shape of the object itself to be viewed and manipulated (Figs. 8a-8c and 9a-9c).
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node at its CTMinput (refer to Sections 1.9 and
1.18). W automatically enable tenporal caching of the
wWCIbfia78am surface through which we are draw nPCEHUS2006/014713

notion path (refer to Section 1.5). Thus we

approxi mate the worl d-space position at tine t of a

reference point lying on a surface as: *AftopeyDoskytNa:Ig76e-003Wol

P () i f~ y Mh(,) | ocal where Yis the cache | ookup

operator for the expressjion node, output connected to
[00223e. e potebl feHBes it G FABIDEEHE HALE S Eohdast due to

cgse .of poi.n I O r - ieQi Cheo s Y
empfF e aer iCheB 0 ARG ey s Bt iciuing rotation
translddr fahat 54GRg & ASd - wHBINBMiciRAEd o, deffacardicf@nmtians, and

being "nearly rigid", and conpute the point notion_as
global atefaenatBawpan thé referades ipoatdhreughuwhich thepnetenpath srdrawn,

of . the notion under .a,.surface defornation appl )
and toyBiIGPBRAHOTORAT AT o O ditck "Bor fe £ pal B fgice to the
surfackhe time-varying function that nmaps points to their
position under the surface deformation, then: [00227]
Finally, if we represent the notion of a point under a
4.1 Vigwldtdatiorat her than surface-rel ative, deformation, we
pass transformed points through the corresponding O
(ﬂl obal function: local ) [00228] For conplex notion
4.1.1 PathoShiaPg a nixture of rigid transformation, surface
def ormati on and gl obal deformation, we may conbi ne
[00224hese Opeteahiiopms fasimpledehtitgtoptiey ppdriastienen temporal caching
.. 19766- 003WOL [ 00229] The nptiaqn path polyline itsel .
withiny Qui @HIESEMN &IRR %1‘8 ‘t%gs?f&kﬁorﬁ g‘.ﬁ%fpﬁ‘aé{)épﬁc%bﬁ% ﬁ‘?é{?ﬁce pont
n . S | f it i
on anf 85 BTSS! 8, P AR, P8 BpR B bR vty
on that Y ffaeewihdleWipesssiriea dedighand &epainrthe elborgs).afoweaw a motion
; as the surface-relative position of that point. Thus

path ndicating whewenthat eeferencemrainhopdhp susfage aevwesrfarpygh space over
_ changes in_.the.ref i nt it .

e, LSS R SREENCE 27, RogPST SO U i BScross some
" series bP d;é@?eett %%@i@ﬁ%&,‘ AR ARLABEY PHRLIONRh MeeebRatd e render

surface to user changes to the underlying
these Hink BBEIM@N)s as a connected polyline, giving the appearance of a curve through

space. Note that we define “curve” herein to include straight line segments. Varying
the spacing between time samples allows us to produce a smooth curve without
unnecessary detail; the adaptive method for computing this spacing is described below.
What remains is to describe how we compute the 3D position of the reference point at
any given time. For simplicity we describe this assuming the reference point lies on the
surface; note however that the reference point could as easily lie off the surface: all that
may be required is that we know its position relative to the local surface coordinate
system.

[00225] The position of any point on a surface is governed by the cumulative
effect of a series of mathematical operations defined by our expression graph. We

distinguish here two classes of cumulative effect: (1) rigid and (2) non-rigid (refer to
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4.1.2 Path Display Alternatives [00230] In conplex

scenes the notion path can becone difficult to see and
wanwensl’8nd clearly. This is particularly truerp@iiesonéel4713

path is tightly bunched: it may begin to resenble a

ball of yarn. W have several options avail able for

i nproving the display of the path in suchme DocketNo: 19766-003W01

ci rcunst ances. [00231] Wen fine detail of the path is

difficult to discern, the user.r enabl e .pat ..
Sectiomg 13} B ihesisbeaseiod pRenter 68 gt HeHBGHT R Bt Lo position of the
oIS ar L t a B . i
ety S 5P e O LR o 17 pREAT S PSR antorm, o o

body) EdcrbflaRt ispgrehh@f ARk Husfa0é doneniRiaighthaclpdinne The okal coordinate
dilation Center sits at the origin, scaling the points
systenbytself is atefipedilfy dee dk4 Slaneatepatetiofrangfeamagion Matrix (CTM) Ceuy

.. Lransl ati t.hem back:. STC.sul.f(t)Vloall . . L
with wiigh 8hg v:88aE Trhc Cornntoh ebiarereparepihy bodieha e Ry tme ¢
i . LRANARARL, bP thdQallel & O, 3P4 &, H@pdsefailabledtorihy surface
mvow%%/ltﬁ]gﬂgi I a%]iIﬁnlfgctor.a Bey defAul t vve’?(\%\fsh the path to
node at iitsl CEa&Snptit Gregdr tdSettimgel Isamd dckS)at Whautemetdenlly enable

frame, for which we provige def aul _gode ina;/\hich H
temporplecashing phlret [Pbifak a syriape taough WHBeWE e drpwitpg § motion

mode p Ao TR 16838k tHme ¢ of
pots (B0 SAF 0P R 1 AR PR 2 RSI R e o
refereﬁ&.ﬁpzcﬁh’cEzlilhgﬁanl‘el%mi@iiaa@agenter ed about the target point.

[ 00232] "When the path becones difficult to follow

because it doubl es back over itself repeatedly (the

bal | -d?,.q(I}FF&@I@Bz&&lﬁWM(t)ili'emluser may enabl e the path

tickertape option (see Figs. 9a-9c and 1Ca-1Cb). This

_hags t.he eff f retchi. . '
WheleDg &T(@;te %Be ?(%%k}%é 9% & I 0%8 te%ﬁ e?%)rllé 91\%'51? W%@l@%&ed to the

CTM ¥k 8f 8RaGefdey¥. mapping time to a 3D vector in that
sgace. The direction of the vector controls the

[00226] r ectlndheisacarhl casevef painkrtiionhgoysaned byrmprrrgid deformations,
gni tude of t vector contrals how nmuch t 1S ..

we arg (HIoNh PR PIRESE THETRATR | HIe TONASEa P ey afagions as
ing o | 3 a8 4BHT@PERGNEE St WE dMsi

vne SEEPLIE BEEESERATR Bt 088 ehtpdcosacurst e e

accurdtt Mepedehldtonc o] the motivd wider/a "suozaé defdMatiorovwwe apply the

YuQ " local [00233] Note that the path sanple poi ngh
deformatipn 4o tthe weferenca miitisctled Wyr be dhe gy aying function that maps

points to their position under the surface deformation, then:

P ref (t) = Cswf (t)D surf (t,P Ioml) ~ WM (t) Dszuf (t :Placal ) :

[00227] Finally, if we represent the motion of a point under a global, rather than
surface-relative, deformation, we pass transformed points through the corresponding

Dgiopar function:

P/'zf (t) =D glohal (I’" Cszuf (t) P local ) ~ Dglolml G’ WM Q)] Plocul )

[00228] For complex motion involving a mixture of rigid transformation, surface

deformation and global deformation, we may combine these operations as needed.
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therefore the path continues to pass through the
target surface/ target point at the current frane, and
wob@e/113187 ani mation is played the path will serti/ngiog6/014713

fl ow through space in the direction opposite the

tickertaping vector so as to keep the path correctl

positioned on a noving target surface (P?“Q@?yDiﬁ%‘tN%lH%gm'OO}WO]

10b). [00234] Figs. 7a-7c are screenshots illustrating

mani pul ators for_controlling dilation,and tickertape.
wggraphasa

[0022930 et The snotian BAhRQIHiRe Higelibs rapiepRipd il auhPENERY
. S i I ffigult Vi [ . leevek
MotiofE e (4GS oL At SHPh o RBLRTSIL SBLod g7 Bhich b
among’ii@ii\{gﬁl@@tlﬁ%ﬂjb&ﬁr bi€adeablwiichtisovdigente poinhbelangens aell as the
he character wal ks across the screen. The path w ||

surface-relwéve position oththas posetn dhes e phly rasommvtethe geotion path as
character;, however, we may wsh.to see the path of.1
necessgnp B AR T LErEieraie RRRTeORevhaTes e Bt PR&inNE a new
refererftle ocihﬁc&eﬁy cﬁQl‘{géEEﬁ)t theVBadfbANAi NG MK et nftRek faffecting the
any retrerence node relative to which to draw the path.
surfacé (dddosusex ahgiges to He wsdarlyihghhincdtomyge to draw the
path relative to the left shoulder joint or to the
rootﬁ%gi nt ﬁg .the hips) of the character. W
4.1.2 Path Blisplayt AleTBItivesinst or ni ng path sanple points into
the coordi nate space of the reference node before
[00230]l ot t Ingednhplepasdenpolthe imetion peatht cape bpcome | diffi@t goj gee and
ienceM)  logcal .in the case of rigid-body. .. .
underyipRR St [ids DA e e whed i B tightly Rynshed: it may
- . - i i 0 ca . 58y 8] YhlibnLARRbIEN®r improving the
begin Fé’%%%%gol%aﬁaglf&{&éﬁ} Z‘?grhg}gggg‘éur%é\%e rb~| f 1c m:cr,:l i 1 8
displaftdd thd p&haa sueh tieumstanespondi ng cache | ookup
operator. Note that this does not |lim} us

t
[00231]ef er Sifben Hizwedethid af the padnds AifEFaN 4 isegRvetheriser may enable
path d@%zg{%%gt ltra(gtqﬁtaﬁ:%?l&]%g?agi;li zt\%ht?or% It gqlﬁ§¥n@9§é§etor mgjigs,i t%le path

Ive to®ahy no

about sBfeRfSERAL poirk iMBPpARECIW Y addotmRhthehyl haweslatiek ahe (wints of
to the targe{3 surface itself, the displayed path wll

the pashqulylhe swthcodilatien oetyr sits aefhor orginosealiog thagoints by a user-

_surface. [00235] One partijcularl seful application
specifiggl dilgfign fagtog, %Wﬁt’f?ém{?&“ﬁ 41 %e to the canera

when the canera we are | ooking through is nmoving. This

causespt hg pag-hgie i npcateyhqw f hept arget poi nt noves
BRDp O M) CAHIG) ";

“tather t'H4 hr ough worl d
Wherezg'?ﬁgfet&m Ttgiltssé(;%@&liisoei{j g{aéikac?a{nr;l;tgsr thaeniiirlre?ttic%j c;r?tgg t‘co tﬁea r(r)%rgians, and S
scales uniformly by the dilation factor. By default we wish the path to still pass through
the target surface at the current frame, for which we provide a default mode in which
the path target point is the dilation center. In this mode, when we play the animation
and the target point moves in world space, the path will move with it since the dilation
remains centered about the target point.

[00232] When the path becomes difficult to follow because it doubles back over
itself repeatedly (the ball-of-yarn problem), the user may enable the path tickertape

option (see Figs. 9a-9c and 10a-10b). This has the effect of stretching the motion path
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caneras that nove with the target surface, and we
provide hotkeys for enabling these nodes. [00236] To

WO pgc0v3E8vi si bility of the path over differentPCDUS2086014713
backgrounds, and to help in distinguishing anong
mul tiple paths, the user may specify a color for the
path. The user may al so choose to have tﬁ@mﬁé?ﬁ“EPd%WGMBWOI
in two alternatlng colors (color striping), with the

o S S S P A5 B
The dlb g)o t$x velfo Clcfolngg)lsa Ll 1eerc?01(1 ?1}1 Wuﬁl?wgt?éjccﬁ ‘Ehegﬁath, and the

e US ernati ve oose to ena

magnikitee mlv%t&mohhom%»v HAET ehet }b’h&hsﬁ giretehedf Tohkrapathie path in
over sanples preceding t,,o is drawn in one col or and

this mbte wetnsate aich pwingnwenid-sgacerbyviheiticker tapingaiestar V scaled by
color. O the user may elect to have the path fade out

an amﬁ?n%%‘ﬁjb}l@i?éﬁw"é Jrogressively farther in tinme from

tnow in the same way ghosts may be faded in and out

through ti elct / HPQ23 7] pSgneti nes

it may ”ff)‘é"””gsf f llsc Lﬂ“ to S"éfgg Fhe at"ﬁ" beca em|9t is

obscured by foreground geonetry. The pat ) .
[0023%) eedNote ghtlmmthcs@u § Pofrt épfaft i bpoity Hipeqted Bygiskertaping;

sers P RECESIAE B0 8 MU AR e s o
curr eﬁt'i‘?arﬂ@lt.ehdt WheR thé hhighatios 1|s )pl@kb%ﬂt%@ alth ahlllséemmglg Iﬂow through

or opacity = 1.0) with depth culllng en
space ﬁﬂne]me elnselnmn dpposite theairkletioping vecterhsa ag ¥ kegn thegpath’ correctly

user speci fied opacit af t ot her scene
POﬂﬁ%ﬁ%ﬂ@HPynﬂﬁﬁgﬁEéﬁtﬂﬁéﬁﬁ I;L]LEL‘"’l]-OSai'ﬁgt]r?%&Jecorations
[0023Lf023%31g4 7%% %lfeo Rctednby t[k?t s P Lﬁéhhﬁﬁ Ofnakl 19’6’&9 for controlling
sel f severa er ces i nformation
dilaticH £ titke-tape lSIﬁné’c@hbs m@ho&&ﬁ@h@ uqﬁ)antastlmﬁaitedflaéxiald‘[y makes it

i ntegral Attorney Docket No.: 19766-003WOL (wh %
dlfflctdtjtcio‘elsylalﬁmgemm’f dphe taval 11yWhrCéW9 axqYEgr eﬁﬁge pRpRample, we

wish ﬁoa‘flgw 1$1e&@ﬂgﬁéﬁfe2 I(e\f/thglnis lgw\égte (i§ afl a%ﬁcgé H?é;d%frv\%&glewalks across

the SCL&Q?I”ETHS ?9‘%@1 Hf tf%[v%‘l"‘&cﬁs@@ﬁ‘e taeet bee. totth@ Motid0Bf \Whd tharacter;
where the beads are far apart, the notion

howewer, wd@af asish tdee tiepathar thé ok sariug dn agplatiarh witlzout the effect

mouse cursor on these eads to ad ust nterpol ati
of ﬂ1e|cg@@ssc€®@cmpgﬁn@n’g) ogv 2. g? rglﬁcearhcaie relative
to Whécg'gg Qbadg OV & tagli i %ﬂistexgﬁﬂthe,a@l'e r{PsEi A hP PGSR SoUraw the path

relative to the Ieft shoulde1 joint or to the root joint (e.g., the hips) of the character. We
implement this by transforming path sample points into the coordinate space of the

reference node before plotting the path polyline:

-1
P rcla/ive(t) Clcfcience (t)csmf (t)P loml leﬁ’lem‘c‘ M(1) W:m/ M(5) PIacr/I
in the case of rigid-body transformations, and we make an analogous extension for the
. . . . -1
non-rigid cases. Here we will cache the inverse CTM of the reference surface € e

and Wrganee is the corresponding cache lookup operator. Note that this does not limit

us to reference nodes in the scene hierarchy above the motion path target surface; the
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[00239] The user may click on frame beads or drag a
sel ecti on box around those beads with the nouse cursor
W 2008213381 paranmeter val ues, for exanple, to sSECEUS2006€14713
correspondi ng shot tinmes when the avar input paraneter
t is tinme. Subsequent program conmmands |nvoIV|n ti
will operate on the selected tines. Sel etPPHFFRO oY 060BWO!
nore conti guous framne beads sel ects a continuous
par anet er range. For exa user

path rRYBerdiRYE T EnER G088 16055 T SHthel A5 RPEaR i path be
drawn ze P}u]mfe ttorﬁ1§_ tﬂéel& %:191 dIPCt)é U1 R (ﬂgpf%%ecrl BeHpAGAI ¥RoWade ?nouon due

he~ sel i'nme tange s ani mation nmay be
only tSHOBEMHEBAS ¥f PAStedacever a dlfferent tinme range or on
a different grouF of geonetry. [00240] At sa
[002350i nt @nehpm ticalarlyowsefihegplicationof Rhigdt ito éirawgtﬁ)ﬁg Redly gelative to

the caggj?ﬂt,r%lll n ﬁ%éaggtsnrgllxgzel gg\é’l)ooﬂlﬂgz‘c;u %\Hﬁe {?g{lg\\é\ﬁ Ji c%\ﬁﬁes the doath to
1nd1ca¥cﬂlléw tRE t'ﬁgé%ﬂlpﬂ’m‘@@y §V1th_f1‘1 A Ghrh Sralvieh Cl%Jtl%ﬂ theh Iﬁhﬂ@)ﬁlgh world

ositi knot al ong the path and explicitly
space. byrlds splwefulgboibx fort anitreged rfshot’ hearherameansl figre pttaghed “detail”

whi ch the knot _occur Val

camergpiatitpey Qi h@ektﬁggeg’c-sppfgggl}le | S%(la g:%lagl%pgg tgéf efg)f gpabling these
knots only, optionally epr|C|tIy by di spl ayi ng next

mOdeSt o the knot the numnerical value(s) specified in the

[00236’]5500'"123 @vanfsibilitPoF yhekpathsovied rchflﬂéﬂeﬁﬂkcﬂdreﬂhbﬁcﬂx wids, and

gso

freedomwthin the nodel are shown. For exanple ?

to helpdnfdistingujshingaatheng onaltipld pathsii pearanpp Fpealy a,color for the

hand
. CERESL 00 S5 CONSLA B, DRI 8 RN oo
(color: sﬂﬂ;z}i@k %H?tl‘feo(fol&h& %ﬁ@§$é@dﬁ@@1rﬁé‘@h§oﬁf girfb-spipaetis. 8b), or

e notion path user can click and drag with
at evelN&noD (kee Sedtisoh. 1dfhbdokw)pd)r adtouseal Jspsd:lﬁeﬂ endelars (alsd peferyed to as

o L it A ﬂaﬂtrﬁgae, et
th
section r?getf 't |P N gFuQaciskn% Hﬁgcue?rﬂelﬁl‘% s‘f”m}og?ssa ues or t 0812511& B section

follovx%‘(%'%,ﬁ;w iAgra9as 1 h BeteraRoasdr. ADE eineser BagkelectNo. liave the path fade
6- 003WOL [ 00241 ] Knots that result in changes to

out attshepdé peirtts peoggesspvely bpthasdy tihofroaxanpindhe kaoesy ayhglrosts may

be facaRAPEIRY HVREL: BHE (GFOR Hek change o1 aph swi i ch. node

[0023§fta:r{)n Wt‘firhé %a?nbé alﬁﬁg@é IlEtQ %Ieﬁgf@ pagh de¥RlskaWis obscured by
foreground geometry. The path bleed-through mode causes the path polyline to show
through obscuring objects as though they were translucent (Fig. 8a). We accomplish
this by rendering the path twice, first fully opaque (that is, with “alpha” or opacity =
1.0) with depth culling enabled, then a second time translucently (that is, with a user-

specified opacity < 1.0) after all other scene geometry has been drawn.

4.1.3 Path Decorations

[00238] In addition to the polyline of the path itself, we display several other

pieces of information along the motion path. At sample points that fall on integral
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[00242] The user may select a knot on the notion path

(e.g., by clicking on the knot with the nobuse cursor
W@ro0bAt1XI8AQQi ng a sel ecti on rectangl e over theP&nUs3006/014713

Sel ected notion-path knots that represent non-Iinear

knots in the underlying avars will displa

pat h-t angency handl es. The | ength and di?téEnyiDBﬁetg?‘:19766'003W01

these handl es reflect the tangenthandl e settings for

t he underl vyi knot s, d di - ' [ .
D
. an her e t mt | ' . o fre
sves SR HRGRGRY E R o R 20, FRRE e o hre frame

beads BANGHL9n Bpsé itcﬁg‘e@lﬁéi‘ﬂﬂie&hbﬁ@n g bedlownwihetditleibeads are far apart,
the knot (Section 1.14). Wen one or nore of the

the motinte milfilregfaal alhi noes camaslidy aiké dlregmgeh thegamse gursor on these

Sections 1.19,1 and 2. 3), th J . Da;
beads o EO AR PO A han JoT PR SRp e ggd control
over ﬂ({ﬁ@&ﬂﬁoﬁﬂ %E&}na o R&H1PBE fhskNPindaRelbes Wil |
thensel ves be drawn and behave in a "broken" fashion,
[00239]h gt i"Ehg tidee rhayf tlidnon fiaghd bératsdbredragi 4 kelpetion box around those
i ndependent. [00243] Wen tangent handles are d :
beads it P ORSIFS CHISOBI By Select AT VLTS (IRG CBgIS Off select the
_the.local -c i - SV.S Sadd Ne. ex i
cores RS IS, B [ phubhts 26RO Socquen
rogr28cBRIHACH @voRihg tilie @ill opetatd ort W)e sdldiited dhleswSelecting two or
progr 3 P g
vi sual i zation of how the articulation twists along its
more cemtiguius(frame, beady sglects. a Totinygust PAHHEEERTHIEE c 49T [Faample, the
used as a direct- Lpulator to contr Lot ernol atl ong o oo
s gy S e BB B SRR ) ab BB i i
cop i fiatibn JrHE 48k v Rod ReviRiRGBR L elaaRE  tRfe tA1RFE ElMS anidEation ma
y \ e y
optionally display a sliding hashmark that i ndi cates
be subisbguéraityepastedibyetn differentttine raperaaiedifferor growp loégeometry.

handl e) and departs (right handle) th th . knot. Th
[00240hr t heht SARPHRPRENS itéam%au e e8| Wih FBHH Biirs Tiave knots
. kna he faster the ' ' : .
ecnph LAFTZR BhAE TS A hon 3G, )T s e
timing DEMBMR: SNehifRWBnAE. TEROhE ianditheat Bbth bptid posititie of the knot
notion rate (Section 4.2). This provides
alongith¢ pafiohad eoplicidy byisplayingatexotp tednadthe lamss number at which

e b SRRSO B0 SBRUS 0yt el PLAY o8P, o
-0 : P - .
e RREBRICpBURN, pTAE 50 it o8, A Yge Rkt fumerc

value@§ OpRIfidd B tHehisootidted adtaf(§)er@mly kratgiet updidaked stegrdes of freedom
same geonetry. These nultiple
within the model aré shown. For example, when performing an axis-constrained

manipulation (¢.g., dragging on an axis-constraint handle of a manipulator widget or
holding down an axis-constraint hotkey), only knots for the unconstrained avars are
displayed on the motion path. The user can click and drag with the mouse cursor on a
knot to adjust the knot value or timing (Section 4.2). We optionally display a text label
next to the motion path knot indicating the names of the underlying avars possessing
knots at that knot time (along with numerical values for those avars, as described

above).
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pat hs may be di stingui shed by setting each to a
different color and/ or by displaying textual
wa@nwetig378DNns al ongsi de each path that indi cat eP€1©S2006/014713
target surface nane, the controlled bone or joint
name, or a user-specified notion-path nane.)100245]
Fig. 8a is a screenshot of a user interfaCBVEHGGr PH{B3WO!
exenplary 3D CG ani mati on system In the exanple
e user interface 80% igfludes a Vi ew

shown, th i
[0024H01  dingss Ewresirachinggs & theneHfeciNRertrl SROPEY ﬂf‘é\l‘vgﬁample,
e .
chang:% %?éq‘fﬁ siRhRRRRI fkengs] iesPley Bn"dedyotibm ¢latdes abydllavs diamond

_ imted to: rigid objects, nodels, wre
with agtetlowt limesytliaet i cul at ed bodi es, soft bodi es, bodies

oondb LAABELS S8k oL oL BBRAk A T AR e o
with tlhﬁ 2 éxé%gﬁ&%e{j ok %a%%ﬁﬁa &QRctidh SedBhfR bR e 8Ot). Selected

nots 8 e active avar "rot_ 2" at
motiofipateknbis that ré@@eseh? noadihedBknivstindhe tandgdying avass will display
broken at frane 15. The knot 806b at frane 30
path-targensy dernabes. i T8¢ (@ghh iaﬁédl}gﬁchﬁarﬁfﬁf“ nflg kst fytangent-

di spl ayed. 0S 0 are d e ( . .
s e S T T
handlReRM] arlifethe At idet ABhdIRH apditheB0¢ the attioncpathlshape (Section

shows through where it passes behind the bottle

4.2). Warchapertd dtetengtlf anthdise@onafdhomotign path henelesby diffggentiating
813a, ..., 813 ' ' ' .

s RS B A T M LRPS e

avar lén%)?ﬁ(féc[rrg béfi%%ai]tﬁﬁgktnt AlndfsABctRAsAND. Paltd! DB Ne Ui@Bhe motion path

rane five; these lines are al so drawn

knot @@nart bearger althbathal@llomelambat yshbpe (igs.Hia-8d)nend tee path knot
809. The range bar 811 belom1the,§%rollbar.812 sets

handlegeill thramgedyrpeer Hewinitdbelwyedpaj ‘olﬁpé}”rfa%gnvﬁ}qar {sbgle left and

. dr . 247] Fiq. 8b is a screenshot of another

r1g11t%}a<ﬁ?sew£ilg?w eé?ﬁngﬁ%t\'/vi ng time-fading ghosts at

[ooz4éLsquw%e11%ﬁ M Igaralel a0t iR abd opabaslsy displlayga rbmmtion wist
the exanpl e shown, the active avar "xotjl" has knots

indicaatr faranks 10calsebordibateasystedn . + Thaxikdioe etending taniesknot that
has

EN R LT G T e e—
oo S 5, DU Ay AEh Tt ph, 0 it mictor cn
used 3% 86=003WBlpulator to control interpolation of axial twist between motion path
knots (Section 4.2.4).

[00244] On the tangent handles themselves we optionally display a sliding
hashmark that indicates the rate at which the motion approaches (for the left handle)
and departs (right handle) the path knot. The farther the marker is up the handle away
from the knot, the faster the motion will move; these marks can be direct-manipulated
via the mouse cursor to slide them up and down the handle and thereby control the

motion rate (Section 4.2). This provides interpolation-rate visualization and control of

ease-in and ease-out analogous to that provided by the frame-bead spacing described
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tinmeline 809 bel ow the view wi ndow 801. Ghosts

814a, .. ., 814e, are drawn at onesecond intervals; we
W@ a0v68€3381 hei r exact timng indicated by markePCT/US886/014713
817a,... ,8176, in the tineline 809 and tineline
scrol | bar 812. Ghost fading is enabled, wth
814a, . 814e, fading out away from t he AR @ﬂ‘fth’rlzg?'?gomwm

ei ght [00249] Fig. 8c |s a screenshot of anot her
bottl e anlnatl on show

above i b MBI e ¢ At 2 b, Sxqkothedugi p o B piece of
geomeglar uou% Sa %ﬂf&%ﬁﬁ gFteg siet 8@1% &tmefh %@%eﬁg Th&e mu1t1p1e

nce o)

tangent dicates 1 | near
paths Kﬂa@/t bé QlistRHgimsHed! hyneatink eath \M) Tahdi\ff%[‘eh’chﬁMﬂ andyfigeyt displaying
handl es) . nanlpulatlon ost 822 has been created
textuah@nontional alyngslde r@nh 1mdh %ﬁé ipdicaig2theatasgal suHace name, the

arre " 2" con s ,t her knot at

oﬁ élbve avar, f
controflia g 8% il ihe. O AEr G4 PLA PRl or 816
[00245]6‘3 b?gﬁ' gq% QY RN AUSTa tiE 1r§@1tf5éee§00'ﬁ5ieén #xemplary 3D CG
Is drawn with its Y-axis
ammaﬁ@ﬁs.'iy'sﬁ&mt Fri rﬂje halxghipﬂeg Bhednt dhe noec anerfahe 808eimclusles a view
perform ng axis-constrained rotation, gbout

windo AL PHERSCRLBEiAT 1861@%%1}5@%@%%1&5@“@81%%15 apgmated body 802.
For ﬂ1?§$!%ag1ln%glaq oe%nﬁﬁe Ik Scl‘f\%lﬂﬁgeﬁ gl tﬁ@g&ﬂ%bbﬁléﬁ@&@l‘j Other

c¢ki'ng rect axl s

bodief gfbs bb@élﬂ"er | THe tdih@ “@ven” Sﬁdﬁd&g bat id hatréinbiesat] $0:824gid objects,
along the entire notion path 818 indicates that the
modelsatveiref stmottins, sirfagatede bedidsorsoffatrdess kgdigs ath “deformable
; uniform wth no ease-in or ease-out. [00250] Figs.
Surac@%egb show a character 902 wal ki ng i n-place (he does

t t [
0024 NG00, LR A TS A by v

806 aﬁtbﬁeme bedds 808. urheanﬁbtxdmvpathy%@ll end:ludes bueﬁslaoééox tlsehgtive avar
ost 904 is shown at ever

“rot At s o ki Siothen FndeRRoie kG % dviin 5 The
knot g&éblu gulrt] at h Igeilgc{t&f taq{ae qts tc%?m]ﬁﬁué‘ ﬂoﬂﬁoﬁS@&m handles 807

he co € nobvenen ost

dlspla?éﬁ @lﬁﬁlt@gﬁﬂaﬂerﬂféﬂﬂﬁ@t @lcAng tMésfef‘k QntBl I'Wepandea cmohon path
anpl e points on the notion path 902. In. Fig. 9c, the
bleed-tisenughalsasobdint exhbiérb asative maotion petik 84 Wﬁlﬁéelﬁi% ghows through

and has h I ckertape direction
her SR 025, BN IS LKA aPE CULSSELOD, k2 JGoR | D, e marker
lines éll%ﬁ aleg8yl a{t“%ﬁg S aﬁ@? i Pﬁ%ﬂéﬂﬁe 8ho bBRw Hk@klaRedow 801, as
ctof "'so the 02 1s nore stretched out.

well a-Ehaﬁ sglbasd Su&CBHBrf@[mh@ 1<ﬁ0f atefrhing A0osid aomerent-frame marker 817 at
frame five; these lines are also drawn on the scrollbar 812 immediately below the
timeline 809. The range bar 811 below the scrollbar 812 sets the time range for which
the motion path 804 will be drawn.

[00247] Fig. 8b is a screenshot of another bottle animation showing time-fading
ghosts at 1-second intervals and motion path colorstriping. In the example shown, the
active avar “rot 2” has knots at frames 0, 54, 71, and 94. The knot 819 at frame 54 has

broken tangents. Frame beads are hidden and colorstriping has been enabled. The

colorstriping interval on the motion path 821 matches the colorstriping interval on the
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relative to the path knots 906. Attorney Docket No.:

19766- 003WO1L [00251 ] In Fig. 10a, the user has
waeloeg1xe7 t he root joint 1002 of the nodel 100RCHOS2006614713

ti ckertapi ng enabl ed. The bones of the underlying

skel eton 1004 are translucently overlaid over

model surface 1006. At frane zero, we ca‘tﬁ"@eé(éh%kﬁg" 19766-003WO1.

notion path sanpl e point (V\/ni ch happens to be at a

k f

imelineog SRR ERRGHF S RN 1001 ChPEE 4R, %ﬂoéh@fa‘éven at one-
ickerta d o)

sond A B e g %%gﬂé%#e%%%ﬂﬁ%%e

in the Stﬁhéﬁﬁéd ghRbad aid¥lis® sédlbarl 88ITE Ghogh fetd‘iﬁg i®ehabledattith ghosts
1001 lies at the root joint 1002. [00252] Fig. 11 is a
814a,..f Btie, fadigg amt avasifran @fn@q:lan 911’frfmm€>ﬁlgb§t h mani pul ation

[0024@ 188e%%| 1859 ?,3561,9?135}”3 ohgl?%tﬁgf Ecbq?lt If‘%glﬁ%h? Oglﬁ(%&ﬁ%?a? ﬁiampulatlon
ghost &IPRARLAT 40P thefhi eﬂﬁlﬁ@1 Y6 d8Y HfcCexahhfld howhetHéi Rt s selected

envli ronnment can or 3D virtual environnent
the knpt 820 geflaine %. Vilevalwiendowf ahgentiserdlésindidagesethitista linear knot

(or ahiz@%béiiii Knpbah ng%%l&gﬂ P og sl ag O PO EHEC LG Ghpot 822
has begﬁvcrl bt autc r&&%@aﬁy at'fy @gy THRHLPEBA diblhd tﬁ@ q}fhv@Hvar name

vvlth one or nore deformb

“rot_2% %ﬁﬁ@&@ athéi’fe 1@'&}’1(1@‘&"3@%1‘!@%&1@&%&1 hish€Ofhe Wunelx'crpbadl o fnaa[pulatm
articulated body is the wal ki na character shown in

816 habibgsn ddeplagechanpundethe {Biottlokrme elippiieing2” naglss it 1 gaa}wpsywth its
Y- ax1spcgfrﬁbgg%-a1§|ége Ih?éﬁ}gh'g?(f 2(9 ﬁ]?c}llg?te %lgtu}sg is %%t“fﬁ g%% L constrained
1otat151 gﬂ%dt\‘cﬁeii AnfIREr oDk %@Ilﬁag)g Héf:aﬁééech@ Q¥ iérhdl@ir@ doten an axis-

coor di nate systen as iated with the display
conshamtlkfodmjmilt ha(s]ﬂlﬁﬁa)ted Aragying by cliskipg clineddy onrthe Neaxis constr aint-

ing, oaiac oo OTERL {0 RO o0, L AL O PR s
that tlbeals eﬁe ggﬁn%técﬁhgko%aﬁhgtnel g{m %%l(éeﬁs égén z\féﬁtrbg Lgrﬁsf\cﬁhplv@ﬁh-maeease-m or

case-odit eraction with the control (1110) For exanpl e the
user can use knots to change the starting and en

[0025@Dsi t iFigs %t stowret dhemagiert 902 whlige mﬁéacer{ae élC@ﬁ nofdrave any

e 0 3 g O 1 LT RO, AL Lo e co
of the 1 1h(]*se azﬂ{d gg;eal%‘al}w e@QléJ{Ha‘P ventksaRee A%l?o%%]%ﬁ@ Rhown at

bove cription path rendering, it should be
every Me§@fanid)aln Fig. 9b, the user has enabled motion path tickertaping: now the

motion path 902 is stretched sideways and we can visualize the complete movement
cycle. The ghosts 904 are displaced in space along with the corresponding sample
points on the motion path 902. In Fig. 9c, the user has orbited the camera to look from
the front, and has swung the tickertape direction to keep the motion path 902 stretched
out to the right side; she has also increased the magnitude of the tickertape vector so the
motion path 902 is more stretched out. The ghosts 904 remain correctly positioned

relative to the path knots 906.
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optimally we want to plot the position of the path
only for values of t that cause valid cache nmappings;

w0 poogemssal we pick s that fall centered w thi PCDUS2006/014713
cache lines. Attorney Docket No.: 19766-003W0 1
However, in some circunstances we nmay desire finer Qr
coarser tenporal resolution than the cachB8mPiiqee No: 19766-003W01

provide. [00254] \Wen an object is noving very slowy
n space, the path wll

IOOZSQUFSF@@#&- Wariheaisgbhat IS i “h e R 4;31@%3&?%00 and
. PO ine i ' i
s e QR HR DR (k SEI BTty R RO hnstuenty

overlafRIRLE Fhe Vhodld dubiawe 008 | Xt iffinte zeicrwé Rgnvietttha motion path
coarse path and refining segnents of the path whose
samplerpdipti(nthecluhdpeanstte bmaha dnpbliag fitand 7asoilies at 1 rapt ontoh002; the

R T R
user hg% S&vﬁﬂ%ﬁ%rff’eﬁﬂé RS Rehdihe $ROGGH gﬁ‘l% AONIAb shiffedSlhgd8lly so that

uses the path to be |ess accurate but render faster,
frame[9Qﬂ12&5]mA;%@mpam 0]l die at thenmowt jointd®03. qui ckly through
space, the path will tend to becone stretched oyt. In .
002520ich digedl lsanfPPngiade: of a0 SREIPIRE: RPHa Bl jrafgpulation
r.Quide an acc [ i ' P .
proce 800 S BSEBNE S EPRETETL AR 18Dl T BRAARRG o cisplay
envirdind@lt féf pRaRneaRash 4 displayedsye 10R). dehd dispiaygemiiranent can

sanpl i ng”of the notion. W provide a user option to
be a 2Bnabbl Vidueliemticonaemsprovidadein a Hiesv spndeonw ofe wees igterface that

) creen-space error netric t.o determ e n -

inclucga SRS ROIRE P CAFTY e SF PG Lot oF Mo pfiHied for

displaSHINE o BGNEs AR 1 1GL) 8he bol)RRRGE Mégidniddin ah layticulated

P a?'ca! e t?]%%agt h subdi vi(gi 0 thlr eghgl d et r?r e%lh bydgltnheay e

body, ObbdN widi bné ew ehowef dddetmablelsorfases, thanytdoanijaation thereof. An
becomes | ess (or nore) accurate as the LOD of_the

examiplef egisaidicpbited herk ds e weldpg shaiprtsh showy iy ]86%59??% hd 10a-

der | ) ' . .
10b. ece%%{s}%lég)? 853%)%2&)\;\% d1\§ec[1¥ bleﬂgg?lgﬁ%@%éa %h en éIIQ g%st. ag-%c. A motion

€ Tange

path QRLAGNRU! fhr e A8 idnNSf tBE oy trblaeivbab d sasorid gomivrgelSthe body
fromthe global animation clock t Owv . | hn ,

or reléifite to amoptdindteesystdthrassoagted ity she dispha 9@?1;/‘%3@% (1106). A
contrc,glgé Eeagchglggd glé—l 1eh i":sz)fayve\@lsf{r%nin(e)r(l)c for n%al%%)ui(aﬁ?lgothg rr]r%tgo)Q path (1108).
The control can be a knot, as described with respect to Fig. 8a. Other controls are
possible. The path can be manipulated in response to a user interaction with the control
(1110). For example, the user can use knots to change the starting and end positions of
the motion path, change the shape of the motion path, etc. Other motion path

manipulations have been previously described with respect to other figs.

4.1.4 Adaptive Path Resolution and Range

[00253] From the above description of path rendering, it should be clear that
optimally we want to plot the position of the path only for values of ¢ that cause valid

cache mappings; in general we pick ¥'s that fall centered within our cache lines.
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t he magni tude of x increases. W have found that

sinmply: ¢ \x / =+ nutx m nAttorney Docket No.:
wa2066108BWOL [ 00258] often works well, w th CPCT/US2006/014713

providing |linear control over the rate of accuracy

degradation away fromt,,aw This procedure

patgh that is ac%:/ur ate around the (F:)urren"f“"‘f’?yﬁ?@“ket%tl9766003W01

beconmes progressively |ess accurate farther fromthe

current tinme. We autonmatically. dlsable this option .
HOWG‘(@L &) somet ql{cﬂjm&tall‘)es \M%Méﬁieﬂf‘e 1&}?’0 B4 ICO%FE'E‘%‘BW al resolution
than #S E il d nam caIIy changi ng, such as when the user
an ’pﬁ%'i‘)? Res ion. [00259] We also allow the user to

[OOZSAﬁpeC' fWhél’("%nréEjQ& 1@meﬁﬁ1%"€é16}'r slydilypes dpace, th\i\Y/ﬂathvwﬂl tend to
the notion path wll bé drawn; speC|fy| ng a

change dﬁﬂevlmtmeam eubatqurot rsamaequm’es miveitss e dpastingr a polyline

faster and reduces clutter on the scre The

througl RyE0L ATELOROM. T3 Bt PO LEhJAry ABHF df TACE ggace from

neighb%qir% aq{}gl\éb dgge 91'3) 1@%@ fn ‘P%‘i‘éﬂﬁ?@ WhH o farf@hhith and refining

optionally al'so display i’n the camera view
segmehem@iGtHéipatﬂhuw&bQé’ ntidpsingd déffer ffemmemd’amﬂght—hee roterpelation of the
path itself: draggi ng on one of these t bs 0
segmentFedpoing by gedsteithan joma gcneﬁnﬁpﬁ@@lt@ [ﬁst Weppgvide user

orrespondin [y
controﬁ o_xieysﬁ%fld%?blces%%]tdhggfz&%n g ﬁg&ﬁe&%&ﬁoﬁggﬁ 't]ﬁésﬁth to be less
acculalg@ghpfgn@{tei fatan object, we often want a notion path to
drawn t hrough that Obj ect. In the case of an

[00255] ti cWher antm:ggct cs;mvsmg ﬁgfydnulbldﬁethr@@lh@zqc@dﬂﬁwaﬂl will tend
rotation

o sk TR B e Al B
providf@%ljl BUAL&% ?9&%11*:&{611“&%6#& M&id For e %?éa@t&f gsstidi@valuating

ion o omati c path placenent. Wth this option

our e@ﬂé&h(ﬁﬂ 1aqﬂi &ohdrdoachieyl 15 eremabjprovidedireegr alnndtsamplmg of the
path to be created drawn through the rogt of tﬁlf
moﬂonb%@ prowidp eatsengPHOp &R engllecRCCHEAt PRbie) URAEHiHS Qpfion we use

oS GRLF AR SRR o0 RS Tl gy e

Eht OPRNAHL G DeyoAH IBS cathRahthplh atedr awn t hrough the
any Sé%%ct j Oi nt}gof tef%fgt rmdcél 4. Zﬁll\/ar%:lpul ati on1%00261 In

[00256]jd| t i Wie d)phcs‘wdfw suglauthet pathpsuttidivisn: fhapsheldennptiyothe motion

path Level rorP ]tDIe?arlll Zp 3 so that the path becomes less (or more) accurate as the LOD of

the path decreases (or increases) (see Section 1.7).
[00257] Because rendering a very long path (i.e., one that extends across a wide
range of t) can be slow, we optionally increase the error threshold as t diverges from the

global animation clock tnow:

e;lu'ash (t) = f (t - tnow) * ZOd * elhrcsh

giving us a time-varying threshold e usi(t), where f(x) = 1 at x = 0 and f(x) increases as

the magnitude of x increases. We have found that simply:

f(x)= 1+ CH

l)Ill \ HIIII
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provides full direct-manipul ation control over notion.
The user can click and drag with the nouse cursor on a
W(kmm_b/lmsits handl es to adjust knot val ue, ti mMP@OUS2006/014713
notion tangents, twi st rates and interpolation
rates. Attorney Docket No.: 19766-003W0 [00262] In
general, manipul ating notion via the patHePHPsFgEe: 19766-003WO1
inverti gg themrrechani smthat is responsible for the
noti on bei ng at it is, that is, the hemat i cal and
[00258]; oc e @iPa W sHall A¥ifloA Preram ke CORTTChaYHi e Faig 4 gccuracy
! . 3D novenent,; t e _co i 0Ns : .
degradaighortiiy S by irnd ToPEGARIEistts Pa HER6S plei@Sfound the
“curreRK BnESSh @b EHoARR. proBidssiveMelest abeuhtet fagth@f &tin the current time.
conmputations allows us to map from desired changes _in
We autttimatiedlly disapke duisioption fige.tset fffrd snbcwbeneverdha ltagimation
be made i he underlying, avars. In.so cases.t he
clock if Gy RARCH PRGNS SHILAATED ol ses MM e arnaton
on-i LEd Dl i 1 N - i ' .
0025y R Ry B ey B B R BludeTh b
over vilgtRithe éhdpiropath[ WP HradwnAststictfy g 4 nakoovser mgtewtw tboth makes

changes need to be nade to avars, we also track
the mofégre petnednster fpster Ard redines IHEHIM EE SHETH - Kfie green range-bar

{ t4.0N. .
o ISR B TR LD S BRI D AR s o
path rg?g@UWé Bﬁﬁg%cuﬁﬂ))/ aRb difislaf VA theviButsvienerarighenanipatatat tabs at

suppor t'he knot's.” This push will recursively
either pudofdhe motidir pathlitsefedrgging omonepf thege tahs or selecting a tab and

~ deformatjon hjerarchies, ultinmatel hi h N
R S R e B
active surface, and so it too wll receive the push

4.1.5 é&lﬁ&)ﬂ?&tﬂf’hﬂim%eﬂ“g)}tfﬁw pul ati on of the notion

' orces us to re-evaluate and redraw t he surface
, ext ensi on,. t he ti.on ' |f ' .
[OOZG@fr ai 3&111?16 rAErE ul}&g&}gﬁ%&?% X\éeg érhej‘é‘%a%? & cnalf)gglll Path to be drawn

throu%l‘i‘ YidtioBfdct Ofh Be S HRASE aANGhIATEH BBy RBASstIRg 6Nbdhetonyiected by
ur toleration of cycles within the expression graph

rotatii03Gihls, Aviarit often v eonvergerttifer procies peth ta by drawnghrough the
t he graph_and_enunerating the avars up-graph of .a .

end ohermenipalatablene.Th Lcliiaie i Ve POV ISR e A toR ! Automatic path
d e _ . 0 . . . ;

L

be crdaf@ drSwn\WheBugeneees of shdtidigdcti rielatinpat edrti suciorae a bone)
menory fromdi Sk at the

within an articulated object causes a path to be drawn through the distal end of that

part. Selecting a model (such as a character) causes a path to be drawn through the root

joint of that model.

4.2 Manipulation

[00261] In addition to showing us the path and timing of motion, our motion path
provides full direct-manipulation control over motion. The user can click and drag
with the mouse cursor on a knot or its handles to adjust knot value, timing, motion

tangents, twist rates and interpolation rates.
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begi nni ng of an ani mati on sessi on. However, we can

al so performavar discovery on a just-in-tine basis,
walefoen i’y di scovery for every node until the PCT/E§2006/014713

time that node is nmade active. Static changes in graph

topol ogy (for exanple, creating or deleting nodes or
addi ng or renoving edges) may require th/ét{o%%é)occet%lo.:19766-003W01

rgdiscover_upﬁtrean1avars. Dynani ¢ t opol ogy changes
ot h . h .
0026 et R TS o S vrting e
mechaaﬁs% A&y 1é§¥>\6§1§ﬁ>;lé)fb§*)ﬂl ot b iﬁg %l{aﬁ if BRIBE BY B mathematical
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ecti1on 1, detalped how our expression grap
the uridefyagemtast fie soorpasat thefsrveard meppimgememneayar to motion will be
~underlying our 3D scene. \ identified that this.s a2
nonirereLdn i ARt | BSPUAJRETITOL. RGN FgRAbls fom our
_direction . e direction indicates both the
exPleS@boﬁlc‘%lgpgla?s @%%blvéd]o?&f)h?or mation and (in the opposite

[00263]f I €ClTh QiGN EY kabivana wite phasenrcieedid 18 snddits cvasedve also
(1n Section 1.17) how we can locally invert a subgraph
track depdnidencies asikingeisemothig raprolopechnpisni fdaagen to Jaematign path

cue SIS 95 RS R RS Bl et o

hiSeHlREoh e QVEY bINERES 6ver BN REvalldISuppsHesD thalknots. This pust
Pusuggtégf?sh % Iocé?*?%ve??é (a Jﬁg%biaﬁ ¥for node;lotshatmpus1

will réairkively pefh mrtyhbirougnver setidulatoir end/ dhdefagebioarhiesarchies,
_ not a true jnverse because it only is valid ar d .
ultimatelyapushing dhe getipasuracsr 15p 5@@@01{ @GEB gpelfds 8 ﬂ%gﬂu%‘@ﬂw active
this,same nmec i i . ' .
st iy AP N0 o PR R el B qion o

motioh@Y@hStbrcebbud €§ ablevhiiate bh@ redravarttle comfadt ahtoby extension, the
defined by the expression graph maps avar settings to
motiongeath itseHf | His atiatgleforsaird depenfiencyneased trrelprefahanplidation of

surfacg)éeﬁr %fétg{ll] g%&g%aq{n%%feé{/i;? mm?\r/t?){eﬁgt?(irg o tC}(;crlesS Q\%&gnttﬁe %Qpression
graPhpseudo-inverting) the expression graph, as detailed in

Section 1.17, we can map from 3D confi gurati on space
[00264] Avar discovery is the process of traversing the graph and enumerating the

avars up-graph of a particular node. This avar list will define the degrees-of-freedom
that exist in animating that node. Avar discovery is normally done at model unroll
time, that is, when the model is first instantiated in core memory from disk at the
beginning of an animation session. However, we can also perform avar discovery on a
just-in-time basis, deferring discovery for every node until the first time that node is
made active. Static changes in graph topology (for example, creating or deleting nodes
or adding or removing edges) may require that we rediscover upstream avars.

Dynamic topology changes (due to switches, inverse kinematics state changes, attaches,
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to avar paraneter space. Specifically, we can map from
| ocal changes in notion-path knot position to
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4.2.1 €5GBhInMeesionhe configuration becones stuck in |ocal
m nfma from which our |ocal view of the inverse is not
ble to gscape [ S . i ;
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compRYEHAY a@ AePEAddtfidieiderihies ouh e stener Vée iddritifiedsibint this is a
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dj ust nent, of the under.l yi th N .
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depen@él?#;ﬂ e‘i/\géfégg(z Id culREdin géﬂdﬁal.t’% 1RV Wd @i IeBdIlNRARSt a subgraph

y valid inverse operators. In sonme cases

withirt biusexpsdioh grapdsby biwertitlg eadnnedphng semtchingotihetedge directions.
stochastic techni que, f?r escapi ng | ocal gnj(kprm Th'k.s "
Recalling fogn fati ssrden siominpligit ifﬂfSeEP h§arbPgee ithp t flstine its own
. avar. parapet ers. | .aq " " .
e R0 L S P PPl 3 el s o

to defidHSMnveRsePfudetibh e THEETaesBikh s Wot hatvge fuowstsk bécause lieonly is
nore convenient to allow the user to directmnipul ate
valid aivendleeloetlongion difasamgeospadey out of the | ocal

] ni Because ni pul atign of the notion. pat .
10026%h 01 o Heie ey BPaBR SPUCBRAEFIT: Eortep SRARRS hgpeggy i koot
posit'u?’( 35 Scifin e?fiﬁelﬁé e SRE AR Y tidHled BR/A8HENTRE irBdhll that the

the avars), the user nmay freely nove between these
forwa@®oh@putrechatufisud, by ahe exprpkienbyraphninaps tdvag'setiings to scene

ot herwi se mani pul ati ng geonetry directly when the
configmpetions. pSiakdl lanethergwry: e drrwands FEpiseied graph maps from avar

parameter space to 3D configuration space. By inverting (or pseudo-inverting) the
expression graph, as detailed in Section 1.17, we can map from 3D configuration space
to avar parameter space. Specifically, we can map from local changes in motion-path
knot position to corresponding changes in the underlying avars. This local inverse
mapping is precisely what the Jacobian defines. For optimization of pseudo-inversion
across complex graph structures involving deformations and similar “expensive”

operations, we compute the composite Jacobian across the subgraph using the method of
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we do provide stochastic escape of local mninma as a
user option. 4.2.2 Knot Val ue Adjustment [00269] Each
WOorRiosoms78at h knot represents some non-enpty sePCD1S2006/014713
knots on unl ocked active avars (Section 4.1.3). Wen
the user drags with the nouse-cursor on not i on- pat
knot, we wish to adjust the correspondin%mgﬁgpwﬁﬁgig%GMBWOI
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curre posi n an rget knot position
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pracﬁ-cré)e%?leﬂﬁi we ke fanpndl ies bonidie canadiedstoddoy tliedsdrrto direct-
Section 5. [00272] I n another sinple case, we do not
manipndue dne ekpletai tdryothey egaontitey patthobihe tipeal covipigayme Because

~Jacqbi a or this s r i s, 0orthogonal wth respe
a5 2R o Ll BP0l 5 AR
avars:eﬂggﬁgar et By SRy LY 24aBsditiolR¢@R! Arddh& tstAthay freely
move between these control mechanisms, for example by “untwisting” or otherwise
manipulating geometry directly when the motion path knots get “stuck”. Nonetheless,

we do provide stochastic escape of local minima as a user option.

4.2.2 Knot Value Adjustment

[00269] Each motion path knot represents some non-empty set of knots on
unlocked active avars (Section 4.1.3). When the user drags with the mouse-cursor on a
motion-path knot, we wish to adjust the corresponding avar knots as necessary to keep

the motion-path knot under the cursor. In general, as described in Section 4.2.1 and
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necessary avar deltas. These deltas are then applied
as described in Section 5. W then exam ne how cl osely
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erred center values. W can use an
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performng this iteration quickly. Again it is re
througlo the spiasontsabgEaph iaigubsimer She adive evargand figspath target
a hat we. . need to itera '
surtodfohs bR R SRR o TR P Ahe EHRe g nges by

passil?g(; éﬁgﬁoa I Ed%oﬂﬁﬁﬁhglﬁ ahe iR PNeRN B, Widihid & dwlebtor@f avar deltas.

i pulate via e notion path, and users wl|

Thesetdepias atd ypplesbiotthe avatisras cleseribrdpnl Sectiomdof  t he
netry or adj,usirrent of the underl

[00278bt r di T TR Pt e ot T P 2o zaliBleimqgh but the
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Here #ib isG gHtiodWas®é @hsformythaffeetdr through the Jacobian and extract the
necessary avar deltas. These deltas are then applied as described in Section 5. We then
examine how closely the motion path knot approaches the desired position, and iterate
until we reach a preset error bound. This iteration is independent of frame rendering
(see Sections 1.6 and 1.8) and therefore does not interfere with maintaining target
rendering rates. However, because we do maintain fast update rates, rarely does the
mouse move far enough in a single update pass that one or two iterations are
insufficient to achieve the error bound, so we rarely need to iterate further. Because we

are relying on a gradient descent method, we have no problem tolerating
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nat ur al ness of notion-path mani pul ati on. For exanpl e,
singularities in Euler rotations can nake direct

woremspud78t i on of the notion path awkward in sOPET/US2006/014713
situations. W allow users to build nodels using Euler
angl e or quaternion rotations but prefer quaternions
because they yield nore natural direct ndRMpHogeNGR!9766-003W0!
[00275] We provide several sinple ways for users to
exerci se sone control over t nstrained sol uti
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their preferréy centey witoss. n§Vk nan istom offrtheshalf onsiragaeti epiimization
4.1.3 00276] . The, . | so. traol t.h

v N ) G SPL ALAEOR) Sl Wi g tomor

ey g%;gf‘eségggge [}Sﬁlgg Uk n&@& 1dERELtk RRGr2RANE coffle times. This
provi a ni gu d

( ation node in which clicking an
tends dfAggippent h@lyroius digiilya npailiiteanr catitwdr grapde. adpudt sgraphs are
the stiffness of avars directly driving that joint. X
conseqinlyi diffialt farutsaiol panipataie vicotheimoder Bakly Apdaispisswill typically

sol utions, . e refer [in t 3 o
resort 3 tlsel AP AR oo RNt RanaY ShatnerreRpa5Hs BRidhihg avars in
Cmﬁnﬂﬁnggmﬁg%ghguﬁgg entire analytic or nunerical graph

. I nversion process descri bed above by having the nodel
[0027dkp! i ciMtley abeémbkng rvercsle]l hapihiinggstémoiil Sowebth considering how
mani pul ations (translation, rotati

comnegn PREIAEHCH P e@r@}n%f%flﬁﬂ@nae?ggéﬁg@%{i@ﬂ jconfigls may affect
oSS, T 5 T MU0 B ot
can nji‘dg{eﬁctﬂﬁggdt&ﬁaﬁﬁoulﬂﬁﬁﬁ bhehe ssotidnnpathmpviwamd éh sosu bitastions. We
allow users to build models using Euler angle or quaternion rotations but prefer
quaternions because they yield more natural direct manipulation.

[00275] We provide several simple ways for users to exercise some control over
the constrained solution without modifying the underlying model or avar setup. First,
the user may lock particular avars at will, thereby eliminating corresponding degrees-
of-freedom in the solution space. The most common example of this is using an axis-

constraint hotkey or manipulation handle to limit control to a single avar. For example,

rotating an Euler-angle joint by dragging on the red (+X) axis constraint ring of the
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skeletons this nethod may be sufficient for nost or
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itself, the user may edit the numerical labels directly or may drag right and left on them

to “mung” them up and down.

4.2.3 Manipulator Widgets

[00279] A model may specify supported manipulation modes and corresponding
manipulation widgets (such as the rotation arcball shown in Fig. 8c) for use in
controlling particular sets of avars. The system provides default manipulator widgets
for translation, rotation, scale, shear, bend, squash/stretch and similar basic operations.

Custom widgets may be added as externally defined Glyph nodes through the plug-in
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andl es at a Bezier or Hermte notion path knot at
obtairteidney totating ekvet thedongitudiaabiaxis fiem dee fK/ seqtteghe K geal may be
pat h around t, The,user, .click,and dra i t hyt he.
sloc iU & T R T 6L ST, 2R i on
it 015aifi08F bRla RNt OathNGIRERRIBH i badggsometry,
geom?ﬁ?t hellllfn erlltyi nagly1 avar s.a The 3 sired tangent ha}ﬁdl e Beometry
rotatedi thedi ehaianghrbeglytthatssdeiibn epace. 3Marecsaphistivatedd K chains, for
that vector, scaled by the i )
example involving non-planar linkages, or non-revolute joints, will need to be handled

through the conventional graph inversion mechanism described above.

4.2.4 Other Manipulations

[00282] In addition to the ability to reposition motion path knots in 3D space, we
provide several other manipulation controls. For control over rotations only, for
example when the active node is a spherical joint or the root transform of a model, we

provide an axial twist control as described in Section 4.1.3. This control is a
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inverse of the frane rate, to the notion path knot
position to find the desired position of the path
W a00ge1378Di nt at times t =t - 1/fps (for the PEF/US2006/014713
handle) or t + =t +1/fps (for the right handle). W
pass that target point through the inverse exlpressi on
subgraph in exactly the same way as we do™FgrPoRRY: 12766-003WO!
gosi ti (cj)n (|Secti ons 4.2.1 and 4.2.2). This gives us
~desired values faor each avar at or. t +. Taki
manipulaipt Gagilier Lk it GEain G Gngrat hoRflss £ Sﬁﬁﬁpeglegat&shmt are
_.an. esti \ . [ I\ ' > ) .
aravwrets 35 010 Butly SR E RS SRR L Pt hel T 4G orthogonal
to that@d(e8S +)XSeF V). Mk Snditatés tHe HealitnpassolnietiedosslLakisaDragging
pat h ttangent handle with the nouse cursor because the
on the hagdlet caimaslithe jeiny do yotho pbounthat rxis. olbe cekamype tthe implied

path knot itself. Cickin d, dragaqi 0 h [
Sphenﬁ%t W%%}m%?tp Of &i5Hge? ﬁ’g:bgﬁﬁg’?‘ﬁ 8gocj€c38)rn 5 th8%n IR Qfsor onto
a sphé&gp.‘leﬁ{gféﬁ %E H@bé’s%ebcf ihbewitHRMe. ARbr REMY rb@S%idhb Swk then extract
. ragging the left knot handle. Pulling out tangent
the z-basnebtagort Gonathmspberigdtdtakion andisehonlndee tzavay tor Hhegjoint. For
~_ avar knots converts those knots to, be Beziers. _
joints Rﬁmﬁalrlfci/lgwtwﬁgw%eé aRpiS WeRTgisit teaRiiegicalgrqtgtion onto the
t hat . han i ] - b ' - .
I

use to B thd M. ThbektRises, e SREGS upaatet e desytiidcikeiection 5.
No.: 19766-003WOL above) but its length will not

[00288hangelareagyihegdieskaion Begieent Himife matiqnepath knot at time ¢
. ,. depressing a _hotkey . | th ti

o ETLCEALTR el bt R CHL g i
with ﬁ%ﬁgﬁ)&%é )(Eﬁkédf &4 aoRffe Stﬁ c%fliaWh Fﬁ@ g)ﬁtﬂ BRapta ek @8ed@rt8 map this

. the opposite handle Iength "mrrors" the
contrdl Netietol thet hecessany phhagedirhthreditederTying, avane n Thieedesiterd tangent
"option-drags" on a path knot with null tangent
handlpshercsion anst lengtly spreificept3Naigios Bt adhehat Yo afRled by the

ver A2 o R R U O TP Bl posiion o
the pa%tﬁri&%& bandtemmal +-t=he- 3¢fis ¢ioedhetift handia) br knet + 1/fps (for the

ese actions are applied to the underlying avar )
right Eanglk). VEa gjaﬂg tinrtoteeget troigetirongin dhe énvesses exprepdon jsghgraph in
andle to be set to match the sl and _len .
exactly i SARQYS: “BHEA I tFARBEHEoR SR80 hadarhpt 2D THE gives us
desir%qdm%ﬁlaé”‘fcg‘leﬁcﬁ F@&gﬁ Ahe sl @ ngrfir{i%rkﬁ?fgréi’ﬂ‘ceﬁ/v‘fﬂh%e avar values at
andl'e, but all ows the handl eS subsequently to be
t giveRRBiapUstingde oh depdedediderivafdGa®ath M, evhigawte keeatisectly to set

may be retinmed by dragging on them while depressin
the avpatiiowy tqngeat @@mﬁ;@{ SrEetingesg il ,1;\5|1@@Qﬁqﬂalleitgﬁfect a %aaq tangent

handlte?r 9\79&1' A% hoe" guergbll* Hobarli C{h%atsa%%eltlp Randle is very short and thus
obscured by the path knot itself. Clicking and dragging on the motion path knot while
depressing a hotkey (our implementation uses the Option/ Alt key) results in dragging
the left knot handle. Pulling out tangent handles for a motion path knot with
underlying linear avar knots converts those knots to be Beziers. Normally when
dragging a knot tangent handle, only that handle is manipulated; the opposing tangent

handle will rotate accordingly if the handles are “mended” (not “broken”, as described
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time of each underlying avar knot, while dragging to

screen-right increases the tine of the avar knots.
wEewb4138h only be retined in the interval betMBENS2006/014713

nearest preceding and succeedi ng path knots. When

mul tiple path knots are selected, retimng one pat

knot similarly retines the others. That ”i“%r?eyP?Ck‘gﬁ‘f"ﬂgm'OMWO]

knots at frames 6 and 10 are sel ected, and the knot at

frame 6 is retimed to frame 7, then th :
above) mt\;ﬁsﬂqzngﬂg widhizat changs JEagging ?(%BSP ’fapﬁ,glgt A0, lggj}{}]r&adg%ressing
to the nearest integr 0
e A SR N Lo
to ct BIRERAIQ(réblad RsOH RYthE Eidgartitleggierfdrolkket ) rth it
omal%’r e whi | e 1 onal hot Fay ?’loti Ly il@fpome
handlelk]lentgtl‘r ”mm;gbmﬁemeaﬂmge) i dos manipidatedoleandlend hapapyhen the user
., .. knots to be copied to the new tine, t.h
optiop-slregTEon REFATRIG" &V g g gk gely % PR Gt but
the riggf #1%{1@1% aéef$ Ig%eélll%{ %@’%’ £EAVERSidie THRAL atel MBRu RN as well as a

. ~nore precisely, dilated about
hotkeyt he “Bidakentind ¥ehd” chel sdirment hendles ne siposelecigd mootian path knot;

occur nore quickly or slowy. [00285] De [

these *“‘f?tdffyal(et hﬁp@hﬁﬁn@ekwd‘?rh’%ﬁ rEEWaﬁplffé%%nt S@%gn%@fe@ tangent
clicking the '

ranct et ST MERUF IR o SRR MECTerBof e Lt

handle{{ hﬁre%?frgge%%_@lqi RendledBoedBooplmeaRkdly changs thd dlepaewlength of
nots as Bezier knots with tangent handl es adjusted to
either hardler et 4llevethedteindipssinhpesuehtly e bp mamipv@}gc{ indgpgndently.

Docket g - i '
B TR TR R —
(YA ngh, -Jefit!
N —
time of @R TLAEHPRE Bad Wnepgrhiladrheges fir soeeratightingeenses the time of

| engt hs of the precedi ng and subsequent knots. [00286
the avinfkeopol KRpbrcarbomly b RIeE Th R ! jpgsYesy P 138iupreceding

of t ways. Fir t.h .
o b ) o T Y 88, i s
knot s?xgﬂgltqﬁ rb@mleh %he%"@’&fe?ss.t Th&at, it pREERGots andlaenes|Goqmed addre selected,

that wll approximte the new frane bead

and tHedaidtia6 frainte 6 tseretiamed tadyame? sben ghe kot drages 1q will kg moved to
T e
cofanfee By B kap S b 5F PRRERIGE ] QPR R I8 RS during
draggkﬂg?t Retiming a knot while holding an additional hotkey (Option/ Alt in our
implementation) causes the underlying avar knots to be copied to the new time, rather
than moved in time. Retiming a number of selected knots while holding another hotkey
causes the knot times to be stretched in time (or, more precisely, dilated about the
current time), causing the corresponding motion to occur more quickly or slowly.

[00285] Depressing a hotkey (the Command key in our implementation) while
clicking the mouse cursor on a frame bead inserts a new knot (i.e., a breakdown) on all

active avars at the corresponding time. We optionally insert the new knots as Bezier

knots with tangent handles adjusted to preserve the existing shape of the path. We
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[00287] During manipulation of knot tinme and
interpolation rate, we optionally display nmultiple
wQ@hbwstis378f ong the tinme interval between the prECEURI¥06/014713
and subsequent notion path knots. These ghosts may be
drawn as full ghosted nodels, as minimal, skeleton
"stick figures" of the full nodel or as ARRPSPHH Nt P 003WO!
LI gures of the subsection of the nodel articulation
i erarchy being mani pulafed (that is, the portion. of
accompligh fBigeby REPENGALRE e r?é’a-g‘ at geltamgEmE a9 SOohiRg for the
t.hr Qu ' fqi i Sq: A
nger SRt BT SR B SteRmb. RORBRke e new o
tangerlFOSIbpe -Rat Nerlah eghdrané profinhAINtadlenp ldrphd iofi thg prededing and
shape are orthogonal in our system That is, a user
subsequeenit fobtst i ng the notion path may adjust the timng of

venment al.opng the path. i ndependent|y.of th .
0028 0o Tnispeplafide I ALanE Ts R e et i R Of SRS s Fust the
user r&;fscﬂjag%lﬁﬁllg fﬁﬁﬂ%f)@éds'm\gl}g@?é& Hlo\ﬂg tﬁé‘gﬁﬂg eFelsoRedok he change to

equal Py applicable to ried types of ani mated val ues
the nef@sgknostalganshaptie siape aretleogth thab atirappoosimage the new frame

others) and to arbitrary expression graphs involyin
bead pastticuirathecasie way ¥ @ §0lVaéporhirasre 1 the fgeg%f}ﬂaﬁ“q\iﬁ%ﬂ‘@mselves
any. Turing-expressible. c tati 1t | - oy
(descrfigt Aprlel BBl Y Pt SlPPEbHGRts sfisy on the

hand1&18&eHPLRANSdSOM fhidNErer @ABPEH Ndirddllyeto tWe lintehpslation rate of the
enabl ed and facilitated by the tenporal caching, cycle
underbamgtyamkbts.el at ed features of our expression graph

ibed in Sectjon 1. Attqrr o :
P e Y-S A —
displa%'rn]tg{/' le WhodS Sc\%rtg)ﬂ@ PHe iﬂé?vélfbeﬁ%él{?‘d{ ReeHiRkl M Sfbsequent

to provide changi ng val ues wi thin our

motiof itk dgioss) Jhagh ghblts enaye bprdesent as fidl pbosiedgendels, as minimal
mul ti-layered representation used within. these avars: .
skeletpastick gerent Hie fgH; madel s s Flt Btk igFS b e bbection of

their use.. 1nt t ' f ol
e i BT PR EASE GRS DTS e mocs
skeletbifB@8n B¢ tdRgeapplé entheattle thRIOVhih thy aiotiadgathis drawn).

our expression graph expresses sone function of its
[00288Fal arlt dmldpbeawglaerin Ghise sleserigtiqrar thebt e motienrpath-based
i el PSR R eb B SR oot wer
manipulating the motion path may adjust the timing of movement along the path
independently of the path shape, and vice versa. Furthermore, the motion path display
and control mechanism we have described is equally applicable to varied types of
animated values (¢.g., scalars, points, vectors, quaternions, and others) and to arbitrary
expression graphs involving articulated structures, deformable surfaces, or indeed any
Turing-expressible computation. It provides real-time direct manipulation and
visualization fully decoupled from frame rendering rates. All this is enabled and

facilitated by the temporal caching, cycle safety and related features of our expression

graph described in Section 1.
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[00291] Avars are conposed of multiple notion
channel s, each of which specifies sone aspect of the
wo ewali1Esar out put function. Mtion channel s aP@r/US2006/014713
conposi ted together under a progranmabl e functiona
conposition, described below Mtion channels are
organi zed into layers. A given avar nmay HSU& 2850 plp766-003Wol
one notion channels for each layer. If it has zero
channel s on a given [ayer, we say it has no ani mation
5. AntipnatigatLayges . 1f it has one channel on a given
| ayer, we say it has animation for that layer. |f an
[0028%var haSectmimkl$.drwe desaibed cayatse oferticiated yarighles, qravars, to
.set; otherwise it s unset or defaulted. If; the outpu
providgg changifigay aﬁ%ﬁ‘ér Wi e QUL seXHEESSIGT LﬁlaBgr aré[F]eer wé'pRnt the
es, . e . LS A0 d; r v | bvhe®;  their
heterog SRR D m B A B RE BT [Tl pPbRe! M5, | hrbs
implel@bi@fioay ahd MByodidteé rasshadisno forathieimier Pfe udtabice the idea of
;%ges,.such as scal ar, vector, point,_ quaternion,, .
layers sefaftion;, einglogeus festhe imagenisy pisnPToNHie s RRPETimaggrediting
wi |l have the same type. [00293] At a given tine,
fhgle layer is the active layer. Direct
[00290NI PYRtAP nodieSiRl 8ir @kpleadibs @ﬁthéxp'f@ﬁsleQ Ropat Pundgiog of its
mani pul ati on of the notion path all involve the active
scalar limyerpayaineterar(@ften thie phyarpetes istimebrerthahaeestnpi/lee the case. So

layer |s a kinemptic. layer .(Section.5.2). The user
far Weé}?é(ﬁssé?fwa]&tabp’a‘%?wi @IS%FFY‘/ 1 lcﬁﬁif*f’t?ﬁg change between
tiv . béd oMl @HBRY 1PAGK B2 - each of which specifies
[0029 766%%@%‘%36?58@1)%‘%# on Con‘Eos’int I ng [a(1)1025594(]aaCTh%r e are P
some &spRcEshbensnl avirodtpat ifratioal Matigrodianinels:ar¢ t¢ymgposited together
| ayer-w de conpositing oper.ator

an ). an . ,
underzyvprogspearshle furgionphgompppsiEgn, &?ﬁéﬂg%q%s]s%i Mption channels are
oper.aior is one of the aqpe ef | . .
organ SRRl P gy s SR B Sl B RGP Bl coc
layer. | TTRARSE 760 CRALRs &1 ARAV &1 Er, 06€84) bas ab aBlubkiRaktbr that layer.

84), 18(3):253-259, July 1984, which article is
If it hashoor gemaiebdn hygived Eryencee bay dihmsiamimator o1 thet layepe If an avar
draw t he | oose analog% t hat our notjon of

has axg 6B OR ALY 147 POVE SR PRk A5af 1+ & e et Byog gy defmlted. 1
Ny ' C v GQE f h ;

e oul SRR i, CPACRORE AR dgBE s the avar i

animaRBESBEONSe itdE caBEPAsi ting two | ayers A and B: Attorney

Docket No.: 19766-003WOL Tabl e 3- Conpositing
[00298per at 4% descaibedin Peetiasy 1.4%1dl, gifven avar may have any one of a number

of value types, such as scalar, vector, point, quaternion, scalar field, or mesh. All motion
channels within that avar will have the same type.

[00293] At a given time, a single layer is the active layer. Direct manipulation,
display of knots on the motion path, and manipulation of the motion path all involve
the active layer only, and are only possible when the active layer is a kinematic layer
(Section 5.2). The user chooses what layer is active and may change between active

layers at will.
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[ 00295] The operation colum specifies the Porter-Duff
conposi ting operation, nane specifies the termwe use
wo o006de3187 fy this operation, and X A and WB ( FRCEHDOS20p@014713

in Porter-Duff) are weighting factors for layers A and

B as discussed below. W part ways with Porter and

Duff in that they: (1) pre-nultiply pi xeftpgRIeE Npy!o9766-003WOl

al pha, while we do not sinmilarly pre-scale our notion

channel's, and (2) in the detail that they specify an
5.1 Mgt Comapesititg provi des a fractional masking val ue

per pixel. In contrast, our notion channels are not
[00294)s s OCiTices avd tko icodipangutd toytheadlianbkkcahpbsitionl (s lager-wide

recal |l thatAttorney Docket,hb.:,19766-Q83V[n avars o
compogi ik PRegF AR iR (RO BYRTSHSac e iER Prikyer it comMRRsItingG operator is

ssess .a mtio nel. far . kod s

one o RE GG SELURRLBUTNIRY QiR ATh 1, PNl A PRI, Kgrposiing
Digital Bmgee@ @&ﬁﬁut@@%ﬁﬂk@ (Phitlecdlid g 0 SIGGRANE 847 YE8(3)e5B-259, July

have the sane al pha, specified | ayer-w de by a speci al
1984, whichl avfieleas arcor eaated lyyraferanee keray inyitsgandirefyy Ve gsaw the loose

avar, and these avars are unigue.n that, they are .
analogh v o1 S9HGRIChy SR, SOHBTPISE BAetitcsrived BEE Saofiture” and ow
" . i ” ,. t i 4 : he 1 t T Vide
ot B B D PP AR RurglPlave pro
the foll Bv@irGpospResiors fig copgyaaithig wndllalyarset anllpha. However, the

envel ope avar is optionally subject to the tine-course

avar described bel ow. For exanple, the envel ope for a

cycling layer may optionally be cycled along with the

rest of the layer. As with other avars, |ayer

envel opes may be defaulted (to 1.0), set to a constant

val ue, or ani mated. The val ue-type of envel ope avars

is scalar, and they are usually kinematic (i.e.,

splined, as described below). As w e shall see,

setting envel opes to fractional val ues between 0.0 and

1.0 all ows continuous bl endi ng between | ayers. [00296]

The layering policy for a given avar is either

additive or nultiplicative. The policy defines howthe

channel s of that avar conbi ne under conpositing. For

exanpl e, translation avars and nost other scalar avars

are additive, that is, their numerical values in

| ayers A and B are conbi ned through scal ar addition.

Conversely, scale avars (sx,sy,sz) and unit-quaternion

rotations are nultiplicative: they are conbi ned by

(scal ar or quaternion, respectively) nmultiplication.

Transformation matrices are normally nultiplicative.

The user who constructs the expression graph for the

nodel may
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specify either policy for a given avar. The avar w ||
follow the sanme policy on all |ayers except those
wa@giong137Be add or nultiply operators, both of RI/TK2006/014713
override the avarspecific layering policy with a
| ayer-w de policy. [00297] During |ayer conpositi
the |ayer-weighting factor (TOA or WB) |é“°WEHDt°fkﬁ)‘INPe‘8766°°3WOI
by the | ayer a: pha (recalling that our notion channel S
are not pre-nultiplied by alpha), and the res
val ue is uJabled p@SlﬂﬁéO@@fat%wf%ﬁﬁ%rrﬁfér% aamdtuﬁ% the
layer. Scaling a notion channel is interpreted as a
IOpeeration niNampe| at i pwabet|ween | Thierpletative (rdaﬁu%tcaﬁlj a
YO SPSTLTcaE ZETG[ [T OF [3A01 1 ¥ e Gaii@afion O | dentity

i ot Frett l]EéJ L,aLI \Y 1;:('3: e o} ?‘LJCI Ugﬂundeﬁﬁm 'ahYm‘ai{iSn

fined 1 mfr

oot G T

fat henat | éﬂ?%‘@torm() Dodidat  Nstisableiager 403w
coevad i opyef or exatpl e,| Fax |svatradesspcadiedavarg ust t he

usual 0.0 and 1.0, respectlveloy,eu%@rvgous defaslted
Veevesrss, | waadet ces, | A nost QtheEs types |npgrpol ate

-o-e-c-o+-6H “"*"t'“.csandardli. ... ate
operator,| while unit quaterni Zﬁ‘?gpoﬁye? F&?‘Bﬁ%ﬂnamﬁ?éh
teBi cal| innt er pol age (gi%r p) lgpras AVSFLIAMBURTeY G S an

addi tive|scal ar avar, scal i nd aaimatiplon channel
i ASPoN@sadlko a scal ar |nah t i physiafuttaiirutBpocifibd wahise.

'Sbcll | ng : Ului rTpricatrtvE) qLadh%Q{e% {J@Ctlﬁ AVars
vol | erp beéetween dquat erni q 1
o4t on) 5 d the ¢chEhhel” valld I}i%% m%: eﬁeVI?usy

given t moti on channells of |[ZAY ive gga_l_a_r_a_v_a_r_/__

,B oieA ov erexshetet o Owoul |dl-genpoail eutispecified @3pLs as:

T(t)= a AWAT A (tA)+a B-\w Bf |BileBlidepfevid atad
FltOPaBI )fath B) whette f Irem) ag,uaysese%?helv%%gmg?

LA

avar{s—hgtion bIIdIIIIUI f= i_ ! amg\g\%OﬂlV%éClHQ&mer X

.. For now w@slassung

thatorsd s r{p{d'se@n bel 8V\?‘ ; §?‘f‘n’ I gﬁe an?’\%lsgﬂgr?ﬁ‘émghg? Ty
nmul tiplidative quatiernjon av r’fhés%‘(ﬂlﬂ conposite via

t he atop |operator as: d( aclifwihg i avads aniBMteddirBboth
(/F rh I|eXP( , aB, 3“Fei'io‘r‘y lapd6”) ) sl erp( (1 - aA),

g ’qBK 002997 W have
al pla®Bi gnbleindnnel § lare phr ame%ﬁ#%ﬁf& giegé%f@éfng to

that is-—|that t = tA = tbfor mmo W

We ﬂlEJ: goduggyt he ngyi on pf U\blen'a. layers tg)ge’gher using an
additive layering policy

blend layers together using a

multiplicative layering policy

Naa

AplusB | multiply |1 1

[00295] The operation column specifies the Porter-Duff compositing operation,
name specifies the term we use to identify this operation, and wa and ws (Fa and Fp in
Porter-Duff) are weighting factors for layers A and B as discussed below. We part ways
with Porter and Duff in that they: (1) pre-multiply pixel values by alpha, while we do
not similarly pre-scale our motion channels, and (2) in the detail that they specify an
alpha plane that provides a fractional masking value per pixel. In contrast, our motion

channels are not associated with individually variable alpha values. We recall that
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a tinme-course avar. Each |ayer has exactly one
ti me-course avar and, like the envel ope avar, this
w@e@es/11¥8special in that it is unlayered, thatPCHUSHaeN4713

contains a single notion channel for the |ayer that
time-course affects. The tinme-course avar is
unaffected by the conpositing operator, REtPgePRa3¢-003WO!
the | ayer envel ope. For sone Iayer A, the time course
avar defines a function T map g from avar |nﬁ L

avars &?akmgem@mastwc@ ﬁ@aﬁﬁ@llﬁlé}aé(ﬁ’efi@rl’roﬁ%qsﬁ??s GrmpHgnh channel for that

oy LS00, AUELF 05 o SO 108 il g e o

Chanrfel @t $IbRAEL ¥h ’elfeelfayh bl MRV E GHé S&mb wilislid, Opetifiedl @yer-wide by a
saw-tooth function curve. This causes animation wthin

spec1ail chregjepe avour ¢ yEddhclay ey has peastly(org eneelppe aser, sesethespavars are
cling.is th t-co
unique i hab dGeeyiemas s TOR Goy BTt o RV BIogs: Her gpntains 2
smgleeﬁtcb)ﬁotﬁe CRAM G ol NNy X@P Rhh %5{786 gﬂffé‘c%r Chifd lefGelope avar is
Yyers over some given range. conp ex time-course
unaffdt&{ﬂ pyikled ¢oan osiﬁfig bperﬂﬁm&rhylaydr ahphg v ¢veneibe @melope avar is
avars direct via a spreadsheet or curve edito
ophoqa@}ygggp]qct t@) t]gq__\ﬁgyeaqom sagvar desrpbrd belew 1 ber Wplﬁ, the envelope
for a AR R gty B UL APy aih gl Fosy of €81, s with
other %’épsoslh§1é1n Gn'l/eﬁbﬁﬁés kndijQQ dey@lted (& 1.0h, télatat@s@thoatsﬁdt value, or
wei ghting factors WA"and WB as defined in Table 2, and
animated.i §hehelvatyee of em@op@xvas eﬁsqalmtandrﬂiéﬁ anmapuglly kinematic

a t th eri
(. B ASBErE PR ek bl et he el dp Hytigpal vatues
betweteﬂ% @Xﬁ{ 1%%1@9«3%%9%&){1?91&1@ f@gém}é@ﬁi% yekdie speci al
ositing operators ad as i ndicated
[00296]1 Tabflee Ex,yeiﬁhg l]pohjcy éo1qa glwaheivai ayeﬁthem gdgobe oymuétlplzcatwe The
additive a C;g) when | ay erlng policy
policynghefings| h%[tlnq,@he;(me};f thafava ﬁPWA&“? ppdere okn}eqseifu)lg yﬁ@leq:xample,

tra11sl%¥i%1 )ayzgllsr?{ngfrht) a 1e1( srcfa;(ai la(/;a(l)s(a}e /adfﬁtlhffeef, ﬁartn?eg’ _@l[u% 10 1&?1&%?1@1 values

in laydhd 86tahd BYSfe cSmBRVEl 8RBugh scalar addition. Conversely, scale avars

(sx,5y,52) and unit-quaternion rotations are multiplicative: they are combined by (scalar
or quaternion, respectively) multiplication. Transformation matrices are normally
multiplicative. The user who constructs the expression graph for the model may
specify either policy for a given avar. The avar will follow the same policy on all layers
except those using the add or multiply operators, both of which override the avar-
specific layering policy with a layer-wide policy.

[00297] During layer compositing, the layer-weighting factor (wa or ws) is
multiplied by the layer alpha (recalling that our motion channels are not pre-multiplied
by alpha), and the resulting value is used to scale the motion channels within the layer.
Scaling a motion channel is interpreted as a linear interpolation between the channel
value and a type-specific zero (for additive channels) or identity (for multiplicative

channels); zero and identity are defined per type according to common mathematical
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ot herw se. [00302] For quaternion-typed avars, interp
is the spherical linear interpolation, or slerp,
wWop@rals] otherwise it is Ier p. 0 and 1 denot BCT/US2006/014713
type-appropriate values for "zero" and "identity".
E,(t) is the value of the envel ope avar for Iayeri
paraneter t, and the alternative | ookup &tratRegFies: Wﬁ”mwm
() ref: ect I t he user - speci fied opti on of whether a
partlcu ar layer's envel ope shoul fecte
conventigip rfor expg %ofer $ea akﬁaﬂle}’[%GSE%] ’f %‘ﬁé’q i\ 3 ]n%tlreﬁlﬁecm’ely

Scaleu? Spng)q1ﬁsl G el 8tice E&'}R&tcﬁhmey ]? =S 1t t OYE&?] a%@ﬁrdm% to the

és n
Nt npd I'ng of I'sS Signi bot ecaus

standdrf iRk ifferfithte (l Qscrhtod, WREE atref §uatetnions interpolate via the
non- commut ati ve an because mul tiplication of sonme of

spherioairinterpolatiafsterpy pp@ a¢ca g:husrfax i dditiyegoalpeavarosraling a motion

e o S L Y TP LR
quater? 5’19 %tﬁhbf( ?mvélb@g a fsferg Hé%wgéﬁ’ gabt%gm% 1891'?@@5(&15'16&111011 ) and the

'S not sig nt, becduse the Por
chﬂﬂﬂ@&ﬁﬂ@@ltlng operators are associ ati ve and tensor

mul tiplication is associative. In fac 0 [imtation
[0029§f | wﬁ@geexemplelgmelt e gnefiomh Fransigls eé:%lr aflitire;joafar avar f, the

t I d dd
over opgtrim ERET PORPRUR. CEefRErT 3o possess a wel |- def | nod
zero and |dent|ty_ 5.2 Mdtion Channel Taxonony [00304]
ave, t.hi ot ti I
MOk g LIS N g A T R () s
herd PO SRS 5 S22 ot e[S a3 Brameter
For nosv? %&é gés g#é {DDS% —ttlé” WQilP%e%uﬁethﬂPQéasu tldrﬁly&f)w Tgﬁnllally,

asses ude I nematic, for dynam C,

two chlhhélpng 1ﬁMIﬁ:}mcﬁt1V@ rpeeduial avaagpivedld am:hposfce via the atop
stochastic. Al notion channels within the sane | ayer
operatrasof the sanme class. [00305] Kinematic ani mation

ers to mation.that is defined by "splines", that

|§é) ThrVes \f\ko%le/‘ﬁgh%%)e i s defined sparsely via knots

and ag, &t 1 pok AL+ af yB@Lﬁ for filling in the gaps

bet ween knots. Klnegzb tlon i's o& n, though

not T1EEPEE efsb LiypyirGr Fi‘w)rﬂmm:@ﬂe af)or [ 00306]

For war d- dynam ¢ notion refers to ani mation that has
[0020BFeN ORRERAfLHsiinfec thus far that all motion channels are parameterized
identically, that is, that ¢ = t4 = t3 for all layers A and B. Now we introduce the notion of
a time-course avar. Bach layer has exactly one time-course avar and, like the envelope
avar, this avar is special in that it is unlayered, that is, each contains a single motion
channel for the layer that time-course affects. The time-course avar is unaffected by the
compositing operator, layer alpha or the layer envelope. For some layer A, the time
course avar defines a function T4 mapping from avar input parameter space to the

parameterization of the evaluation function x4 for motion channels within layer A. That

is, ta = Ta(t).
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conput er-sinul ati on solution to a single-point
boundary problem The boundaiy value is specified for

W@ owe/113181 i al paraneter, e.g., t = 0, and the PCT/US2006/014713
sinmul ation uses a differential equation solver to
integrate forward in tinme, conputing val ues
subsequent t's. This is generally done aétmﬂﬁ’D(S‘kothf’nl@%G°°3W01
process and the resulting ani rratl on data is saved in a

abled format for fast access.

[oosowm t pﬁ‘opﬁltﬂ%%ﬁh/nﬁlie KR GrORER drbORaR ifhAaR RO acligy curve.
s o S L SRR E e 90 Rn 9 e range

Cychngpr‘écﬂhfe' ﬁl@s@&orﬁrrﬁiﬁnﬁéﬁ onﬂl@erﬂéreélﬁfsé eiv‘m, andl foheconvenience, we
i mul ati on uses an iterative process such as gr adi ent

plovmem: emy mechmnisihdp the @@phmtcmi GhHtfor ﬁy@mﬂaaeléso‘teh gome given
ecified oundarl es su ect.to cert con tra

range, gOFF ORGS0 RAA-HIFS TGUHBHANEYS GBM S0 AL AR iy the time:
course e{\)‘allé Hﬁe@&fﬁaasa(sjsﬂ’b&cﬁhtegﬁof &Syl bifig. ani mation data

readi'l y accessi bl e fornatﬁutorney Docket
[00301\]0 18366120 32t DEGRBABJorHooeealur advolwesmat i on i n
general is any anlnatlon conmputed automatically by a

conput g Ilo.rgfegs 1o animation conputed
by a @FD,I—”E}F nodél er‘sUppI fed'ekternal function,

typically vvrltten |n C++ code using a supplied pI ugi n

Whe1eA<P | is {Ha€RB- IROL TS 86mPYsiting 18¥éref Gpbn layer i-1, with
B 8%

unctlon on e ded basis, though val ues once
assoc1mdmé1gﬁhng;fa¢ielsrm aindecs as défimedoir Tahle Peand snisgheyhalue of the
ScCri

(et SBIOPSABIGN o5k 1 O 6erlb A T Foinatiey for a given
compcgs?ﬁﬁ% gégl a%%ng afd lgg‘t%lﬁltrl% B'gg?}g{ﬂgﬂrl] gscw%{; b%t?&om%sﬁed except under

ion ca put “of

the spXhEidnapdsltieX 6petatsts addpuidenultiphy) ad indisitat ircTdbde 2. Then:
comput er pro edures that wite their output to disk as
tabled ti Sdd wherplergingrobsn isgfldi§¥echasti ¢ moti on

denot es frotT @@qpnw&relqy&mgqaomswdmmpmumm process. W\
provide various controls for

di st rig@® kpnindrplhe; (r)a%d;(ﬁi(ﬁ)))‘\’o@pl w(’e(%tob ’éi{T (fl)))

general , any user-Ievel representation

of a pr.éhaps mtwry(wmas(t}l méﬂ(ta)o) Jm!i@m wzm(t) BF{ @)a)jl d be

used for shapin 5 enerated notion, i ncluyuding the

provi si Csz /c(g(f aﬁ 9%111&%{%?@%{ f @hve\%%se PDF

coul d beext gl((i)ed t fth@wgde. an aut omati ¢ or manual

process.
[00302] For quaternion-typed avars, inferp is the spherical linear interpolation, or
slerp, operator; otherwise it is lerp. 0 and 1 denote type-appropriate values for “zero”
and “identity”. Ei(t) is the value of the envelope avar for layer i at parameter ¢, and the
alternative lookup strategies for E( ) reflect the user-specified option of whether a
particular layer’s envelope should be affected by that layer’s time-course avar.
[00303] We note that motion compositing is not mathematically commutative, that
is, the compositing order is significant, both because the Porter-Duff compositing

operators are non-commutative and because multiplication of some of our avar data

types (e.g., matrix and quaternion tensors) is non-commutative. However, motion
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[00311] Any class of layer may be converted to a
sanpl ed | ayer by sanpling the notion in that |ayer and
wo@epaid’shg the tine-based sanples to a data fPCEUSW06/014713

table format. Any class of |ayer may be converted to a

kinematic layer by automatically fitting spli

segnents to the notion in that |ayer andAt§t“E¥rQ°H‘§‘NPhlé?766°°3WO]

knots that define those spline segnents. [00312]

Boundary val ues for forward- and nultipoint-dynam ¢
compasiting st inethenaticallp gsiorintve, fhat iseihegragping of compositing steps is

unber
o sighBSH: TR S Bon B Bl BIRGR b Sospiatve and
tensorShls bleﬁlthntlQ aSsdciiRivieh emsfabt ki 18R taReh Weelrﬁf)dc)@%lﬁ walge types
di sabl ed when the overlying dynam c |ayer is enabled.

within] 608 5§btehés ¢hatsthose Ity pest gememllyo rarqasediadivg fthdeppgdition and
cl asses of potion are i Laye f different

multipljcaerasigell B%P%%?ﬁfﬁo%?‘iegdie Zﬁl%ﬂéa/ }f{%*ﬁl not her. The
class for each layer is |ndependently

SZMEQSE{éHE&hEI ¢9x6hb %ﬁney Docket No.: 19766-003W0 5.3

nemat 1 c mat i on [00314] When t he user

she to nodi f di rect
100304} e Wheh s th b EBo0r “ehe Bt (b eidE] rhgethe from
par am@%] Stttb %h&oﬁ Qvitidih aoaﬁhgle %oﬁ&?cl?eﬁ{ﬂel/% Yifled DU fark, ratier than a
|'ayers as wel factor out the effect of the

single :mnha;@*el\:/ile%m(ayﬁh&elbmectétmmm ﬁmmftcnhnnﬁlthys cliniceamayiee made
ayer o this i nv t he

per laglebu ndhe Hdasses |Qfe1aB’8§ﬁe imc?letifo Hgléqrg?fiug R ?vﬁllcﬁ hcgynna%%g,c mﬁc‘l’apomt
is t | | u

dynantic %yg’cséld\?lgalt Eﬁhgfe;aéu sr’%\ﬁipa@ﬁgs 'ytﬁl tlz'llf@ (?l?lll%r{r%‘lgi%s%\}gl?l%{i Stge same

byelﬁ@w§MQp§uﬁyaks§or t he actlve | ayer is 1.0 everywhere.
For full generality, could replace_all occuryences

[00305} t sznemmzc(maymaw 1@@@5@0 mérlactémhﬁr wgiqﬁl\?d(kw) ‘spingse that is,
i nyerse, of th eIo

curves whoseahang is @6% y Xﬁlﬁ 1ots an %n (1)1} ggprol?tl(%'{ltﬂe for flllmg in

the gdpsDetRb khé)tsatKlB@fr%ﬁ@taﬁmehoﬂ\% @ﬂ?élpl{ﬁ&l it ﬁoﬂﬁ@ée‘éﬁilﬂ , created
ga{p %
or active (kinematic) layer v as: whe

byahluaye&m rafa@l iCcy iS addl tive when | ayering pol | cy is

100308}, st FooaiinaryomaBel EHOH/E G ShaVERL f beeh Hirtlated via o
computer-simulation solution to a single-point boundary problem. The boundary value
is specified for some initial parameter, e.g., t =0, and the simulation uses a differential
equation solver to integrate forward in time, computing values at subsequent £'s. This
is generally done as an offline process and the resulting animation data is saved in a
tabled format for fast access.

[00307] Multipoint-dynamic motion refers to animation that has been generated via
a computer-simulation solution to a multi-point boundary problem. Boundary values
are specified at a number of parameters #, and the simulation uses an iterative process
such as gradient descent to develop a solution that interpolates the specified boundaries
subject to certain constraints. Again, the solution is generally computed as an offline

process with the resulting animation data saved in a readily accessible format
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value y at paraneter t by nodifying only |ayer v. For
sinplicity we assune that all |ayers are conposited
wanwe11378 bl end operator and that the envel opECHUS2006/014713

for each layer is left at the default of 1.0. Then the

new val ue we should set in |ayer uis:Attorney Dock

No.: 19766-003WD 1 =- ( .(O+ - (Or +/ o(\@j"wgé’°‘<e‘(N°(6166°°3W°‘

(O + ( \é =y -f<t)- [00317] Thus, we can see the

ecessary c ange to layer v_is sinply the difference )

[00308ke+t we dHoReH &/ aBisam A AFBeRh dS ﬁmé airdoR compyied ggtomatically

ex ted. Taki ano
by & TG PRarRy o FRarrn g O siafon (Embtty b Bher; or modeler-
supplidfaferdhl RAICEOR] 6[ idal@Writeaiih XI-*WQC&IH ﬁmhgl)a@upphed'lﬁlﬁgm APL
new val ue we shodl d sét in layer v is: -
The ahpmation ¢ lgenerbtetl bysiﬂleo@di@meh fushasion o mb@%rnmdeidsbam though

osite rotat ol t
el Pt 8 Sk 0! SHEEE B 2 kit 80 via tempora

cachn’%ﬁpls?‘agé@ﬂ)%dgﬂs Uetior¥at urally, the easy way to conpute

ost-active-layer conposite values is to
[00309Fe t fﬁ%u@)tddsitwtlitgz 1e6eTp O ahim@asr&dd&ﬁanecq; ddé sis disneete |tm1e—samples
Section 5.1; we sinply disable yers nunbered > a

on digk. r"!élstge@gwiéz ynotaWd cinjie date UM thy APUREL ﬁér%%rpéﬁytexecu’fed
Qco
comp%vélsnﬁggaﬁc_)g@e e aI ue @X e%%%d u na%}aé%‘%r@%%%ﬂl ’;to disk as

tauedumeuocﬁa@asmiés other layers */ prevalue =
Eval uate(t); Enabl eLayers(v+l..n); postvalue =

[00316) al uaitec(lmtzc Entidy deagtes s{ationnjomputed|hycy pseudpirandgan process.
t he *addi tive

we pHleat SRl LTGRO B AR i o mumber

genelét"i‘é(l%r ! ﬁgggﬁélaﬁyan}; user-level or code-level representation of a probability
distribution function (PDF) could be used for shaping the generated motion, including
the provision of representative example motion whose PDF could be extracted through an
automatic or manual process.

[00311] Any class of layer may be converted to a sampled layer by sampling the
motion in that layer and outputting the time-based samples to a data file in table
format. Any class of layer may be converted to a kinematic layer by automatically
fitting spline segments to the motion in that layer and storing the knots that define
those spline segments.

[00312] Boundary values for forward- and multipoint-dynamic simulations are
specified via selected “lower-numbered” (i.e., lower in the compositing stack) layers.
These boundary-specification layers exist only to guide the simulation and are
effectively disabled when the overlying dynamic layer is enabled.

[00313] There is no limitation on how the different classes of motion are
intermixed. Layers of different classes may be composited freely one upon another.

The class for each layer is independently user-specified.
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newal ue : = preval ue.lnverse() *y
*post val ue. I nverse(); Layer(v).SetValue(t, newal ue);
wQ 0®818378Agai n, we may wi sh to scal e newal ue PYT/UR®06/014713
i nverse of the |ayer envel ope before actually
inserting or adjusting a knot in the spline curve for
| ayer v. 5.4 Layer Properties [00319] Lagtorme RpgltNge!9766-003WO1
gi ven user-specified nanes, coments, and arbitrary
tagval ue pairs. A layer name is unique withinits
5.3 Edityeg ldseniatée Amanaidon Layers may be searched for and
sel ected by nane, comment or tag-value pair. A
[00314F! ectiWtieh ayieruser wishey & mrydifyebpptiret edanipatation the pose of a
nunber of ways. C earing a |layer corresponds to X
modeldavectakadnty accawnt e EniRbrdicn Yzbﬁhet%%ﬁngag@e,nqt Enly pfthe active

aye ont ai. ni ng_no_aniatd qn. ti e ‘i
ayer by Gf L ST 0B T TR e oG LR B P pgive taver in
decidikmg w EoSﬁJJdifyTﬂ'% AR 1R alyg® deor gas %F%Weftﬁﬁ b5 co@yosition

yers initially have no” notion channels and thus no
processrammhilche attiee tayepo§idri dayitypar Hteodiséussion thay éollaves wigeassume
changed at any t.ine. contrast, the lLayerjn olic )
that all Gimesgu'sg @A &lvgg}%i&ﬁyl’fé%épp&?g%a va ef)c%}fg{l}ag é‘?‘? %Wdope avat
L gl DB 0; YEL S -De FAHC ckrd codide repl 11
for ﬂFn%%Pﬁ%@%%% %t%@eg%ﬁxa?%ggnﬁ$?oﬁﬁgﬁ%ﬁﬁelgﬁof ac?ockg:\cpace ?
occurtea¥ @ of TRyvifloT;(Heantbstiald gtk rekaltimigs /1{®ybybtheginvepedofi theenvelope
| ayer groups called |layer sets. Al notion channels
valuefasris doge wenut ayplensetatiore) st ored on di skAttor ney
cket_No.: 19766- 003 within.a single logical file.
[0031512 di vi Hapdiisq myrder ﬁ%ﬁ%"%ﬁﬁé’d"a&&? \%%?PEP&%?GIJZ%‘% compute the
| SRIL @b Rnhddd 18kL pas. described bel ow; the
newwﬁggéngg g%nef(géta &F$Vﬂ%orrespondingly be noved
bet ween di sk fj | esy Layer sets may be | ocked or
unl ocked. Lpck{m 3}% , ﬂ Ivdgddayaking lpaly@ris agditive n
the set an cgérggkbn ggg?? cking the associated file

on di sg(:)enl ocking a | ayer set corresponds to
unl ocki ng tﬁe)assEtiqq%d fil\é and can only be done by

a gi ven user [i[#5@®haty el /@hs svifenileyesing peliestiamuigplicative.
system "priveteges” tovuhnl ock the file. Wien | oading a
| ayer set fromdisk, the contained |ayers will be

[00316PC k edFaif extanepldj skpriose evd widhotoket an eilidétive saelarteys itd have the
be unl ocked. [00321] Layers may be _enabl ed or

valuedj 3hpREINClEN § 4 mﬁélféilr}?a%lé’ Wgrea-uiF\%aséWPﬂFﬁY we assume that all

i | _ ‘ )
layerég%céor%ﬁoggte% LRYSN ﬂ%egfé%‘gg‘};%%g%g Cé-\%e&a‘?%é 'eﬂ@el%pgf)arval for each

s ortrayers mnay
layer is left at the default of 1.0. Then the new value we should set in layer v is:
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di sabl ed together. A |layer nay be sol oed, which is
equi valent to enabling that |ayer and disabling all
wordven1d7ayers. The out put val ue of an avar as PCT/uR2DE014713

be if the active |l ayer were soloed is avail able at the

avar's sol o output. Changing active |ayers pushes

dirty on all avar solo outputs. [00322] fégFeReckgNg:19766-003WO!

di splayed within a layer |ist wi ndow and optionally

within a l rs pane within the tineline w ndow. The

con‘posiirvg'zj)ﬁgvy@r+ r of layers may be changed by draggi ng

the layersfinto a\difffesentyorder in the |ist using

t he muse=£uﬂﬁ(12)°ﬁaghﬂjﬁ(f§) of the layer |ist

corresponds 4o one | ayér and shows the |ayer nane, the

range |1 anyy oUpELuhen £ fe))aver ﬁﬂmﬁ§§tlw-'-&ﬂlgt))

sawt oot h ting-course function), toggles for the [ayer

| ock and emal} &@ttributes, and an indication of

whet her or not any of the active avars have notion

channel s 951,_t(yr )_Iﬁ@?r. There are two di spl ay nodes

for the layer |ist; 1ayers may be organi zed by set, so

that the Fayer t)\ﬁfe@\) contains a hierarchical list, or

| ayers may b [,ga@'z by conpositing order, and then

the | ayer \J/i gv@gi\"/ S %qflat listing wwth |ayers

col or - e -t/d?)i-ndi cate set nmenbership by associating

a (userspecified) color with each |ayer set. Next to
[0031ERCh I'BMB! wieScamnseethi dRadsspriyeatiaie tth €ydrhais stiphys thehdifference

active nodel (or sone particular nodel specified hy
betweehehaidesied erlve pad the crrent yalugas exagaed.o hakinggnogher example,

A TN N
d , 1 t i ; il
nd ARG St b B0 letbas ey sl ||

| ayer pane i the tinelYne wi ndow additionally shows
tﬁk(ﬁﬁ@q{@@ im‘:{i‘HEQ,ﬁ} r which particular |ayers
(and/ ‘@r-'| ayer sets! en viewed hierarchically)
contaigr ani nipgfon (that is, contain motion channels

prerotation

with time-varying values) by the position of colored

bars for_each displa ] ay r r e, tbkmeline .
wherg grggogon 1S|'ﬁl 3 F%@BP&%EO%{&g%?@rﬁ%e% ﬁgﬁr\? g‘lql g%et&rrg’yalfﬁ% rZI’g’?t'é’lt"\/\t/r"’f‘ is the
comp8sitefr R AL BN ETay bilsSubMfRAP NS Natirallp/thb@hsy wag td Bémpute the

curve may be ditrectly mani pul ated. By setting

pre- and epesttdctivedmyies comipobiteserlien ds f tc aisbutheo rexissingbygompositing
depressing keyhoard keys) and fhen I cking_and

machife R eRg HY FY R IHbdde Wb GRUPHy Bable BY-PrBifpergh = and < o

respedivel), ArldPKRIGatO thd Ve at PaTEn&AN:. HR Jsehlif&She: SCal €d
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intime, cycled, dtiplicated and simlarly
mani pul ated. Specific |ayer and | ayer set operations
wa@e@edirsussed in Section 5.5- Qperations on LBYEDS2006/014713
[00324] The contribution of a particular layer to the
total animation may be visualized in several ways. The
numerical data within |ayer motion channéfegeRggkeiia: 19766-003W01
viewed and edited in a spreadsheet or curve editor.
The_ani mation may be played back while the user
¥ on and off, or sol oed and
oALELhRede. ) observamid heombhanee The ani mation nmay
be pl ayed 'bacK simul'taneously in"both enabl ed and
direabherd Evalnate(t); wi t h geonetry rendered opaquely with
the I .ed and translucently (i.e., ghosted)
véqﬁaﬁfeﬁﬁl?(gglg’?g’di sabl ed, or vice versa. Mire
gearnhlelsyEvalunte()ser nmay specify two sets of enable
mi for the layers, and then view the difference
WEHELY sets by simultaneously rendering one set
Qppalus|=yafthdthen ot her set ghosted. 5.5 Operations on
Layer s %780325] .The user nmay performvarious operations
dniddrwe ueiigdolickyer . on multiple selected |ayers, and
%MM@Q:sﬁg%m@ayar@omu@e converted to kinematic or
sanpl ed | ayer cl asses, as described in Section 5.2. .
ledseer s may be | ocked and unl ocked, enabl ed and
?&ﬁlgm,g&ﬁvgh{%ﬁgp&l@@/the time-course avax), faded
Vi a fhe envel ope avar), cleared and so on as
desorlused pravaliediyested) “seqrastabe lneieds nay be
. iing.a new |l ayer with notion channels
?Lg&ﬁ{(?%aﬁw%%&%’%gggaiﬁg'the original |ayer. Layers may
be renaned. Attorney Docket No.: 19766- 003WOl Layers

03tE, oAt R ST R B R i BB s envelope
E{v&%@, ; R ERfde kMt iayd &1 ngl e

befor ayeélwbgsﬁﬁﬁg%hiﬂﬁfi on gﬁ%%@% beta/een Yayer S.
If the layers to be flattened are not all of the sane

5.4 LhpyePrapeadies the layers will first be converted to a
conmon cl ass, either kinematic (via curve fitting) or

[0031§fn'p| elgar?[eYé ﬁlag/tw gﬁjens@!;_'épjs?é&ﬁeﬁﬁﬁﬁfeg,i &@fninentss @hd arbitrary tag-
pr ef ererice. [ 00327] A single |ayer may be deconposed
value ipaiie. Nl hiyel ratayieunique withinritedaydr sehysee ewjroiagars may be

searclfq?i]tag)r}:alr%ggélfegt%y I?yg nal%le,e %gr%?ne%gcooqp’ga%yvaﬁg pg1er. ext ge?gctteecij layer or
layers may be operated upon in a number of ways. Clearing a layer corresponds to
deleting all motion channels for that layer, leaving a layer containing no animation.
Deleting a layer deletes the layer’s motion channels as well as the layer itself. The user
may also create new layers; new layers initially have no motion channels and thus no
animation. The compositing operator for a layer may be changed at any time. In
contrast, the layering policy for each avar is normally set at model construction time.

[00320] Layers may be locked or unlocked. The information stored in the motion
channels of a locked layer may not be modified. Layers may be grouped into layer

groups called layer sets. All motion channels for a given layer set are stored on disk
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| ayer. The portion of all notion channels affecting a

sel ected tine range nay be extracted into a new | ayer.
wobme/1gEseral |y, the user may sel ect some geoneCT/YSZNeEl014713

a tine range, and extract the notion-channel data for

the sel ected geonetry over just the selected tine

range into a new | ayer. The geometry \/\ho%‘@f“ﬁ‘t??‘fkﬁﬁ'" 14766-003WO1

to be extract ed may be specified via regexp regul ar

expressions”;, for example, the user nay speci f
withingvsingledbgisel @& Andivadveltlayrrs mayFegymovetl he ?xg Yayel sets, subject

to cer talﬁlelgxﬁtfgﬁ ?ﬂ?iﬁggﬁé %%fq%ggégoq%%cmagggf@%tg%g?lecgr*espondmgly be
moved:l_ﬁgﬂxgﬁgﬁ rHlEIIQ ?fgé’se nl‘}%/ae? REGEnAP bEAbIRA or! 1.'&‘11@c1€t:d1 enodiaieh layer set

anne be converted to the sanpl ed
locks 41l &8gerd Sadtihdhe Eseﬂ)mdrmbxmsﬁasi& feolocking fheaa@b@atﬁd( fieTon disk.

of the channel data w || ? perfor q E
Unloclspge kly@dsqtlc@u@mwttaﬁ@ R S%ﬂf@gg flean rcaﬁﬁt?i%l e done
by a g'{ge%eft e?cg \tléa?catltée? A8 @Hﬁ?cqenqp%e%hl%sﬁg&ﬁ) ¢ Nl% es’an"hnlock the

d
requency ra ecl

file. W’lﬂ&gl&ldﬁgg AdferREEfr bﬁﬂdﬁl@ ebiefdoftdineelayerByilabe lediked df the disk

he al pha” (Section 5.1) of the |ayers so extracted and
fileis ]tohhed fotlaerveise tpytidisee walpdesl. back i nt o a single |ayer,

[0032iiﬂlen§t aafﬁlsdﬁtagtebgrg{‘g%@@ FrfsidcddBabhit sByehid Buivatent to
spec1f5$ﬁ? ex lpf‘f)@ﬁgttorg See SaLEA 5@5 i @@tsdcbfaﬂaﬁf‘@rsV\ﬂnhiﬁ lfeuéﬂa)bled and

ust and cent w dt hs” and gai nS for

disabled ng@helcl Al Byenumndyebe eblobdndziuch’l’ si esqmsalemtcemahlmg that layer
perform n an FFT geco NPOoSi

and dwéble%es@uo e { ROe Spaart Tage eé aamaﬁ? 7oyl be if the active
layer S L ank 130 5\%11&% N5 3516 R f\éﬂ iRE abfld tylehepushes
st 061 P L

provi l'ogs t
d”tycﬁl,gh@g;a‘ilsgnﬂbut@ﬁweSSI ng, al I oW ng the user tolimt,

onpress, expand, conpress-expand (cor&pand) gat e, and
[00322|]Jck tmermara)dtspba’ﬁdem&hﬁba }@91 and opuonally within a

1
oy P AR5 S5 RO gD e may
changjfz&“nb? cﬁaggﬂlgt t'Pt@rl s 1R lécdlﬂ%etrtﬂ %1(%1%%@ liseddaRg tl?ﬁz mouse Cursor.
t s“an extrene form of conpressor that provi des
Each ef §f Sedbjperdist eatiatp(mds&b ave layesemnd shoels. thAﬂa;eerpmmRa the range
attenuat es the signal bel ow sor&i thr eshol reduc

if anylayr mdvieh thplayer gyréefe&fgﬁaﬁ SRV é%%rﬁ%ltﬁS% Ry tﬂggles for the
ey SRS BT G AR St e Aty o e e
avars Mk Gn¥E&H cBQ@ne?é efahat ﬁyE@V\’-ThAeCe&B'FtW@ifsplay modes for the layer
list: layers may be organized by set, so that the layer view contains a hierarchical list, or
layers may be organized by compositing order, and then the layer view gives a flat
listing with layers color-coded to indicate set membership by associating a (user-
specified) color with each layer set. Next to each layer is an optional preview tile that
shows the active model (or some particular model specified by the user) rendered with
only that layer enabled (or some particular set of layers specified by the user). This tile
animates when the user moves the mouse cursor over the tile, and otherwise shows a

still image.
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conbi nes a conpressor with an expander, increasing

dynam c range whil e avoi di ng excessive output |evel.
woewkilngsat t enuat es a si gnal when anot her si gnBET/US2006/014713

exceeds sone threshold, allow ng one |ayer to

automatically override another |ayer when a signa

(i.e., noti oﬁ) of significant rmgﬁi t ude ﬁ@mﬁyrDé’g(ém’f 19766-003W0l

and have no effect otherw se. The user can specify

both the primary and override |layers for ducking, the . .
100328} her Tvrlbrebaniolte CERgriadol Sl e o B dration in
- dat. . t or P ) - i i i
ome 3505 BRI oFILPERR i haps By
contaifi GRRlatibh Qhdti ik ! @mtaisip@etibh abbfndly witle tiisevarying viabues) by the

convol ved over the channels within a layer. [00331]
positidthef dolbfest bawsdfob endie displasisd) layesr dramay upderother pekine jfself. The

oy QS S e S A PR Sty er b

el ! i ol GRtd nrtien dhyieedvith user-
and #f O%)@%S]%Hg%%glccgg&lﬂ ;lg?fs?w#g?@%e eéée\gﬁlﬁgggt@at d?ffer en T

interfazanyitiong o dtyedeprelptanieyngrpkeys)cesl than alicking andglregging with
sanpl e rate. Downsanpling produces data at a Igmer. led
the meugeapaslaysebarsc i otieR RHHIR fy LS hlay gLt L PF Frlippdy scale
... D.P. Mtchell d ) Ny 0 et OB and laver set
i o, Brabl SRR Dal e B FRECRREEE OB an layr s
operafiGhiPHReHERESDin SUEERABH(Yratidd(ch LARLs.228, August
1988, which article is incorporated by reference |
[00324r ei nllien contgibartionr ef y. P@I‘fh?é‘ﬁal’sklﬁ‘ﬁr itAgtheetaidldanimation may be

. possible. [[00333]..Entire | r.s . a
visos RS S o SE L E ek 55 TR g B rhngets may be
viewell B8] %cﬁte@l\éﬁ"\ré’ sgf@&&%e?@?&ﬁ%b VithP i Thd RSinkadeer ma%f betglyed back
exactly the sane way gain and bias are applied to node

while ithpuba @aglesuhpityer an ahelsoff, drexbload Betnpwsolbed3and observes the

Simlarly, a layer may be shifted or stretched i
change] nhebapimetion RYahe Beved SR PIrREaFg T5ebqth epapled and

. anpel s wi.t hi n t I r +f.0 '
L A b0 SEEBAAP Ry s et and
transl&@eﬁﬁfz QC3\WAbsRAG v i@ the Laydr didabeRl) orMistvends. tWere generally, the

operations that may be perfornmed on individual avars
user mmay spkeify beosetst of treble tates forethe) lngersagrd sheryviay fip difference

sof tware sinpl ) |l ying the, given operation.tq
betecbpudech o T R0, K G BB, Ao ot e
hostbdli S are operations that depend upon the data type of
& an avar, for exanple, setting knot val ues.

5.5 Operations on Layers

[00325] The user may perform various operations on the active layer, on multiple
selected layers, and on layer sets. Layers may be converted to kinematic or sampled
layer classes, as described in Section 5.2. Layers may be locked and unlocked, enabled and
disabled, cycled (via the time-course avar), faded (via the envelope avar), cleared and so on
as described in previous sections. Layers rﬁay be duplicated, producing a new layer with

motion channels identical to those in the original layer. Layers may be renamed.
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6.0 User System Architecture [00334] Fig. 12 is a

bl ock di agram of an exenpl ary user systemarchitecture

wa206/113987 host i ng an ani mation application. TheCT/US2006/014713

architecture 1200 includes one or nore processors 1202

(e.qg., IBM PowerPC(r), Intel Pentiunm(r) 4, etc. ), one

or nore display devices 1204 (e.g., CRT, AtopesDocksiia: [766-003WO!

nore graphics processing units 1206 (e.g., NVID A(r)

Quadro FX 4500, GeForce(r) 7800 GT,, etc.), one or no
Layersatagopekmioned rim)c@glifiez@let( 1@2¥¢1g$e,t mﬂé@ﬁéﬁ?e therusgy has Write access
USB, etc.), one or nore input devices 1210 (e.g.,

board, nouse, etc.), and one or nore
00326 MU\ @ dabkied MRk ity 1Rl HeRe DintSPRANYle Pt balmerging the
[ %rljsks, hanjg di sks, flash r};ermry, LI or L2 calca?e, pinerging
motiortahahnel§ eseeen ipene nifsthexepeansde kofntienashateongt ahef the same

data via one or. nore buses 1214 (e.qg., ElSA .pC ,..PCl . ,
layer gipsy 4B Toyere will figbBesprvsieed B o0 Prﬁlﬂxtclﬁ‘“?'r cilffappeatic (via
e o : ' ik Gl pat o
corv FEALAT HRLAER (4 TR B oRaht e goifce.
[0032BKeCUtA ainglernaaditg bé Wb@uipotedninta whaltiple dayeroliata hember of
media (e.g., optical or magnetic disks), volatile .
ways. Bt anpéony chamesle pffpctingiseleeind gesaiedl WaHibe extracted into a new

v TG T BAR 98 rre  1
exh*aclﬁ_éc?ﬁﬁmasﬁéx@ Nay@di Mof@Berdthr 8y, AK @iskhfalyelecobome Qiedhictry and a

I ght or radi'o frequency waves. [0033 1 The
time rangguiner exterat it motiedidiemadlidath fort therselegtad grometry over just the

e P LR TR IR B S P be et
my BT 1 5% 2800, LR 05 SR P01 320 speciy 1

avars Caihbse | fagigiahed mhtcheot HeFoafpl itltatbpnsidentifygng two avars
B configured as a”Ig.I ug-in to other applications. In sone
Leftﬁqm{@g@fﬁlﬁ i b’ ugh%%ﬁlmiﬁ%wl appl i cation 1222
cludes a U._nmanager 1224 .a.render| ' , .
roo328f)" i il e ey rne rogreg kg Sl E9BRe b6 dmew layer
The cf¥ ﬁ{e‘?%lﬁ'tepﬂfﬂg LaRBRy dredtcAthd sAaniplQDEasISea GRS R) nd dFhst-Fourier
I[TTAttorney Docket No.: 19766-003WOL [ 00337] The

Transfyret {FFHgof e ehmidd 6datarwiik beperforuser , The data in the specified
o e SR ML LSS U LAY B0 itogs
into al S ?a:}/@ Bagl G ﬁ?&#@%x}'l?ﬁ%%?{hgg\?? gggaﬁéd,l ﬂl@ﬂh@g\gtrﬁﬁlﬁple band-

to tha

recodni zi ng i npu
specific layers. By adjusting the alpha (Section 5.1) of the layers so extracted and then

flattening these layers back into a single layer, the user may perform parametric
equalization of the animation data. To ease this process, we provide a single-step
parametric equalization dialog with fully adjustable band centers, widths and gains for
a user-specified number of bands. This is implemented by performing an FFT,
decomposing by band, and recomposing with the specified equalization. We similarly
provide a single-step notch filter using the same technique.

[00329] We provide other analogs to audio signal processing, allowing the user to

limit, compress, expand, compress-expand (compand), gate, and duck the motion-channel
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1210; sending output to display devices 1204; keeping
track of files and directories on conputer-readable
wore@sanss1212 (e.g., nmenory or a storage devi CRYT/US2006/014713
control ling peripheral devices (e.g., disk drives,
printers, GPUs 1206, etc.); and managing traffic on
the one or nore buses 1214. The network tBRfHIFEAPT BHE003WO!
nodul e 1218 includes vari ous conponents for
_ est abl i shing and rmai ntai ni ng networ coqnecti ns ) )
signalg. e Ay COMPEEISRRPECTIGRS ARFAVEPRBALE AgrTp @E‘nﬁYﬁ 198%111‘8}?' attenuating high
pr.at gcol SUC S . HI' TP, Et\h il L. ) et e
tevels B BETRy AR e Sn Orbic Vo, nir Chpify isPhE okirereform of
compre R OMAR ttovid®| RIpNiltrp htetRfatiBSaBveks safdevel. An expander
functions, as desciibed with respect to Figs. 1-11.
attenudtes the sigurddelow2@mé thnegxpdnsidsicng nw-evel geirer and gxpanding
and di splay of user int rfac?s. The renderjn nd
the dAINAABEC orfoi G 19 30 EXEaSs forip o PABEAT] ok sPafply attenuates
signals BORGF LAES rRndn iRl E%%Qsiﬁ% dbge Witkd fie sqj%nc'ﬂ i¥%w. A compander
environnent. e gr ic editor 1230 1s described in
combifes hi @ predsbr With axpkpasdanigraphsy dyraéscrigeedhila avoiding
Section 1. 1. The progranm ng nodul e 1234 is
excessiess@aipsit bvel f Srucking ﬁ%@‘élaff%g% sighplrwhen gRotiea sighakaxgegs some
o ages described in Sectj0 el j . .
thresgEERERT G BE Foier B aRaraice U xR By hed 8 signal (e,
motiordP6t digRifitant BHSRRhdd Repes@t, H¥Phee A6 effedtetherfsd 10Re user can
can be inplenmented in any el ectronic or conputin
specifylditic ¢he gpabhy oid loustridyglayarsaforndudling dhplathen efierts involve a
. including but not limted to: portable or desktop
singled@yfSut ers, workstations, main frame conputers, network

[0033§:§r VerShafilef 4490333 b¥ath@ P, f él?cﬁ’gbl%lf’ WRY oR&dimensional

ade to the disclosed inplenmentations and still be

convolitidi. N NIibe geeqellpf athdirfiteltemtingrolohition Alteor spegifiable by the
Docket No.: 19766-003W01L CLAIMS VHAT IS CLAIMED | S: 1.

user, gy deicaayelyad ween te chepnplsiveitiga [BY¥vi di ng a di spl ay

[0033g \éi“r gﬂneg Ql&j‘e%eg{% H:%eg‘?vg%i% SLiog?/a}lpegs ?‘ﬁ% 3?48 %%é‘gg&ga C& a new layer.
“DiffeBYde” ORMBNerpraRdl dehbatel i Age @hARAIOMyRANR policys Withstdditive
portion of the body relative to a second portion of

channielsébeinglyubtracted and multiplicative channels divided.

[00332] Sampled layers may be resampled at different sampling rates. Upsampling
produces data at a higher sample rate. Downsanpling produces data at a lower rate. We
use a cubic resampling technique described in D.P. Mitchell and A.N. Netravali,
Reconstruction filters in computer graphics. Computer Graphics, (Proceedings of
SIGGRAPH 88), 22(4):221-228, August 1988, which article is incorporated by reference
herein in its entirety. Other sampling methods are possible.

[00333] Entire layers may be scaled and biased. This is accomplished by applying
a gain and bias to every motion channel within the layer, in the exactly the same way
gain and bias are applied to node inputs and outputs as described in Section 1.13.

Similarly, a layer may be shifted or stretched in time, by retiming and stretching the

animation in all channels within the layer as described for single-channel editing in
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2. The method of claim1, where determ ning a notion

path further conprises: displaying a curve in the
waele@phgysenvi ronnent that defines the notion pRCTIUS2006/014713

space over tinme. 3. The nethod of claim1, further

conprising: providing a control in the dlspI%Y

envi ronment for manipul ating the notion PUPER:Dogiggle: 19766-003WO01

mani pul ating the notion path in response to a user

interaction with th trol. 4
Section 4. MerIé1d@ﬁ@Wmo§b pggl1ég$p¥%% n’cba‘;r g1e mgé r})%gfo?}:neﬁl &n Thdividual

avars %ﬁ%&e sc%dl'ﬁge ‘g‘% géi al Bgscgnm% la}%ﬂ? v{;[ﬁltl fw&rje%h{éhﬁl applying the

envi ronme I nmensi

given SPRERiorBto -erii&l Blﬁdlﬁ@ﬂ vathifll thk Mhyler. Whl@é ﬁofafb& brgdyptioss to this are
froma group of bodies including articul ated bodi es,

operations habdepesl apon Hrdais type of anavagr forsxamplss sethinpikaot values.
surfaces. 7. The nethod of claim11, further

S Lving input froman input device
6.0 %%ﬁ&%ﬁj“’g%&g vvhile viewing the body in the
i splay environ Attorn Docket No.: 19766-00
100334] " Hgelhiscn BIocKIdings: o @éewaiﬂwss{ Py eoture 1200

0 t r , ]
for 110'3581?1561%% %{%:{ﬂ %ﬁfx %Jg{]ilcﬁﬁgw '_Ijﬁkg &ﬁ{egﬁﬂ% r*.@log :'lrﬁncl%'i:le%r%eor more
procedbbsP 200 (e ATBMI P@w&tﬂ@@ elnteloPpitiea®: 4, dete),omd og more display

poi nts along the notion path at discreet sanple tine
devxce,sn 4204e felg .Cg@Tx ﬁé?%.qmes Of gnegief igrPhiere péeewngh%u@ h‘1206 g

NIDEBRE S Q1EE B Ao 2R BEE AL SHL g AOgBRe itertces

1208 ( Pgo@fﬁaﬁgﬁ %%te?\g%é QZ?; e‘tcf‘)i bRE Er %1% hhﬂ%@ﬂof@ﬁicl:&hzub@ POR¥yboard,
mousé, uatt. lf}emcbomi) ok smcmg computer-r eadiblr;emeglun?s 1512%3? SDRAM, optical
disks, hard disks, flash memory, L1 or L2 cache, etc.). These components exchange
communications and data via one or more buses 1214 (e.g., EISA, PCI, PCI Express, etc.).
[00335] The term “computer-readable medium” refers to any medium that
participates in providing instructions to a processor 1202 for execution, including
without limitation, non-volatile media (e.g., optical or magnetic disks), volatile media
(e.g., memory) and transmission media. Transmission media includes, without
limitation, coaxial cables, copper wire and fiber optics. Transmission media can also
take the form of acoustic, light or radio frequency waves.

[00336] The computer-readable medium 1212 further includes an operating
system 1216 (e.g., Mac OS®, Windows®, Linux, etc.), a network communication module
1218, animation files 1220, an animation application 1222 and cache memory 1236. The
animation application 1222 can be integrated with other applications or be configured
as a plug-in to other applications. In some implementations, the animation application
1222 includes a Ul manager 1224, a rendering engine 1226, an animation engine 1228, a
graph editor 1230, expression graphs 1232 and a programming module 1234.
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automatically rendering the curve to pass through a

reference point on the body in response to user input.
wa2006/TissTet hod of claim9, further conprisi ngPCT/US2006/014713

dilating the curve about a point in space to inprove

visibility of the curve in the display environnent.

13. The nethod of claim9, further conpritgpfygrocketNo:19766-003WOT

stretching the curve out in tinme to inprove visibility
e curve in the display environnment. .14. The

of th : .
[00337ﬁpt hodh6 CREARHD, STRIPPhel2ori sPhg IIETEF] rgulrocessing,
.line se ts rel at] . ' i ew:
N
perforBid&adlc RS iRPEding Bt Yot lififtedUbVRcbgnieliey inpubfioe input devices
e &n p

c_oIprstom‘prqve visibilitélof the curve 1 n the )
1210; :’;hndm;]@yuq:mtitpahﬁ}dny devges TR eeping wckephfiles and directories on
urther conprising;.djsplaying informtion along th .
compq{;ﬁ{-;%qlaagt Tmpqcbumd ;1%]?[ zgg.atrgexgpqhoq}eﬁeﬁtpra&e td%gﬁ‘gij d§ontrolhng
y r . Lon:.af 1.t i p - . P
Pt QSSEARGRE T R GRS BPpAGR PLR 1A Hop gk wac o
the orkOBPMheiNBusadi $Hlday Thg hethvarkedonomualcatigng meodwdei B8 includes
~ path to indicate timng and one or nore val ues .
variougs seipgnentswieth eaftbhelingnardy MiRAEENG 118¢f“*ﬂ’i’g festons (8-
of .claim 3. further 1 Si ng. [ -
ot 5 Bl AR oo B AT GRS e, Binrme,
etc). MHeCARATdH6A AFPLRHLALIRON, Rielle Wil iBrcop@idhents).iniHiements the
met hod of claim1, further conprising: aninmating the
variodsi tasks mod tfivoctiasls, ahdepwibpdt withgespast th&igolildn Pag K1 manager

1224 gt DS STt Dol BB B ncering e
animatRHYerfiQRG1 328 1958, 1208 r 8B f?%eAAEARES R animating bodies in
the display environment. The graphic editor 1230 is described in Section 1.19. The
expression graphs are described in Section 1. 1. The programming module 1234 is
responsible for the modeling, expression and animation languages described in Section
2. The cache 1236 is used in adaptive/temporal caching described in Section 1.

[00338] The user system architecture 1100 can be implemented in any electronic or
computing device capable of hosting an animation application, including but not
limited to: portable or desktop computers, workstations, main frame computers,
network servers, etc.

[00339] Various modifications may be made to the disclosed implementations and

still be within the scope of the following claims.
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21. The nethod of claim19, further conprising:
provi di ng cached data associated with franmes of

w@niogali’en over tinme, where at | east sone of tPET/Uswhe4713
data is used during animation. 22. The nethod of claim
1, further conprising: defining the body by an
expression graph with cycles. 23. The net®dg ket aloo-003Wor
22, further conprising: providing one or nore
articul ated variables for_changi ng values within the
expressi on graph. 24. Angkﬁﬂhﬁgion nmet hod, conpri sing:

@\ di i.splay environnment for presentation on a
WHAgilg\S]gAyﬁgg\%%l’é; provi ding a body for display in the

di splay environnment; providing a first notion path for
1. a A ssiimaivr methodt, coherisingy rel ati ve to a second

portion of the body; Attorney Docket No.: 19766- 0%3%1 .
pr ovi dIrayiding a daianeRyisenpaERt{oF BreseR@tipncgya %8? YdtEvices
of the_body relativye. S - QA dy;
and prpé\%’ %aaoﬁl\g\éﬁla%gg%ﬁ%&ﬂgﬁ}sﬁa [ éﬁigﬁto%fén%lﬁ’fas}?{)

por ti QRt&imihiigy e?ﬁﬁ'))ﬁohg)aftﬁ ko bBedort brethe by relative to a

second notion path. 25. The nethod of clai m 24,
second pottier ofctheodyi ng: associ ating the first notion path
with a first layer; and associating the second notion

path with a .seco l.ayer,  26. .The met.ho |18l G amar
2. P e O g R iy A el nG PO p S L i Tyfhrises:
| ayer syfbihin £hASS il HRABpMY APirdhiredy Bat deARESMe motion
i ncludi ng: " kirnematic, forward dynam c, mnulti point
path idgpasd averpimoeedur al , sanpl ed and stochastic. 27. The
nmet hod of claim 24, further conprising: defining the

first and second ers as a.l.ayer set. 28. The nethod
e A
providing a control in the display environment for manipulating the

motion path; and

manipulating the motion path in response to a user interaction with the

control.

4. The method of claim 1, where the display environment is a three-dimensional

space.

5. The method of claim 1, where the display environment is a two-dimensional

space.

6. The method of claim 1, where the body is from a group of bodies including
articulated bodies, rigid bodies and bodies with one or more deformable

surfaces.

7. The method of claim 1, further comprising:
receiving input from an input device manipulated by a user while viewing

the body in the display environment.
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perform ng one or nore operations on the first and

second |l ayers in response to user input. 29. A nethod
w@booenexas1 ng expressi on graphs for an ani mati oPCEHYS10061914713
conprising: providing a graphical user interface;
receiving a first node selection fiOna plurality of
node types; receiving a second node sele@?ﬁ@ﬂm@?%ﬁfpﬂ%@““@]
plurality of node types; displaying graphica
representati ons of the selected ngdes in th raphi cal .
ugine metheriof elimah avhsre Magipiyaing S eetios Waﬁﬁgﬂgfﬁprﬂm

for enabling a,user, L@ GOARGSls @E phapst one output of

the fi hat "T'east” one i nput of the second
node to forma graphical structure that represents a

9. Ui REthGE RS IcREZE S 18X aﬁﬁaymg glcaple foirther cymipeises: 30.
The met hod of claim 29, ere at |east sonme of the
node tdgpersniaing peints aloeg the metise pathhatdiscrrgt sample times; and

19766- 003WDL 31. Th d,of claiim?29, wh .
expre é‘g?g‘ﬂqn?% g}mgtesotggfegﬁe ﬂger Celﬁ’é' g Iﬁlggl Rt .agés% dr q'ﬁiée'

nmet hod of claim 29, further conprising: providing an

10 EXMERSIHOA dfRNGHAD Fufther @ﬂﬁ}feﬁémg; mat hemat i cal _
expressions into an input of oné or nore of the first
and seeonderingthescurg usifge memheidofafointsdianedat leg#tdn pagon the

| east. one of the first d second nodes is associ ated
SPeed\H?@FF]éo%éell‘?élg&B?%t{ﬂnep%r storing one or nore val ues
for various discrete sanple tines. 34. The nmet hod of

11 S BidheRod Wit Andd, fhiRRASE ciRBrifihgt he first and second
nodes i s configurable to broadcast a val ue on a naned

channetutoiniatinalbarendering the vwreliy pesrethopugiba seferanse peint on the
nodes. 35. The, net hod of claim29, where at |east one

body @frespenge tpatsebiidecond nodes is configurable to sol ve
ki nematic problens. 36. The nethod of claim?29, where

a oif o BidbelorhBRsibr St node or the second
lznéggﬂggﬁgﬂ¥%%% node. §7.‘%hg ﬁg'hod of claim 29, where
t he grdiphirgethestirvedhou aipoiat inispaer chynmioive Wisilylity of the curve

in the display environment.

13. The method of claim 9, further comprising:

stretching the curve out in time to improve visibility of the curve in the

display environment.

14. The method of claim 9, further comprising:

rendering the line segments relative to a moving camera view.

15. The method of claim 1, further comprising:

displaying one or more portions of the curve in one or more colors to

improve visibility of the curve in the display environment.

16. The method of claim 1, further comprising;:
displaying information along the motion path to indicate rate of

movement of the body over a section of the motion path.
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configurable to allow data to flow bi-directionally
t hrough the hierarchy. 38. A nethod of creating an
wez@eesy8DN graph for an ani mati on system conpeCT/B52996/014713
provi di ng a text-based progranm ng | anguage for
speci fyi ng expression graphs for an ani mation systen;
executing a program devel oped with the pHOGPRRTHtAg: 19766-003WO!
| anguage to generate an expression graph; and
ani mating a body in a display, environnent using the
17. e Xpe anethod of flaph. 1, Buthescormrifiig on net hod, conpri si ng:

provi ding a_displ ay.. P r At

G spl S ieGre s By SRR e pRB B AR A one
or moR Y& RGod@atel Woith RRENati@l kai #Ray. in the display

environment; providing a second body for display in

the display environnent; and determ ning a notion path
18.f heangtbodiob plaih 3 ferthercompésdyer el ati ve to the second

body. 40, An animation _method, conmpri-sing: .orovidi

i spi 35T SR AEoBRY BlEseh e SarR ! ant ogPhHeLS bikn
intera&ﬁﬁé!rﬁgﬁirprgﬂéﬁﬂndéﬁﬁe %&RﬂV}?‘a{tﬂr di splay in the display

environnment; and determmning a notion path for a

portion of the body relative to a coordinate system
19.aThemethed ofictalimtlh éudheysloayprésivg:r onment . 41. An

ani mati on nethod, conprising: . proyidi di spl a
envi r GREBAINE 2'?6 fb‘i‘sEQgﬁ:{Qé} ?fjc}ﬂe b ﬁdg\{(& ?%1%91@&8\9 ﬁ%?ﬁaﬂl'
provi ding a body for display in the display

20.8 M RAIBRAL cRYMl 19akiilitraBnfpi@ssSi on graph associ at ed
wth the body at a first rate; processing bod

y .
geonetpryviating ghestoma geaokthe dinst partidn of the kory dletg theymotion
the display environnent at a third rate, where the

path durpng argARti®8cond rates are decoupl ed fromthe third

rate. 42. A conputer-readabl e nedi um having stored

21! Al SRBIHOATF i ) Sutiir O mp¥gRe:
providing cached data associated with frames of animation over time,

where at least some of the cached data is used during animation.

22. The method of claim 1, further comprising:

defining the body by an expression graph with cycles.

23. The method of claim 22, further comprising:
providing one or more articulated variables for changing values within

the expression graph.

24. An animation method, comprising:
providing a display environment for presentation on a display device;
providing a body for display in the display environment;
providing a first motion path for a first portion of the body relative to a

second portion of the body;

115



executed by a processor, causes the processor to
performthe operations of: providing a display
wepwsnotsent for presentation on a display devPCBEPS2006/014713

provi ding a body for display in the display

environment; and determning a notion path for a first

portion of the body relative to a second{BPLrHHNyF2766-003W0l

t he body. 43. A conputer-readabl e nmedi um havi ng stored

thereon instructions which, when executed b .

pr oc e PE@¥idinga second gaotiprypathder thed sk PeEion dithe body relative to

operatio of:. .providing a display environnent for
aseamﬁfgggﬁyh?dgﬁigﬁgaﬂ i spl ay device; providing a body for

di spl a¥oviRidd e nfticBRhign PP MhineaietheAlrbOpdieiyn DS Ekebody to

No. : ?g?ggy{ %V[] providing a first nﬁ??on pat h forjg
followfeithet theofitst onsezbnd meotimuyathel ati ve to a second portion

of the body; providing a second notion path for the

first rti of the hody relative to a second portion
Zioha?ﬁ§&g8éyggﬁﬁﬁ%ér@@ﬁ&?ﬁﬁnﬁuﬁggﬁanisn1for ani mat i ng

the f 'agﬁciatﬂﬁ{gﬂdg Bir&f mbHisn ?Qﬁﬂwywitﬁ of @kt RYeLiahfier the

first or secohd notion path. 44. A conputer-readabl e

medi uakdrrikting the ceenhd inetien paﬂnﬁ&m&eicm lagiek.ch, when

executed by a processor, causes the processor to

performthe operations of. providing a display

26.¢ e E’éﬁ}?ﬁ@ﬁt"f F@fm%egﬁﬁi%%ﬁ”swga di spl ay devi ce;

provi di.0g; '1%3‘?&4 £ anflf s%@%gﬁd’ ldty'%r§ Pahd @s@om a group of layer

envi ronment; providing a first notion path for a first
classed@ichiding Okirleheatepfly whaed diyhweid, mutipeintdy npovic, ipyocedfural,

t he body; providing a second notion path for the first

sampledpnf gtpcbpstithe body rel ative to a second portion of
the body; and providing a nechanismfor aninmating the

27.Lir"[rh%tm@t(]?{§> io?'?:la‘?rfn i4h§h1a9%§éh%r£sgk .OW either the first

second not10on pa ut er-readabl e nmedi um

havi ngiesindieehetfivet @ahsdcoatl lasedrs ana layi sét, when
executed by a processor, causes the processor to
performthe operations of: o

28. The method of claim 24, further comprising:

performing one or more operations on the first and second layers in

response to user input.

29. A method of creating expression graphs for an animation system, comprising:
providing a graphical user interface;
receiving a first node selection from a plurality of node types;
receiving a second node selection from the plurality of node types;
displaying graphical representations of the selected nodes in the graphical
user interface; and
providing a connection mechanism for enabling a user to connect at least
one output of the first node with at least one input of the second node to form a

graphical structure that represents a unified generalized expression graph with cycles.

30. The method of claim 29, where at least some of the node types are templates.
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providing a display environment for presentation on a
di spl ay device; providing a first body for display in

W b@6dixgt ay environnent; providing a second bpalUS906/014713
di splay in the display environnent; and determ ning a
notion path for a portion of the first body relative
to the second body. 46. A conput er - r eadatflPBeYREF Oy 19766-003WO1
havi ng stored thereon instructions which, when
executed by a processor, causes the qr cessor to

31.p&he onathot of eloan2Pi whereghe eyprsssign Apclgdes gy gimore conditions.

environnent for presentation on a display device;

provi di of,..di ¥ he di spl ay
32.o D¢ Pt of ETa%iniéKtbt %ﬁﬁ@ B%ié’plﬁt\b 19766- 003WOL

det epibidie @n ERbreSioR BingubgE for dperin®madierhdtivabextyressions
relative to a coordi nate system associated with the

into ardirgpit af ope i meneehthe firet apd sesppduwdes.eadabl e medi um
havi ng stored thereon instructions which, when

33.; @gﬁ%f?ﬁﬁf glszrfn ?tgfi@lr’éoeftﬁgalﬂs% Bhe é? fhe¥iRE & ?%:}9}18 nodes is

providi ng a disp

RYIGARARALL § eAcHRIBERAIRbPROARg dndios Phar¥ vdRIEsEe: various
p(oyldlng a body for display inthe display
ehynemnnnqﬂeﬁeualuating an expression graph associ ated
wWth the body at a first rate; processing body

geonet t d te; d i i .
4 Hoeanedpt SRR TR R SrleBton PhUFL STl Sehtindds i
:dg¥1gi§gume REGRALAARBSALE 6h §86R1Al BEnhEIGThich @ah b freceived by

one or more receiver nodes.

35. The method of claim 29, where at least one of the first and second nodes is

configurable to solve kinematic problems.

36. The method of claim 29, where a user can specify either the first node or the

second node as a root node.

37. The method of claim 29, where the graphical structure is a hierarchy which is

configurable to allow data to flow bi-directionally through the hierarchy.

38. A method of creating an expression graph for an animation system,
comprising:
providing a text-based programming language for specifying expression
graphs for an animation system;
executing a program developed with the programming language to
generate an expression graph; and

animating a body in a display environment using the expression graph.

39. An animation method, comprising:

providing a display environment for presentation on a display device;
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providing a first body for display in the display environment;
providing a second body for display in the display environment; and
determining a motion path for a portion of the first body relative to the

second body.

40. An animation method, comprising:
providing a display environment for presentation on a display device;
providing a body for display in the display environment; and
determining a motion path for a portion of the body relative to a

coordinate system associated with the display environment.

41. An animation method, comprising;:
providing a display environment for presentation on a display device;
providing a body for display in the display environment;
evaluating an expression graph associated with the body at a first rate;
processing body geometry at a second rate; and
rendering the body in the display environment at a third rate, where the

first and second rates are decoupled from the third rate.

42. A computer-readable medium having stored thereon instructions which, when
executed by a processor, causes the processor to perform the operations of:
providing a display environment for presentation on a display device;
providing a body for display in the display environment; and
determining a motion path for a first portion of the body relative to a

second portion of the body.

43. A computer-readable medium having stored thereon instructions which, when
executed by a processor, causes the processor to perform the operations of:
providing a display environment for presentation on a display device;

providing a body for display in the display environment;
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providing a first motion path for a first portion of the body relative to a
second portion of the body;

providing a second motion path for the first portion of the body relative to
a second portion of the body; and

providing a mechanism for animating the first portion of the body to

follow either the first or second motion path.

44. A computer-readable medium having stored thereon instructions which, when
executed by a processor, causes the processor to perform the operations of:
providing a display environment for presentation on a display device;
providing a body for display in the display environment;
providing a first motion path for a first portion of the body relative to a
second portion of the body;
providing a second motion path for the first portion of the body relative to
a second portion of the body; and
providing a mechanism for animating the first portion of the body to

follow either the first or second motion path.

45. A computer-readable medium having stored thereon instructiéns which, when
executed by a processor, causes the processor to perform the operations of:
providing a display environment for presentation on a display device;
providing a first body for display in the display environment;
providing a second body for display in the display environment; and
determining a motion path for a portion of the first body relative to the

second body.

46. A computer-readable medium having stored thereon instructions which, when
executed by a processor, causes the processor to perform the operations of:
providing a display environment for presentation on a display device;

providing a body for display in the display environment; and
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determining a motion path for a portion of the body relative to a

coordinate system associated with the display environment.

47. A computer-readable medium having stored thereon instructions which, when
executed by a processor, causes the processor to perform the operations of:
providing a display environment for presentation on a display device;
providing a body for display in the display environment;
evaluating an expression graph associated with the body at a first rate;
processing body geometry at a second rate; and
rendering the body in the display environment at a third rate, where the

first and second rates are decoupled from the third rate.
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