TECHNIQUES AND WORKFLOWS FOR COMPUTER GRAPHICS ANIMATION SYSTEM RELATED
APPLICATION [00011This application claims the benefit of priority from US, Provisional Patent
Application No. 60/672,459, entitled "Generalized Expression Graphs With Temporal Caching For Use
In An Animation System, And Related Methods," filed April 29, 2005, which provisional patent
application is incorporated by reference herein in its entirety. TECHNICAL FIELD [0002]'The discl.osed
implementations are generally related tc, com graphics. BACKGROUND Three-dimensional
(3D) Computer Graphics (C(3) 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 six years
to produce a two-hour animated movie. [0004]Traditional animators hold paper in hand while flipping
between poses to ge%gm@@@%ﬁwmm@m g@ﬁr@?ﬁbﬁ?gﬁives th.e animator an
intuitive "feel" for the animation they are creating. CC animators would like to flip back and forth
between poses in the same wayBut iid % etitdbkes COOVBHEAEI BRICG animation systems to
update a new frame does not allow for instant visual feedback. Instant visual feedback can speed-up
the animation workflow, resulting in less time to generate the final product. [0005]The tools of a
traditional animator are simple: a pencil aré-&raser THesddoN

[0001] This appiication claims the benefit of priority from U5, Provisional Patent
Application No. 607672452, entitled "Generalized Fxpression Graphs With Temporal
Caching For Use In An Animation System, And Kelated Methods,” filed April 19, 2008,

which provisional patent application is incorporated Dy reference herein in its entirety.

TECHNICAL FIELD

§6002] The disclosed implementations are generally related t© computer
graphics.

BACKGROUND
{0063} Three-dimensienal (30) 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 io produce animated content due to deficiencies associated with
conventional 30 CG animation systems. For example, it can take as long as six years to
produce a two-hour animated movie.

00047 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” {or the animation they are creating. (G animators would like to flip
back aril forth between poses in the same way, but the dme it takes conventional 31
CG apimation systems to update a new frame does not allow for instant visual
feedback. Instant visual feedback can speed-up the animation workflow, resulting in

less time to generate the final product.



tools are easily mastered so that the tools become an extension of the mind of the artist. Conventional
3D CG animation systems are more complex to master. Ideas can take a winding path from the mind
of the artist, through the mouse or stylus, then through the software user interface, and finally to the
character rig itself. Conventional 3D CG animation systems often provid.e user interfaces that are too
complex or that are not intuitive, resulting in the animator spending more time learning the animation
system than on animating. [0006)Animation is an experimental process Even. veterans of the art form
like to try something new without worrying that it will destroy the work they have already completed, in
traditional animation, drawings are easily erased and drawn over. Conventional CC; animation
systems often do not allow non-destructive experimentation, forcing the animator to make
compromises on creativity to meet deadlines. [00071Traditionally, animation is a team effort. Commu
ication and artwork flow back and forth, between departments, animators, assistants, supervisors,
directors, manadet¥land eVentetidicst@sifparatingtat treireistances! ©ommsationarCG animation
systems often faibdb provide feattiresdhat factitatesoamangteam-memhers; sesulking:in unnecessary

dela.ys in the ar&!&@@%f?&?ﬁ?%@; animation systems are 1§HM&X Uo\lggrlt-lépekgé%c 91%%9({!@plementations
describe technlq‘tAJ],es,and warkflows for a CG animation system. In some implementations, systems

and methods aré’ GiSefoga FPTESratE iRy SEeh e ORI Os G ARt PEHEIR G titBflying
computations withitvarunifiedhgereratizethekpressiongrah wathseljclEsnBiscloged aré natural

mechanisms for devekef-dataikcontrohadaptie Gashing rinifmald escompyia:lazy.evaluation,
predictive compyfation and progressive refinement. The disclosed implementations provide real-time
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O8] Animation is an experimental process. Even veterans of the art form ike
to try something new without worrying that it will destroy the work they have already
completed. In tradifional anfmation, drawings are easily erased and drawn over.
Conventional CG animation  systems  often  do  not  allow  non-destructive
experimentation, forcing the animator fo make compromises on creativity to meet
deadlines.

[O00T] Traditionally, animation is a team effort. Communication and artwork
flow back and forth between departments, animnators, assistants, supervisors, directors,
managers, and evenn studios collaborabing at grest 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
[oaoey The disclosed implementations describe techniques and workfiows for a
CG animation system.  In some implementations, systems and methods are disclosed
for representing scene composition and performing underlying computations within a
mnified 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 hmplementations
provide real-time guarantees for minimum graphics frame rates and suppott automatic

tradecffs between rendering quality, accuracy and speed The disclosed



implementations also support new workflow paradigms, including layered animation and motion-path
manipulation of articulated bodies. [0009)In some implementations, an animation method includes:
providing a display en.vironment for presentation on a display device; providing a body for display in
the display environment; rind determining a motion path for a first portion, of the body relative to a
second portion of the body. [0010]In som.e implementations, an animation includes 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. [0011]in some implementations, a method of creating expression graphs for an

animation syster.includes: providing,a oraphicaluser interface; receiving adirstnods, selection from a
plurality of node typ es, recelving a second node selection front the pIu%aIi’ty of node types; displaying
graphical repres@ﬁ&ﬁ&ﬁ%%ﬁ@@@%?@ﬂ HEHEL T e Giaphical user interface; and providing a

connection meck#aiBm forlenablingraluserddoceomestiatteasteiedutputsf therfilsgrode with at least

one input of the sgeenC.Rede-taferp-a.arahical stiature.that Feniesens.An xprgssion. (00121In

some implementations, ahmethod of creating an expression raptp for an animation system includes:
. the display environment: an eterfm_ml & LT e&a h bor.a first goﬁ:mr* Of the . .
providing a text-Baséd Prégramming language for specitying expression graphs for an animation

system; executif§d programrdevsibpatcRithtaésFogramming language to generate an expression
graph; and a_nimgntirf@ a_bouty i m@é@mzaﬂvif@wmmwﬁeﬁxpmﬁgg;mapo13]in. some
'mplementat'Onsé@»@o%@@%@@r’é@%@%n"%S.“&'Q%%:a?rcﬁé@ﬁé?%@v@dﬁ@_%%S&WB?QEE&%I forpresentation on a

display device; providing a first body for display in the display environment; providing a second body
for display :in thgifﬁgglégvimnment providing a Hist motion path Tor a first portion of the body

relative 10 a second porfion of the body, providing a second motion path for the first
pordion 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 ox
second moton pat

HI R In some implementations, @ method of creating expression graphs for an
andmation systern inciudes: providing a grephical user interface; veceiving a first node
selection from a plurality of node types; receiving a second node selection from the
plarality of node types; displaying graphical represeﬁtétisns of the selected nodes in the
graphical user interface; and providing a connection mechanism for enabling a user o
comnect af least one output of the first node with at least one input of the second node to
form a graphical sttucture that represents an expression.

0o12] In some implementations, a method of creating an expression graph for
an. animation system inchudes: providing a text-based programming language for
specifying expression graphs for an animation system; executing a program deveioped
with the programming language to generate an expression graph; and animating a
body in a display environment using the expression graph.

f013] In some implementations, an animation method inchides: providing a
display environment for presentation on a display device; providing a first body for

display in the display envivonment providing a second body for display in the display



environment and determinin.g a motion path for a portion of the first body relative to the second body.
[0014]In some implementations, an animaff on method includes: 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 [0015]in some implementations, an animation method includes: 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. (0016]Other implementations are
disclosed that are directed to systems, methods, apparatuses and computer-readable mediums.

DESCRIPTION QF RRAWING 21004419 L MusiTates,An 8%%5%1@9%%&9&;@8 Agwork. [0018]Fig, 2

illustrates an exemplary inverse-kinematics solver node, [0019]Figs. 3a and 3b are examples of
hierarchy inversioh Ve Subtree re- o [0020]Fig. 4 is a screenshot of exemplary graphical user interface
for creating, vievi#iggand editingngraphiesteuctire:. [002EkFgo3 ikistratesthe imterédnnection of nodes
using the graphig@s'pi&%%ﬁvimnment for presentation on a display device; providing a body for dispiay'

in the display environment; and determining 2 motion path for a portion of the body

relative to a coordinate system associated with the display environment.

[0%18] I some implementations, an animation method includes: providing a

display environment for preseniation on a display device; providing a body for display

it e display envirosunent; evalualing an expression graph. associated with the body at

a firet rate; processing body geomeiry 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 thivd rate.

[6018] Gther bnplementations are disclosed that are directed to systems,

methods, apparstuses and compuier-readables medivms,

DESCRIPTION OF DRAWINGS

Ty Fig. 1 ilustrates an exemplary data flow network,

fooial Fig. 2 Hlustrates an exerplary inverse-kinematics solver node,

0018] Tigs. a and 3b are examples of hierarchy inversion via subtree re-rooting.
[L020] Fig. 4 is a screenshot of exemplary graphical user interface for creating,

viewing and editing graph structure,
funad) Fig. 5 illustrates the interconnection of nodes using the graphical uger

interface shown in Fig, 4.

[0022] Fig. 6 tllustrates a pull-out dyawer for changing internal node settings.
0023 Figs. 7a-7¢ are screenshois of exemplary manipulators for confroling
dilation and tickertape.

fi24] Figs. Ba-Bc are screenshots llustrating a bendabie-bottie model.

HE Figs. Ya-%c are screenshots illustrating a charvacter walking in place.



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-Sc are screenshots illustrating a bendable-bottle model. [0025]Figs. 9a-9c are
screenshots illustrating a character walking in place. [0026]Fig. 10a is a screenshot illustratin.g the
user selection of a root joint of the characteFigs. 9a-9c with. tickertaping enabled. [0027]Fig. JIM is a
screenshot illustrating a lateral shift of the motion path shown in. Fig. 10a, so that frame 9 on the path
lies at the root joint. [0028]Fig. 1.1 is a flow diagram of an exemplary motion path manipulation
process. [0029]Fig. 12 is a block diagram of exemplary user system architecture.

fogze] Fig. 10a is a screenshot illustrating the user selection of a root joint of the

character in Figs, 9a-9¢ with dekertaping enabled,

g Fig. 10l is a screenshot Hlustrating a Jateral ghift of the motion path shown
in Fig. 10a, so that frame Y on the path lies at the root joint.

[hoZs] Fig 11 is a flow diagram of an exemiplary motion path manipulation
process.

joszs] Fig, 12 is a block diagram of exemplary user system architecture.

DETAILED DESCRIPTION

1.0 Generalized Expression Graphs With Temporal Caching

Ll it is comumon practice in computer graphics to represez‘:t.t fhe geometrv in a
scene with directed acyclic graphs (DPAG's) while possibly maintaining a separate
expression graph for update of the scene geomwetry. We describe a method of
representing scene composition and underlving computations within 2 unified
generalized expression graph with cydes, Our system provides natural mechanisms for
level-of-detail  conirol, adaptive caching, minimal recompute, lazy evaluation,
predictve computation and progressive refinement. It provides real-Hime guarantees
for minimum graphics frame rates and supports automatic radeoffs between rendering
guality, accuracy and speed. It supperts new work paradigms described herein,

inclading layered animation and motiop-path manipulation of articulated bodies.

1.1 Terminoclogy

031} At the core of our systern lies an expression graph that generalizes the scene
free 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 inferconnect the nodes. The edges connecting t¢ a given node are
incident to that node. I, starting from one node A, vou can follow a series of incident

edges and get to a second node B, then there is a pafh between A and B; the number of



DETAILED DESCRIPTION 1.0 GeneraliExpression Graphs With Temporal Caching [0030)it is
common practice in computer graphics to represent the geometry in a scene with directed acyclic
graphs (DAG's) while possibly maintaining a separate expression graph. for update of the scene
geometry. We describe a method of representing scene composition and underlying computations
within a unified generalized expression graph with cycles. Our system provides natural mechanisms
for level-of-detail control, adaptive caching, minimal recompute, lazy evaluation, predictive
computation and progressive refinement. It provides real-time guarantees 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 corr of our system lies an expression graph that
generalizes the sgene tieedatastiuctuse traditional tocomputier.araphics. Thetermsgraph” and "tree”
here come from the mathematical field of granh theory, A draph is,a,set of nodes and a set of edges,
or lines, that interconnect the nodes. The e ges connect gpto a given node are incident to that node.
If, starting from GH@HidEesA VowehFiBiRswareatieSokitcid Bt SutesraingiEt 1648 s&¢ond node B,
then there is a pathsbetween:A. apdB;#he numbeiofyetdges you traversed in getting from A to B is the
path length. if theye.is a path, from sagh aggggm@agme@o;%%y@E&%p%d%afﬁammgraph is

connected. If there is a non-empty (length > 0) path from sortie node Aback to A, then, this loop is
called a cycie aﬁ%eﬁgé'Fgﬁwﬁgpgiﬁc@%ﬁj{?&ﬁﬁ%ﬁh P e Hed A S o 0333 TR hout the
discussion that folipwdiywhen deferinglio-graphsiwe will réandircsted grapii&ordighaphs, that is,
graphs in which the.edgashavedixection. Typicalluwhendrawing g.digraphwe showthe nodes as
circles or rectangles, and e edges as, artows between.nodes, f.an lncident directed,edge points to
node A, it is an incomifg é%lge of A TT It pomtg away from A, itls an gijtg'omg gdge. it an edge e is from
A to B, we say A‘déthe srigin: of & aitirphs the destindagivsrét {0033)Digraphs may be used to denote
mathematical exprEssions. Egrekamples thedexpression{343564 maybrrepresented-as a. digraph in
which "3", "+", "43,. "6, ate denqisd by nades, and.the.steps, af cambining, these elements are edges

“6", are denoted by nodes, and the steps of combining these elements are edges

MoK

between the nodes. Thus there are edges from 737 to "+ and from “4” to “+"; and from

o

=7, o

7k

and from "6" to **. Swch an expression graph provides a compact
representation allowing evalvation of the mathematical expression. Morepver, the
yraph iflustrates dependencies in the expression; for example, in the expression above,
that the addition ocours before the multiplication, fe., that the result of the
multiplication depends on the addition, but not vice a}.m*sa,

{0034} A free is an acyclic, conmected graph, We can designate a unigue node of a
free to be the reof; then the tree is a roofed free, and there is an implicit direction given to
all edges in the free pointing away from the root.  All nodes in a rooted tree have zero
or one incoming edges and zere or more outgoing edges. Unly the root node has zero
ncoming edges. Nodes with zero outgoing edges ave leaves.

laikisy Trees are traditionally used in computer graphics to represent the contents
of a 3~-dimensional (3-I3) scene. Individual nodes in the tree mav denote objects that are
rendered to the screen, for example, geometry {e.g., a group of polvgons describing the

surface of an object), or geometric transformations (e.g., a rotation), lights providing



between the nodes. Thus there are edges from "311 to "+" and from "4" to "+"; and from  to "™ and
from "6" to "*". Such an step..ession graph provides a compact representation allowing evaluation of
the mathematical expression. Moreover, the graph illustrates dependencies in the expression; for
example, in the expression above, that the addition occurs before the multiplication, i.e., that the result
of the multiplication depends on the addition, but not vice versa. [0034]A tree is an acyclic, connected
graph. We can designate a unique node of a tree to be the root; then the tree is a rooted tree, and
there is an implicit direction given to all edges in the tree pointing away from the root. All nodes in a.
rooted. free have zero or one incoming edges and zero or more outgoing edges. Only the root nod.e
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 dengieehiegis thataresendared 19.the screep, for.example.geomelry, (e.9., a group of
polygons describing the surface of an object), or geometric transformations (e.g., a rotation), lights

. . GEHE free, .. . .
providing virtuaf ﬁfgmmatlon of the scene, virtual cameras, etc. Such a structure is referred to as a
scene tree. 11 Generalized Sg?e GgygthOBGIAs is common in graphics systems, we use a graph for

. 2 Leeneralize e . .
representing dep&ndencies in a 34) stene. We describe a. construction on graphs used for

representing outgg4kscene dafaanddhe.computational dependenciesthal uaderlig;that data. In

contrast with tra ition({fll scenge tregﬁ our gragvh is,a g.%nerabzed directed. rap th%t a.y contain
. Penaencies 1 o o BCCIE, £ (itiﬁ e g constroction on 2 nse ot
cycles. This graph'represents not only our scene geometry In the way a §céne tree does, but further

represents the MePHRERTERES P Stsiticlis thst Hoverthe motisreatidaschré riHshiys between scene
elements. Our expressiemgiaphidsisutficienttyrgeneraldo-eescebeanyicompwationabprocess that

could be describg in, 2 gR08alpurRARS, RIRYIRMMIG.RNGYAge; sResiigall I Tuing complete

Indeed, we describe a‘text-baséd computer language in Section 2 for use in specifying these graphs
that is capable ot BXPFEEEIAG Ry A ORtRm G Proce SEma e oL B aETs BEEM A Programming
language such aswGe{0887 Withintthisexprassion graplyawentetaiththexpotionrofenibédded
subgraphs. sufficiently general to describe any computational process that could be described in a

general-purpose programming language; specifically it is Turing complefe. Indeed, we

describe a text-based computer language in Section 2 for use in specifying these graphs

that Is capable of expressing any algorithm or process that could be described in a

programming language such as C.

03T Within this expression graph, we retain the notion of embedded subgraphs

that correspond to traditional acyclic, rooted scene trees, However, there is not 4 single

such grouping that conpstifutes a unigue scene tree in our graph. Rather, the same graph

may have many overlapping groupings that each constitutes a scene tree, and these

groupings may change over thne. We may dynamically enable and disable edges,

change edge arrow directions, and partition the graph into subgraphs each with its own

scens free, Though it is often convenient o 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. Hmbedded scene trees and the dynamic matre of graph

topology are described in detail in Sections 1.9 and 1.17.



that correspond to traditional acyclic, rooted scene trees. However, there is not a single such grouping
that constitutes a unique scene tree in our graph. Rather, the same graph may have many overlapping
groupings that each constitutes a scene tree, and these groupings may change over 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 W. 1.3 Data Flow Network 100383Fig. 1 illustrates an
exemplary data flow network 100. Such a network represents a computation by encoding data 102a
number) or operations 104 (e.g., addition) within nodes, while edges 106 denote the dependencies
between n(_)des.l\iye[}t&illi‘{lgig;vq@gw%&flowing along the edgt_es ina graph_in t_he direction the edge
arrows point. As iIs common in such networks, nodes may internally mairttain a cache of the value
they represent withig: the totgl expressien.\Wemaintainimeachnede astateflag.ardirty flag, that
indicates whether the data cached atthat node is ¢ tly valid..We refer to data.cached in a dirty
node as stale dgf%{l(&’éag%iﬁot%par%gﬁ iigrf‘ﬁﬁcgoﬁﬁig%t? ?%%i g'-gp’ueilfnﬁﬁjﬁ tk, Which nr%%e(?sg the state
dependencies of SSHTBUTEHBRAPSBjeCE fMgeTihg A thEratt8rsra st e shigude plil" against the
direction of the edige arrows:tdlgetpeédedhdatidromaothernodesdigher tuptdpethecgraph, and when
data changes nqdes push anpdication:ofthe.change. (though.natnecessatly.the data itself) ‘down”, in
the arrow direction, to, nodes that are. dependent on. that data.. This way, if a node A has pulled data
from. another node B X KABwS it G088 Hot eed to bt the FAR AR AR thiriER¥aivEea push from B.
[0040]Because Gurgiaftis maibeeyelicitid enns cptantthdown? areused leddelyin fact, a node
may be "down" (@ferupdfieramitsell; inrthe-evantit-isspart of a directed cycle, that is, if while following
from the node a@gél&?s pf eﬂge%g Q. against) the direction of tgpw lge arroys one y,s\éill encounter that

) 8 \ urfﬁ) ents’ & Fu@ 1—_%. ;}atwor &h miodels fth State .
node again. For convenience, we Will mean the directions "down and "up” to refer to traversing edges

in the direction oSt SiyEinet BPYREET R BEdgaarrows craspetveR=ood 1dthitally all nodes in the
graph are dirty (izesjrtheirdiity-flagdsisety dhenvanqutputvalub-atia-partieularinodetis needed, we pull

~on the node. If the,nodels glean (i€ the ity flagis clearedl:the valus:stored atthatnode is
returned. If the né%ge ig dirty, the node pulls on.its iIncoming edges (its inputs). Pulling on an edge

: k ming edges (Its Inputs). r1 :
fetches the valué of the 6HgIn Rode of ﬁ%‘e‘ﬁ %ﬁg% 8?/%%"%9‘%5‘" K8t RS e SR KEpU Mgy recursively
propagate upwafdgetovgh e gaphiibt ahis wesfethd subgapfrupgstresnriof wéobletis pulled clean.
Now the node rexevaluaies: iselk-storesiamnen.ahie indts cache; Mmarksdself as clean, and returns the

value to the nodethat initiated, the pull, (BRAZICROVErRElY, A0.8X18al progess may, cause the value at
a node to change.
loosely. In fact, a node may be “down” {or “up”} from itself, in the event it is part of a

directed cycle, that is, if while following from the niode s sertes of edges In (or against)
the direction of the edge arrows one will encounter that node again. For convenience,
we will mean the directdons “down” and “up” to refer to iraversing edges in the
direction of and against the direction of edge arrows, respectively.

EAY initially all nodes in the graph are dirty (i.e., thelr dirty flag is set), When
an output value at a particular node is needed, we pull on the node. If the node s cean
(i.e., the dirty flag is cleared), the value stoved at that node is returned. If the node is
dirty, the node pulls on its ncoming edges (its inpufs). 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



Now the values stored at nodes downstream are marked dirty. The node pushes its output edges,
which in turn push their destination nodes, which in turn push their outputs, and so forth. In this way,
the subgraph downstream of a node is pushed dirty. (00431This push-dirty, pull-clean mechanism
allows us to evaluate sub-pieces of the expression graph. while doing a minimal recompute. That is,
we preferably domot recompute more than is necessary based on what data we have already
computed and cached within the graph and what has changed to invalidate our prior computations.
Significant in this scheme is that when something changes, we don't immediately recompute anything,
we simply note the scope of the effect (by pushing dirty through the affected subgraph). We will later
pull-clean subgraphs only as needed. This in effect provides lazy evaluation of the graph. 1.4 Cyclic,
Multi-Cached Graph Evaluail [004410ur graphs differ from traditional data flow networks in many
respects. Our granhsmay beeyglis, thatisstheymav.cantaindogps. Normally. data.flow networks are

acyclic, because%{gles in such a networ§< could |lea.d to an .infirgit%\%c!e, of pushes or pulls and. thus a
computer crash. & EMPIOY E ATAIREY e EHEARAT HeskBedBabH 15 Hrovitie ontrolled looping or
recursion througi®deh cyclierstructures:x@@4bjThresdata flowirigcaldgngaedgeseir otamgystem
conceptually arextpasametes valite] paitacwhereeften Lbut netalays)the.parametersefers to time,
and the value degignates the state of a. node output at that time. Thus, pull§,ygvggr9§1,ln the system

; eges, W I tarm Buﬁ i elu Nalion noaes, whictl tlux 118 .y .
are for data at a particular parameter value, while pushes downward signaling 'state invalidity will

indicate the pardietet mieivasithat thevstatechargerarecterrat s nelitt yieldé 4 pair (t,v), and
invalidation mesgagess takethefomPyshn-avhereed iV alaRA£3s. edgivesdhe:elasad intervals a=
[tad =jn F, t, <= w5 thioverwhich invalidation.is,to occhr, A palled node. jtselfperforms a Pull(t) on its

inputs if necessary (and so on, recursively upwards through the graph). A node may use this |
internally in the 5%%’8‘?&?1%@%%%%@%%% RO Brodtizing Y oUEFY vARESF 1 may simply
pass it upwards “etHepuit Acpde nval evénperfanniapull didatdiffenent tcthanittitself was pulled at,
or it may perforng;muitiple pulls atdifferenthi s {00464 Jis; Upde-each individualagde whether or not

to retain internalll)é the dgta. QQIQ/ for the rp_pst retf:entl regues d aran}gter va!u? orlto cache data
comIpite anytiurdy, we sifiply note tie m:%e of the etfect [%v sheng dity thiough L
across many parameter vaiues. We refer to the laftef as tempora cﬁézhlné;, since usually it i.s used to

cache data over BrafRfEOPHrAEE T hE dedisiorr wheter o Potrboeiiisl 6 teifpordheaching within a
particular node m@yheomade.autamaticallyeassdescribed below, or it may be set by a human operator.
E0047]When a node pulls for data, it may either designate an explicit parameter value for which it
wants the data, arsaltetrhiativielyiit may Bskatear Hata:atan unspecified "input” parameter value
(designated herein as kinputTharam). This second case is only allowed when the source of the data
depends on a pafififéter inplif fERSHiHar dnTetEdiral B de e a cioer, Seifféihere up the
graph. Pulling onCesparameterydbiveryieldsithe Gerrent vattrerfondhat paranisterinithis second case

then, the pull at kinputRaram-isimplicitly 8 seauestifor.the data.as itwould be.at.the, current”
parameter values for all dr!ﬁersélgyvards in the pyll chain. In the simple case of a §Ln%I€ parameter
driver that is the BRiation cloek, pulfing St Kinputbaram vields THe Vafie 8t & ho&s Stitput for the
current animatiofisitnetcPudiiig straibtiérparametervalietugiclds thidingdetoutput data for time t. The
kinputParam tokey4s:discussed dugtharin-gestion lad8:l.:[00413]Basausethe:gtaph.may contain
cycles, we take care, ot lo,pull.en.disssly, along,Aseries of edaes.hallie n.a.cygle. nchecked, such
a cyclic pull would Tead to aninfinite loop™ or "infinite recursion” and a program crash. We guard
against this by rafSing FiarREragHe SHER IoHE a8 T Beb iR e pulit snBibwer e fiafionce it has
received its datasitamededseteives aputinhilte-tsmarkes, flagdstsisedyitrknoivsghapull is recursive.
It then has a choicg tp,gither sianakaneror.(o.retim.an estimated,.defaull. Qrstaleryalue; or to allow

some finite number of recursions to occur by keeping ) _
ts, Puil(f) vields & palr (Lv}, and [validation messages take the form Push(), where I

= {y,0n,0n,...) gives the closed imtervals o = {tofp] = {u | £ <= u <= §} over which

irvalidation is to cccur. A pelled node itself performs a Pull(f) on its inputs if
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count of how many pulls it receives while its flag is raised. The human operator who assembles the
graph makes the choice among these options. We use the last option, of allowing some finite level of
recursion to occur, to build subgraphs that are capable of recursive computations, such as iterative
error-minimization algorithms for solving inverse kinematics and dynamics problems. We use a similar
technique to provide progressive refinement of expensive algorithms as described in a later section.
(0049]When a node pushes a state invalidation message F. this message specifies the (closed,
possibly disjoint) interval of parameter values over which the invalidation has occurred. Again
considering the usual case where the parameter refers to imation time, the push designates that the
output of the node is invalid over some set  ation frames. The nodes that receive this push (that is,
the nodes to which edges point from the node that initiated the push), can themselves push along their

output edges, andhis.contnes rReisEN D Bisway, e graah downward fiorhe infiating node

; S
is flooded with state-invalidation messages. Because the graph may contain gycles, we take care not

to continue this rBEESIFoUEH A ) (& LM SWEITE 1848 IECaR i IBY T8 iffinite recursion”
and a progra.m ¢rashy. 8elgwasdiagairstithis simphilby:notdsushing dirpy-intervatsipaist nodes that are

already dirty oveial:leastthe:iniervakbeing pushed. Byinduction we koawaal.the entire subgraph
below such a no@gé‘i@aalreaﬂy also dirty over at Ieaft that interval, so there is BSJH;EJ:P continuing the
0 , :

. . fa each inpividual node whether or not o retain miemailv ‘ .
pUSh. 1.5 Adaptl chlng fé&%&] nin |V|(§1ual node may contain ﬁO cache O F’I'[S current va contain a

single-line cache’d¥ the HaloeSortidimssrrstentip petedparamEterticiabortai Bult-line cache of
value_s for VariOU@}SmH%}ef_hﬁlﬁasa\Whﬂﬁetb @ten‘mes_aﬁme_nwyeﬁemﬂ@'mlﬁeI{rsa_aﬁgehmgeas_ tem por_al
caching. If a nodg contains no.cache. then.effestively.it is dirty;.aay pull.on it will result in it pulling

upstreans lii a node caches a single value, computed for some parameter t, then it'is clean at t but
dirty at all u t. if £1088 CHERES T S BAANBEY IR 5edr dirtl e b Berdhche line, and it
wi.11 be clean overisoméy(possislypempty) set of disjoint intervals. As detailed below, these cache

lines are not infiniigly; sharpg;\m@tai§Oge%qg%@mg,nmgg@n@yg@igﬂm Qpe%ggpggag%@ cache line. We
say such cache lings have a non-zerg cache line widt 51)Nodes may have more than one output,
h h L;MF oF %8& eﬁh I-nl id h% tOO Xba h

e which 1 wan i i, op alternafively 1t may ask ror data @t an unspecified .
and each output will have a Separate cac t e same node thaf USe the same caching

scheme will sharé@ontiBRisetofditistags. rvomdeasesramnodesmayiare &rdttput, but no
outgoing fadge isanonaectes t-@etmmuﬂpm. de= this-aase; Eﬁm&&ﬁmm&erﬁiw“@%@@ the output, and
no value is compyted.for or s??@ﬁgﬁﬂa'aéli@ QUKL [900¢INogde auiputs themselves;decide which

caching scheme (none, single, or™ ‘ .
vields the “cirrent” value for that parameter. In this second case then, the pull at

kh{pu&"aram is implicitly a request for the data as it would be at the "current”
parameter values for all drivers upwards in the puil chain. In the simple case of a single
parameter driver that is the animaton clock, pulling at kinputParam yields the value of
a node output for the current animation fime. Pulling at snother parameter value t
yields the node output data for thme £ The kinputParam token is discussed further in
Section 1.18.1.

nh4a] Because the graph may contain cycles, we take care not to pult endlessly
along a series of edges that lie in a cvele. Unchecked, such a cychic pull would lead to
an “infinite Joop™ or “infinite recursion” and & program crash. We guard against this by
raising a marker flag in each node as it begins #ts puil, and lower the Aag once it has
received its data. If a node receives a pull while its marker flag 15 ralsed, # knows the
pudl is recursive. [t then has a cholce to efther signal an ervor, to refurn an estimated,

default, or stale value; or to allow some finite number of recursions to occur by keeping
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e) they will use, or the user may explicitly designate which scheme a particular output shall use. The
scheme used at a particular output may change dynamically during program execution, either
automatically or because the user changes it. [0053]Automatic selection of a caching scheme involves
a cost-benefit calculation. Cost of a caching scheme is the cost of the data copy clurin.g cache write
phis the memory storage cost. Using no caching has no cost; single-line caching costs a copy on
cache-write for each cache miss plus memory needed for storing one cache slot; multi-line caching
costs a copy on cache-write for each cache miss plus memory for storing a cache slots. Thus, we
calculate a. unitless, abstract cost of caching an output as: Ik* cache _slot _size *(i +a) when cached
cache cost--= ) tOwhen uneached where eache_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,q how olien. ineinade s puled. how.ellective its cahe, oy expensive are cache

misses, and how important is the node. The pull rate gn'a node output V is the number of times V is
pulled per unit tiFTE T B8 EHEhITPAI ST VIS REREABE BFEAthE hits 187 ENid By the total
number of pulls efrVifwindewsid: daret & tmittimadnterval) Hokdunbachedtoutpatsetve cache hit ratio will

be zero. The costef-acachemiss:is thatimespent on.aveiage.inre:gualuating. the.agde following a

miss; when a nogqaggnq(ode% qutput [pgsnhril%pge\{%%%go oSt, we sa.y tg@hf\t ,nod§ or output IS expensive.
Th.e importance of a node 1S given b)y that node S priority, as déscribed in foflowing sections. (As
detailed, elsewh&rey tHe iSRG FEflecty saienterttieo projetietise s aiea and user focus.)
Expensive outputssedihigh-prigsity nadessndih aduigh pultsatedik g low:cache-hitpatigeare good

candidates for a more agoressive.caghing.seherme. Einally, we.define the periodig.eyaluation cost of a

node as the aggregate time spent re-evaluatln%}%hat node over some sliding-interval window. Thus,
cache joenefit = BFafiSHEH; coSEPrichB # it Hats Cachs ChBhefiiadeqhsty L& alfaticia...cost
priority *pulp-ateei(:tmz(bagh‘gm_mﬁz_eqambﬁesignates that the output of the node is invalid over some set

of animation frames. The nodes that recetve this push (that is, the nodes to which edges
point from the node that mitfated the pushy, can themselves push along their output
edges, and this continues recursively, In this way, the graph downward from the
initiating node is flooded with state-invalidation messages. Because the graph may
contain cycles, we take care not to continue this recursion through a cycle, as this would
lead to an “infinite loop” or “infinite recursion” and a program cragsh. We guerd
against this simply by not pushing dirty intervals past nodes that are aizeaa}r dirty over
at least the interval being pushed. By induection, we know thst the entire subgraph
below such a node is already alse dirty over atleast that interval, so there is no poinf in

continuing the push,

1.5 Adaptive Caching

[oesa: An individual node may contain no cache of ity current value, may
contain a single-line cache of the value for the most recently pidled parameter £, or may
contain a multi-line cache of values for various s, In the case whete f denotes time, we
refer to muiti-line caching as temporal coching. X a node contains no cache, then
effectively it is dirty: any pull on it will result in it pulling upstream. I a node caches a
single value, computed for some parameter £, then it isclean at fbut divty atallu# ¢ If

a node caches a set of values, then it has a set of dirty bits, one per cache Hne, and it will
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and. we track these values (as sliding-window averages) for every output whose cache-selection
method is "automatic” and that belongs to a node whose periodic evaluation cost exceeds some fixed
threshold. Periodically (following frequent cache misses or occasionally during idle time) we reconsider
the caching scheme used at such an output. We evaluate: cacite_wortit= cachc_benefit/ (1. +
cache_cost) using the cache cost of the current caching scheme, and cache_nced =
cache_inadequacy et + cachc_cost), using the cache cost of the next most aggressive caching
scheme. (0055)Outputs with, the highest cache_need are switched to a more aggressive caching
scheme. Outputs with the lowest cache_ivorth and lacking a high cache_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 1.142, or that drive a motion path (Section 4.1)
automatically usE*itfti-fiifé CaEHBSHhe ArtBEsiSie’ Lo05E 18T Hodes KRR nibfttline caches, the
mapping from parametertie adingidnithe ¢aghealis:determinedby ateachesaappingifiaction M. This

function dependsg,on.the.tofal Rarmameierrangs Lo inaxidhatis cached:aswgll a.s the number of
cache Imes, and _the width of those lines. We use the cache m%%f()cl?n function: s = N1,.c, round(c) and

say t maps to cathe fine s UA&T NPT &G 8% "2/ SKs{E RRoURG(EF) S WEre™L thSparameter valu.e
a.t which lookupseeearssahthé sautiedine tonwhiete timaps faethe nosither ofdiney i theecache
a commen set of dirty flags. In some cases, a node may have an ouiput, bui no
outgoing edge is cormected to that output, In this case, it is ag if the node did not have
the output, and no value s computed for or cached in that output.
[oas52} Node outputs themselves decide which caching scheme (none, single, oy
muiti-ine) they will use, or the user may explictly designate which scheme a particular
output shall use. The scheme used at o particular ostput may change dynamically
during program execution, efther automatically or because the user changes it.
[0083] Automatic selection of a caching scheme involves a cost-benefit
calculation.  Cost of a caching scheme i the cost of the data copy during cache write
plus the memory storage cost; Using no caching has no cost; single-line caching costs a
copy on cache-write for each cache miss plus memory needed for storing one cache slog;
multi-line caching costs a copy on cache-write for each cache miss plus memory for
storing » cache slots. Thus, we calculate a unitiess, abstract cost of caching an output as:
k*cache _siot _size®{i-+n}y whaen cached

cache _cosi =1 )
|0 when uncached

where cache_slof_size is the size of the value type for the output, and the "1 +” 1*efiect5
the cost of the cache write for cached cutputs.

{00847 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
nade, The pull rate on a node output V is the number of times V is pulled per unit time.
The cache it ratic of V is the number of cachie hits for V divided by the total number of
pulis on V {(windowed over a unit tme interval); for uncached outputs, the cache hit
ratio will be zerc. 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 evaluafion cost, we say
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(cache lines are numbered from 0O to N-1), co= the cache line corresponding to t O, c",= the number of
cache lines per unit change in parameter t, = the cache tolerance, equals /o the cache line width,
round( x) x rounded to the nearest integer, abs(x) = the absolute value of x, that is, abs(x) = x for x 0,
otherwise abs(x.) = -.it, and = logical AND, that is, ai'b is true if and only if both a is true and hise.
[0057]if t in [tntho tnza_] maps to some cache line a 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: Citiciusion
= 2 Clol Cr, [0058)If ci"044™ = 1, all parameter values t withinyield valid cache mappings; the cache
slots are maxima wide (they abu.t one another). This provides us with potentially inaccurate but very
fast graph evaluation, since all t in this range will map onto the cache. By allowing cinchision < 1, we
increase the accuracy of graph evaluation at the expense of evaluation speed, since as cindusiof

decreases, few%ﬂ%@Q%MU%@?&UQ%‘&WWMQ%ﬂ?%d@@tﬁ&mpwt!%ﬁ}es cache will. be
better centered, within th%su% Ilne AtGlna islon=0, q (}/ Xa tca he ma&)ln s are allowed; the
a

cache slots are mﬁ‘anltt"éfy rffir% SIRGUBTOR T the r%ﬁb% [ qf‘]vﬁ?}ée\’/l e g Wit a"

salience due to projected screen avea and user focus.) Expensive outputs of high-
priority nodes with a high pull rate but a low cache-hit ratic ave good candidates for a
more aggressive caching scheme. Finally, we define the perivdic evaluation wst of a node
s the aggregate time spent re-evaluating that node over some sliding-interval window.
Thus,

cache_benefit = evalugtion_cost ™ pr n:zziy pmi rate * coche_hif_ratio

and we track these values (as sliding-window averages) for every output whose cache-
selection method is “automatic” and that belongs to a node whose periodic evaluation
cost exceeds some fixed threshold. Periodically (following frequent cache misses or
occasionally during idle Hme) we reconsider the caching scheme used at such an
oufpui. We evaluate:

cache_morth = cache_benefit /{1 + cache_cost)

using the cache cost of the current caching scheme, and

cache_need = cache_inadequacy /(1 + cache_costy,

using the cache cost of the next most aggressive caching scheme,

[o058] Cutputs with the highest cache_need are switched to a more aggressive
caching scheme. Oufputs with the lowest cache,_worth and lacking a high cache_pnzed (or
that are already using multi-line caching} are switched to a less agpressive caching
scheme, Also, cutpuls which are regularly differentiated or integrated (Section 1.14), or
that drive a motion path (Section 4.1) avtomatically use multi-line caches when feasible,
10058} For nodes employing multi-ine caches, the mapping from pavameter £ 10 a
Iine in the cache is determined by a cache-mapping function M. This function depends
on the total parameter range {imi, fmex] that is cached, as well as the number of cache
lines, and the width of those lines. We use the cache mapping foction:

s=M, {f}=¢,+roundfcs)
and sav f maps 1o cache line s under M {f and only i
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continuous Level of Detail (LOD) control on graph evaluation, enabling us to vary the trade off between
speed and accuracy. We can control this tradeoff per-node by allowing each node to specify its own
ci,,dusion. 'khis is just one of several LOD mechanisms available, as described next. 1.6 Approximate
and Partial Evaluation [0059]When a cache hit occurs in response to a query u ( the node retrieves the
value v stored in cache line se and returns the triple (tiv). If a cache miss occurs, the node may do any
one of: 1. return the value vSen,, which is the value stored at the nearest cache e to .., even if that
cache line is marked dirty; 2. return the valuevm™™..,:,"t" interpolated between the nearest neighboring
cache lin.es s- and s' that are non-dirty, where s- 'Cs and s+ > 3. Pull(u) on each of its incoming
edges, where normally a=t, then recompute its output values vi for each output i. 4. Pull(u) on each
incoming edge, but only paits output values. [OWWhen (3) occurs, we say the node resevaluatcs. If t
s to some cache ling,s, then the node will pl; each vi in that cache line for output ii mark the cache
ﬁag for line s as clean@[%bgl A\ﬁ%g@ %4)0580 c? ,%\7@’ ay the node does a partial reF-)evaluation. The
node re any valgv%ﬁipathe 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 (kv) to the

node that initiated the Pull(f), it will include.a.spesialtoken m%ﬁ%yg,;gis is a partial or intermediate

result and needs further subt:)sequgg}tlergaﬁ ement. - EQisprgvides a mechanism for progressive
refinement of complex computations within the ‘grapﬁ" Ebfther, it provides the ability to create graph

structures supporting loopifig andT8euREIEAE of lines in the cache
{cache lines are numbered from O o N-1},

) = the cache iine corresponding to t = ¢,
£y = the puraber of cache lines per unit change in parameter §,
Ciot = the cache folerance, equals !/ 2 the cache line width,

round{x} = ¥ rounded to the nearest integer,

abs{x} = the absolute vaiue of x, that is,

aba(x) = x for x 2 0, otherwise abs{x) = -z, and
~ = logical AND, that is,

&b is true if and only if both n 15 frue and bis true.

(087} H £ [, o] T2 to some cache line s and ¢ is marked clean, we say a
cache hit occurred, otherwise we say there was a oache miss. We define the cache
inciusion raHo as:

Cinghusions. = 2 Ciol Cr

fo058] ¥ Cigusion = 1, all parameter values { within [frn, fme] vield valid cache
mappings the cache slofs 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 cucwsien < 1, we increase the accuracy of graph
evaluation at the expense of evaluaiion speed, 8Ince as Guawion decreases, fower queries
will result in cache mappings, but the ¢ that do map onto the cache will be better
centered within the cache lines. At cicwsion = U, only exact cache mappings arve allowed;

the cache slots are infinitely thin. Varying Cicuser in the range [0,1] provides us with a



[0062]Nodes automatically choose between mechanisms (1)-(4) above based on the urgency and
level of detail of the pull. The urgency is a global value, computed by the application, that reflects how
much time is left before the total graph evaluation is complete so that the updated 3-D scene may be
drawn on the screen. (Urgency and level-of-detail are described in Section 1.7.) Ideally, all cache
misses result in (3) occurring, that is, dirty nodes are fully re-evaluated and dirty subgraphs are pulled
clean. In some circumstances, we may begin running out of time while doing this graph re-evalu.ation;
the application will raise the urgency of the evaluation as the deadline for drawing the next frame
approaches. This will result in dirty nodes employing strategies (1), (2), or (4), as detailed in Sections
1.7 and 1.8 below. Preference between strategies (1) and (2) for a given. node is hard-coded into each
node type and may be overridden by the user or model builder per-node. Generally strategy (1) is
preferred over strategy (2) becanse it inyalves no extra.computation and usually It provides the
least-surprising behavior. Strategy (1) tends to create a delay or "lag" during direct manipulation when.
very expensive ([Gety RTINS e aUET smAn SEredh k&Y s SEHsME BFhE'S 1 scene don't
update at the fulkifrarne rate.(00638] THisiflexibilitynin-providifigsstalesapproxXimates orpartial results
provides us withg gularaniees:on.the exegutiap.speed of the graph evaluation., and ensures we can
maintain a target frame rate in redrawing the scene. This provides still another LOD-mechanism,off
accuracy and/orltpg?ﬁg&ggmg%mﬁ%pgq%&gi%aintain frame rate. More generally, it decouples the
frame rendering rate from node evaluation rates, and even the evaluation rates of different nodes
within the same Gi&ph. We Wirthe rgéneradizerthis tevebofcdetai-e Gotid] WithimithetfFapo mechanism, as
described belowgndgr.Leyvelol:DeiliRectiond. A, Hhe.usage, otthis &O cantral tp.achieve

constant frame-rate is described b%ﬁlow under Real-Time Guarantees (Section 1.8). Level-of-Detalil
[0064]We now e&?e%"?ﬁ%olﬁﬁﬂ& ‘s&mantics to include a specification of the level of detail (LOU) for
which the value is reqiiEstede Ve say-Pulidaly yritd s1tisd) a(Tisetastis aetdiatlip & veetor quanbut we
discuss it first as a scalanguantity-famimplicity); This level-of-detail control can provide a switch
between multiple alternative representations, for example, geometry may be multiply represented
within the graph with Hf&18d2metFaRisnias oo Ao REtEany KeletthaBasrresréskéntation. The
levelof-detail can alsoibes used internal ywawithity nddes-toseléet alternative algorithms or to set the
desired accuracy of an algorithm, for example, by controlling the refinement level of a subdivision
surface. [0065]The%niﬁﬁiﬁﬁd’%ﬁ?ﬁ%%ﬁ*@iﬁé‘f&”ﬁt S PHiEATGHIBVE ahd'T8 pagsed thfough a
sequence of Pull's or RendersiefRenderitalfsdre described in Section 1.9 below.) Nodes may modify
lad as they pass it %Ioggifor their own internal reasons. For example, a node mag/svvant to evaluate an

. \ ) ] ., 7 sk ] ! St Va .y
input subgraph very roUgHIy S SRE StaE B e ot TRterhAT SVATIAHoN " S8 [ inay itiate the Pull on that

input at a low ladddae userymay explicitly-raise @ Jower-tharelative Jadaf pasticularnedes through a

dialog in the uset igterface.or programmatically.during model constielion As described in the next
section, the application can autoratica fy lower ac?g obally as nee ed between or evén during render
passes to attempttdprovielEighter-weight, and, therefore fa.ster, graph traversal. This allows the

application to ttagmestf rendetiag detathand assuracycwdtiiospeed-ta maximize: qUalityowhile meeting
frame-rate goals, [0Q6pLinterpretation of Specific Aumericar values.of ladJsdeflt 1o thepodes
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 Pall{f}, it will include a spedal token
that says this is a partal or intermediate resudt and needs further subsequent
refinement.  This provides a mechanism for progressive refinement of complex
computations within the graph. Further, i provides the ability to create graph

structures supporting looping and recursion.
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themselves; at the graph level, lad is regarded as an abstract, unitless value that i.s normally greater
than or equal to zero. Zero lad specifies that the simplest/fastest possible representation or algorithm
should be used. Lod greater than zero specifies that amore-accurate representation should be used. A
negative lad 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 lad will result in cached, stale, or
incomplete values being returned, as described in Section 1.6. Th.e connection between negative lad
and increasing urgency is detailed below in Section 1.8.1. [00671For 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 an age of an object saved from a previous render) is available, the
imposter will be drawn in place of the object itself; otherwise some extremely lightweight rendering

(such as a boungingbox) inssedu19068WhilesMethave-discussedded-as ibibwereassingle scalar
(real) value, in fact L‘!¥$nm%&E‘c{%@z%’%&%%%‘%‘{%%ﬁ%f' %%ar"efl%%%?'ﬂf%%’i%a rticylation, deformation, shading

and lighting. That |s,?%1tcﬁer th.an 'maintainin passing a scalar led, we rely on a, vector-valued led

= lodarat, iedtomiRPiEISEFOdtEraT PRty §ises Sfisdas genertIFwin eepeieronly on a single
on.e of these compghrens fkhédec caxiponent(s)teywhich a:givehede:tygeresponds are referred to
as that node typ?e&#:@ﬁ’e&@@[9%‘3&%@%'&?}35@&%@5“-@:l%igleééf' deformer.nodes gengrally respond
just to loddo,,,,, whlle,nodﬁes representing &!Ig(:}t-l%mlttln surfaces may res ond to boghdlodgem and
. . bac %4 Ty, : iy re-eviluate kina) ar d
iodught. Again, it 1€ 8f%0 Bath HE4& 16 GEEIdE How 16 IHterprat the VAT Wit Y “@xcept that all
node types returdcfrorh Pask andrRemnder valisrintradigtelewhen dmy ok éfitlielicontiol channels fall
negative. 1.8 Realzlime:GyarapieesiB0681We desitento pravdesefi-realtine.guarantees on the
maximum time takep i Y2velse. e, aph for 2 Given ggeralion (picall endsts), We achiove this
through various mechanisms: G dynamically adapt LOD lation 6, progress v a adaptive caching

strategies (13, (2), or {4}, as detatled in Sections 1.7 and 1.8 below. Preference between

strategies (1) and (2 for a given node is hard-coded into each node type and may be

averridden by the user or model builder per-node. Generally strategy (1) is preferred

over strategy {2) because it involves no extra computation and usually it provides the

least-surprising behavior, Strategy (1) tends to create a delay or “lag” during diveqt

manipniation when very expensive {or very low-priority, e.¢., due to small screen size)

sections of the 3-0 scene don't update at the full frame rate.

D083} This flexibility in providing stale, approximate, or partial resuits provides

ue with real-time guarantecs on the execution speed of the graph evaluation, and ensures

we cart maintain a target frame rate in redrawing the scene, This provides still another

LOD-mechantism, trading off accuzracy and/ or node vecompute vate in order to maintain

frame rate. More generally, it decouples the frame rendering rate from node evaluation

rates, and even the gvaluation rates of different nodes within the same graph. We

further generalize this level-of-detail confrol within the Pull{) mechanism, as described

below under Level-of-Detail (Secton 1.7). The usage of this LOD conirol w0 achieve

 constant frame-rate is described below under Real-Time Guarantees {Section 1.8).
1.7 Pull Level-of-Detail

HELTH We now extend the Pull(f) semantics to include a specification of the level

of detail (LOD) for which the value is requested. We say Pull(i lod) vields (¢,v). {The lod



parallel. evaluation 4 predictive precomputation 1.8.1 Dynamic Level-of-Detail [0070)As mentioned in
the previou.s section, the system can., adapt level-of-detail at the application level between and during
render traversals. After each render traversal, the application notes how muchwas taken relative to
the target traversal rate. If the traversal was considerably faster than necessary, the application
increases the top-level Lod. The next render pass will be initiated with this higher lod. Conversely, if
the traversal took longer than desired, the application will reduce the top-level lad. PO711The
application can adapt lad globally during the course of recursive Pull's or Render's by adjusting a
global urgency value. Urgency is initially 0.0 when the application itself initiates a Pull or Render. As
time passes, a watchdog thread. will increase urgency towards 1.0 as the time approaches the

raversal time deading, iy the.eyentabhe:deadine s exgeeded.uigencydives ahoved,0. Each cal to

Pull and Render multiplies its lad parameters by - urgency and uses the results as its effective
lad's, Thus, effeétive 1%’8@(/91%”‘:8%%&8%6@?% ap?)r?)véé?li‘eééegﬁ%iﬁufﬁﬁﬁ?d CHHAGLE S simpler and
faster representatiossnifitive. deadinelis gxeeededyeffective tadiswilitbéeoiine fregative, preventing any
further evaluatiom;mffﬁn&eﬂa%n%%M&&g@m@ﬁwg&d@%@wﬁmgﬁh&a@@@k&ﬁcursion (0072]In

this way, based ofn wel! %lven rende ass has met its real-time dealdlln s, the appllcatlon will
& eu\sv sg b used internally witlun no s o select alternative a raﬁnms‘
adjust its own top ﬁave

“fAd, Sttempting to maximize. quality and accuracy bt the rendering without
exceeding deadﬁﬁe§?\ﬂﬂ%’é‘ﬁ‘t%‘éuagébIi&a’fbﬁ?%f%aﬁﬂbﬁﬁﬁﬁ%léu@n@féw@%éég|Vé’“|§ﬁﬁf§ﬁ lad, it will raise

urgency to ensure-snienethelessdhai-traversal terminates in soft real-time. 1.8.2 Partial Evaluation

(00731As descripggkin Casg,| of Section.1,6. fhare.are.- 4L A06es:in Whieh . & passed
through a sequence of Pull’s or Render’s. (Render calls are described in Section 1.9
below.) Nodes may modify lad as they pass it along for thely own indernal reasons. For
example, a node may want to evaluate an input subgraph very roughly as one step of
its own Internal evaluation, so it may inidate the Pull on that input at a low lod. The
user may explictly raise or lower the relative lod of particelar nodes through a dizlog in
the wger mierface or programmatically during model copstruction. As described in the
next section, the application can automatically lower lod globally as needed between or
ever during render passes to attempt to provide lighter-weight, and therefore faster,
graph traversal. This allows the application to trade-off rendering detail and accuracy
with speed to maximize quality while meeting frame-rate goals.
HEE Intexpretation of specific numerical values of lod is left to the nodes
hemselves; at the graph level, Iod is regarded as an abstyact, unitiess value that is
normally greater than or equal to zero. Zero lpd specifies that the simplest/fastest
possible representation or algorithm should be used. Lod greater than zerc specifies
that a more-accurate vepresentation should be used. A negative ind specifies that no
evaluation or rendering should be performed at all; what happens instead differs
between Puli’s and Render's. A Pull at nepative 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

renderved at all For Render's at zero lod, if an imposter (s polygon texture-mapped with

ot
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node may return a pulled output vaiu.e 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 (i.e.,
effective lad 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
algorithmic condition occurs within the evaluation function (such as exceeding some set number of
iterations within a loop). In all cases, graph traversal proceeds normally following the return from the
partially evaluated output, except that the output subgraph of that output continues to be marked dirty.
Subsequent Pull's on that subgraph will turn. pull on the partially re-evaluated node, eventually causing
it to fully re-evaluate, at which point the output subgraph will be marked dean, as described previously.
(00743Similarly -as.identified inGases kand 2-of:Sectiand.f.pulednade will retur stale or
approximate results When the effective lad of the Pull is negative (i.e., when. urgency > 1.0). Again, the
subgraph below t e ﬁolf:'léﬂ will (rxeg}lgi%t}ali}t%?eghg%argéseeqstjoenﬁtg%l%lﬁ%nq%ﬁh&ﬁB%ral%ﬁ&valilgcontinue to pull
on that node. DU&"& Bthé&rgetoms)dt g graph becoming clean and/or cached, these subsequent
pulls should Ocdiessith greateitmé-avaitabieddo! that ieffectivedddsisieventyaliynorzaegative (i.e.,
urycneiy = 1.0) upon,reaching dhisinede . Recall that.following-asctiondoan caching sirategies within
the graph will be a tc,)rg%tica%/L ad'u‘s%ke_d! urinﬁg thgse re %ated,pullsl sihj“ft,ir}g. resources as necessary
to allow us to PUFitAHER-neGativE 8. Ghé = EEiR AR We' ATAYHdt HE Ablefo achieve a
non-negative-iod Rtilt-stlacgiven ndde-is ifithe rere: procesy ofdraversing edgesctpwisrds in the graph
to reach that nodg.exagedgedithe availlabledine heundsforgrapbtravarsal: Becawseedge traversal
itself is an extremely ightweight (fast) operation. anix.an.enormeysly Jarge.araph would exhibit this
problem. Clearly such a Ia%ge graph'would be beyond our ability to recor‘r?pute effectively, and we
doubt such grapHEi Be h eEEHHBr & Th 5Tt e bHERER R Hoee Rigitight that the
771171i171 urn pathdengthsintaggiigdnegragply gvésimportamtpinformatdn iahouthowtastly evaluation of
that graph may be, [Q04 3] Thenative.apility ef fe.graphte-partially, of ARRERX] %@}%Mﬁcompute
provides a mechanism for, achieving rough results when real-time demands do not allow for a full
recompute. 1.8.3BrogressivE RETNEHERL E(Eﬁéfé‘flﬁ e Do BAHEST SVATITATBh BVet multiple
successive traversalsonie wilprogiessivély refine pass accuracy. in the case of elective partial
evaluation, we can compute an error metric and. bound, returning clean when we have achieved the
error threshold. SitnFertotwratoecaissiith strategy (1) in. Section 1.6, this tends to create a delay or
"lag’ during direc ipulation when very expensiv _gfor)vgr low-priority, e.g., due to small screen
size) sections of i%e -1) sc%%eﬁd%lﬁ'tf% ﬁa\fé’(gfcgﬁée%l ??%m%rra %?%fﬂth.‘é giég.xsué“f){?p%lgressive
refinement, this gives th&BTEetisr Barn plratibraljPHesw Bkt s cenetomporients §¥iadually updating
in response to rapigugerdirect-ataniptdations. For example, a complex deforming surface may
change shape gradgagﬂyn%%ﬁeé/ﬁr%é@.mes despite the fact that the underlying skeleton is redrawn
at an interactive frame rate. 1.8.4 Kdaptive Caching [0077]As mentioned above and in Section. 1.3,
the caching strategy \iftHif, sg uation

¢ progressive refinement
e adaptive caching
» paraliel evaluaiion

» predictive precomputation

181 Dynamic Level-of-Detail

f0070] 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

L8



given node may change over time in response to observed efficacy of any existing cache and cost and
frequency of node re-evaluation. This process is integral to our ability to sensibly manage resources to
enable high-priority (e.g., large screen area or user-focused) subgraphs to re-evaluate rapidly. Thus,
adaptive caching is an important enabler of the real-time evaluation methods described in this section.
1.8.5 Parallel Evaluation (00781Given that we can traverse a graph node-by-node, pulling input
subgraphs clean or rendering output subgraph.s, we may wish to break up traversals of subgraph.s
into separate threads. This enables symmetric multiprocessing on. shared-memory architectures.
Every recursive pull or render presents the opportimity 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

poiformed on 21 Jarge. sisiointsubgra-hs-ndhis.casscideally we traversasboth subgraphs
simultaneously. In fact, this qeaurs %’uite common% in th{esftorm. of Renders at the scene graph root

different large top-lsval adels 1aeally Will Be avaTiatad on diffarent proces¥oier Batdhtially this
provides an ord@TrEpeinp Wit FuRhing o rradsiaekirrevithit teyed midhridiprotes durs. 1.8.6
Predictive Precorspeiation:{RO79115 ceajoribeofiarocessar hneptypicakcomputerisspen.t idle
waiting for user %%tjggg.k}{l\/e can take advantage of i.dle time to re-evaluate dirty nodes. This is

particularly valuable in conjunction with temporal caching: we re-evaluate nodes at times
corresponding t6°airty cach&&IBFE THEPE 5 TiffiAG! the e Calthe ¢t Withoerean VaTEL We refer to this
as predictive eva@dtionibecasse Westre aptivipating-thatithel oxtputsiofitiie §¢ nodeswill be pulled at

parameter valueg,gtharthaning euttentvalye: although ﬂ&@ﬁgf,@egua!lmw aceurred,. [Don] We
prioritize nodes for %gedictive re-evalyation based on the product of priorit st, with those

measures compﬁice1 58 destnbed in Sée %nmf%%pfjﬁ%a“grea eris SS%I’%HU% fg%ﬁ% ﬁIg%H“er is the priority
for predictive re-8Faiuation Fiwdshavetah astriatssitteekibr faca givéntedichd Sotdthis may be easily
computed for ceriainnedastypes;suchsas thoseperprming.suhdivisianorsimilarsefinement
algorithms), we may uge. that eronest Taig l&%ﬁﬁ@&%ﬁ@%&&z&‘/@&l’é&ﬁg Rririty. Similarly we may track

how much time has passed since a cache-slot was last re-evaluated, and scale priority by cache-slot
age. Scaling pridFify B Erfor FEeéR fof A5 {hat Eniptosrease o sr Séetish LEWeturn
approximate valuedzi8ealing pricityy agtds usdfatifor modesithat empley-€ageal whSection 1,6

(return stale valyg).pegliAt:the:application level we maintain a. priority queue that ranks nodes

according to: _ , : :
9 {o072) In this way, based on how well a given render pass has met its real-tirne

deadlines, the appiication will adjust its own top-tevel lod, attempting to maximize
guality 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 fraversal terminates in soft real-time.
1.8.2 Partial Bvaluation

BuTs; As described in Case 4 of Section 1.6, there are circumstances in which a
node may return & pulled output value before it has completad re-evaluation. This
happens when a node begins re-evaluation (L2, 2 pull occurs) with urgency < 1.0, but
urgency rises above 1.0 (ie, effective lod becomes negative) during evaluation. It may
alse 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 ferminate a particular evaluation, for example, because a particular

i»



priority * cost* age priority * cost* error priority "- cost For efficient for nodes that have previously
returned vsh,m, for nodes that have previously returned vapproxanate and possessing an easily
observable error metric, or for nodes that are not Pull-ed with negative effective lod (or that lack any
simple error metric). other to include in the priority queue those nodes that have both a high priority
and a historically high actual cost, Other nodes we expect to be poor candidates for predictive
re-evaluation. In practice, this means we include in the priority queue those nodes for which temporal
caching is enabled on one or more outputs. [0083]At program startup, we create one (or 11, on
ii-processor systems) low- priority idle thread(s). When the system is busy, the idle threads will sleep,
yielding Cat time to more-urgent work. When idle time becomes available, an idle thread will nut,

pulling a node for resgyvaluation.from.the depLf ihe. RHArY. gueue. WE BYalYAL ome set
number of iterations within a loop) In all cases, graph traversal proceeds normally
following the return from the pertially evaluated output, except that the output
subgraph of that cuiput continues to be marked dirty., Subsequent Pull's on that
subgraph will in turn pull on the partially re-evaluated node, eventually causing it to
fully re-evaluate, at which point the output subgraph will be marked clean, as described
previcusly,
ET 4] Stmilarly, as identified in Cases T and 2 of Section 1.6, a pulied node will
return stale or approximate results when the effective lod of the Pull is negative (e,
when wrgency > 103, Again, the subgraph below the node will remain dirty, and
subsequent Pull's on the subgraph will continue to pull on that node. Due to other
sections of the graph becoming clean and/or cached, these subsequent pulls shouid
occur with greater fime available, so that effective lod is eventually norrnegative {ie.,
urgency <= 1.0} upon reaching this node. Recall that, following Section 1.5, caching
strategies within the graph will be automatically adjusted during these repeated pulls,
shifting resources as necessary to allow us to Pull with nonwnegative lod.  One
circumstance in which we may not be able to achieve a non-pegative-lod Pull at a given
node is if the mere process of traversing edges uwpwards in the graph to reach that node
exceeded the available time bounds for graph traversal. Because edge traversal itself is
an extremely lightweight {fast) operation, only an enormously large graph would
exhibit this problem. Clearly such a2 large graph would be bevond our ability to
recompute effectively, and we doubt such graphs will be encountered in practical
situations, However, this does highlight that the maximuwm path length in a given graph
gives important information about how costly evaluation of that graph may be.
007453 The native ability of the graph to partially or approximately recompute
provides a mechandsm for achieving rough resulis when real-time demands do not

allow for a full recompute,

20



e node at those times at which its cache slots a.re dirty. This evaluation may result in Pull's on other
nodes; if thee nodes have temporally cached outputs and no other thread is re-evaluating them yet,
this idle thread will also pull these ancestor nodes from the priority queue. MOMIn. this way we wander
the graph filling caches during idle thne, 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. 1,9 Render [00851The ultimate goal of graph
traversal generally isiQ.deavy.somathingQn screen. As with prior systems, we accomplish this via a
top-down render traversal, distinct from the bottom-up evaluation traversal initiated by a Pull. The
render traversall®®irs ovér wecomiested Bulsyrhiptrofospetialtekpressioreriodesdaliet] scene graph
nodes (or simply.scene-nedas)-we reierdadhis subgmphasdhe seena graphcAllscene nodes
possess a etniLin inpyt and a clin..out outeut (and possibly additional node-shegific.inputs and
outputs). The parent of a scene node A is the scene node above A's ctrnjn input, if any such node
exists; otherwisd'10%h BFptar° THE! CHilITERtDFEEEEEAR Hodstiaiarl this SRENE HBHRE below A's
chn_out output, dany:sliell dodes éxistpetheratse Ans: adeab-Thesancestersiof-aseene node A are
those scene nodes in.the seane.grarh.above-Adhe descendents of A.ate theseengodes in the
output scene gragth o]f A qupegraph nodesfare de%sgrjbeidwm%(e fgﬂl / ir} Sectiqn,l.]]§13.3. [0086]Render
traversal initiate&™Via & R&nder TheSsagEt6 B SEEhe node™and propagates depthiEtto all enabled
nodes in the outptit seekb: graph(Wikhreeraifiiexeprions ¢l EseriseerhéreésandyiSEetion 1.17).. To
render the full 3R.seena;ithe applicatiopicalls.Renderien-adesignatederphanseotpde. Nodes may

be disaied xnlicihunpribeysewch BiRErls Hieer Reden and el eniden o being
traversed duringrendering. [0087 Parameters to the Render ca spécify: ?1) a graphics output context,

or graphics port oRHTER 8 FERNG €hould 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 iié% ereaiive g%‘é‘%age: Render (gp, pararn, led, eD); where: = the output graphics

port, FOY T As mentioned above and in Section 1.5, the caching strategy within a
given node may change over fime in response to observed efficacy of any existing cache
and cost and frequency of node re-evaluation. This process is integral to our ability to
sensibly manage resources to enable high-priovity {e.g., large soreen area or user-
focused) subgraphs to re-svaluate rapidly. Thus, adaptive caching is an portant

enabler of the real-time evaluation methods descaibed in this secHor.

1.8.3 Parzliel Evalumation

007e] Given that we can faverse a graph node-by-node, pulling mput
subgraphs clean or rendering output subgraphs, we may wish to break up fraversals of
subgraphs into separate threads. This enables symmetric multiprocessing on shaved-
memory archifectures. Every recursive pull or render presents the opportunity to
spawn 2 new thread. We mack 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 parformed on
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param = the graph parameter at which to perform the render (usually the value the global animation
clock, i.e., time), led= (lofigs,,,n,10dartic, 10(1laratramt 1011thadra 1040) = the desired levels of detalil,
and elt= a vector of render mode settings (described below). [008811When node A receives a Render,
it possibly Inte state of the designated graphics port in some node-specific way, issues any
node-specific geometry to that port, and then recurses over its children by calling Render on each
enabled child. After all children have returned from render traversal, node A reverts the graphics port
to its state prior to A's modifications, if any, and returns to whomever initiated the render call on. A.
[0089]The graphics port render parameter ET, designates the graphics target to which output should.
be directed. For interactive rendering, this could be an OpenCL context, for example. For rendering to
an external target, such as a high-quality off-line renderer, this might refer to the invocation context of
a rendering-expBfepHigIAGTAES ports” &8 siifiply GirapperTorHaning stittiigterogenous output
targets. It falls teithémutpulytargets éferenceddy gptadecidédfionn ig Betdygont thesstate changes,

geometry iSSU@Sgr%Eﬁ- -Jengrated qggggo%efg@gr&&z\é%rsﬁéﬂy%%%%m.%f Is Rassed unmodifjed
through the recursive render call§ tg the child nodef 100901 The partint render parameter designates

the animation "tiFE* St WhiCH THE St BFTHE SEeRE SHOGIT BE réhderad 1h GSFR44Ks, this param wilt
be used as the paranteterfsirasttent-Pull's and for recursive Render's of child nodes. Certain nodes
perform. input pulls or child renders at different parameter values. For example, th.e MotionPath node
(Section 4) evalddtés redetiy <ifiepotaériss a range of parameter values. In fact, IViotionPath nodes

entirely ignore t ram render parameter except. when special path rendering options, such as
tickertaping andl}gvagt% dilatighf'ﬁa?%g‘é?loébig’éf {fglea%ﬁi 121.1‘?"3) .“%Gﬁ?ﬁ‘h%r%e Tender ﬁé%emeter designates
the levels-of-detaiPiatwhishithé seerédhueierbéreritierdanin osrcasesl trigediiicbe used
unmodified as thedoei fersesultami-pullsand rrecyrsiveisandears-ofchild-nedes-Anade whose

bounding box prs?a,i,%g 5.10.Agmall sereen area, may seale L%&ir%%yﬁg@; le$s, than. upity before

recursing over children, providing fast, less-detailed rendering of objects that are not visually important
in the rendered iAGE. FHasId PR Be Lek1&G Dy 5 0alGE Greatsr Than Grifty 5 té'4Efive model, that
is, the model containiing, theacerrently ornosigebently setedted thodecAuteriatioséaling of the led
parameter up or downis gensrally. perfarmeddn Medelnedes{(Seotiond18-3).n.addition to automatic

scaling due to vijéé%%mpor%gce_ or user focys, the user may.explicit X@g\g%rrjde ag)écgf %he Lod values

. . ) doyitize nodes for predichive re-evaluatio Jox he pro
at any node via an application %]afog; the overndden value is tsed for mpuf pLﬁfS or child renders from

that node. [0092}THE S T Ak FPalfameeRHESigHaEEa HdiTEd et ertior Modesettis.

is the product, the higher is the priority for predictive re-evaluation. If we have an
estimate of the errer in a given cache slot (this may be easily computed for certain node
types, such as those perforniing subdivision or similar refinement algorithms), we may
use that error estimate to scale the re-evaluation priority. Similarly we may irack how
much time has passed since a cache-slot was last re-evaluated, and scale priority by
cache-glot nge. Scaling priority bv errov iy usefud for nodes that employ Case 2 of Section
L& {return approximate value). Scaling priovity by age is useful for nodes that employ
Case 1 of Section: 1.6 {return stale value). '

608t At the application level we maintain a priority gueue that ranks nodes

according o
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These settings control various aspects of interactive rendering, including: geometry style (e.g.,
surfaces, skeletons, bounding boxes), render style (e.g., wireframe, hidden. line, flat shaded, smooth
shaded), optional aids to visualizing geometry (e.g.., local. coordinate frames, normals,
surface-curvature, texture coordinates, node names, bones), and so forth. The user may explicitly
override any of the S settings at a. node via an application dialog; the overridden S is used for
rendering that node and for child render calls from that node. The CI) parameter has no affect on
exports to external offline renderers. [00933Because 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 in Render %%55% flag in each nade as, it begins E?&%ﬂs%ﬁee%@eﬁow‘-"{ﬁr 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 regutsively viaea cycle foaneli:wilk returpr-inoneidiatelydiam.the.rgeursive render
without traversing to its children. This is analagous.ta. the:meachanism.described,in Section 1.4 for
ensuring cycle-safety of graph pulls. [OKThe value providéd at the ctm_in input of a scene node is the
Concatenated Transfermativresiatrix (CTMidefihingthe coordinaté spacegstivehittrthat node should
be rendered. This is also known as the aresgtin.of thenede sipee.itdefines the coordinate space
existing before the node makes any of its own graphics-state changes. The cfm_our output specifies
the coordinate s[f&éé! in. whicreéhitdrerrofrainbabeekistciies thepostidtmueftiecsiodesThat is, the
post-ctm of a giver hade.is therenchin slits-children ridost:nades desnetsedify thecoordinate
system, thus the, value-at the,ctimin,of hese nodes Is, pessed through unmodified to ctm_out, so
children of such nodés five in the same coordinate space as their parent. ranstorm nodes do modify
the coordinate sERTIIR SHfHe Ty trafsioritg Retiatiz e & eEmaAd: &fihout. The
general Transformaee accomplishes this transformation by multiplying the c.tamin matrix input by a
401771 matrix ingg#gand p@tV{Qi%%_ﬁh%H{{Fg%t gtihe,claisrut. Jubglasses %fsEE[@J)ﬁEQf-m provide

higher-level hailstorm controls. For example, Rotate nodes ro&}aetet e chni as specified by their

Euler-angle or quARFHIGH 6t&tich iNplt Pive SpaciarSibaiadets B ralst St Boiad%and joints, are
used to assemblefartictddneherarchies i Tramsfolimdrmg e sudelassesdintiidihy’Bones and
Joints, are described:immoredetail ia Section 1:18.8..[0095]8e varkiypesofinodas.axist to issue
geometry to the graphies.port Eor example, Suface nodes. sed 1o draw subdivigian surfaces. Other
geometry nodes produce primitives such as points, ﬁnes, eﬁlp'sesf uadrics and text. In addition to
cumin and variod&hod8-SpeCiid pitEin et GetiTeti TEEHES AIE6 pULEBEAIAEHAT input. This
accepts values oftypeimaterialztubicharegedetate chibydvatibuskintsiebMatesial nedes. Basic
Material nodes cap bg used.to specify rendering state data such as ambient, diffuse, specular and
emissive colors and surface roughness. Material node sybclasses Ciinc_lud_e_l Texture nodes for binding a
texture image mal EnvitonaRiNIap oS for gD A FEHSeNb 1B, ragiiehtBrogram and
VertexProgram. togkesrforhdhindingliOperi6 o fregmentadly verfesh programsvandsShadier nodes for
binding procedural:shadessfanexteraloffline renderersMatetial Redesaredesesibed in greater
detail in Section 1,484, [909610ter scene.node. pes exisl (e spedify,Ihe samera projection for
rendering (Camera no e%?an' to define scene lighting™(Light nodes). Several node types exist to

define named scBp&&BvéttHar testéhdertSiiBgraphs VOB afd BsrHa)Y (6897 ThEre are several
special kinds of scenecgraphinogdesyarid oneispesialg, alowing us simultaneously te handie

user interaction and to prepare for anticipated future demands on graph evaluation.



situation, that modify the above view of render traversal. Switch nodes are used to select among
multiple alternate sub-scenes, each beneath a distinct ctm output. Attach nodes allow a node to exist
within a coordinate space different from that of the parent's cint_out, Inverse Kinematics IK_solver
nodes provide an alternative joint-transform evaluation mechanism in which the transform, used at a
joint is derived from the desired position of the end-effector of the joint/bone chain, rather than the
usual case of end-effector position being determined forward-kin.ematically from the joint angles.
Subgraph inversion is an alternative mode that inverts the usual flow of ctrn data from parent to child
within a local subgraph. These special cases are discussed in Section - Dynamic Topology Changes.
1,10 Data Types [0098]The value produced at a particular. .node output will be one of a number of
data types. Supported types include jut, scalar (floating point, aka real), point, vector, covector (aka
nonnal), matrix, Qadedddon, curve, mesh, field, deformation (Section 1.18.2), material (Section
1.1.8.4), image, char and string. Single- and multi-dimensional fixed-bound arrays of these types may
be used as well!RAtkipating RSB ERHG IR UTaGE HeEtined SR SR A2 RELE 8y be instantiated as
C-style arrays ofdised bountl; fotexarple, *int824thbcHinds4 [6furAlfield-isdr gararméterized type
defined over a meshe: fanexamplen-fieldsnatnalzimr isasurface-normalfield-evermesh m. 1.11

Polymorphism [Q099IWhile 2 particulay, node putput produces data of e, same type, 2. given node

input may accept multiple types. An ouf%at mayp e connected to an input onei)?i"#th?éotffpe of the output
matches one of {festpEs aceapted By e it TR SRpBRBiPhisit EGiespsnds to that of the
C++ programmingstanguagei-inswhiechdfunctions mayube:ovaresddeddaiacce phaaultiplécparameter input
types, but functign,overleading byeturn. (OWpUL). fyReds net perifted. 1 12Jnputs.and Outputs

[MOOQ]Every node type defines certain input and Putput t§b§, t? which’lncorm‘ and gut oing edges,
respectively may BE CORRe T AR Bt TAE Cah HhEHER T onk SHRFEE MOEEE "1992 there is an
edge incident toahelinputiewedsalethie Mputisic onmestédrant pullsiatahe: ipatresdltsin pulls to the
upstream node. 2./Alternativelysthe-ssaicmay specify am:daternah expressigadorandnput tab; pulls at
that input result iﬂlgggalua&}ion cgf the %ﬁaression The g(gé%su%ion Ian%ggg As described in Section 2.2.

scerderits of A afe the scene nodes m t SCENne g SCEnE graph
nodes are described more fully in Section 1.18.3,

HE L] Render traversel initlates via a Render message w a scene node and
propagates depth-first to all enabled nodes in the output scene graph {with certain
exceptions described here and in Section 1.17).  To render the full 30 scene, the
application calls Render on a designated orphan roof node. Nodes may be disabled
{explicitly, by the user), which prevenis these nodes and thelr children from being
fraversed during rendering,

0087} Parameters to the Render call specify: (1} a graphics output context, or
graphics port, to wiich drawing should occur, (2} the pull parameter at which w0
evaluate the expression graph, (3) the desired level-of-detail of the render, and (4) the

render mode settings to be used. Thatis, a render call is a message:



3. If an input is not connected 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
unigue data type output at that tab. 1.13 Gain and Bias 21The user may specify a bias and/or gain, for
any input or output. The value at that input or output will be gain * onginaLvalue + bias By default, gain
= 1.0 and bias = 0.0 for scalar inputs and outputs. Other data types use appropriate values for gain
and bias. For types for which the concepts of gain and/or bias are not applicable, those adjustments
are ignored. Specifying gain or bias at an input scales or biases a single graph edge. By specifying
gain or bias at an outpetdthegmugerednds@ale or bias all edges leaving that output. Gain and bias may
be set by the user Wlthln the application via a "node inspector' dialog box, or the model, definition code
itself may specify gain F4Rd bias as described in Section 2.12 below. 1.14 Integrals and Derivatives [
00103]Node outg,uts %&Qg@%@t@d #ng differentiated with respect to parameter t. For nodes with

multi-line caches |nte%at|on over jta,thl a ounts t ing.th n).caghe Lines between M(t)
Qyerlia, e AGIean) Cagll

and. Ivl(th), scaled’I ?Jy steﬁs@ aEy Hzﬁgt}ilgn Pe% ’H\)em Ler%hgvalue at parametert vir is the

value stored on cache ||neﬂ}e global animation doci\ ie., frme

lod = (10d e, odartic, [08agmn, 1oz, lodige) = the desirved levels of detail, and
& = g vector of render mode settings {described below).
{00881 When node A veceives & Render, It possibly modifies the state of the

designated graphics port in some node-specific way, issues any node-specific geometry
to that port, and ghen recurses over its children by cailing Render on each enabled child,
After all children have returned from render traversal, node A reverts the graphics port
to ity state prior to A's modifications, if any, and retums to whomever inifiated the
render call on A,

foag] The graphics port render pavameter gp designates the graphics target to
which cutput should be directed. For interactive rendering, this coudd be an OpenGL
context, for exampla. For rendering to an external target, such as a high-quality off-line
renderer, this might refer to the invocation context of a rendering-export plugin.
“Graphics ports” are simply a wrapper for naming such heterogenous output targets. It
falls to the ontprut target referenced by gy to decide how 10 act upon the siate changes,
geometry issues, efc., generated during render traversal. The gp parameter is passed
unmodified through the recursive render calls to the child nodes.

10D8G] The param render parameter designates the animation “time” at which the
state of the scene should be rendered. In most cases, this perem will be used as the
parameter for resubtant Pull's and for recursive Render’s of child nodes. Certain nodes
perform npot pulls or child renders at different parameter values. For example, the
MotionPath node {Section 4) evaluates its ctmi_in input across 2 range of parameter

values. In fact, MotionPath nodes entirely ignore the param render parameter except
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Is the cache mapping function discussed previously and cr is the munber of cache lines per unit
change in t. [00104]Differentiatin.g at t involves takingJ difference at 1\4(t). Higher order clericmay be
computed by comparingderivatives at successive cache slots. Thus: VIIM(/)(1/1,1(r) -1,1/1?1(,) ), and
(k)0 1) where V is the finite backward difference operator, and * is a binomial coefficient. [001051If
some of the referenced cache lines are not already clean, one or more Pullctiys may be implicitly
necessary. In some cases i.t may be convenient to maintain a multi-line cache of the derivatives
themselves to facilitate fast evaluation of higher-order derivatives.

when special path rendering options, such as tickertaping and path dilation, ave
enabled (Section 4.1.2).

(00917 The led render parameter designates the levels-of-detail at which the
scene should be rendered. In most cases, this iod will be used unmodified as the lod for
resultant pulls and for recursive renders of child nodes. A node whose bounding box
projects to a small screen area may scale lod by & value less than unity before recursing
over children, providing fast, less-detailed rendering of objects that are not visually
important in the rendered image. The lod may be scaled by a value greater than unity
for the achive model, that is, the model containing the cuwrrently or most recently selected
node. Auntomatic scaling of the lod parameter up or down is generally performed in
Model nodes (Section 1.18.3). In addition to automatic scaling due to visual importance
or user focus, the user may explicitly override any of the lod values at any node via an
application dialog the overridden value is uvsed for input pulls or child renders from
that node.

[nesa] ;Ihe @ render parameter designates a number of render mode setiings.
These settings control various aspects of interactive rendering, including: geometry
style (e.g., surfaces, skeletons, bounding boxes), render style (e.g., wireframe, hidden
line, flat shaded, smooth shaded), optional aids to visualizing geometry le.g., local
coordinate frames, normals, surface-curvature, texture coordinates, node names, bones),
and so forth. The user may explicitly override any of the © settings at a node via an
apphication dialog; the overridden @ is used for rendering that node and for chiid
render calls from that node. The @ parameter has no affect on exports to external
offline renderers.

{ooBy) Because the graph may contain cycles, we take care not o render
endlessly along a series of edges that lie in a cycle. Unchecked, such a cyclic traversal

2

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 kmows the render occurred recursively via & cycle,
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[001063Expressions written in our expression language may reference the integral or derivative of any
node output as described in Section 2.2, 1.15 Signal Busses [00107]Often many edges will follow a
similar routing between two nodes or groups of nodes. Merging these edges into a bus, drawn as a
single thick edge, simplifies display of the graph. Creating a bus has no effect on the functionality of
the graph: the bussed edges continue to function autonomously. 1.16 Transmitters and Receivers
001081Another common contributor to clutter in the displayed graph is the output that is connected to
a large number of inputs. For example, the global animation clock will usually have an outgoing edge
to the parameter input of every avar (see Sections 1.18.1 and 2.3). Transmitter nodes "broadcast” their
input value on a named channel. Any number of receivff nodes may "tune" to that channel by name,
after which they will produce the transmitted value at their output. Functionally this is equivalent to an

edge that connegls fransmities n.receivey. Expressionsimayralerangs.a breadeast by name (see

Section 2.2). 1-%EB%E!?‘“?%‘%JQ%%%@X&@@%%@ Ql%son?]%§sec%%gg§n15§c nd1,9 described the usual way
information and render traversal ar€ propagated through our expression grapfrm As méntioned

previously, seveTatittidtiohErbemFthe usual chain of dependence and traversal. Three such
situations result frew specight ngdes:thatenablee tyinamic lgcal-changes:thdhereffective

Transformation Mairiz {CTM) defining the coordinate space in whick that node should
be tendered. This is also known as the pre-ctm of the node, since it defines the
coordinate space existing before the node makes any of its own graphics-state Chaﬁges.
The ctm_put output specifies the coordinate space in which children of a node exist, 7.,
the post-ctm of the node. That is, the post-cim of a given node is the pre-ctin of its
of these nodes is passed through urenodified to cim_out, so children of such nodes live
in the same coordinate space as their parent. Transforss nodes do modify the coordinate
system, in some way fransforming the matrix between ctm_in and ctmoout.  The
general Transform node accomplishes this transformation by multiplying the otm_in
matrlx input by a xform mairdx input, and providing that product at the cim out
Subclasses of Transform. provide higher-level tansform contrels, Por example, Rofate
nodes rotate the cim as specified by their Buler-angle or guaternion rotation input. Two
special subclasses of Transform, Bomes and joinfs, are used to assemble articulated
hierarchies. Transforms and their subclasses, indluding Bones and Jolnts, are described
in more detail in Section 1.18.3,

[a5] Several types of nodes exist to issue geomeiry to the graphics port. For
example, Surfuce nodes are used to draw subdivision surfaces. Other geometry nodes
produce primitives such as points, lines, ellipses, guadrics and text.  In addidon o
chw_in and various node-specific inputs, most geometry nodes also possess a material
input. This accepts values of type matferial, which are generated by various kinds of
Murterial 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 VertexProgsam nodes for
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graph topology. A fourth situation arises when a model dynamically changes its o root to be at a
different node. We discuss each of these four situations below. 1.17.1 Switches Q0110]Switch nodes
are used to select among multiple alternate sub-scenes, each beneath a distinct CI7M output. These
nodes may have any number of CTM outs, and a scene node connected to any of these outputs is
considered a. "child", but render traversal will only proceed to one such output. The index of the active
output is specified by a value input. The state of the switch only affects render traversal, not graph
evaluation. That is, a push-dirty will push through to all connected outputs, and a pull from any output
pulls on the inputs. The value input accepts both integer (or scalar) values and one-dimensional arrays
of integers (or scalars). (Scalars will be rounded to the nearest integer.) When a single value is
provided, only one output can be active at a time. Providing an array of values activates the multiple
corresponding oytputs. 5&%@@%&@ Qutputiabs.a.gwiteh nodenwdll pravidesis spegified by the user at
model-construction ti(:{ne anddma¥ e %rlxvyh [e from.one to ntimPIercrilqntatiqn-deE ndent fixed upper
limit A selector VA& that 66€n6t correSpond to the Tridex of any connedcted Sutput Etfectively
disables all outpsitstf0b1diiSeehédhay be used to select between alternative representations or to
dynamically enajatefi.e., shawd): and.disable ghide)-asubasapy An.examplepfitheuse-of switch nodes

to model if-then-glse and multl-way. SWIeh sseleclors. fERSPSZ, SODSITUcts I3 given, In Section 2.1.9 -

Conditional Execution. 1,1.7,2 Attaches [OOllZlAttaqﬁ nodes allow a node to exis fithin a coordinate
space different fFSi .“’tﬁégf%f}‘%ﬁé‘i‘ﬁ‘ff'§v€m]f‘f8lﬁ?s‘iaﬁ‘%“i% Vet P Y riows WiHdse frame-of-reference
changes mid-sh@R¥or example & model efaicukisittirfigon-agable mightdogicallydbestepresented
within, the coordinate.spage.of the dable;howsver. if-aLharacter pigks up.dhe,cuR.we would now like
to represent the ¢ p within the coordinate space of the character's hand, so that the cup will follow

@eft: Ct %F}, 60” - Kﬁa tﬁma‘ce SULO-6CENES, eai: it bet%ea a insfzmct ctm ﬁut’i)ut. tigen .o
movement of the hand. f 0 ach'nodes accomplish this by taking multipie alternate CTivl inputs

nodes allow a node to exist within a coordinate space different from that of the parent’s

ctny _out.  Inverse Kinematics IK_solver modes provide an alternative joint-transform

evaluation mechanism in which the transform used at a joint is derived from the

desired position of the end-effector of the joint/bone chain, rather than the usual case of

end-affector pogition being determined forward-kKinematically from the joint angles.

Subgraph imversion is an alternative mode that inverts the usual flow of con data from

parent to child within a local subgraph. These special cases are discussed in Section

117 — Dynamic Topology Changes.

1.10 Drata Types

[6088] The value produced at a pariicutar node output will be one of a number of
data types. Supported itypes include inl, scalar {(Hloating point, aka real), point, vector,
covecior {aka normal), matrix, gquaternion, curee, mesh, field, deformation (Section 1.18.2),
materigl {Secton 1.18.4), image, chor 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 mayv be instantiated as Costyle arravs of fixed bound, for
example, “int{321", “scalar[5]{6]”. A field s a parameterized type defined over a mesiu

for example, “field<normal>im}” is 2 surface-normal field over mesh m.
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and a pair of selector inputs, and providing a single cmg_out. One selector input, settrans, specifies
which CM input will, be used for translation; the other selector put, sci_ro I., specifies which CD/I
input will be used for rotation. Translation and rotation of the input are separated through an
orthonmmalization step, then the selected translation and rotation are combined by matrix
multiplication and provided at the Chn_011 t output. Scale, shear and perspective components of the
input C,T1\ are discarded. [00114]Specifically, a.n attach node accepts a variable number of inputs:
cttn_in, sel _trans, se/rot, targelLl, target_2,target_n and provides a single am_out. [00115]While the
attach changes the coordinate space in which its children exist, attaches do not modify the scene
gra.ph structure itself: the parent of the attach is the node above the one unique ettn_in input,
regardless of the setting of the selector knobs. Sel_trans and se/ _rot accept an integer or scalar input
value, rounding $éald¥s touthelfrearest integer. A value in {1..n1 selects the corresponding target;
values outside [I..aneIect the dm _in matrix. The user may set a af model-construction lime to any
number betweer"28f6 and gﬁufﬁ]ap@?ﬁ%‘ﬁ%t%%@d)élﬁ?euﬁé’g?}% Y& bPertifit-F7 3 #%olvers
[00116]Forward Kifrerraties (FichdesdlibeStive dornvabehain bf depetidenee Witiphéani‘articulated
structure in which<cegdinatespage-ransformations,ae spegificsabasgriesialjeiis.and/or bones
and the position of {ne gnd-ofthe.ehaln (the.snd.efiecton is determined by, concatenafing these
transformations. Tnversé Kinematics (IK) reverses this process, aIIov@mg e”user to specify a goal
position from whitht & ¢ Fateas Shécfﬁﬁhﬁli]r‘?ﬁ@ BPEEEHITHE SR e ABFLE (or as close as
possible to) the gedh-Thisigomputatipnimay bewoverxdrednder-constrained, and many alternative
methods exist to solve the IK problem.. [001171We provide a general class of IK_solver nodes that
solve inverse kineMaltiguts and Cutpuis

1007 Every node type defines certain input and cutput tabs, to which incoming
andd cutgoing edges, respectively mav be cormected. An input tab can function in one
of three modes.

1. If there is an edge mcident to the input, we say the input is connected and pulls at

the input resuit in pulls to the upstream node.

£

Alternatively, the user may spectfy an orlernal expression for an input tab; pulls at
that mput result in evaluation of the expression, The expression language is

deseribed in Section 2.2,

3. If an input is not connected and has no internal expression, we say the node is
defaudted, and pulls of the input yield a default value, Nodes provide standard

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

HUEI ) Both input and ouwtput tabs possess a name that is unique among the
inputs and outputs of that node, Input tabs specify a st of one or more data types that
may be provided to that tab (by incoming edges, expressions, or custom defauits).

Cutput tabs specify the unigue data type output at that tab.

133 Gain and Bias

ool The wser may specify 2 bias and/or gain for any nput or output. The

value at that input or cutput will be gnin * original_palue + bips, By default, gain = 1.0

25



problems Different IK_solvers implement different solutions, but all have in common a series of
transform inputs and corresponding outputs, an enable input that en.ables selection between FK and
IK operation mode, and inputs for the CT/yrs of the goal and the effector. Specific solvers may take
other inputs as well. When the integer (or scalar, rounded to nearest integer) enable input is zero or
negative, the IK solver is disabled, and the transform nodes it drives behave forward-kinematicaily.
When the enable input is gieater than zero (or 0.5, for scalar inputs), these transform nodes become
inverse-kinematic. [001181Different IK solvers are capable of handling transform chains of different
lengths. An example IK solver is shown in Fig. 2. This node can be set up to control a three-joint chain.
The transform inputsare driven by the forward- kinematic control graphs for these three joints. The

corresponding outputs out |, out_3 are connected tgﬂtigedggrm mgsléts of the threego Qrts. The enable

input is connecti& {8 an FIGIK ETtRRITF AV A PFRe YOt RSUPR ESHABRIFI TS tHe“Sini™ out of the target
node. The effectoimimplibizs donhwetde. woith&rtryoorof theashaid/ enblee fiector apde™Fhe swing input is
connected to anjavakdaisswinging the-chaipdhroughalternative: U selutions.ia.thadnderconstrained
solution space. When enabégrgsget to t%]%ro G(A% L%%s-th n 0.5 fog a scalar i”é%%étc) in, 2 %[‘d in_3 are

v spedi iag Al an Output, ]e User can %3]‘ g

passed throughsﬁnr%ﬁ&rﬂﬁtéa to mai, out._?, ‘and out_3, respecttively. When enable Is set greater than
0.5, internally cGRfBtlET HraletoHng areBrefidsd arthe 8titPydle werarid Bub3tiGsits. Depending on
the algorithm usedrithis sohser:thiallg solutiommayidoivpletelysgnosdithestransfogairinputs, or it may
use the transform inputs. as.saft carstraints and attempt to minimize error between the inputs and
computed outputs. The solver algorithms we employ are standard, widely known methods.
[00119]Note thafunfike switchesand.attaches, both of which are scene graph nodes, [K solvers do
not take a CTIvl input and do not provide a CIM output and thus are not scene graph nodes but rather
are part of the niff4séene eXpiessiongraph 00120 dde dici sdlfersiweproiid . ewse one of several
techlr;iquesb- CY?H&%&EgiE!fit?og%%@&PM%_%%)@K@?@%@%@Q&&Q&QléE@b[iJ%M tgzws&iﬁglyore-e\;]alwte a
small number of outputs following a_localized invalidation h dirty) in the upstream graph. We visit
each degree-of-?r“é%[glg%& |.§ff"aanvac‘r 1?’?’1%%5 %ﬁiﬁ?\e%r‘{l%atﬁtag ‘i?#g‘,’ n%%{(}i%é’ an' &éf%s’t'mgm"to that avar to
bring the end efféetor towards the goal; which way to adjust each aver may be found experimentally by
making tentative changes to the aver an.d Pull-ing on the end effector. Iteratin.g on. this process
brings the effector to tl & lgBaliFiNs TEathanié, and stfetéhes the effector out towards the goal if it is
not reachable. [00121]Jacobion inversion solvers compute the \?ac;,@hbian matrix for the linkage at the
current position.The Jacobian ig;ihe-multidimensional extensien-to the differentiation of a single
variable. It gives the partial derivatives indicating how the end effeétor will respond to small changes in

the control avars,lavering Jacobian tells.us. now.we should changs avals.ianevethg end effector

closer to the goal. Because the jacobian only is valid locally, we make only small changes, then
recompute the J4cBbIRH IHEPRBR oG (s ART TR e RE OB £iveRhode may be
found by differenteating svede outputs as described in Section 1.14. However, a more convenient way

to find the compesgite4acobisn:ackess.the enticglinkage isdamakersmall adjustments.to each avar
degree-of-freedom, and observe th resulting ckpanogles deltas),in the end effector. g;nese deltas,

. Wrgern deriyatives mayv be compigtEd Dy, compariiig the gervagves at Successive cacns . .
suitably scaled, provide the content of the Jacobian matrix for the currentﬁlni(age conﬁguratlon. in
general, we wili Astsbéaile to invert the Jacobian, so we use a pseudo-inverse. The jacobian

transpose method avoids theﬁgﬂ(gggﬁugg-) inggsion_gg{p by using 2 simple matrix transpose.
a’ ok - AT ‘

we = CY Py T E iy T Y
§ L R
aﬂi’ - 1 = f btk s - g it ,SC .I
S SV T eV W = CrZ{\”%i, .JV’M{r}-i .
et b . 7

whereV is the finite backward difference operator, and '/ is a binomial coefficient.



[00122]Users are free to implement their own 1K solvers using the External node plug-in interface
described in Section 1.18.6. 1.17.4 Hierarchy Inversions [00123]Hierarchy mverszon is an alternative
mode that inverts the usual flow of CT7M data from parent to child within a local subgra.ph. This
occurs when the user specifies that a different node within a given subgraph should be used as the
root of that subgraph. This has the effect of flipping edges along the path from old root to new root.
(001241Figs. Sa and 3b are examples of hierarchy inversion via subtree re- For clarity, only cfnLin and
etnuout connections are shown. In Fig. 3a, the original subtree is rooted at A. In Fig. 3b, the subtree
below A is re-rooted at j, and the edges along path A-C-F-I have been flipped and the incoming edge
incident to A Has been routed to J. The graph above A is unaffected, [00125]We introduce a new
message, InvertHierarchy, that nodes may pass an.d. receive. The application program maintains a
serial number urigily identifying.eachdisting! rendertraversal Beforeieach-imedbe application
initiates a rendep, f ncrements. lne yalue of (s, seral number, When anede atis et inverted
receives the InvertHierarchy message, It makes an internal notation that it is part of an inverted chain
during the currefitténgerisaeSbipraiemiaiar iRvEREEnE Brdtecerb g trecsetidifimber of the pass"
and. it then. passes:itwertlierarchy to its parent. A node that is inverted in the current pass (ix., has
inverted raised) yill jgnore anyyvertigrarchy.messages.Qnes a.nodelas beendnyerted,
subsequent Render's within the same pass are treacitedgas_invze,)rted renders. When an inverted node X
is rendered, it prOpAGATaS e TeRYE RBEORIY T6 Al ite chifdvenbut a.iso 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 chiltfén” \WiieR K 18ender is received for a different pass, the node lowers its inverted flag

and renders norgggjh [001261Ta.inuett adosal higrarchymihe Wser specifies:the nodeat the top of that
hierarchy Mode A in Figj§. Sa and 3b)" the nod,e to become the new actin rotgt p in the Figs.), and the
. . . roups OF nodos, Ivtlﬁrg %these eugﬁs mﬁi a bus, orawn ?s CF single thick edge,
animation time range ovet which rarchy should remain inverted.
simplifies display of the graph. Creating a bus has no effect on the functionality of the

grapie the bussed edges continue to function autonomously.

1.16 Transmitters and Recelvers

[06108] Another common contributor to clutter in the displayed graph is the
output that s connecied to a large number of inputs. For example, the global animation
clock witl usually have an outgoing edge to the parameter input of every avar (see
Sections 1.18.1 and 2.3}, Transmiffer nodes “broadeast” thetr input value on a named
chammel,  Any number of receiver nodes may “tune” to that chammel by name, after
which they will produce the wansmitted value at their output.  Funciionally this is
equivalent to an edge that connects ansmitter o recelver. Expressions may reference a

broadcast by name (see Section 2.2).

1.17 Dynamic Topoiogy Changes

10o108] 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

sitzations result from special nodes that enable dynamic local changes 1o the effective
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Each node maintains a list of inversions that initiate at that node. in Figs. 3a and 3b, node A will record
internally that within the interval [(invert, trestord the subtree (properly, subgraph, since it may contain
cycles) below it is re-rooted at node I. When A receives a Render at a parameter value in this interval,
it will first raise its thRender flag (Section 1.9) and then will send Invertiiierarchy to | and by induction to
F and. C. A will then pass the Render to , T, which will recursively render F and C (and K, E, FL, and 0.
A will receive a Render from C but wifi ignore it because A's inKender is raised; however, A will note
that it received the Render from. C. When J returns from ren.dering, A will proceed with rendering itself
and then will recurse over all its children except C, that is, over B-and D. [00127]When rendering at a
node On the inverted path. from 1 to A, the behavior of the chaLin and cbm_out inputs and outputs
areswitched; that is, it is as though civ_in had become cirLaut, and vice versa. Rendering of geometry
will still take place Itil t i ore- (;Hn ofﬂrtrel,1 nggeé hgswW \{3(%ra|rrrntorysl case t the pre-ctm ]:II’S'[ needs to be
computed from ﬁtep dt°ctit For mverte%f non-1ranstorm nodes. this invofve Just copying the chn_out
to the ctiv_iri. Fdr“cih\?ét‘té’ﬂa'ﬁtgﬁét’éﬂ?iiﬁo‘éféé}qﬂ‘t@ ﬁ”égtoéﬂ’ﬁsf’rm ﬁﬁféaéﬁ‘ag_‘i‘}tﬂwlnput" is multiplied by the
matrix inverse of the "fonrn input and the resultin.g pre-ctm is provided at the ctin...U7 "output”. This
reverses the usddl(hcttifiefted) behavior of Transform nodes, which multiply am _in by xform,
yielding elm-out aE%Pehaé’z'ﬂmec?d%%QQJd on the |Qverted th| suncha ?chen 001%81H|erarchy
inversion may be used when an animation task cai: for an'i |nv rte view of a modeTChrerarchy For
example, a charSCteFHafgine by theaith ot B hEe ity ov-ahintafed” (&15RA fo a. model root in
her hand rather than,;the: usual-mddelsgotiather pepvis. Bendidgthe: elbow joint efthat character will

then cause her entirghady %MHQJ&'Q&'%J%@Q%%@Q@”%@V arm.father than fhe other way
around, 1.18 Expreism Nodes 00129_f]Data in %hf ar ioh originates from severa tr!oes of nodes,
including param&t&r drivars, Eohstails, fife FeadRrs and vars” Many Sther iodaipas exist that
process this datarqsedormitiey caledfationshgeneralingsbtherdhta 2nenprodieigythexgeometry, lighting
and shading that gliimately:is repdereddn.the. 3nR.viewnwindw:jdere-we descrbe.ash major category
of node and glve £xa mp{gg’ ot;gaﬁ%rg dlm 8.L 1%?%?9“@@C%S@L06951§0]P ara e;gr fi”"%nﬁ such as clocks,
have already et men ioned. Such no ave no inputs (or op tlona in/max range mputs) and. only
a single output. rﬁ‘égt%%i;ﬂ[‘fé"&%ﬁﬁg%ﬁ htfét’ﬁ%ﬂy%%w%.%wm VB PRDHEVHIE range. For
clocks, the rate atwhich:theymearyrisigftenitiedantérmally todthecapplicatioh sietiemdahiwall-clock” time.
However clocks &%@%@Hﬁﬁ@d un.backwards,fun atslouy %)tond%@eJﬂ@@Eﬂeﬁewﬂg speeds, or

single-stepped (that i mcreﬁrnegecﬁ ZBY some tlxedals{tfeﬁlstlrze orwaerciits or backwards Non-clock
parameter driver’ 418 ev%lorr‘ys OVEPSome patameter Fange but Conte ptudiytRES TARE Bh all values in

that range simultenesissiyial practiberithéydetary Fer e fesponserte gl ﬁer%liﬂpatparam, and
otherwise take ognwhateves s@ee'tftef&am w,a@gauthedi@lamped within their allowed range, if any.

[00131]Constantg@rg another fadeine: As heln name mplies, sonsianteare the game value, no
matter at what parameter value they are pulled. The value is set interna fy fo the node at

model-constructibi i@ Ky Abve "5%%@‘1‘8 t}’éﬁie Otftplit PRl inpaterhiefdis widonceptual

difference betweenproviting a:constant-val ued inpitexpressionsorconmestihgranrinput to a. constant
node. In different.situations..one s the giher.methog:ma.y be more convenient.

1.17.2 Attaches

U VS Attach nodes allow a node to exist within a coordinate space different
from that of the parent's chm_out. This is useful for a model whose frame-of-reference
changes mid-shot For example, a model of 2 cup sithing on a table might logically be

represented within the coordinate space of the table; however, if a character picks up

ey
o



[00132]File readers are similar to constants, except that rather than their value being set internally, it
i.s read from a disk file. File readers take a ,file. input string designating the fiie 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
th.e data read. For example, MeshReader nodes read meshes saved ill Wavefront 0131 and several
other formats. This reader has an objects input accepting a sting giving names of objects to be read in
that file; if no value (or a NULL value) is provided, all objects in the file will be imported. Other inputs
control the assembly of meshes from the OBJ data, for example, by specifying a threshold dihedral
angle at which a hard edge (two distinct face norm.als) should be introduced in the mesh normals. The
MeshReader provides a mesh or array of meshes at its value output, plus an objects_read output of

the meshes read,Qthetfilg sgrders gxist-fanleading.numerical a.auays-images QuickTime movies,

audio, motion-capture data, andso forth, (Q01331A.vars are pades that comespond to articulated
variables as definedin

180413] Attach nodes accomplish this by takdng multiple alternate CTM inputs
and a pair of selector inputs, and providing a single cim_out. One selector input,
sel_trans, specifies which CTM input will be tsed for translation; the other selector
input, sel_rof, specifies which CTM input will be used for rotation. Translation and
rotation of the input CTM's are separated through an orthonormalization step, then the
sefected ranslation and rotation are combined by matrix multiplication and provided at
the chu_puf output. Scale, shear and perspeciive compoenents of the Input CTM's are
discarded.

fa114] Specifically, ar attach node accepts 2 vardable momber of Inputs:

cim_in, sel_traus, sel_rotf, targef 1, fargel 2, ..., target_n

and provides a single ctm_out.

00118] While the attach changes the coordinate space in which its children exist,
attaches do not modify the scene graph structure itself: the parent of the attach is the
node above the one unigue chw_fn foput, regardless of the setting of the selector knobs.
Sel_trams and. sel_rot accept an integer or scalar input value, rownding scalars to the
nearest integer. A vatue in [1..n] selects the corresponding target; values outside [1.n]j
gelect the ohwr_in mateix. The waer may set n at model-construction Hme to any number

between zero and an implementation-dependent fixed upper Hmit,

1373 K Solvers

[Go118] 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 af (or as close as possible



W.T. Reeves, E.F. Ostby, and S.), Leffler, The menv modeling and animation environment, Journal of
Visualization and Computer .Animadon, 1(43340, August 1990. Examples of articulated variables are
guantities that a human operator might want to vary over time (or other parameter value for a non-dock
parameter driver). They have a parameter value input, which usually comes directly from the global
animation clock node; an "override' input to allow overriding the data set in the avah and"value" and
"solo” outputs. The value output gives the value the avar takes on at the input parameter (when the
pull is at kinputParam) or at the parameter requested by a pull. The solo output is discussed in Section
5. [00134]As described in Section 2.1.3, avars are a templated node type and can be instantiated for
any value type for which cerin, basic mathematical operations are defined. We have found scalar- and
guaternion-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 parani input. The function definition is complex and is described in
detail in Section 8! ThefctioN dETRRTSH Fa "“Efﬁci’ﬁd%vf(ﬁ"né’%gﬂg?rdﬁg?ﬁ‘ﬁtﬁ%’il&?‘%rg%%&ﬁarﬂéf, sampled and
stochastic compoierts: cThkifterziticseompoRerteofaan avar, if any, are defined by parameterized
one-dimensionakpiecwise-pelyromial cuves: Rk splines. Withiknats speciying thewalue at particular
parameters along {ie.splife., L, foum and.speclicalion el dnese. spiines, e, descrbed in Section 2.3.
(00136]The apptication keeps track of a user-specified current manipulation mode. Manipulation
modes correspoffith CoFAGHIBEEAMRES SPHTERIPUREIBHPIEr eXafifile trandlatichaY6tation, scale,
bend, squash/stretghpmiesheeftrmatisnpglabal deformation;:ete:. Rhe@ctive vers atcany given
moment are th OS&.NALS @ﬁé@@%%rﬁ%a%@%Q{eﬁﬁgl@ﬁ%"&gﬂ?@%!&‘ii9{3 lime).as televant to the

current manipulationdrnode, and that qu V\éilthin a suﬂbgraeh driving an Kir) ut (other tpgm ctneitt) to the
currently selectetf SEERE GFEBR nBHE D Ao ST Ketive KRotS &S kniots In the active ayer (see Section
5) of the active avar§thardrrumeeked intbfiee b betfdhipuigtety (Séetiohs: 8y [ap137] We provid.e
an in-camera indication: ef the-names Dithe-curieptly astivernaderand theactive avats. We also
indicate imcame%%l\év&jgp active avars have active knots at the selected motion-path knots (see Section
4.1.3) or current frame. if no path knots are selected. [00138]In the top-left of Fig. 1.0a, text
annotations indid&té fat the defvb avalv s Me s Biiavdrofithe st foitiRsaabr e 'Rod" model.
The yellow box droyind the axvondidndt tdhvdicateswthat thisavarshasackndt at thetcurrentframe (frame
zero). The yellowydiamand on the.metion. path akframe;zero,confirms;the §xistence.of a knot there
(Section 4.1.3), gs does the yellow salid-line box around the large frame number "0', in the lower right
corner of the view [FN&Te Waré Abditional aVars Btive, they would be TSt ¥6-thé&ight of the word
"rot", and each wotilzhavergopsifovbboxraronnd i ibafcoloni i thizt avds had & knoedtdrame zero. The
box around the lasge frame swmber attherboftonrght would be drawrnwith arsalidline if ail active
avars had knots g frame zero; it only. some aetive avars, nadknats at frame. zerg;it weuld be drawn
with a dashed line. [00139]In Fig. lob, we see that the "rot" avar Is still active, but that it does not have

a knot at the curr@itsH R thEPHEiAe) BECHTTS S theWsRE Pt oot BIRE Rl yelGw Similarly, we
note there is no yellowndiarmeondiencvevinetiergpathyatcfrsifhen enable is set to zero (or less-than
0.5 for a scalar inputy, in_1, in 2, and in_3 are passed through wnmodified to ow I,

out_2, and ouf_3, respectively. When enable is set greater than 0.5, internally computed
transforms ave provided at the owr I, out 2, and onwt 3 outputs. Depending on the
algorithm used in this solver, the IK solufion may compietely ignore the transform
mputs, or it may wse the transform inputs as soft constraints and attempt o minimize
error between the mputs and computed owtputs. The golver algorithms we employ are

standard, widely known methods.
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nine, and the large frame number "9" at the bottom-right of the view has no box around it.
[001401Each avar is internally configured at model-construction time to have some default value,
which is the value that avar takes on when it has no animation no motion channels) in any enabled
layer (see Section. 5). Several settings concerning the preferred display format for avar data may be
specified, such as the unit of measurement (e.g., meters, kilograms, seconds, radians, degrees),
linearity (linear vs. logarithmic), and scale An ava.r may also be configured to have an allowed output
value range (i.e., hard limits) and a preferred range (soft limits) These ranges d.o not affect the
evaluation of the avar itself, but they can be queried, for example, to guide a constrained optimization
solver running in a dependent node or an external computation.. The user can optionally set direct
manipulation controls (see Manipulators below) to respect these value limits, For scalar avars, soft-

and hard-limits gg6.sgecified asminimum Andymaximum ¥alugs, For quatemion,avers, soft- and

hard-limits are each specified as an array of unit qijatemlons demarcating a convex "spherical
polygon” within Wifith Thehoarinasf migve I BT PHE LR BAR iab I L ERIEBHEEE moue in which
all time-varying avars sraeyalhatetsas: thoughrthey: cOitaineddameverystyenrarily stepped knots at

those times at W{éiﬁ;ﬂ:ébe aCﬂ@l@y@{@rb@M%ﬂ&m@J& the @%@V@Aﬁ%@%ﬂﬁﬂi@ h@:@zzﬂl&%ﬁﬁ&t of arresting
movement betwea\en ai?%%kn ts. When pljg%iglgagagvanimaq%n in th'&s mode ‘?xt eaq)h active knot the
t A 1 1,

escent (CCDY takes advantage o o gquicklv re-evaliate & sniall number o .
scene elements jump discontinuously ?6_ he‘po.smons a?jé state they normaity take at'that time, and
otherwise do noPhiBVe eaecdmpirst thisibyisubatRiuting fér threeptitpur eatefe 8ftREGlobal animation
clock the knot timei{hei-ef thedast-active daioh priosienonatthedireranimationfisre:Skpce time-varying

avars use this oytput value, as their. param,input Ndespanse;te Pulls alklnpyiParem, during rendering,

they will hold their own value outputs constant except when the animation time t"o, passes the next
active knot time F¢ SBUYREHFRER Wil upddie {0 RUSiote Ry Al the 4. dats Winemd 16 the output state
at the new tied #:18:2-@peiators {00 12j0peratorgpleduteranoltpgtthatis fewmbtionally dependent

on some numberg,of ipRkLS ROr.gXxanple «Rask-oRerators: includethe.polymorphically typed nodes

Multiply and. AdgG 'gtg,gse are %ctuaII¥ convqnience wrappers agound a.gen al Compute node that
. £ I'H I]ZCIJ 1N THUEFSION 80IVErS com@u £ 2 Jaco Itcﬁl If&atrh O e lm;;rgﬁgx ?E .
takes an arbitrary number of Inputs and. a user-provided string that expresses some function. We

evaluate the funétiorr e the Pt tabstandrovidé e resyiiBrtie vatpettatoThe &ression
language is desciibeehibaction2gleS-Qiher copueniencensrappars inetadeikganstation, Rotation and

Sealing, which take sealar me%;ﬁz%tzg%% etz angd Sz(5y(s3.esnestively. and preduce a

transformation matrix output. [00143]AK Solvers are expression nodes for introducing dynamic
changes in grapfFtSpBISEY it STPLTH DFIFTeTEE KineMaticss Phey HrEtESeibBdHh &&tail in Section
1.17.3. [001441Defersmérsarernodes thetidcomputevsome pointvalubd: fancionrobppints.
the Jacobian in the new configuration and iterate. The Jacobian for a given node may be
Aound by differentiating nede outputs as described in Section 1.14. However, a more
convenient way to find the composife Jacobian across the entire linkage s t¢ make small
adjustments to each avar degree-of-freedom and observe the resulting changes {delias)
mn the end effector. These delias, suitably scaled, provide the content of the Jacobian
mairix for the current linkage configuration. In general, we will not be able to invert the
jacobian, so we use a pseundo-inverse, The jacobian framspose method avoids the
{pseudo-} inversion step by using a stmple matrix transpose. .
foG122] Users are free {o impiement their own K solvers using the External node

piug-in interface described in Bection 1.18.6.
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That is, a. deformer expresses the function p' = f(p). Mesh dc/centers apply this function across the
vertices of a mesh, usually in some local coordinate frame, for example, a body coordinate frame, or in
a surface-relative fashion. Spatial defamers, or global &formers, apply their function at arbitrary
positions in global or local space. Both types of deformers accept a mesh in input mesh or point array.
The only real difference between mesh and spatial. deformers is that, while each accept additional
parameters controlling the deformation timction, 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 &formers, can subdivide mesh inputs before acting on them, as
described below.) 1001451All deformers provide two outputs: ?nes/Lout 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 vertexise B PEiftieE T i%Hon, with this deformed mesh or point array available at
resh_uut. Alterpatively, they, may be tsed.to.compute.aveaiof.figllof the (glghal, logal, or

surface-relative, depending on the type and configuration of the deformer) vertex- or point-wise
displacements a5 'COMPUETHYTRY HetormXibi AnkH St e e ctdt tore KigUdiaBREat the
deformation outpptcifdd 146} alburimpleméntatiorerall meshekoake represented-andtrendered as
subdivision surfages..\Whem:amesh ispeQvidedito the.masilinHnpuh.en.a defosmer nade, the
refinement Ievelrat which the deforraer is acting may be specified at the deformer's sdievel input. The
surface will be deformed by moving the refined vertices at the specified level rather than moving
vertices at the b&¥8{¥subdiieidd Frevelzersrwiierf Siseeming saiepsis0 st grvestedeforrer,
point-wise paraneteifieldsconform ioithe: subdividechraesh sbdlevakisignered whgn.deforming simple
point arrays lacking. copnetivity infermation J400147)Mapy, deformer subclagses,exist.such as

Rotattheformer, %endDefameL e . . o ) _
CylindricalneforREPEpHertaIDEB BT TBRRE Bafoih B R BEIHSSIiar! fo 4 has been
foiniDefonner, Bone®efornmiér, smd Aenetougrethers. Each performs a particular type of mesh

deformation. These:gleformersimay.be chained.segquentiathe.passing:themestt 0w gone deform.er to

the mesitin of the next; %theirﬁga%formation vector-field qutputs. may .be CQ@QQ}?d _(géjcmmed) in parallel

and later appliedr Ffaéla mesh Via po?ﬁt%éﬁ? %‘é&“‘i%g‘rﬁ' At ??aégrlﬁyﬁ%?f o?’qcel n%p ex deformation networks
to include a mix BFpafanElahd segient tersimations f00Ta8 e SketetatDemrittermesh defamer
takes as inputs anyaumber:(utocsamedmplementation:dependentidimit .etheheetms ouf s, plus four
pairs of bone_id, hone2veight point:wise scalac-field.inpyts.and.a.body. spage G input The bone ID's

index (counting from gne) into the bone inputs, associating up to four bones with each point in the
input mesh (or pSMTartaYs. Fhe BEtySpEdEEN (PSP BoEH 48 astited Befoti Bt each bone is
noted with the skelefon i its Promen(defaettpposeintwefiitrerttansfdrmathat carrigls 8ackr bone from
home pose to the,cuirent pesesis-scalediby the comespepdingibone.waight andiusad;to transform
each mesh point, For each point, up to four such é’é{?é%ste%;%% e tarag,.r!;stfv%r&st%r% a pllgg sequentially. A

.. nessas ; Has Degl invert ¢ Eger ArHe’ 4
positive bone 1D seledts the post-ctm of the indexed bone, while a negative 1D selects the pre-ctm of
the 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 fnRender
mechanism described in Section 1.9 prevents the Render from recursively being sent
back to X from it childrenn,. When a Render Is received for a different pass, the node
lowers its inverted flag and renders normally.

foG1za) 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 animafion time range over which the hierarchy should remain inverted.

36



bone indexed by the absolute value of the ID. Specifying a bone ID of zero is equivalent to specifying a
zero weight. This deformer thus performs four-way weighted-bone deformation of the input mesh as is
popular in many consumer-level and real-time graphics applications. On hardware that supports the
Opena capabilities CL_ARB_vertex_blend or GLyertex_prograna" we are able to perform the skeletal
deformation. on the graphics card, provided (a) that th.e number of bones falls within hardware limits
and (b) that the deforrned mesh is not needed for any subsequent computations (other than rendering)
For convenience, when connecting a SkeletalDeformer, one need only specify the root node of the
skeleton hierarchy and the application will ke care of connecting the body_space input and, the many
bones in the skeleton (and will mark those bone input tabs hidden, so that they and their incident
edges are not drawn in the graph editor view, thereby reducing clutter). 1.16.3 Scene Graph Nodes
[00149]Scene graph nodes were described, in general in Section 1.9nese nodes constitute the scene
graph embeddedawitiwddhetargerdxpré ssionigraph; Mithite thére aséemaniigvatietielsibf scene graph

node in our systemg. allraspend:te.aRendet.messaas..andall. lake alaneatenated:fransform Matrix
(C111) firkin input andxprovipd,? a ettn_qut oyt %t1 Th@,Re_ndet%{ntess_ gre‘%gg th; roles of ctrii_in and
etm_put in rendér Faversal are desnbad i detal in' Section L. & “Phere ara numersus subclasses of
the basic SceneBwHshRGIEElagsT thEnioStimporearnt siiviiithdreidederte d4sdismo[00150]Group
nodes are the mpsthasictype ehscene:graphnode.Adgroupia-disell senves onlyasiarcollective parent
for the children beneaifill.Joal hrart pades nieduce.a.named seope aver heir sggped subgraph.

We define the scoped scene nodes of a part node P as those scene-node descendents of P reachable
by a path, such FAt haviR eGSR OreasiHEnTs dr6eareco Rty o pEs X E&Rt dne or two at the
endpoints of the péthotWWeasay-tre st opetieséeneonode$Vo P are:tscopedtaiRing Hewibn-scene
supergraph of a scene pade.Rwe defing hele asithenion ofinensscene.subgraphsiabove (i.e.,
ancestral to) R's ipﬁp%ts giobher than ctm_tn). The potential scoped sub graph of part P we define as the
union of the scené nodes scope.d to P plus the nodes in the non-scene supertgraph of any scene
node R sc.opedf8®PiHat aré teaendpiadrorm RIvia patreeontaifgno scene hodedexcept .R Then
we define the sipped subgraphef pakRasthednienek(@)dhasenedes in Rsgotential scoped

subg,raph that dp, pet beleng, to, a0y OIeTPAT RRGIEANA! SCOR&d SUPRRRR-RIE. () fhose nodes

4
below P, or in the non-scene supergraphs above P's descendents, that are not in the scoped
subg,raph of any Hedeeh MG P{GHET i BBy Srd e dre ot iR e potsHtidr soaped
subgraph of anythoperot.déscenderdirionP:{88452)Five names vbparst npdes inetlte.scene-graph path

from the root to a,given.nodeA contbute the.path components 1a.4's.fall path-name;f~or example, a
node "Thumb Whozse‘f%lggtg is "/ Fred /RA.rng/Han? thumb exgtlaén th%tsco subgraph of a part

i e
node "Hand", and "Han in h%‘%é%ffé"(e 1§ﬁ€grt§5hfooszp§1FF "RATN , whic ?nrﬁtgrrﬁwﬁgﬁnl‘ihe Kopec'

subgraph of partP'Fr&l #hiehitsalf i globalsespes{0D1581A moteristeityséasiopart node that
designates the tapasgope efiaf which multiply cin_in by xform, vielding chm-out. The behavior of

nodes not on the inverted path is unchanged,

0128] Hierarchy inversion may be used when an animafion task calls for an
inverted view of a model hievarchy. For example, a character hanging by the arm from
a tree Imb may be animated refative to a model roet in her hand rather than the usual
model root at her pelvis. Bending the elbow joint of that character will then canse her
entire body fc swing relative to her stationary forearm, rather than the cther way

arcund.



independently loadable scene subgraph. In the above example, part "Fred" would be best represented
as a Model node. [00154]Most scene graph nodes pass their pre-cull (from ctn.through to their
post-din (at cun_out) unmodified. Transforms are scene graph nodes that transform their pre-ctm to
produce their post-cull (Section 1.9). Basic Transforms multiply their cimin input by the transform
matrix at their xfonn. input and assign the result to ctrn_out. Convenience subclasses of transform.,
such as Translate, Rotate and Scale, simplify building conmion expressions, here effectively
combining a Translation, Potation 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
guaternion. Two Transform subclasses, Bones and joints, provide higher-level control over the matrix
transform and enable direct manipulation via Manipulator nodes (discussed below). [00155]Bones are
transform nodes that represent a nominally rigid linear element within an articulated skeleton. Inputs
allow for animatibtt ci-prisyratiddengthwise) translation, revolute axial twist, and two orthogonal axes
of bend. There are independent mitLjz and max J.4. inputs for controlling the section of bone over
which bend and fRigCbecur Ay He Eo SRR ASFEIsE tHEngP A JIhsf ERimation
parameters of benes:go thats forexample rsettingralitengthiavarsito hiiwittysrodirceibbnes of length
apprptﬁriate_ ft;r thﬁ?%ﬁJ%iH @@&epgff@ﬁﬂfgre@&@ranm,sgmya@@ga%gnaﬁ&_sasglbpmmﬂgtéﬁf trtl)t_a bias é?nd
possibly gain) of either the bone inputs or the avar qutputs; generally it isbest to set the bias and/ or
Gt at i avar L S B E S TR L R o oeaLar ol T B AEE: may try 0
adjust the bone fRpaécdireely e Iectoir Ty P73)e Sty HREibii&tdn. limits may be set by
specifying value limits on the ayars. [00156]joints are transforms that represent revolute or spherical
joints within an drfiédidtets SRERE®N. joints accept as their Krum input either an orthonormal matrix
(e.g., from an E%%r-ﬁwgle rgtgtig@ro aeggate nion,(e gf.hfrom aagiu,aiternion-valggdb@égr). It is often

. Pordi ¥ suen as cisfhks have alre Deen menioned. |
desirable to assemi)le the model so that all. joints will be centereJ(l.e., Eulerrotation avars zeroed,

qu.atemion avar8§&t 6 GUStERTIEA ToEPRRTAFEY the SKFR B iR the letait h6E&“As with bone
parameters, thisTten.rbe done:byusettingra:lpre-onentationitvia biassand/ofhgaimat tiieravar outputs (or,

less ideally, at the,jintyofaiopiaptthJaint imits.are sefdalimite.ondhe.(scalar.anayaternion) avar(s)
driving the joint. ”Tb?_a %[ipatign }@rovidesla simpleb"l:g-de&nqnspa{io__n d]g_t)int-lir{pii cogfiguration mode in
which the user m&veS the STt thrdtigh ite aiohad ARG of Motion and the Application sets
corresponding avarsithitsRPbiiseataredvars sthisigsraigtfirivaied foregaaternionealeas, we fit a
convex "sphericalpolygeniareundithe.chservaed metiontange. dheuseb may subseguently edit these
joint limits "in-camerar. by, interactively. maniplating. the. puituaternion erices of this spherical
polygon drawn oh a 3-D virttial sphere centered on the joint, or the user'may specify hew limits-by
demonstrating a A& aige S RTGHTRC t‘ﬁg‘i%’?iis?éofﬁéﬂielé?é HeprtinaerSehdig 61 tEones and joints
comprising a sketetomiwer provide-ur: applicitibnloptonicdr vt lrans|ueentiSkeleton overlay over
geometry (Figs. }fja-and |0%n1ﬂ§§%ﬂ%l§ﬂ%@ﬂ&@@t%!e.re&d@{éﬂ%&Q@&Fhé@@&&l@éﬁ@m&ékdetO” mode
at the current animation-clock time.ﬁBpn‘es a?daijintg norimagy are excluded, from final (off-tine)
rendering. [00158StRAcEs provide a mechanism for rendering meShes as Catriuil-Clark subdivision
surfaces. A.. surfatenpibitle Secepts arpiestrmputandasmeterishinperdeseibatbetdd). The mesh
undergoes n CatmaulzGlarkmefinementsteps.nheatea-caualsthenumericabloat-ohthe effective lad
(Section "1.7) of the render. Commonly, 8 mesh.will originate at.a MeshReader node, be passed

through a deformer network, and ultlmatély be fed to a surface node for rendering. [00159]Switches
and Attaches are”sHERE G aH 108 Yor it ey ‘dynamic

001321 File readers are similar to constants, except that rather than their value

being set internally, it is read from a disk fHle. 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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changes in scene topology. They are described in detail in. Section 1.17. [001601Glyphs are scene
graph nodes providing notational graphics that may be displayed., and possibly manipulated, in
interactive views but that are not really part of the CG scene and are excluded from final (off-line)
rendering. Examples include MotionPath (motion-path curves), Conti-MIMI" (meshed-surface control
hulls), EditPoint (control points on motion paths and control hulls), Annotation (text labels and 2-D
graphical markup), jack (a 3- Or 6-dof point for use as an IK goal, attach target, or anywhere else a
virtual reference point is desired), and Manipulator (discussed '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). [001611Manipulators are glyphs that
provide in-camera direct-manipulation control over animatable elements of the 3-0 scene. Example
manipulators include an. arcball rotation controller, x/y/z translation handles, x/y/z scale handles, and
El. bend maniputatordandie fomgontidliriybendodeformerssibheapplication-isr@spensible for creating
and deleting magipulaiors. aperepriale 1o.thersutiace.-heng.daink A other.ohiechcuprently selected and
the current user-sp cified Z'mgn&pulgtio, mode" gdellne: . ?PQVFD For qxgggplﬁ, g,tq:e_user selects a
joint and then cHOGSEE™ FOTAEGH MCHE S APCBATF SSRTONEr Will Be* Goated By e Spplication and
connected as a &rildiorihéqsimande Mikehnhe teeeldieradessiects tse jointereh&iges to a different
ma.nipulation meee, fhe-applicatiep.ailoeletedhelarchallcontieoller (00 62)ighiseene graph nodes
define thealrical Jgiling.1y Ihe.2,:TLscens. ek lakednauts carieshonding.to heparticular light type.

For example, Pointlight has inputs for diffuse and specular color, falloff rate, and linearity, while
Spotlight also ha it o Cotte?&itgIet Bate dndf geuMbra’ (AkE strtieds giEtake an optional
material input fogsteatingradvanced elfgcts:suth@sgoboisaprojedtedhtéxtdires)iandiciistom beam

distributions or fg;r%%gg%gg@@@m%%@g@ggggigym%ﬂgppgt(m&@gd 18¢4)An n X m lighting matrix
defines the weigf tOV\gg which each of the n lights in a 3-0 scenetilgjmipa&e each of the in surfaces in
the scene. This matriX defatifts t6 3‘af.6‘:}e\ﬁ7&erywhcéﬂfreesgﬁﬂ iS"e 'i?ﬁg e yV he u%;e&isinegﬁegp}ﬁlication dialog.
Each light's interi8ity fsssealBd. by thieesrrdspBRtingratixentns seforefitial feriderig (and optionally
before interactivgntendering)of:each.sufasg00163Gamera. scaene graphxmadesdefine the virtual
cinematic camergs, ysed for viewing,a scene, Acamera defines e yiswers eye:pointme basic

camera class takes transform-matrix inputs projection and view and Sets the rendering projection and
view matrices act8rdiffgRr S uBEIREEEs Gith B dsROBAITEr & BRI FOr Broviding HigheF-level control over
camera mount mevementsi(e. (npdotpidruckptyanespaincdtilt, famd folljcdwscamieraimovements (rise
(and fall), shift, sying and filthqlenssetings.(focaliength. aparture, distortion)- shutter,(shuttcr_angle)

and film transpor,tsg_lgs).. A Jitter Lq ut accegts a mat%iﬂa[%/ialma}gseg below) for cr,eatin%tadvanced
[ £ n

Loutputs 1 value, outpul give, ue . avar talges on at L 3E)
effects such as lens filters, vignetting, chro 4tie aberration. internal reflections {(?fareg and subsurface

scattering (bloonyprasagelrasbirding &rbitkrydaderstte the varmste CHirf&asprovite an
image_piane outpkt pptienaliysusedsiadcanisastion with Film Backs and Imagers (Section 1.18.5) to

further define or ilige the rendered image prodyced. 4,484 Maierial Nodes, (904,641 Material nodes
t .

define optical and material Propertles such as ambient, ) _ )
mstantated tor any value iype for which cerfain basic mathematical operations are

defined. We have found scalar- and quaternion-typed avars to be of parficular value,
but other types are possible as well.

[0g135] The vaiue ouiput of an avar is a function of the pararr Input. The function
definition is complex and is desmibed 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, ave defined by parameterized one-dimensional

plecwise-polynomial curves, or splines, with knofs specifying the value at particular
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diffuse, specular and emissive color; surface roughness ("shinyriess"); texture, glow, reflection,
irradiance, bump and displacement maps; atmospheric effects ("participating media"), and so forth.
The simple Color material subclass provides a convenient way of setting just diffuse color. Torture
material nodes bind a 1-D, 2-D, or 3-D texture map to a (OperiGL or offline renderer) texturing
operation or the map input of another material node. EnvironmentMap nodes bind a spherical or cube
reflection map. The texture image data itself comes from. an image input, which may originate at a
FileReader (Section 1.18.1) or at an Imager (Section 1,18.5). [00165]Programmable materials
includethe FragmentProgram and VertexProgram nodes, which bind OpenGL fragment and vertex
programs. Shader nodes allow a named external "shader” to be bound for use during final (off-line)
rendering by a batch rendering program such as Pixar's RenderMan. PO1661All materials take a
material in input and provide a material out Connecting e materials in series allows the assembly of
complex combingdiettectsimeriexatiple lselerartexeid roles iightb-coarretrsdbatith one
specifying a diffusesssapzanother modulating that diffuse map with another map, a third, specifying a
glow map, and a4prispeciiying ARHMAMAR.Ehes¢ Iexiue Aodes AU bR cannegled to a shader

for controlling the off-line rendering process and a basic material for specifying underlying material
properties suds XSRS RREEPECHTREEI5 “THE BHELIE Bt SERBHBE i BE CBlibined as each is
chained togethek {8087 ArviAtnrosphére hode isqrovidedras aproxyiforaeteptingceematerial input to
affect the scene atmasphere, Praviding pakticipating edia-gffacts suchas haze.dagnRayleigh
scattering (visual perspective).and difiaction effects (¢-9. halos and coronas). A giuep scene may
have at most one atmosp ere node that has g?‘of)a effect over the scene. ?mosp iere material is
primarily of impoftaneé foiis-tieliarde firigowithitHerak EptiohsT f8t-WHichk s Suspbited in hardware
by current graphieseardshimeosth atmosphetesmaterials.ar etgnesed dusing intetaetivesendering.
Atmosphere nodeg.arespinustialill At Mey have. ne outows 1.1 8.3, [agingNadess'Camera backs”

[00168]Film backs may be u§ed in_conjunction with cameras to provide, further ppn}rbl over the
final-image genetIdh proctES Riifs BadtkSREE AR i a8 e IaREs RpterF R EafiSta and a material
input that can beradedrtbibirmulatepropétiescoifilmistockesueh Bishspéed strensfer famction, grain and

reciprocity failure.,Gilm: hacks.also.accephinputsSercontigurng;tbe film.formati{aspagt ratio and.
anisotropy). F”%Q&%&%g% tthc? only node type other than atmosphere nodes that produce no output
value. With the exception of the aspect-ratio setting, which the user may apply in constraining
camera-window F&&izfhg, ditity the'iteradtives&ssisrofiTaeks & &tisee Al fyFcentrolling
external off-line renderets andhauedgeffectdninteracivexendann g={00 169 )inagers accept an
image_piane inpyf from,a cameraand.produeg.an !&L@Q‘?t%&laﬂ%n@ﬂ%gf(@é}%%eﬁjﬁe ghalogous to the

digital-imaging backs available for traditional (physical, film) cinematic cameras. They are typically

v

used in conjunctiBi WitH TN ASBL (B SEHLH T77%8 45 16 Proguch §9&Raidn M B otherwise
capture a renderéddinage-of thecsceneforusdikithinthatseeribe Fhe imageroutputinay also be
directed to an experi.nedefinpemeanted:as. an Extemnal .see286tHen 1.48.6)ferintegration into
editing’ CompOSitlngcP {0(%%%[‘%- to grr g@t@(@g QIf(ii:) ,ac"‘:g(i each would have a vellow box around it if and

only if that avar had a knot at frame zero. The box arousd the large frame number at

the bottom right would be drawn with a solid line # all active avars had knots at frame

zero; i only some active avars had knots at frame zero it would be drawn with a dashed

line.

[oa139] In Fig. Wb, 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” i not boxed in

yellow. Similarly, we note there is no yellow diamond on the motion path at frame
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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 evaluation of the total graph at all; they only
provide the user convenience of an encapsulated view of graph structure, (001721Externals are nodes
whose definition has been loaded through an external ping-in Interface. They are coded in C++ by
using a provided API, then are loaded at runtime and are available for use along with macros and
built-in nodes, 1.19 Graph Editing [00173]Fig. 4 is a screen shot of an exemplary control graph 402 for
the bottle model shown in Figs. 8a-8c. The graph editor 400 can be used for creating, viewing and
editing the control graph 402. Example nodes 404 are shown in Figs. 2, 4 and 6. Edges 406 are
displayed as poijilie¥oirfiijsdaaottputtabsubs MHauet ity 1y, NoBREA07 Ay be instantiated
by selecting front.a list of known. node types. User-created nodes (Macros and Externals) also appear

Wi he COnTa] GLaL 408 Th babt 1 oNLaCt O OIS 10 oCE MUl b GG
witni . € user ina.y connect node outputs 1o node INputs raggin
rubber-band Iines?%ﬁggﬁﬂglﬁ%ﬁ? fﬁkﬁcﬂé%t%%ﬁlf’%&é%&%ﬁb%?@l8“%%151?5‘6%%?“(%“\3?@5 \(}éfsg%n gome
ne motion channels) in any enabled laver {see Section 5). Several settings concerning

the preferred display format for avar data may be specified, such as the unit of
measurement (z.g., meters, kilograms, seconds, radians, degrees), linearity {linear os.
logarithmic), and scale. An avar may also be configured to have an allowed output

value range {ie, hard Hndts) and a preferred range {soft imits). These ranges do not

affect the evaloation of the avar #self, but they can be queried, for example, v guide a
constrained optimization solver rumming in a dependent node or an external
computatior. . The user can optionally set direct manipulation controls (see Manipulators
below) {0 respect these value limits. For scalar avars, soft- and hard-limits are specified

as minimum and maxinumm values. For quaternion avars, soft- and hard-Hmifs are each
specified as an array of unit guaternions demarcating a convex “spherical polygon”
within which the avar may move.

0141} The user can enable a Hold Poses mode in which all time-varying avars are
evaluated as though they contained in every layer only stepped knots at those times at
which the active avars have knots in the active layer. This has the effect of arresting
movement between active knots, When playing the animation in this mode, at each
active knot the scene 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 b of the

last active knot prior to or at the true animation time. Since fime-varying avars use this
output value as their param input, in response to pulls at kinputParam doring
rendering, they will hold their own value outputs constant except when the animaiion

time fwow passes the next active knot firme fre_jwig then ty will updaie 10 tue ke, and all

the avars will jump to the output state at the new .
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implementations, selecting one or more nodes 404 or edges 406 and pressing the Delete key will.
delete the selected graph elements. Selected nodes 404 may also be copied and pasted to create new
nodes 404 of the same type with the same internal se internal node settings (e.g., input expressions,
gain and bia.s, user comments, output caching strategies, etc.) may be viewed and edited either in
pull-out drawers 600, as shown in rig, 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 he 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 atso 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 basic Material
nodes accept maf§ArigtrEsiut commonly only a few are used; so by default the more obscure inputs

axe hidden. Simjigily,,Skeletalbeformer nodes accept.a great pumper of.inputs, ong, from each bone

within a skeletal hierarchy, but these bone inputs are all hidden by default. This provides a.
less-cluttered ViEWFBEITE §iSh. THe RS M7 S IBRAGH hidel iy ToBy BP8i-eidyE 2runtime or
model-constructiertine Jie usetdh ajats orelectdbvhavechidde nvelgmentsisiiongzwithin the graph

editor 400, for example. fQ:aliow:selectingahiddenelement. Hiding.a-pedeidn the graph editor 400

hides that node in 3-D scene f\/ieWS, d vice versa, Cot{ntrol gr?phs ﬂO%\ma alsq )ethqnderstood and
edited with an eXiBIMAT tEXt editsr ﬁ%ingﬁtﬁ"éi {8 Dased p?%apatrnerﬁ}fﬁlé I?nﬁaﬁla 1S'desciibed next. Fig. 5
shows nodes 506&:500beareP5088, conmsttetowitrpoRiifes S0Pa andsoRE- 1% Prdgramming
Languages [00145dExpressiapgraphisicuctiuies:maybahuiltearacivglyHamssuakigraph editor user

interface. Frequently.itls more conyenient 1o.specify, the granh ¥1a a lext:based programming
language. We describe the Core of our model-definition language (Section 2.1). Two subsets of the
modeling languag&&r&“®thmonly used outside the model-definition setting: these are the syntaxes for
expressions, degetitdét in Séction:2 2rancdanimatiodgdasciited:ir-gettiom2. Z:M¢#hilerwe describe

these in three digtingt sgations. dey.allate-properiy partekthe.sameslanguage:aag-all.can be used to
define a model or collection of models. The resulting language is Turing complete, allowing

specification of any Computation or algorithm that could be expressed in a general purpose
programming lariBftig4e suétvas es 2. uise élingranguege: (O%176ITHhe mselingtarguage in our
system is an obje*x_z&e@srje;rate@k@lﬁme%etﬁamguagepikh@. %ﬁ%efﬂ%&ﬁa@ﬂﬁ&ﬁﬁ)ﬁ@@ﬂﬁ_@ Many)
execution semantics, with models being unralled.and ihe corresponding graph, Ingiantiated once at

parse time, after which the same graph is evaluated as often as necessary. The system provides
garbage body coordinate frame, or in a surface-relative fashion. Spatial deformers, or global

deformers, apply their function at arbitvary positions in global or local space. Both
types of deformers accept a mesh_in input mesh or point array, The only real 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 o the Input mesh, while spatial deformers and thelr
mputs 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.)

TR0 48] All deformers provide two cutputs: mesh_put and deformation. Deformers
may be used in either of twe ways. They may be used to actually deform their mput
mesh or peint array in a verfex-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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collection: there are no "new" or "delete" operators. Named symbols in the language correspond to
nodes, nod.e inputs, and node outputs. Common preprocessor directives such as #inelude, #ifdel,
#ely; #else and #endif are available. We also provide a #inciudeonce convenience directive for
including a particular header only once within a given translation unit. 2.1.1 Deciaratia [001773A node
is created in the language -0 simply by declaringthe model code: Model Joe; Model Sao; creates two
nodes of type Model named "Joe" and "Sue. Node inputs may be specified within parentheses on the
declaration line as positional parameters or as name=value pairs: Translate sideways(5,0,0); Translate
upwards(ty=2);7 rx and tz inputs default to 0.0 [00178;The first line above creates a Translate node
"sideways" with its input tabs tx, tp 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, Here the system will generate a symbol. name to be used for the node, however that symbol
name will, not becavatabiddeiheprografrsoiiereds nolivaytdreier rodvatRudesutisequently. 212
Inputs and Outpyts 100149 1haede &BI%I&&HQ @H@&&@n@i@é/i%ecé%f}%@aquﬂ‘{éaaﬂﬁ%@&l%tion operator

period), either bz/ nam.e.as n%‘gﬁfﬁ? rlrrfst rome ({IE'; inde as norte_narnc. in[i] (for inputs) or

S vac FRIAHOTE O
node_name.outtl or outputs outputo a’node may @ referenced with just the node name

alone: thus, "m.JR&We" is SguivalEnt s mMpNEdelb el iffsutsrarenaled dreferstpats are rvalues.

Assigning an oufitittaian dapukestabishesesh is provided to the mesk_in input on a deformer
node, the refinement level at which the deformer is acting may be specified at the
deformer’s sdievel input. The surface will be deformed by moving the refined vertices at
the specified level rather than moving vertices af the base {unsubdivided) level zero.
When specifving sdlevel > 0 for a mesh deformer, point-wise parameter flelds conform
o the subdivided mesh. Sdicvel is ignored when deforming stmple peint arrays lacking
connectivity information.

001477 Many deformer subclasses exist, such as RotateDeformer, BendDeformer,
CylindricalDeformer, Sphericallieformer, ConicalDeformer,  MuscleDeformer,
JointDeformer, Boneleformer and mumerous others. Each performs a particular type of
mesh deformation. These deformers may be chained sequentially, passing the mesh_out
of one deformer 1o the smesh_in of the next; or their deformation vector-field outputs may
be combined (summed) in parallel and later applied & a mesh via point-vector
addition. It is common for complex deformation neiworks o include & mix of parallel and
sequential deformations.

106148] The SiceletnlDeformer mesh deformer takes as inputs any number (up to
some implementation-dependent limit) of bone ctm_out's, plus four paire of bone_jd,
bone_weight point-wise scalar-fleld inputs and a body_space CTM input. The bone 1D
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 CIM (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 transtorms are applied sequentially. A positive bone 1D

selects the post-cim of the indexed bone, while a negative 1D selects the pre-ctm of the
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an edge. An edge is also created when an output is passed as an input parameter to a declaration;
Avar up, right; Translate trans (ty=up);/* connect up.value -> trans. fit trans.tx = right;p connect
right.value -> transit */ [00180]Nodes and inputs/outputs inhabit distinct namespaces, so we could
ha.ve written the above as: Aver tx, tr, Translate trans (tx=bc ty=ty, tz=nil); [00181]The predefined
symbol "nil" (or equivalent "NULL") indicates we to leave input tz disconnected. This is commonly used
with positional parameters, for example, "Translate (txmil,tz)". 621When referencing an output (as a
parameter or as the rvalue in an  tent), by default that output will be Pull-ed at the pawn and led at
which the causational pull occurred. (The causational pull is the pull that caused the node on the left of
the assignment operator to re-evaluate and thus request the given output rvalu.e). We can pull at a
specific pawn and/or led via the function-call-like format output (pavan, loft), Given an. avar ty,

"t5r(2.5)" (or "ty smaliel<8)' by tnoutiii2 Bl Wr{paramelib)y ete)seferencasdhevatye of ty at par= =
2.5. "Surface cogrse (mesh, (l9d=0,5));" creates a.Syrface node "coarse!. fromyihe gyfput of node
"mesh" at Ievel.-of_&jetail 35. f00183 n addition to its |nputptabs, every node has art implicit parameter
named deformation of the input mesh as is popular i many consumer-level and real-time

graphics applications.  On hardware that supports the OpenGL capabilities

GL_ARB wertex_blend or GL_vertex_program, we are able to perform the skeletal

deformation on the graphics card, provided (o) that the number of bones falls within

hardware Hmits and (b} that the deformed mesh is not needed for any subsequent

computations (other than rendering},  For convenience, when connecting a

SieletalDeformer, one need only specify the root node of the skeleton hierarchy and the

application will take care of connecting the body_space input and the many bones in

the skeleton (and will mark those bone input tabs Jidden so that they and thelr incident

edges are not drawn in the graph editor view, thereby reducing chatter),

1.18.3 Scene Graph Neodes

001487 Scene graph nodes werve described in general in Section 1.9. These nodes
constitute the scene graph embedded within the larger expression graph, While there
are many varieties of scene graph node in our sysiem, all respond to 2 Render message,
and all take a Concatenated Transform Matrix (CTM) chn_in input and provide a
ctm_out output. The Render message and the 1oles of chn_irn and chu_out in render
traversal are described in dekail in Section 1.9, There are numerous subclasses of the
basic SceneGraphNode class, the most important of which are described below.

[oo1s0; Growy nodes are {he most basic type of scene graph node. A group node
itself serves only as a collective parent for the children beneath it

o151} 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 al the endpoints of the path. We say the scoped scene nodes of P are “scoped to P”.
The non-scene supergrmeph of 2 scene node R we define here as the unton of non-scene

subgraphs above {i.e., ancestral to) R's inputs (other than chw_im}. The potential scoped
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"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.
Avar rx(policy=additive policy: see Section 5 of tent af, units=" degrees",only affects display format in
GUI % corament=" rotation about'sir visible in GUI help 7 =30.0;defaults to 30 degrees 7 2.1.3 Avars
and Parameterized Types [00184]Several node types are in fact templates, and the template type
parameter may be defaulted. For example, Avers are a template with default type "scalar”. (The tYPe
at' is a synonym for "scalar") To instantiate an aver with a different type, a C++ -Like syntax is used:
Aver tx, ty, tz;,/" scalar avars Avar<scalar> sx., Sy, Sz;mare scalar avers 7 Avar<quaternion> rot;
guaternion aver 7 (001851Ey default, scalar avers default: to 0.0 and use an additive layering policy.
(Layering policies are described in. Section 5). Quaternion avars default to quaternion identity (x,y,z,to
=0,0,0,1) and use a multiplicative layering policy. The 0.0 default and additive layering probably are
not what we wantfgrgcdling Averd-§xssy, §r above).Mecamspecifypaddiffepdntipoticieand/or default.

The default is infgreed. fram.the.policy if fat.specified. additive avers.defaull-towa tyng@ppropriate zero

and multiplicative, avers default to identity. _
P via a path confainmg no scenz nodes except R. Then we define the scoped subgraph of

part P as the union of (4) those nodes i s potential scoped subgraph that do not
belong to any other part’s potential scoped subgraph plus (b} those nodes below P, or in
the non-scene supergraphs abave P’s descendents, that are nof in the scoped subgraph
of any descendent of P {other than P iselly and that are not in the potental scoped
subgraph of any node not descendent to P.

no1s2 The names of part nodes in the sceng-graph path from the root o a given
node A confribute the path components to A's full pathname. For example, 2 node
“Thumb” whose full path is “/Fred /RArm/Hand/Thumb” exists in the scoped
subgraph of a part node “Hand”, and "Hand” is in the scoped subgraph of part
“RArm”, which in turn is in the scoped subgraph of part “Fred”, which itself is in global
scope. 7

(001531 A model 15 a type of part node that designates the top scope of an
independently loadable scene subgraph. In the above example, part “Fred” would be
best represented as 2 Model node. -

iD0164] Most scene graph nodes pass their pre-cim {from ofm_in) through to their
post-ctm (at chr_oud) wnmodified. Tramsforms are scene graph nodes that transform
their pre-cim fo produce their post-ctm (Section 1.9). Basic Transforms mudtiply their
chm_in input by the transform matrix at their xform input and assign the result to
cfm_puf. Convenience subclasses of transform, such as Treamnsiste, Rotate and Scale,
simplify building common expressions, here effectively combining a Transietion,
Roelakon or Scaling nods, vespectively, with a Transform node. The Rotate node is
polymorphic, accepting any one of rrryrz Euler angles, an orthonormal matrix, or a
guaternion. Twe Transform subciasses, Bones and Joints, provide higher-level control
over the matrix transform and enable direct manipulation via Manipulator nodes

(discussed below).



Aver tdo1* will default to 0.0, additive policy Aver length- 1;will default to 1.0, additive policy "/ Aver
sx(policy="*");ff will default to 1.0, multiplicative policy 7 Avar<quaternion> rot;p will default to identity,
multiplicative policy % [001861Implicit in the declaration of an avar i.s assignment of the global an
ation clock output to the avar gyrate 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 want the avar to be
time-driven, we need to explicitly specify that the put= input is nil or is connected to some other output,
as shown in Listing 3 below. [001871We may specify animation for die avar within a scope block ("f..
Y") following the avar declaration using the format described in Section 2.3. Normally animation for
time-variant avars would, not be specified within the model itself; however, there are situations in
which it is convenient to include "animation” within the model. For example, an avar driven by the
u-parameter of a 3D curve might be used to define the profile of an extrusion of that curve. Similarly,
an avar could spé@@if§fbne cogrdmaitofte proRledurvetora surfack oiielotatidtminisuch cases, we
may well wish tovaelnde the-avas datawithinsaur medel.code-An exampleshpwing-the use of

embedded avar datg is given n-isting 3.helow, [01881Qther templated npde-glagses include
Constant, Compute, Transmitter and Receiver. When, the'type can be inferred from usage we need.

not specify it exphtR EBnEtaAt Halmidet Erat; ramdivitter MUHAmE) Prransthittébetring> bar;

bend and twist occur. It may be convenient to normealize the length and other
animation parameters of bones so that, for example, setting all length avars to 1.0 will
produce bones of length appropriate for the default pose of a charvacter. This may be
accomplished by adjusting the bias {(and possibly gain) of either the bone inputs or the
avar outputs; generally it is best to set the bias and/ or gain at the avar output s0 as not
o interfere with other processes {e.g,, IK solvers) that mav try to adjust the bone inputs
directly {see Section 1.17.3} Similarly, manipulation Hmite may be set by specifying
value limits on the avars.

HU ] foints ave transforms that represent revolute or spherical joints within an
articulzfed skeleton. Joints accept as their xform input either an orthonormal matrix
{e.g., from an Huler-angle rotation) or 2 quaternion (g.g., from a guaternion-valued avar),
It is often desirable to assemble the model so that all jolnts will be centered (i, Bules-
rotation avars zeroed, guaternion avars set to quaternion identity) when the skeleton is
in the default pose. As with bone parameters, this can be done by setting a “pre-
orientation” via bias and/or gain ar the avar outputs {or, less ideally, at the joint
rotation input). Joint lmits are set via limits on the {scalar or quaternion) avar(s)
driving the joint. The application provides a simple “by-demonstration” joint-Hmit
configuration mode in which the user moves the joint through its allowed range of
motior and the application sets corresponding avar limits. For scalar avars, this is
strajightforward; 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-guaternion vertices of this spherical polvzon
drawn on a 3-1) virtual sphere centered on the loint, or the wser may specify new limits

by demonstrating a new range of motion.
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baninput s) name; Receiver recv (bar); <siting> is inferred 7! <string> is infiTred can't infer 011ie so it
Is specifled */ 7" <siring> is 11.4 Assembling Scene Hierarchies [00189]Scene node hierarchies may
be built up by enclosing children with scope block. Transform nodes implicitly scope the nodes
beneath them up to 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: Translate (1,0,0) ( Cube (3,1,1); Sphere (I); and t Translate (1,0,0); Cube (1,1,1);
Sphere (1);

{873 To facilitate user understanding of the bones and joints comprising a
skeletor, we provide an application opticn to draw a translucent skeleton overlay over
geometry (Figs. 10« and 10%). This is implemented by vendering a ghost {Section 3} in
skeleton mode at the current animation-clock tdme. Bones and joints normally are
excluded from final {off-line} rendering.

001687 Surfaces provide a mechanism for rendering meshes as Caimmull-Clark
subdivision surfaces. A surface node accepts a miesh input and a malerial input
(described below). The mesh undergoes »n Catmuli-Clark refinement steps, where n
equals the numerical floor of the effective lod {Section 1.7) of the render. Commonly, a
mesh will originate at a MeshReader node, be passed through a deformer network, and
ultimately be fed to a surface node for rendering.

00159] Switches and Aftaches are scene graph nodes for intreducing dynamic
changes in scene topology. They are described in detail in Seetion 1.17.

oo1sn] Glyphs are scene graph nodes providing notational graphics that may be
displayed, and possibly manipulated, in interactive views but that are not really part of
the CG scene and are excluded from final {off-line) rendering. Examples inciude
MotionPath (moton-path curves), ConfrolHull (meshed-surface contrel hulis},
EditPoint {conirel points on motion paths and control hulls), Ammotation (text labels
and 2-D graphical markup), fack (2 3- or 6-dof point for use as an 1K goal, attach target,
or anywhere else a virtual referemce point is desired), and Manipulator {discussed
belows). During'a normal rendering pass, glyphs ave rendered in the same manmer as
other scene graph nodes, but glyphs generally are excluded from ghost and shadow
rendering passes {Section 33,

wo161] Manipulators are glyphs that provide in-camera direct-manipulation
control over animatable elements of the 3D scene.  Example manipulators include an
archall rotation controlier, /iy translatfon handies, x/y/% scale handles, and a bend
manipulator handle for controlling bend deformers. The application is responsibie for
creating and deleting mandpulators appropriate to the surface, bone, joint, or other

object currently selected and the current user-specified "maniprulation mode” (defined
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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 be(), ty=0, tze-"0; Avar sx(policy-"*")=1, sy(po="*")=1,
sz(policy Avar<quaternion> rot; Translatensity,tz); Rotaiedotb, S.cale(sx,sy,sz); Avar rel, gel, brit a=1;
Texture("mytex.tiff"); Colord,g,bb 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
changes to the transformation stack and material chains within model Box will not affect geometry
outside of this model. 2.1.5 Expressions and Optimization

above). For example, if the user selects a joint and then chooses “rotation mode”, an
archall controlier will be created by the application and connected as a child of the joint
node, When the user later deselects the joint or changes to a different manipulation
mode, the application will delete the arcball controller.

[eoi8a] Light scene graph nodes define theatrical lighting in the 3-D scene. They
take inputs corresponding to the particular Hght type. For example, Pointlight has
inputs for diffuse and specular color, falloff rate, and linearity, while Spotiight also has
inputs for cone angle, shape and penumbra. Like surfaces, hghts take an optional
material input for creating advanced effects such as gobo's [projected vextures) and
custorn beam distributions or for assoclating azbitrary shaders with a light (Section
1.18.4). An nx m lighting matrix defines the weight with which each of the n lights in &
31 scene iHuminate each of the m gurfaces in the scene. This mafrix defaulis to 1.0
everywhere and is editable by the user in an application dialog. Each light's intensity is
scaled by the corresponding matrix entry before final rendering (and opticnally before
Interactive rendering) of each sarface.

[00183] Camera scene graph nodes define the virtual cinematic cameras used for
viewing a scene. A camera defines the viewer's eye-point. The basic camera class takes
transform-matrix mputs projection and piew and sets the rendering projection and view
muatrices accordingly. Subclasses of the basic camera exist for providing higherevel
conirol over camera mount movemerds (e.g., dolly, truck, crane, pan, tt, and roll), view-
camera movements [rise (and fall), shiff, swing and #It), lens settings (focal Jength,
aperture, distortion), shutter (shutfer_angle) and fitm transport (fps). A filter input accepts
a material value {see below) for creating aa’.vaﬂcéd effects such as lens filters, vighetting,
chromatic aberration, internal reflections (flare) and subsurface scattering (bloom}, as
well as binding arbilrary shaders to the camera. Camaras provide an image_plane outpui
optionally wsed i conjunction with Film Backs and Inagers (Section 1.18.5} to further

define or utilize the rendered image produced.
)
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(00191-1Compute nodes may be created explicitly like other nodes or implicitly via an expressn. The
model program may contain arbitrary expressions a.s defined in Section 2.2 below, with the one
modification that certain "predefined locals" are accessed as parameter-less ftmctions (e.g., "loclir and
"ctmQ"). Standalone expressions assigned to basic types (int, real, string, etc.) implicitly create a
Compute node (except where optimized away, as described below). Assignment of expressions to
node inputs may be made with the assignment operator ("="). For example: real, a= 3 + 4* time; Scale
s (a+1, sin(2ra), 1); Avar up_down; Translate trans; rans.ty -= 2* up_dov,1 create a Compute node
named "a" 7 create a Scale node "s" with input expressions connect edge and set input expression
t001921These expressions and the implied graph 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 standalenevexpiassiasswhose result is used only once will be encoded into the destination
node input rather than instantiated as a separate Compute node ("miming"). Common subexpressions
may be merged TS singEHhpUE 68 G TPUREXBIEEER ML RBHIMBH S tibaRBIESsion
elimination"). Exgiféssiopswihiose resuits:may notbe: usethare debdsstipped{ideatbeode elimination")
unless their declaratign is-qualified.by. the valalile-keywardwvelalile chars (&#ddy 4ig unused but wil
not be stripped '/ OQL%%LEth J{%&Stlﬁn Wlthllen An ex licitly Qef:lared Compute nod.e is gpecmed

media e SInp for materiai-subclass provides 2 conventent way
setting just diffuse color. Texture material nodes bind a 1-D3, 2-D, or 3-D texdure map o
a (OpenGL or offline renderer) texturing operation or the map input of another material
node. Envivonmenthiap nodes bind a spherical or cube reflection map. The texture
image data itself comes from an fmage input, which may originate at a FileReader
(Section 1.18.1) or at an Imager {Section 1.18.5}.

[eG165] Programmable  materials  include  the  FragmentProgram  and
VertexProgram nodes, which bind CpenGL fragment and veriex programs. Shader
nodes allow a named external “shader” to be bound for use during final {(off-line)
rendering by a batch rendering program such as Pixar’'s RenderMan

001861 All materials take & material_in input and provide a material_ouf output.
Connecting multiple materials m series allows the assembly of complex combined
effects. For example, several texture nodes might be connected, with one specifving a
diffuse map, another modulating that diffuse map with another map, a third specifying
a glow map, and a forth specifving a bump map. These texture nodes could be
connected to a shader for controlling the off-line rendering process and a basic material
for specifying underlying material proverties such as diffuse and specudar 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 effecis {e.g., halos and coronas).
A given scene may have at most one atmosphere node that has global effect over the
scene. Atrmosphere material is primarily of importance for off-line rendering; with the

exceptions of fog (which is supported in hardware by current graphics cards), most
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following an assignment operator Cl= using the expression language described in. Section 2.2.
Compute input names are scoped within the function definition, For example, we may (re-)define the
linear interpolation function for meshes as: Compute myMeshnerp(real iceblend, Mesh a--oMO, Mesh.
beilvtl) = etexra + xeb; t001941As x goes from 1:1 to 1, myAileshLerp.out will linearly blend from MCI
to MI. (We define mesh-scalar multiplication as a scaling of the vector distance of mesh vertices from
the local origin.) Specifying type names here is optional. We can define a, more general lerp (behaving
identically to the built-in leap function) as: Compute rnyLerp(x=, a=, 1)=-) = (1-x)'a + ieb; [001951We
specify "x=" (shorthand for "b=nil") to indicate that "xn is the first input to myberp,*a,me of a referenced
output of some other node. The above statement will create a Compute node with three disconnected
inputs named "x", "a" and "V'. 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
(scalariscalatscatar)sande(sesuritnesietmesfrEre botsvafideobetatsé theresultivtfexpressions are
valid. However, passing.(adesh; sealak segiar) will produce an error because mesh-scalar subtraction
(the "Le above) is undefined. 2.1.6 Macros [001961We may define a macro by providing the macro

body following thegracsa daslarationdMaere Robomething(real p" matrix| quaternion g, ) 1...)

[00197]Here parameters p and r are declared as polymorphic: p may be connected
60168} Film backs may be used in conjunction with cameras to provide further

contral over the final-image generation process, Film backs accept an image_plane input
from a camera and a maferial input that can be used to simulate properties of film stock
guch as speed, twansfer function, grain and reciprocity failure. Film backs also accept
inputs for configuring the film format {aspect ratio and ardsotropy}. Film backs are the
only node type other than atmosphere nodes that produce no output value. With the
exception of the aspect-ratic setting, which the user may apply in constraining camers-
windlow resizing during the interactive session, filmn backs are used only for controiling
external off-line renderers and have no effect on interactive rendering,

Foo18e] Fmagers accept an fmuge_plane inpat from a camera and produce an snage
output.  Imager nodes are analogous to the digital-imaging backs available for
traditional (physical, film) cinematic cameras. They are typically uged in conjunctien
with texture nodes (Section 1.I8.4) to produce a reflection map or otherwise capture a
rendered image of the scene for use within that scene. The image cutput may also be
directed to an expert node (implemented as an Hxternal, see Sectiom LI186) for
mtegration into editing, compositing or color-correction scfiware,

1.18.6 Miscellaneous

0a174] Transmitiers and receivers together provide graph-wide broadcasis as
described in Section 1.16.

00171} Macres are encapsulated graphs in which particular outputs and
unconnacted inputs of the graph have been designated “public”. All other outputs and

inputs are private. The user may instanflate the macro in another graph, where it wiil

appear as node providing these public inputs and cutputs. Macres do not alter
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to matrix- or quatetnion-valued outputs, while r may be connected to an output of any type, provided
that type is compatible with the usage of r within the macro body. A macro may not be used. i.n code
before it if defined. Forward declarations of macros are not allowed. [0019a]In the graph editor, macros
appear as encapsulated nodes. The outputs and inputs of a macro node correspond to specific
outputs and unconnected inputs of nodes within the macro, so-called public outputs and inputs. These
public tabs are declared by identifying particular inputs and outputs as "public" within a node
declaration or by issuing export statements. Exported. tabs can be renamed via the "export as"
construct. For example: Macro ColoredCubeAndSphere Color (public rP, public g. public b---); Group
p, Cube. (1,1,1); Sphere 5; export s,raoius as sphereRadius; export pan-Lin, gictirLout; creates a
macro with r, g, b, sphereRadius and cli. Jr inputs and a cbs_out output. [001991The first output of a
node may exported by declaring the node itself as public. In the above example, we could have
declared group §vaspribke Broup!grarfathel: iy explieity exportiag gretrArisie 29 % Naming
Conventions [00208]Wietmaywefeftomaderand node-component names by absolute or relative path.

Relative path nameshegin with, 2 O, ealQ.isinguish.ihem, om LXRiEssIgng.inyglving division.
plug-in interface. They are coded in C++ by using a provided AP, then are loaded at

runtime and are available for use along with macros and built-in nodes,
118 Graph Edifing

FO017E] Fig. 4 is a screen shot of an exemplary control graph 402 for the bottle
maodel shown in Figs. 8a-8c. The graph editor 400 can be used for creating, viewing and
aditing the control graph 402, Example nodes 404 are shown in Figs. 2, 4 and 6. Edges
406 are displayed as polylines joining node cutput tabs 408 and input tabs 410. Nodes
404 may be instantiated by selecting from a list of known node types. User-created
nodes (Macros and Bxternals) also appear in this list.  After creating a node 404, the user
may click-and-drag on the node 404 to reposition it within the control graph 402 The
user may connect node oﬁtputs to node inputs by dragging a rubber-bond line from an
output tab 408 to a type-compatible imput tab 410, or wvice wersa. In some
implementations, selecting one or more nodes 404 or edges 406 and pressing the Delete
key will delete the selected Jgraph elements. Selected nodes 404 may also be copied and
pasted to create new nodes 404 of the same type with the same internal settings.
Internal node seltings (e.g., input expresstons, gain and bias, user comments, oufput
caching strategies, cfc.) may be viewed and edited either in pull-out drawers 600, as
shown in Fig. 6, and/or a node inspecfor appiication 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

JOOtT74] Nodes 404, input and output tals 410, 408, and edges 406 may be hidden,
which has no effect on their behavior but prevents them from betng drawn in the graph
editor. Hiding an input tab 410 or an oufput tab 408 effectively also hides edges 406
incident to fhat tab. Hiding a node 404 hides its connection tabs and incident edges ag

well, Certain connection tabs are hidden by default. For example, Cameras, Lights, and
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Model A real x = 4; Part B f real x = 3; real y = x.;fi refers to /A/a: "/ real a = x;0/A/BA Scale(x,1,1);7
refers to /A/x 7 Translatec/B/ x,0,0);7 refers to 14/Blaa Model C Translate(/ A/ 13/y,0,0); 7 inter-model
yr rence error if A is not loaded 7 11.8 Conditional and Iterativellan [00201]Conditional unrolling of
model code may be specified via the preprocessor directives 44ff, tferif, #the and #endif These
conditions will be evaluated, and selected, branches followed, exactly once, at unroll time (ie., during
initial parsing). [002023 Iterative for and while loops are unrolled at graph consiTuction time, thus
these routines do not themselves give rise to iterative or recursive graph structures. For example: for
(1 1;i<5;i++) Avar make_symbol("v" itoa(i));

basic Material nodes accept many mputs, but commonly only a few are used, so by
defanlt the more obscure nputs are hidden. Similarly, SkeletalDeformer nodes accapt a
great number of inputs, one from each bone within a skeletal hierarchy, but these bone
inputs are all hidden by default. This provides a less-cluttered view of the graph. The
user may show or hide any node, tab or edge at runtime or model-construction time.
The user may also elect to have hidden elements shown within the graph editor 400, for
example, to allow selecting a hidden element. Hiding a node in the graph editer 400
hides that node in 3-I) scene views, and wice verse. Control graphs 402 may also be
understood and edited with an external text editor using the text-based programming
languages described nexi. Fig. B shows nodes B00a, 300b and 500c, comnected with

polylines 302a and 5020,

% Programming Languages

{078 Expression gravh stractures may be bullt interacively via a visual graph
editor user interface. Frequently it is more convenient to specify the graph via a text-
baged programming language. We describe the core of our model-definition language
" (Section 2.1). Two subsets of the modeling language are commonly used outside the
model-definifion seting: these are the syntaxes for expressions, described in Sectton 2.2,
and animation, described in Section 2.3, While we describe these in three distinct
sections, they all are properly part of the same language and all can be used to define a
model or collecton of models. The resulting language is Turing complete, allowing
specification of any computation or algorithun that could be expressed in a general

purpose programming language such as C.

2.1 Miodeling Language

00176} The modeling language in our system is an object-orlented T/ Tt -like
language. It has POEM (Parse Once, Execute Many) execution semantics, with models
being unroiled and the corresponding graph instantiated once at parse time, after which

the same graph is evaluated as often as necessary. The system provides garbage



creates five Avar nodes named "vi", "v2", "v3"1 "v4" and "v5". Note the use of the Lisp-like
makcsymbol to generate symbol names procedurally. These generated symbols ma.y be used like any
other name, for example, we could now write "Scale s(v1.,v2,v3);". 2L9 Conditional Executi
[00203]Conditional graph evaluation may he introduced through conditional expressions (i.e., those
containing "Gond 7 a :17") or by instantiating graph structures involving conditional flow (i.e., switches,
attaches and 1K solvers, as described in Section 1..17). Switches may implicitly he created through
the if-then-else language construct, for example: if (drawSphere == 1) Sphere (5); else Cube (3,3,3);
which is equivalent to: Switch __if@drawSphere a= 1); Cube3,3,3); Sphere Li10.out"1, 5); where the
name "_11.0" 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 B o
coltection: there are no “new” or "delete” operators. MNamed symbols in the language

correspond to nodes, node inputs, and node outputs. Commeon preprocessor divectives
such as fnclude, #ifdef, Fellf, #Helse and fendif are available. We also provide a
Hincludeonce convenience directive for inchuding a particular header only once within 2

given fransiation urit.

2.3.% Declarations

17T} A node is created in the language stmply by declaring it. For example, the
model code;

Madel Joe;

Model Sue;

creates two nodes of type Model named “Joe” and “Sue”. Node mputs may be
specified within parentheses on the declaration line as positional parameters or as

mame=palue pairs:

Translate sideways(5,6.0)

Translate upwards{ty=2% St and tz it default fo 0.0
eI The first line above creates a Translate node “sideways” with its inpuf
tabs tx, fy and fz set to constant values 5, 0 and 0. The second line creates & node with
only one input set to a non-default value. Anonymous nodes may be created as well,
for example, “Iransiate(1,2,3).” Here the system will generate a symbol name to be

used for the node, however that svmbol name will not be available to the program so

there is no way to refer fo that node subsequently,

212 Inpuis and Cuipuls

Letrel Node inpuis and outputz may be referenced via the selection operator (7.7,
period), either by niame as node_nmamefob_name or by index as node_pameinfi] {for
inputs} or node_name.out(i] (for outputs}. The first output of a node may be referenced

7

with just the node name alone thus, “myNode” is equivalent to “mylNodeout]0]”

Inputs are values and outputs are rvalues. Assigning an output o an input establishes



("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 Recursiou (00205)Iterative and recursive graph structures may be created by connecting node
outputs to inputs in order to form a cyclic subgraph. For example: am- create Compute node with one
input "a ", expressing the function "out = Compute Itibonacci(teal x) = x; /* connect Fibonacci output to
its ownusing the given. input expression Fibonacci.x = t="0 ? 0: tret-4 ? 1 Fthonacci(t-2) +
Fibonaccict4); (002061Thus "Fibonacci(3)" yields the value 2, "Fibonacci(4)" yields 3, and so forth.
Referring simply to "Fibonacci" with no explicit parameter yields the Fibonacci number for the implicitly
pulled parameter, which only has meaning in the context of the surrounding graph. The seeping rules
of the language are such. that a node is declared as soon as its name has been provided, even though
the declaration, statement has not vet been closed by a trailing semicolon. Thus, we could express
Fibonacci simply:asiteal Flhenactii=rQ 21Q: taseidb? & phibonacciiss) mkibenacaitt-1.);

1002071Here we, pro\ 19;5? the frmcti.on as the body of the Compute rather than as

Avar up, right;
Transiate ans (ty=up}; /7 connect up.vglue -> frans.ty Y/

travs. b= right; /7 connect right.palue —> frans.tx %/

itlak ity Nedes and inputs/ cutputs inhabit distinct namespaces, so we could have

written the above as:

Avar tx, ty;

Transiate trans (be=tx, ty=ty, tz=nil);
foptgi] The predefined svmbol “ndl” (or equivalently “INULL") indicates we wish
to leave Input tz disconnected. This is commonly used with positional parameters, for
example, “Transkate {tx,niltz)”.
[eO1E2] When referencing an output {as a parameter or as the rvaklie in an
assignment), by default that output will be Pull-ed at the param and lod at which the
causational pull ocourred. (The cousationnl 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 fonction-call-like format outpuf
(pavam, lod), Given an avar ty, “ty{(Z5)" (ov “ty.value(25)", "ty.omt{0l{2.5)", "ty
{param=2.5)", etc) rveferences the value of ty at param = L35 “Surface coarse {mesh
{lod=0.5%);" creates a Surface node “coarse” from the output of node "mesh” at level-of.
detail 0.5
po183] tn 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 charmels are present)

specified via assignment,
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an input expression. Note that although Thona.cci is declared as a real., it can be called as a function
of (paran2Ww) and in fact it will return different values for different parameters because its expression
depends on the Pull parameter t. 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 |,
either directly, y through a time- (or more generally, parameter-) varying input. The graph
generated by the above statement is shown in Fig. 6. [002081A.s 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.
[00209]Listing 1 below gives a more complex example of modeling language usage. Listing 1
describes building a desk lamp. List Tranglaton trans (tx,ty,tz): Scaling scale tsx,sy,s2): public matrix
xf_put = trans g rotscale; Madel-l:amp (1 standsreModeggitanstegus xf; Joint. reotgoint (xi); Aver
5=1, g=0, h=0; units="degrees”, 7 onby affects display format in GUI %/
comment="rotation about x axis”) /~ visible in GUI help %/

= 30.0; [ defaults to 30 degrees ¥/

1.3 Avars and Parameterized Types

{00184] Several node types are in fact templates, and the template type parameter
may be defaulted. For example, Avars are a template with default type “scalar”. (The
type “real” is a synonym for “scalar”} To instantiate an avar with a different type, a

Ut -like synitax 3s used:

Avar tx, ty, t= / soalay goavs ¥
Avar<scalar> sx, sy, 5z; /*more scalar quars 7/
Avar<guaternion> rot; / quadernion auar
[0Gi88] By default, scalar avars default to (.0 and use an additive layering policy.

{Layering policies are described in Section B}, Quaternion avars default to quaternion
identity {(x.y.zw = 0,0,8,1) and nse a multiplicative lavering policy. The 0.0 defaunlt and
additive layering probably are not what we want for scaling avars (e.g., sx.6y.82 abovel,
We can specify a different policy and/or default. The default is inferred from the policy
if not specified: additive avars default w0 a type-appropriate zero and multiplicative

avars default to identity.

Avar fx; S will default to 0.0, additios policy %/
Avar length=1; S will default to 1.0, additive policy */
Avar sx{policy="*"}; S will defautt o 1.0, mudtiplicgtive policy %/
Avar<quaternion® rof; [ will default to identity, multiplicative policy %/
[na1867 Implicit in the declaration of an avar is assignment of the global animation

clock output to the avar parom input. The conmection is made via broadeast (1e,

through a fransmitter/ receiver pair) to reduce ciutter in the graph editor. If we do not

L)
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MaterLal metal (diffuse - )r,g.b), PP='no0) Part Base | Mesh mesh (g5ase.otx11'); sorb baseSuria=
(mesh, metal cart Arm 1 Joint it 1 suns.( 5]f Bone bl | Part. Heed 11xxxx;convent="0 =oointli spotlight")
= |; Aver radius-0.25; Aver r=1, g=1, 1=1, intens"y=307

want the avar o be tme-driven, we need o explicitly specify that the parem inpuot i3 nil
or is connected to sorne other output, as shown in Listing & below.

00187} We may specify animation for the avar within a scope block (7{...}")
following the avar declaradon using the format described in Section 2.3, Nommally
animation for tme.variamt avars would not be specified within the model iself;
however, there are situations b which it s convenient to include “animation” within
the model. For example, an avar driven by the i-parameter of a 3D curve might be
used to define the profile of an extrusion of that curve. Similarly, an avar could specify
one coordinate of the profile curve for 2 sutface-cbvevolution. In such cases, we may
well wish to include the avar data within our model code. An example showing the use
of embedded avar data is given in Listing 3 below.

wno1es] Other templated node classes include Constant, Compute, Transmitter
and Receiver. When the type can be inferred from usage we need not specify it

expicifly:

Constant name="Fred”;  /* <shing> is inferred °/
Transmitter foo (name); /¥ <string> is fnferred Y/
Transmitter<string> bar,  / can't infer type soif is specified Y/
bar.input = name;

Receiver recv (bar); ST <string is inferred %

23.4 Assembling Seene Hievarchies

(01581 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 pomnt
where the transform itself goss out of scope. Material nodes implicidy chain Info an
input subgraph above the “material” input tab of subsequent geometry unfil that

material node goes out of scope. Thus:



real. (2(3( = (intensity 5 r, Intensity g g, intensity i11 (kind ==,( kvax conemngle :unit =ggele"1 = 30;
Cone tradiusg2, radXuxxl.g), housing  Spotliglx: (radius, cone/lngle, color=c); ) else Pointlight

feelorient; Color 11g,9,b)% sphere igadlus177' draw bulb */ Mesh mesh ( SheletaiDeforme Striate
armalrfax,

Transiate (1,00 {
Cube (1,1,3);

t

Sphere (1);

and
(
Transiate (1,00}

Cube (1115

i
i

Sphere (1);

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

simple Box model with anbmation conirols as:

Model Box {
- Avar =0, ty=0, te=(}
Avar sx(policy="""y1, sy(policy="*"}=1, sz{policy=""")=1;

Avar<guaternion’™ raof;

Translate(bo by tz);
Rotate(rot);

Scalelsxsy.5z);

Avar =1, g=1,b=1, a=1;
Texture"mytex tiff"};
Color(r,g by
Cubef{1,1,1);

T

H

{Ga180] The cube primitive will be transtormed, textured and colored by the

gtatements that precede it. The close of scope at the end of the model ensures that

tn
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2.2 Expression Language [00210] The language we provide for entering mathematical expressions
into node inputs uses standard infix mathematical notation, The input will take on the value of the _
expression after suitable variable substitutions. No assignment operator ("=") is necessary (or allowed)
within the expression. Local-node inputs and global broadcasts (Section 1.1.6) may be referenced by
name, and there are a number of pre-defined 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. Table ] -Example Predefined Globals, Locals, Constants and Functions. Name Tune elnbals
Value L global an on clock

changes to the tansformation stack and material chains within model Box will not

affect geometry outside of this model

2.1.5 Expressions and OUpilmization

m0191] Compuie nodes may be created explicitly like other nodes or implicitly via
an expression. The model program may contain arbitrary expressions as defined in
Section. 2.2 below, with the one modification that certain “predefined locals” are
accessed as parameter-less functions (.9, "lod()” and “etm()™). Standalone expressions
aeslgned to basic types {int, real, string, efe} implicitly create a Compute node (except
where optimired away, as described below). Assignment of expressions to node inputs

may be made with the assignment operator ("="). For example:

real a = 3+ 4 fhme; /" ereate a Comprite node named “a” 7/

Seale s (a+l, sin{@%ay, 1) /* ereate ¢ Scale node "s” with input expressions %/
Avar up_down;

Translate rang;

trans.ty = 2% up_down [ connect edge avdl set input expression ¥/

o182} These expressions and the implied graph structuse may be optimized
auntomatically, Por example, mulfiple confluent expressions may be combined Into a
single Compute node {corresponding to the madifional compiler optimizations of
“procedurs 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 separaie Compute nede (“inlining”). Comunen
subexpressions may be merged into a gingle Compute nede or Inpub expression
{“commen subexpression elivpination”), Bxpressions whose results may not be used are
dead-stripped ("dead code elimination”} unless their declaration is gualified by the

volafile keyword:



starttime endtime IFS systemdate, systel <bcast_namo> or boa SHOT, $SEG, SPROJ, 5 SHOST
shotstartUnua shot end time shot frameLper second wall-dock date and time led broadcast
DEFTprogram/system. envirotunent v

{
volatile char ¢ = "a'+1; /% ¢ is unused but will not be stripped %
}
o183 The function within an explicitly declazed Compute node is specified

following an assignment operator ("="), using the expression language described
Sectiom 2.2, Compute input names are scoped within the function defindtion, For

example, we may (re-)define the linear interpolation functon for meshes ag:

Compute myMeshlerp(real x=blend, Mesh a=M0, Mesh b=hMI1}

= (1x)%a + oy

601841 As x goss from 0 & 1, myMeshLerp.out will nearly blend from MO to M1
{(We define mesh-scalar mudtiplication as a scaling of the vector distance of mesh
vertices from the local origin. Specifying type names here is optional. We can define a
more general lerp (behaving identcally 1o the built-dn lerp function) as:

Compute myLerp(ies, o=, b=} = (1=d +

oo1as] We specify "y=" {shorthand for “x=nil") to indicate that "x” is the first
input to myvlerp, rather than the name of a referenced output of some other node. The
above statement will ereate a Compute node with three disconnected inputs named “2”,
“n" and "B, Input and output edge connections to this node are legal fo the extent that
the data types along those edges vield a legal expression. For example, passing
fsealar scalar.sealart and  (scalar,meshmesh) ave both valid because the resuliing
expressions are valid. However, passing (meshscalar.scalar) will produce an error

because mesh-scalar subtvaction {the “1.x" above) is undefined.

2.1.6 Macros

[G6136] We may define a macro by providing the macro body following the maco

declaration



local node mane absolute path to local node named input to local node input to local node (zero- 1
)based) I number of ittlP  pulled parameter value effective levels-of-detail local performance
params (see text) concatenated transformation matrix (only defined for scene graph nodes) ,r'

3i4159--. = 2.71828_ e>::zero )rype-spedfic zero value e>:7icientitvtype-specific identity value >,
>=,stand.ard Infix operators

fot1e7] Here parameters g and r arve declared as polymorphic: g may be connected
to matrix- or quaternion-valued outputs, while ¥ may be connected to an output of any
type, provided that type is compatible with the usage of r within the macro body. A
macro may not be used in code before it i defined. Forward declarations of macros are
not allowed.

oot In the graph editor, macros appear as encapsulated nodes. The outputs
and mputs of & macro node correspond to specific outputs and unconnected nputs of
nodes within the macro, se-called public outputs and inpute. These public tabs are
declared by identifying particidar inputs and outpuis as “public” within a node
declaration or by lssuing export statements. Exported tabs can be renamed via the

“export as” construct. For example:

Magro ColoredCubeAndSphere {

Color (public r=, public g=, public b=};

Group g{

Cube {1,115

Sphere g

]

export s.radiug as sphereRadius;

export gohn_in, gotn_out

j
creates a wracro with r, ¢ b, sphereRadins and chm_in laputs and a ciw_out outpud
anian] The first output of a2 node may exporfed bry declaring the pode itself as
public. In the above example, we could have declared group g as “public Group g...”

rather than explicitly exporting g.cten,_out,

2.1.7 Maming Conventions

[REsapiing We may refer to node and node-component names by absclute or relative
iR PN

path, Relative path names begin with ”.” or 7", to distinguish them from expressions

involving division.

60



Operatorsl=, kke,r),F F", " exp, log, log10, log(b,x)exponentials Function sin, cos, tan, sec., csc, cot
asin, acne, atan, atan2, asec, flossy acot, shill, cosh, tanh, sech, csdn, both, asinh, acosh, atanh,

asech, acsch, acoth sqgrt, powix,y) max, floor, cell, round, abs, sign, kfmod id, rand noise2D,
noise31D

Model A {

real x = 4;

Part B {

real X = 3;

real v=/% Srefersto fA/ Y
roal 7= w0 S refers to JABE Y

H

i

Scale{x, L1} /7 rvefers to JA/R Y
Translate{./ B/ =0,0); / refers to A/ T

;

Model C {

Translate(/ A/ B/ v, 0.0% / inter-model veference, evvor if A 48 vot loaded 7/
}
2.1.8 Conditional and lerative Unrolling
100201} Conditional wnxoling of model code mav be specifled via the
preprovessor divectives #if, #elif, #else and #endif. These conditions will be evaluated,
and selected branches followed, exactly once, at urwoll fime (e, during inttial pazsing).
je0203] Iterative for and while loops are unrolled at graph consiruction time, thus
these routines do not themselves give rise o iterative or recursive graph structures. Tor
example:

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

a

Avar make_symbol{™v" + jtoa(i));

creates five Avar nodes named “v17, “v2", "v3", "v4d” and “v5”. Note the use of the
Lisp-like make symbol to generate symbol names proceduraily. These generated
symbols may be used like any other name, for example, we could now write “Scale

s(vi vz, v3y".
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binca lerp,slerp, smootitstep curd ?a : b <expronerivative(n) trigonometric and hyberbolic
transcendental functions square root andpo e numerical functions pseudorandom number Perlin noise
binomial coefficient interpolation binary conditional dine-derivative of given input <yezps,

.Pariialiderivatiodocrfet?Ly nath derivative yrith respect te no Foexproinfegrai(ftb)definite integral over
interval

2.1.9 Conditional Bxecution

{00203} Conditional grapbh evaluation may be imroduced through conditforal
expressions (Le, those containing “cond 7 a : ") or by instantiating graph structures
involving conditlonal flow (fe., swiiches, attaches and IK gsolvers, as described in
Section 217}, Switches may impheitly be oreated thmugﬁ the ifthen-else language

construct, for example:

if (drawSphere == 1)
Sphere (5}
else

Cube (3,3,3);

which is equivalent to:

Switch __if0 {ndl, drawSphere == 1);
Cube (__#lout_{, 3,3.3)
Sphere {__iflout 1, 5);

"

where the name “__if0" is generated automaticaily. The conditional “drawSphere == 1"
evajuates to one when twue and zero when false. The corresponding expression graph
is:

o204} The wnderiined “value” input tab indicates it has an input expression
{"drawSphere==1"}. A roult-way swifch is built by adding additional outputs o the
Switrh node and providing a mudb-valued input expression {possibly via a separate

Compute node).

2130 Breration and Recursion

00205] Trerative and recursive graph structures may be created by connecting

node outpus to Inputs in order to form a cydlic subgraph. For exampie:



[00211]In addition to what is shown 11l the table, we provide functions for basic character and string
manipulations; operators for array, mesh and matrix indexing; basic matrix and Buaternion functions
and operators, and so forth. 2.3 Animation Language P02123In Section 1.18.1, we described our use
of atoms, or articulated variables, to provide time- (or more generally, parameter-) varying values
within our expression graph. In Section 5, we describe the layered. representation of avar data and
detail the process by which layers are combined to produce an articulated output value. We also
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 ta.bles (sampled layers), function pointers
(procedural layers), pardffetard s afied etobR4stic T&&rS) "6 lFSUGH THe ¢ombination of parameter
values and boundary veiires Speeifiéerin fower-numbered motion channels (forward-dynamic and
multipoint-dynamic layersj:-{60213]elowingedmmonpractice;oun-kinematic data consists of knots
along parameterized ens-dimensionalcusves or splines: each. kinematic motion channel has one
spline. Each knot spegifies the valg. 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 5884 pe. WesprovidecséveratiRndraypes Corfihoristiiseditiiprioraystems, including
stepped, linear, Bezickkiermmitenbe splimeeardinal, ICR-andfaamker SealerandHermite knots, we
provide left- andfighitanagntgndies.that indicale (e e a0d.1al.dervatkesatthe knot

Interpolating a spline segment between knots of dissimilar type involves a two-step interpolation: first
we interpolate th8sBGIABHIHRIEED bnd M e Pl type heRFvE ritaThbiate Feféen these two
splines. (00214] fheéinformation wewprovidednspecifying ehanneh datd-nchudesithe:path to the avar,

the layer in which.the.channel resides, the.gurve.parameterat which.eachknotogeurs, the value of
each knot and an kpot-.type-specific parameters (per knot). The parameters for each knot type are

given in Table 2 HéfoWw " We may optionally also specify the layer set (Section 5.4) to which the layer

belongs. Table 2 Rrigtrypes’and AgSociated Parameters 1 Kiwi Type r Code r Parameter List i

: Fibonaccl{t 2} + Fibonacoi{t-1};

6207} Here we provide the funciion as the body of the Compute rather than as
an input expression. Note that although Fibonacd is declared as a real, it can be called
as a function of {paramilod) and in fact it will retwm different values for different
parameters because its expression depends on the FPull parameter £ As mentoned
above, all outputs may be wsed as functions, but they will only return a value that

varies with the function parameter if the variable definition veferences {, either direcily,

or indirectly through a fime- {or more generally, parameter-) varying input. The graph
generated by the above statement is shown in Fig, 6.

[BoznE] As menfioned previously, in part due to iis ability to represent graph
structures involving iteration and recursion, the modeling language, and the graph
evaluation system iself, is Turing-complete, allowing specification of any computation
or algorithm that could be expressed in a general purpose programming language such

as C.



Stepped . 1 D1 emptyil Linearl Lempty Sealerl B1 Left- and right-handle length and derivative 1
1 'HermiteHet- and riglitshandle_leath and derivative 1 1 B-spline 11empty TCarBdinall
tension(tension ss 0.5 yields Cat:mull-Rom) cr , 1 tension, continuity, bias
(Kcichanek-Bartels) 1 TauU1l tension, continuityl [00215]Statements within an animation file define the
scope of a particular war, select which layer is being referenced, or provide the actual knot data. The
formatis a

[Bo209] Listing 1 below gives a more complex example of modeling language

usage. Listing 1 describes building a desk lamp.

Listing 1

fincindesnas "global/lighting.m"

Macroe StendavdModelTranafonms

{

s osy dpelicy="""i=l, g2 (polloy="*")=1;

public matrin A7 oul = Tyang v robt M oacale;
¥
Model Lampe ()
{

Standarditodelivansiorms xfi;

Joint rootdeint (NE);

Avar g=0, h={
Mater.al metal {(diffuse = (r,g.b), specular = (r,g,b}, shine = 507

Mern mesh [TBase.obiMi
haseSurface (mesh, mavall;

Part Aym [
Joine 406
Bory

Head

Brar kind {cemment="0 = pointlignht, 1 =
spotiight™) = 1y
Avar radiuvg=0.23;

g=l, o=i, intensivy=30;

reat ©{3] = {intensity * iy, intensity ¥ .
invensity * biy

Avay con

housang </
Spotiight {radiuvs, oonedngle, color=c):
}owine
Folnvlioght foolaywo);

Color (v, 4,.bi:

Sphere {radius); £V odraw
balh 4

i
Mesh mesh ("Lamp.obitis

Bkaletalbelormer deform [(mesh, §0j;
surface armiurface {delorm, metal):

&4



subset of that described in Section 21, with the additions of a "Layer layername" statement for supping
by layer and knot statements of the form "u: knot-code value parameter-list” . Layers and scene
hierarchy are scoped independently, that is, "Layer C { Model M Mar tx La" is equivalent to "Model M
Layer C { Avar tx {_}r "ModelNil {Avar tx Layer C LH)", "Mar /M/tx Layer C and so forth. An example
kinematic animation data file is shown below in Listing 2. More particularly, Listing 2 is for kinematic
motion channels for five avars; n/Greg/LArm/wristRot" is a quaternion-valued avar (with an extra spin”
parameter at the end of each knot statement), the others are scalar-valued. g2 5" Reflex ooesheet
version 0, ' Aut.00eneretedhv Reflex dcv bulld10 2003 15:23:58 user meg on 7/21/03 at 12:20 BR .

Rile, /gfors/mjc./shots/Dive.sue Layer "Up-down axe" | Model Greg | 8oxt Akre ( Aver LAGoolgto | 30:
0-0,0203 0.050.050047:10.0142 56: A 0.2506

2.2 Expressien Language

(002401 The language we provide for entering mathematical expressions into node
inputs uses standard infix mathematicel notation. The nput will take on the value of
the expression after suitable variable substitutions. No assignment operator {"="} is
necessary {or aliowed) within the expression. Local-noede inputs and global broadcasts
(Section 1.16) may be referenced by name, and there are a number of pre-defined 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-ghelf POEM
(Parse Once, Tvaluate Many) parser engine that applies aggressive optimdzation to the

parsed expressions, providing fast evaluation speed approaching that of compiled code.
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Avat iI700773g358 30: CC -0.0275 0.05 0.0801 0.12 0.12 41: 8 0.4219 0.082 0.3912 0.1511 0.1511
56; 0 0.1812 0.151 0.151 0t0021 8.0021 ik.goalgto ! 308 80,1207 0.02 0.05 0.91 0.91 47: B 0,0903
0.11 0.11 0,1491 .125 66: 0 0.113 0.053 0.051 0,08 0,08 Avar weistRot | 12:8 0.623, 0.001,
0.2,0.290(0,0,0,0,0,1)0.1,0,05,0

Table 1— Example Predefined Globals, Locals, Constants and Functions.

Name I Value !
: Time giobal anitation clock
(lobsate !
startime shot start dme
endtime shot end time ]'
fps | shot frames per second '
i gystemdate, systemiime . wall-clock date and time
! <begef_namer or beast[<name>] ! named broadcast
| 851F0T, §5EG, $rRO], $USHR, $IEFT, i program/system environment
uuuuuuuu | SHOST | vars
\Predefined | name local node name
{Locals | path abschute path w0 local node
<mpui_namer of in[<ngme>| ramed mput o local node i
| infi] i-th input to focal node (zero-
i based)
i numinpuis mmber of input tabs
J‘ | param or t | pulled parameter vaiue
lod. geom, Jod.artic, loddighy, .., effective levals-of-detail
pricrity, cost locad performance params (see
text)
s cim concatenated fransformation ;
| matrix
i {only defitned for scene graph
L ! nodes)
Constants | pi Lo = 304159
i e [ 2= 271828...
SEYPEFTEEND type-specific zero value
<iype>sidentty type-specific identity value :
L I IR A PRI T standard infix operators
Operators =, i
&de, ||, <€, >>
exp, log, jogld, log{bx) exponentials and logarithms
Funchtions




27,0 (0.7790, 0.54, 0.253,0.11)(0,0,0,7) 00,0,0,1)0.050.010 04:IC 10.570, 0.31356, 0.4459,0.251200
0500 35.52.3032 .4822 0,3795 0 0 03: 50,4247 0.01 0,030 0 64, 0 0.5303 0.050,0500

! sin, cos, tan, sec, 80, COL, 28in, 8005, atan, | trigonometric and yberhotic i
i atan2, | transcendental furctions ;
i asec, aCsC, acot, sinh, cosh, tanh, sech,
! cach,

coth, asinh, acosh, atanh, asech, acsch, !

acoth i

sart, pow{r,y) square root and power

min, max, foor, cell, round, abs, sign, numerice] funchons

fmod

srand, vand . pseudorandom nurnbers

neisell), nolseZD, noisedD ! Perli noise

binondal (,7) binomial coefficient

terp, bilerp, slerp, sineothsten interpolation

cond Tah binary conditional |
¢ <expr> Derivative(n) n-th tivee-devivative of given ;

input H
<expr> PartdalDerivative(n, v} n-th derivative with respectto o
<gxpr> Integral{ab) definite integral over interval
ja.h
Bo211] In addition to what is shown in the table, we provide functions for basic

character and string manipulations; operators for array, mesh and matrix indexing

basic mairix and guaternion functions and operators, and so forth,

%.3 Animation Language

002121 In Secton 1.18.1, we described our use of goars, or articulated variables, to
provide time- (or more generally, parameter-} varving values within our expression
graph. In Section 5, we describe the layered representation of avar data and detail the
process by which layers are combined to produce an articulated ouiput value. We alse
describe, in Section 5.2, the taxonomy of avar motion channels, identifying kinematic
channels as those involving the splined gnimafion typically created by a human animator.
Because of is suiiability fo interactive specification and modification, kinematic
amimation is in many ways the most important laver class within our system. Here we
describe the text-based language used to specify kinematic data, Other layer classes are
spacified via tab-delimited tables (sampled layers), funmction pointers {procedural

iayers), parameters values (stochastic lavers), or through the combination of parameter



00, 00.1700 0.05 0.05 0 0 71: 00,3640 0.05 0.05 0 0 (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.
ing 3 OCturtudesnce "std_deftetS Model Bottle standardSlocielTr Joint rootteinv es Specify bottle radii
at vartsas c's, cut at bottom, oat at top_ s Note this restricts us to a shape that does not bend hack on
o itself. h better shape could be had by using a point-valved a aver and from that driving the Revolve
node directly. cerement,: so the aver is nct mu-driven. Aver radii(paraitsnil) Layer '‘Construction”|

values and boundary values specified in lower-numbered motion: chansels (forward-
dynamic and medtipoint-dynamic layers),

o213} Following common practice, owr kinematic data consists of knots along
parameterized one-dimensional curves or splines: each kinematic motion channel hag
one spline. Each knot specifies the value the spline takes at a particular parameter and
possibly some addiional 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 aigorithm
used for interpolation between knots, depends on the not fype. We provide several
kot types commonty used in prior systems, mchuding stepped, linear, Bezier, Hermite, b-
spiine, cardined, TCB and fan, For Bezier and Hermite knots, we provide left- and right-
tangent handies that indicate the left and right dertvatives at the knot. Iaterpolating 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
thiese two splines.

{00214 The information we provide in specifying channel data includes: the path
10 the avar, the layer in which the channel resides, the curve parameter at which each
knot ocours, the value of each knot and any koot-type-specific parameters (per knot}.
The parameters for each knot type are given in Tabie 2 below. We may optonally also
specify the layer set (Section 5.4 to which the layer belongs.

Table I — Knot Types and Associated Parameters

Knot Tj;j}e Code | Parameter List M
Stepped D empty
Linear L empty
Bezier B Left- and right-handie length and derivative
Hermite H Left- and right-handle length and derivative
Brapline 8 empty
Cardinal < tension {tension = (1.5 vields Catmull-Rom) -
TCB T tension, conBinuity, bias (Kochanek-Bartels}
Tau ) tension, continuity
foazis] Statemenis within an animation file define the scope of a particular avar,

gelect which laver is being referenced, or provide the actual knot data. The formatis a
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1" clknot-type value parachs/ 0.000:0.000.5e5 0.05 0.90.0 0.010:B2.970.05 0.05 0.00.0

subset of that described in Section 2.1, with the additions of a “Layer layername”
statement for scoping by laver and knot statements of the form “w lknot-code value
parameter-ist”. Lavers and scene hievarchy are scoped independently, thatis, “Laver T
Moaodel M { Avar tx [.J}]7 is equivalent o "Model M { Layer T [ Avar & L.}
“Model M {Avar tx { Layer O L3, "Avar /M/tx { Layver € [L}17, and so forth. An
example kinematic animation date file is shown below in Lisdng 2. More particularly,
Listing 2 is for kirematic motion chanmels for five avars; “/Greg/LArm/wristRot” is a
guaternion-valued avar {with an extva “spit” parameter at the end of each knot

gtaternent), the others are scalav-valued.

(5



0.075:54.000.55 0.05 0.00.0 0.400:B4.000.05 0.05 0.00.0

Listing 2

f* Refliex cueshest wersion §,3
* aute-gensrated by Reflex devw huiid Jdul 16 2003 15:23:
* User wie on TFZIAET at 12070 PM

-

ol
e
@

* Flim: fUseys/mic/shots/Dive . cus

=/

Tayar “Up~down arae §
Modal Greg |
Pzrt Lerm

300 B ~0.DR03 G.05 GL0F 000
£7: L oU.042
86 L 9.2500

Avar ikGeal bty |
30 B -0, 02T
47: 8 [,471%
B¢ B 0.3BLZ

3 0.0% 0.0ECL 9.1 4.
0.682 £.3%12 9.1%
6.13) i
avatr 1kGoal_te |
30 B 6.1243 0.05% 5
47 B 0.0902 0.11 i
B6: B $,113 0.051 D.0%L 0.06 0.08

hvar wristhkok |

i B {0, (6,0,6,4) 2.1, D
7B (0.7 0,0,6,1; 0.85 4.0
847 L {0.6

Barsy {
43R 8 0.95 003 00
35: B 2.3851 0.463T 00,3395 0 0
§31 B U.4547 06,01 .03 0 0
i 30,5303 0.05 0.05 ¢ 2
é8: B O,1788 G.0B £.03 0 0
Ti B 0.3848 G.8% .95 O O
)

)

/% EWD OF CUE DRTA */

[o0218] As mentioned in Section 213, the animation specification syntax

described above is not properly a distinct language from the modeling language of
Secdon 2.1, Infact, animation may be specified within or alengside general model code
by scoping layers and associated knot lists within Avar node declarations, as shown in

Listing 3 below.
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0,750:B2.500.05 0,05 0.00.0 0.930:B2.200.05 0.05 0.50.0 0,940,52.250.05 0.00

Listing 3
$inoludesuce "std defs.m”

Model Rottle
standarddodgellraansiorms xf;
Joint rooctdoinr {xf);

/% spac
* hete this restricts ws o

Dottle radii at various w's: v={ 5t Dotiom, w=i At Lop.

shape that does not bend back on

i &
A Detter shape coculd
G

and from that driving the Revolve node divectly.

* We pASS DpALLm

:
*!

so the avar is not time-dziven.

Eyvar radii {paramsnil) {
Layer "Construction® |
FANRH i
4,000
§.0L0:

G090

oW
oo

P

G400 08 9,03 ¢, 89

0,750: B Z2.50 .03 4,05 0.9 0.0
D.8300 B 2,80 0,05 0.0% 0.5 0.9
0,940 FE 2.2 0,953 .65 0.0 0.8
$.980: B .35 0,00 0.05 0.0 0.0
1.000: B &.06 8,63 $.05 0.0 9.0

i & mesh sugfacewof-revelution. */
real meligh

e
=L

Curvedl prefile

wmer=l, W
AN

®ewolve revolve

/* Gengxate surd Erem mesh. ¥/

Material {("ghiass¥i;

Bur

(revolyel
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0,00,0 0.990:a2.250.05 0.05 0.00.0 1.000:00.000.05 0.05 0.00,0

3, Ghosis

o217y in addition to the normal rendering of geometry described in Section TH),
we optionally draw geometry as it would be posed at alternate times £, or with alfernate
animation variable settings, transiucently into the scene as ghosfed geometry. Normally
only the “active” model {(the model containing the acfive node) is drawn ghosted,
however the user may override this by specifying particudar geometry to include in the
ghosted renders, |

moz18] The wser may specify one or more arbitrary times af which to draw a
ghost. Ghosts may be drawn at regular intervals in time, for example: "on 24'¢”, that is,
once-per-second for a 24-frames-per-second (fps) anivoation, as shown in Fig. 8b.
Ghosts may be drawn at “knots”, or keyiramed values, in the animation {Section 4, Fg,
Ba). Ghosts may be drawn af designated “key poses” as defined by user-specified time
markers assoclated with sections of geometry. Ghosts may be drawn at a particular
motion path knot during interactive manipulation of that knot (Section 4, Fig. 8¢}, In
some fmplementations, the user may set a preference to have such mandpuiation ghosts
shown {1} never, (2) momentarily during interactive manipulation, or (3} always when
one or more path knots are selected. Other preferences ave possible. Several
comsecutive ghosts may be drawn during adjustment of knot interpolation rates, such as
while the user is dragging frame-fiming beads along the motion path or manipulating
path knot tangent handles {Secfion 42.4). Rendering ghosts at alterpative 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 & non-
opague color (alpha < 1.0} with OpenGL or equivalent blending,

fogz1a] Ghosts may be shown to assist in comparing alternative arimation,
specifically with differing sets of enabled layers {Section 3). 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 chamging enabled layers
invalidates the affected porfion of our expression graph, the ghosted nodes will be

rendered under the alternative layer setup,
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Sntrfa  Ourve3D profile0,nair.:,,L eel veradi yessbeight, zsNI Revolve

fos2z0] User controls over ghost rendering includer ghost opactty {“alpha™,
Humination mode (whether to perform per-verfex Hghiing computations or use
constant shading), fade rate (ghosts may fade in opacity away from the current fime, as
shown in Fig. 8b), and draw style {ghosts may be drawn as surfaces or “stick-figure”
skeletons), A special “Doppler shift” mode colors ghosts at times earlier than the
current time diffevently than ghosts later than the current time (blue-tinted and red-
tinted, respectively, in our implementation). Finally, the user may choose whether or
not ghosted geometry is selectable via the mousa cursor. By default it is not selectable,
and clicks on ghosts have the same effect as they would if the ghost was not there, for
example, they will select opagque geametry drawn beldnd the ghost.

{6221} Ghost rendering follows any distortions of the motion path as described in
Section 4.1.2 and shown in Figs. %a-%c. This is accomplished simply by pre-multiplying
the ghost concatenated transform matrix (CTM) by the path distortion transforms in
Section 4. Ouwr abiiity 1o rapidly render ghos:té across multiple apdmation times and

layer settings is enabled by the temporal caching scheme described in Section 1,

4. Motion Paths

Py Inn thds Section, we describe the use of moton paths for visualizing and
controlling the movement of articulated and deformable bodies. A rusmber of
animation systems today are able to display a curve through 3D space indicating the
path followed by an obfect moving through that space. We refer to such a space curve
as a motion path, Some of these svstems 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 apecify ransiation, and possibly
rofation, of an entire object fraveling 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-8¢ and 9a-8¢).



revolvelProfille, Y ', es Generate systhuh from mesh. s/ Material f'grass"Surface (revolveH 3.
Ghosts [00217]hi addition to the normal rendering of geometry described in Section L10, we optionally
draw geometry as it would be posed at alternatee, t, or with alternate animation variable settings,
translucently into the scene as ghosted geometry. Normally only the "active” model (the model
containing the active node) is drawn ghosted, however the user may override this by specifying
particular geometry to include in the ghosted renders. [00218]The user may specify one or more
arbitrary times at which to draw a ghost. Ghosts may be drawn at regular intervals in. time, for
example: "on 24!s", that is, once-per-second for a 24-frames-per-second (fps) animation, as shown in
Fig. 8b. Ghosts may be drawn at "knots", or keyframed values, in the animation (Section 4, Fig. 8a),
Ghosts may be draWn at designated "key poses" as defined by user-specified time markers
associated with sections of geometry. Ghosts may be drawn at a particular motion path knot during

interactive mani@;@lﬁg@n of that knek(Seetion: 4 kig- techruque ave that it is very fast due to

temporal caching it is flexible enough o control any type of motion, incduding rotation,
translation, and scaling of and within articwdated bodies, surface deformations, and
giobal deformations; and the reference point through which the motion path is drawn,
and to which refers user manipulation of the path, mav be sy point on or relative to the

surface,
4.1 Visualizalion

4.1.1 Path Shape

fozzd] O techiique for implementing motion paths relies on temporal caching
within our expression graph (refer to Section 1), A user may specily any reference poinf
on any surface in the 3D scene by a number of means (for example, by chicking directly
on that surface while depressing a designated key on the keyboard), To draw a motion
path indicating where that reference point on the suzface moves through space over
tune, we compute where in world-space (i.e. global) coordinates that point is across some
series of discreet sample times, and connect these points with line segments. We render
these line segments as a connected polyling, giving the appearance of a curve through
space. Note that we define “curve” herein o include straight line segments. Varying
the spacing between time samples allows us o produce a smooth curve without
nnecessary detall; the adaptive methed 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 tme. For simplicity we describe this assurning the reference point lies on the
surface; note however that the reference point could as easily lie off the surface: all that
may be reguired ig that we lmow its positon relative fo the Jocal surface coordinate
systent.

Goa2ss The position of any pobnt on a surface is goveméd 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) nown-rigid (refer to
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some implementations, the user may set a preference to have such manipulation ghosts shown (1)
never, (2) momentarily during interactive manipulation, or (3) alwa.ys when one or more path knots are
selected. Other preferences are possible. Several consecutive ghosts may be drawn during
adjustment of knot interpolation rates, such as while the user is dragging frame-timing beads along the
motion path or manipulating 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 die ghost time, and (2) rendering the ghosts using a non-opaque color (alpha
<1.0) with OpenGL or equivalent blending. P02191Ghosts may be shown to assist in comparing
alternative specifically 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 (§hg ing enabled layers invalidat eagm%tegeport on of our expression
graph, the ghosted node will be ren ered under the a ernatrv ayer setu 0220 User controls

over ghost rend&iHG RIAEEE g RBECE patrFTdpRAYS MeiRsiRat Sht?ﬁéa‘e“@t}ﬁt@tﬁe@%z ferform per-vertex
lighting computatiens:ardisecenstantisivadingy;fade-sfate; (ghostsmmayifadedn opaicibr-away from the

current time, as %Qﬂ%@lrl:lgdé%da&d Qé%%%%l%aﬁgﬂ%im&&ﬂ@w@a%%ﬁf@ﬁ% or "stick-figure”
skeletons). A specral "D? gler ehrft" ode ¢ Iors ho%ts a# times earlier than the current time
differently than GHOSS 1ater AR the ChrentTif St ShA TR St FespBttively, in our
|mplementatron)llﬁthaﬁyf&ttf@uges r?tayieh@eselwhétﬁer @r%@t@ﬁd@te'dﬁg%ﬁfféir‘yﬂgfeefrectable via the
MOouse cursor. Bryaatefautt itisvnatselactable, and-€licks 00 gheﬁtStha\éettJaeaame&tte@t as they would

f the ghost was gt ihere. far,xamele ey vl selegleppque gsometny i, pefind the ghost
[00221]Ghost ren ering follows any distortions of the motion path as oTescrrbed in Section 4.1.2 and

shown in Figs. 9228¢=HiS ”EEERImplidHed SHARIRSF [sr8sHuRiBRARTG theEtgRSst REriCAtenated transform
matrix (CFNI) by¢hkepativdistortion dkarfsforms in Section 4. Our ability to rapidly render ghosts across
multiple animation times and layer settings is enabled by the temporal caching scheme described in
Section 1. 4. Motion Paths [Q@222]In(tHis.Seetigh..we describe the use of motion paths for visualizing
and controlling the movement of articulated and deformable bodies. A number of animation systems
today are able tosdisplay ncunie thrbughrdBrspace indicating: the pattyfollowed:byamobject moving
through that spa@eﬁa\%gg%ggégg@ a space curve as a motion path. Some of these systems also
provide user corgé é%yer the &totlon Qath b(}/ aIIottNrnO%the usereltp dlrectllyorgaln ulate the shape of the
path, for examplé, Via contr8l poifits on the path. THis effective ]fetgothe"tﬁser SpatiR translation, and
possibly rotatron‘”@ﬁW@MrF@%@WftmlmmmﬁgW@ﬁa‘c’e %iyﬁfrﬁ%tédtatﬁr@tﬁ@*ﬁatrr“of the object
directly. Unlike pseviotissysigms, e exiprd thismetenpaih sepesentationdydpsviding control of
artioulated bodieg ap. delamable.surfages. allaning.not anly the.paif el the vhole gject to be

viewed, and manipulated, but allowing changes in the shape of the object itself 10 be viewed and

manipulated (Fig 84581 R G GEF 10522 ]§dﬁ%ﬂﬁd¥a§5‘l‘e teamré%ramﬂréeﬁfﬁ&tre are that it is very
fast due to temperalteachingdtiisflexiblierenodgh def@ontiol amy:type of motion, including rotation,
translation, and scaling of and within articulated bodies, surface deformations, and global
deformations; and the referénée-paint throagh. which the, mbtion path is drawn, and to which refers

user manipulation of the path, may be any point on or relative to the surface.
fooazT: Finally, if we represent the motion of a point under a global, rather than

surface-relative, deformation, we pass ransformed points through the corresponding

B ot funetion:

?” 4 (f} =D glabat (j * < sy ({} Pf(}c‘ul }% B g!u{:m’éﬂ [f(‘r.’\-i(r} PJri(:ai } .

Fr0228] For complex motion involving a mixture of rigld wansformation, surface

deformation and global deformation, we may combine these operations as needed.
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4.1 Visualization 4.1.1 Path Shape [00224]Our technique for implementing motion paths relies on
temporal caching within our expression graph (refer to Section 1). A user may specify any reference
point on any surface in the 31) scene by a. number of means (for example, by clicking directly on that
surface while depressing a designated key on the keyboard). To draw a motion path indicating where
that reference point on the surface moves through space over time, we compute where in world-space
(i.e. global) coordinates that point is across some series of discreet sample times, and connect these
points with line segments. We render these line segments 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 hagsywe:compyte the 3RHesition alihe refetence Rointab ANY.aiveps: gine. For simplicity
we describe this assuming tr&q referbence Iotilnt l(})(—f‘s on th surface; %otg ?ﬁe\é%itga};taghe reference
point could as eASRITE GG & HSEE™ Al thkt g B8 TediiradTs Tat we Kiiow Its pasition relative to
the local surfacereoordinitesystehect0022BIT Hevpdsitisrt Brmyepsint birassarfateaisifoverned, by the
cumulative effectpfa.setigs obmathenaticahoperations definechhy Qe Eexprassipaigsaph. We
distinguish here wo classes of eumulative effect: (1) figid, and{(2) pog:faid.(refer 19,3ection 1.10). In.

the first case of concatenated rigid transformations, the position of the reference point P"f may be
represented as A°SEFHGIACTPLOD LiRHEBit-FEnSTOFTTITEAr SPB Sy EabriaE Qstiin of the surface
containing that peinicciie-locabodangdinat¢hsystenyitselfisadefined by the 4x4 Concatenated
Transformation Matrix (CTM) Csuil with which the surface is drawn. Computing the reference point
position at any tiaielt invoestransfermihgd'iocal by the value of Cswf at t. Cstap.) is available to the
surface node at its CTM input (refer to Sections 1.9 and 1.18). We automatically enable temporal
caching of the CFRIFFor a stirfe@ T SER WhTcA VS R Aratlling A MotibiTpath (fféfto Section 1.-5).
Thus we approximatesthe world-space positioniattimeleofthereférenedpointdyint ibmay surface as: Pre

0= surf OP7ocalipz:Wimndl-where i is the cache.laokup-opseatandanihe expression nede output

connected to the,CTIM wﬁ;&g}t oghtheS S 1rg;arcgmlg)aOZZG]In the second case of point motion governed by

. aisplay o a NCes, . .
non-rigid deformations, we are aced with one o?gthr.ee alternatives. First, we may re%_ard the
deformations as 873 "nealireigia:, tid computd tie poimt ofioras Bbsirs "BEcHAte if we desire an
accurate representation:of the metien undef.a. surfdce:deformaticn;awe apphy-thédpfermation to the
reference points. Let.D,.f he.the time:varying fynction thatmaps PeiRts:9 heirpasition under th.e

surface deformation, then: = Wmé& D,,,, (00227]Finally, it we represent the =don of afoint under a
global, rather th ake path polvline so the ditation center sits at the origin, scaling the poins by a user-

specified dilation fuctor, and then franslating them back:
ijdilatud(f}: Td Srg Cuujf{t)?k:w! s ?—1 ST WM{{) F."vw:‘

where T is the transformation that franslates the dilation center to the origin, and 5
scales uniformly by the dilation factor. By default we wish the path to still pags through
the target surface at the current frame, for which we provide a defauit 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
reraing centered about the tavget point,

[onzaz] 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 fickertape

option {see Figs. 9a-9 and 10a~10b). This has the effect of stretching the motion path
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surface-relative, deformation, we pass transformed points through the corresponding Dgiobal function.:
Pr51(1)7...1) plod/ [00228]For complex motion. involving a mixture of rigid transformation, surface
deformation and global deformation, we may combine these operations as needed. [00229]The
motion path polyline itself is represented in. our expression graph as a MotionPath node (a subclass of
the Glyph node type, see Section 1.18), which has among its inputs the object or surface to which the
reference point belongs as well as the surface-relative position of that point. Thus we only recompute
the motion path as necessary by changes in the reference point position (due to the user specifying a
new reference point) or by changes to the transformations and deformations affecting the surface (due
to user changes to the underlying animation). 4:1.2 Path Display Alternatives [00230]In complex
scenes the motion path can become difficult to see and understand clearly. This is particularly true
when the path is tightly hunched: it may begin to resemble a ball of yarn. We have several, options

available for impyaving the gisplay of W&]‘Q%}Q&n%gpﬁiﬁ%%%%g% [0Q231]Whey.fine detail of the
path is diffict t to?%isg,ern, thef yser may ena ‘Ighepgth dilation aFo referé% to a %ggw_wmagnification).

. K Foalarns 1 ORirots ecfion i which . we stre o .
This enlarges, of dilates the’ pati aBout some referdrice poirit in ‘space. Weéaeddmplish this by

translating the poirisioftivé patsopolyiresdterdithionregniertsitbat the Grigitke 8edling the points by a
user-specified dilationdfactorandithen tansiatingdbem: baelks (QFTH8T 68 s GRitalall ST

an amount that increases with £

? Hekwrtaps {f}: {j - 'f‘rmw )V +Csmf {\f)}!focﬁf = {i ” f}eow }V + rﬂb’ivi(;} ?fc}cal ’

00232] Note that the path sample point at { = fu is unaffected by tickertaping: .
therefore the path continues 1o pass through the target surface/target point at the
current frame, and when the animation is played the path will seemingly flow through
space in the directon opposite the tickertaping vector so as 10 keep the path correctly
positioned on a moving target surface (Figs. 10a and 10b),

{D0234} Figs. 7a-7c are screenshots illustrating manipulators for contolling
dilation: and tickertape, Sometimes motion higher up an articulated herarchy makes it
difficutt to visualize movement at the level in which we are interested. For example, we
wish to view the path of the left arm swing of a character as the characier walks across
the screen. The path will travel across the screen due to the motion of the character;
however, we may wish o see the path of the arm swing m isolation, without the effect
of the cross-screen movement. We allow the user to specify any reference node relative
to which to draw the path. In this example, the user might choose o draw the path
relative to the left shoulder joint or to the root joint (e.g, the hips) of the character. We
bnplement tids by transforming path sample points into the coordinate space of the

reference node before plotting the path polyline:

et ; AT et

yrei’miwe (f }"' crqfe)-enm (f jcaw_-f (f )] Jocal ™ (ff reference M(1} w:m:'j’ DfT) Pinm'f
i the case of rigid-body transformations, and we make an analogous extension for the
non-rigid cases. Here we will cache the inverse CTM of the reference surface €

and Ve is the corresponding cache lookup operator. Note that this does not lmit

us to reference nodes in the scene hierarchy above the motion path farget surface; the
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where T is the transformation that translates the dilation center to the origin, and 5 scales maiformly 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 abou.t 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 tickeitapc option (see Figs. 9a-9c and 10a-1.0b). This has the effect of stretching the
motion path withinout in thee the 3D world space by mapping time to a 3D vector in that space. The
direction of the vector controls the direction in which we stretch the path, and the magnitude of the
vector, controls how much the path is stretched. To draw the path in this mode, we translate each
point in world-space by the tickertaping vector V scaled hy an amount that increases with t:
thy.r(oPiced [00243]RISE R TRE AT SaATHIREHIRt AL 12 HgRY id UFaFEted By HickEr therefore the
path continues térpass=tifoughittherztgetisyrfade dardetr poiitratithadlcirre ttfrartien awd when the
animation is played the-path.will-seemingh-low through space in the direction opposite the

tickertaping vec S togj%ee he path c rrect ositig)%gd .on mgyin%tgr%gtstﬁlrgace (Figs. 10a
and 1.0b). [002 ?ﬁﬁ% . 7a- 'Ceﬁgg%%lrge%n% e%utsaﬁﬁjsct%a@t?nog mgﬁi’pralaltag?s or ?:‘Snt'réﬁrﬁgedilation and

tickertape. Somé&thEEMHEH HigHErTEp AR atiirgteer il fareaY hakes REmicaras Fsualize
movement at thexl@vet inwhichwe arednterestedickor examplepwedtwishatoiviewithepath of the left

arm swing of a. characteras thecharacter walks.a-cross the.screan: Thepathavill dtavel, across the
screen due to the motion of the character; however: we may wish to see the path of the arm swing in

isolation, withoufTRE EHER: TP The TP0E8 B EEH M IBMENP e afleW TRl SEPIE Spsify any reference
node relative to which to draw the path. In this example, the user might choose to draw the path

relative to the lefpshaylder pint.grde thewegt joint {eig..thehips) et thecharactersyMedmplement this

by ransforming payh S3MPIE ARINE IR SERIFINAIR.SRACE. 81 s I5lerence oge hefore ploti.ng the

path, The user may also choose to have the path drawn in two alternating colors
(colorstripingy, with the color changing over some interval of ¢ (fime-siriping, Fig. 8b), or
at every knot (see Section 4.1.3 below), or at user specified wmarkers {also referred to as
poses). The user may alternatively choose to enable the Doppler shift mode, where the
section of the path over samples preceding fuw. is drawn in one color and the section
following fuw is drawn in & different color. Or the user may elect to have the path fadc
out at sample points progressively farther in fime from fa. in the same way ghosts may
be faded in and out through time (Section 3, Fig. 8b).

[ae23r Sometimes it may be difficult to see the path because it is obscured by
foreground geometry. The path Besd-Frrough mode causes the path polyline o show
through obscuring objects as though they were wanslucent (Fig. 8a). We accomplish
this by rendering the path twice, first fully opaque (that is, with "alpha” or opacity =
1.0} with depth culiing enabled, then a second time wanslucently (that is, with a user-

specified opacity < 1.0) after all other scene geometry has been drawn,

4£.1.3 Tath Decorations

fo0238] I addition o the polyline of the path iself, we display several other

pieces of mformation along the motion path. Al sample peoints that fall on integral

e
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;"(1))=0c"i(or,™,eye'Vcrif.1?4(r) ,.ca/ in the case of rigid-body transformations, and we make an
analogous extension for the non-rigid cases. Here we will cache the inverse MO of the reference
surface" and W4wc 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 path may be drawn
relative to any node in the 30 scene. If we specify the path be drawn relative to the target surface itself,
the displayed path will show the motion due only to deformations of that stu-face.. [00235]One
particularly useful applicationto draw the path relative to the camera when the camera we are looking
through is moving. This causes the path to indicate how the target point moves within the camera
view, rather than through world space. This is useful both for animated "shot" cameras and for
attached "detail" cameras that move with the target surface, an.d we provide hotkeys for enabling
these modes, [00236]To improve visibility of the path over different-colored backgrounds, and to help
in. distinguishing-ammengmulfiple.paths ohe-isermay specifya salardorihe:path),. The user may also
choose to have the path drawn in two alternating celors (golarstrining). with the. qalar, ghanging over
some interval of t (time-striping, Fig. 85), or at every knot (see Section 513 below), or at user
specified marke SIS (ERETREPTD BreHEe 8% PR EE PR RATHa e a el Eh 86 < {5 Bhable the Doppler
shift mode, whergdhesectidhiefiike phth:evensairiples precedingtdodbis<drawn in dre: color and the

section fo”OWin%iéer@‘é/&dR adiffarent 9,9&9Esé?&o‘ihg25!Sﬁ(i@}@&v@i%%&%ﬂ%%ﬁ%aﬂ%&ﬁr&@de out at
sample points progressively farther in time from trao in the same way ghosts may be faded in and out

through time (Se&tioR 3 G %ﬁ?fﬁﬁﬁ?’ifg‘gﬁ%ﬁ%‘%ﬂsﬁf"‘r%lafrﬁ‘eéaﬁfﬁicult to see the path because it is
obscured by fordé#étfid gebmety. TFhelhthrblead-thrdughimededatise Stherpiath Potyline to show
through obscuring:abjeats @s thalighdhey werrdraasihicani{hig, H¢)-Werceosphistithis by rendering
the path twice, fIESt ftsjllgngpaqs }eﬁ_t(m}% |sw}¥\ég;ht£glgha"i rutgpaag,‘!até(1 .40).with depth culling enabled, then a

. OrTe vai SeLélue
second time translucgntly that is, with a user-s euﬂeg opacity ¢ 1.0) after all other scene geometry

has been drawn PRF PSR EEEdTAfgHY time will operate on the selected fimes. Selecting two or

more contiguous frame beads selects a continuous perawefer range. For example, the
user may select a time range and then choose Copy from the application menus; this wilf
copy antmation of the active nodes within the selected time range. This animation may
be subsequently pasted over & different time range or on a different group of geometry.

[o0E4TT At sample poinis that fall on tmes at which active avars have knots
{Sections 1.18.1 and 2.3) we draw a yellow diamond shape (Fig. 8a), This indicates the
fiming and volue of animation keys. Timing is indicated both by the position of the koot
along the path and explicitly by displaying next to the knot the frame number at which
the knot occurs. Value is indicated by the position of the knot in 310 space and, for
selected knots only, optionally explicitly by displaying nesxt fo the knot the numerical
value(s) specified in the assoctated avar{s). Only knots for unlocked degrees of freedom
withm the model are shown, For example, when performing an axis-constrained
manipulation {e.g., dragging on an axis-constraint handle of a manipuiator 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 curser on a
knot te adjust the koot value or thming (Section 4.2). We optonally display a text label
next o the moetion path knot indicating the names of the underlying avars possessing
kaots at that koot tme (along with numerical values for those avars, as described

above),
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[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 (whole number) frames, we optionally draw a
small blue mark or head (Fig. 8a). This gives an. indication of the rate of movement over a. section of
the path: where frame beads are drawn close together, the motion will be slow; where the beads are
far apart, the motion will be fast. The user can click and drag with th.e mouse cursor on these beads to
adjust interpolation. rates (Section 4.2). This provides visualization and control over the traditional
animation concepts of ease-in and ease-out. [00239]The u.ser may click on frame beads or drag a
selection box around those beads with the mouse cursor to select parameter values, for example, to
select the corresponding shot times when the avar input parameter t is time. Subsequent program
commands involving time will. operate on the selected times. Selecting two or more contiguous frame
beads selects a continuous parameter range. For example, the user may select a time range and then

choose Copy frogyiheg appli&@mam@mﬁm Al GaRy ARIMAtLLATIPe ACtve Badeswithin the
selected time range. This a maél r&[na)‘/] seguen& ?%as)t g\écr a}ﬁgéfggorent tgn§ range or on a
different group olfnﬁéoﬁrhate 7 }[%‘5 A51 s%?ﬁ émf)}(‘%lntS that 1all ‘On times at which ‘active avars have
knots (Sections 1*&1%@%?@ 2@3%@3@%@@?%&@%1@1%%&%@@@@% BayiThidRdRAtes the timing
and value of animation-keysn{ wning is indicated both by the position of the knot along the path and
explcitly by dispigylng nextig. ing koLl Lamepuinenat whichhe knatacsis Yalue is indicated

by the position of the knot in 31) space and, for selected knots oniy., optlona %g eXp|ICIt|¢/ by displaying
next to the knot fh‘éhﬁh?ﬁ@?féqélc\yé‘]ﬂe‘(‘s)’éﬁéﬁﬁ’é‘ﬁ P fRSTRSEEIEE AVAR) eshty RA®tEFor unlocked

degrees of freedemiwithif: thesmiodetarecshowdirForiexample; wﬁehfpeﬁmmm{# armégis-constrained

manipulation (e.g..ragging PR a0 axis- %@r@@tdﬂ@%ec@f@esméﬁtﬁw@&Q\Ec\fviﬁ’g@&@rnbmdmg down an
axis-constraint hotkey)&only knotghfort e unconstriﬁned ava 853 re dIS X[ed on th the mgtlon path. The

131 et e underiving gvar oS AT 1ing
user can click and odrag fﬁ;qthe MOouSe Curser on a St the VAIUE or tlmlng (Section

4.2). We optionaliyrdisptalj madikt %H%é&?ﬁé%eﬁ?@ﬁ&?f?ﬁh%éﬁﬁ‘ﬁa|E§ﬁr¥§afrf’?é5ﬁ%ﬂ‘ﬁ‘és of the
underlying avarsspossessinguknats-athatdamet-time(alonguwith-numeriestvaliies ferthose avars, as

described above),  [Q ééxlilmgt%teha@td;@%t'@&E@@%a t%&gﬁ@m@@@mt&aﬁmﬁﬁor example,

knots that enable or disable inverse kinematics, attaches, or hierarchy inversions, or that change
graph switch-nod&& &ty Hfg’ﬁl’ai‘inéf?ftﬁ@‘?ﬁ@f%ﬁ“ﬁ%ﬁ 194 ﬁ%lw&gﬁ‘bﬁ}&\m’?ﬁoﬁ Ridilow line outline.
[00242]The userimayselectaknabonithewibtionipatir{elgnoyielickifig. endiie: kadt with, the mouse
cursor or by dra%meév%@'%HQQJ&QI@&Q%Q«Y@&?&K@QD' welectedumatian-path. kiagtsithat represent
non-linear knots in the u derIX ing, t%/ars%y;lll display path-tangency handles. The length and direction
of these handlesnr%l?f c&fﬁw angeﬁ andle settings for the underlying a.var knots, and ,
direct-manipulatift§#h&se patheraities Wndnoaify e avaEr W%ﬁ%&ﬁd%ﬁ@?@ﬁ@fhe motion. path
shape (Section 42)ic-\We campuis-thesteagti-andedirection-afthemetion pathehandles:by

differentiating the motion:path.cHry e %tga%e@a%%%qul J%\Mh%@nm mare.Qfhe underlying

avar knots has broken tangent handles (Sections 1.19.1 and 2.3), we draw the motion path knot as an

orange, rather th&nE)¥IBG A SrRGHd SHESE TRIGR “BEBLY- %hafﬁ? E‘é‘tﬁ"ﬁf‘f&?‘?‘i&ﬁ%ﬁé@pwﬁl themselves be
drawn and behavesn = Abiokenifashion ithattis! ther fefttamd righd herdies will betimdegendent.
[00243]When tanggnt Q@ggilte;szgye drawn, we optionally display a rotation twist indicator on the
local-coordinate- @/ g +Z axis; I|ne exge dalll;l(% to &hemqtgotsth%at |Cr)1QICali?st plrectl of a
perpendicular ax ‘% §1 +X Oor W) TS allGWs Vistialization of how the articulation tW|s‘fs along its
central (i.e., Z-) a8 THE Weisriicatht tan He'bisbdrasratireerimisuiatoredeEdntidtinterpolation of
axial twist betweaﬁdﬁ%m& path knats; (hegiibnh2 4 [002441On-he tangent handlessthemselves we
optionally dlsplayfraoz%l \gt.len}gwt, the faster the motion will move; these marks can be direct-manipulated

via the mouse corsor to slide them up and down the handle and thereby control the

motion rate (Section 42). This provides interpolation-rate visualization and control of

ease-in and ease-out analogous to that provided by the frame-bead spacing described

J
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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. above.The user is free to have multiple paths drawn, each through a different
piece of geometry or through a different target point on the same geometry. These multiple paths may
be distinguished by setting each to a different color and/or by displaying textual annotations alongside
each path that indicate the target surface name, the controlled bone or joint name, or a user-specified
motion patimame.Fig. 8a is a screenshor of a user interface 800 for an exemplary 31) CG animation
system. In. the exampig.shovwnsthe userinterace 80Q.ncludes aview window.80d.fok presenting a
display environment cgntaim%%%gimﬁ d bfotg}’rStO?" Formtlpﬁs %)ary%ular exa Jg yt_rl;l‘gﬁarﬂeimated body 802
i.s a bendable-b6itle model Otervodies are possible. The B(‘anrﬁ’r‘h"arg(r)ﬁijb includes but'is not limited, to:
rigid objects, moeféls, Wire sthgetgreésedrictiidteochddies, BHfrBO S, Bedre Svithrdetasmable surfaces,
etc.A motion path.8@4 is:elisplayedcizdae displayenvironment 801with kneis 80&.andldrame beads
808. The motion path, 84 includes knots 80g fgr&él?.%%&ﬁsdam&ogam%%ao,;.slé, 30, 62, and 98.

Motion tangents are brolEer) at frame 15. The knot 806b at frame 30 is selected and its (continuous,
non-broken) hartfIES 87 Hid i) S E RS 16 P TRRA 1 S5 BPHEE KB fraMES. We can see
motion path bleed«tirdusihrhasiveer enatfedilastietmetiorpathd®d4tams|ncentirshows through
where it passes hghind-the beitle sHHace: betweendramesd’ and.25MWeseemankeandines 813 at the
keyframes in the timel ebgg_QSQ"g!Qw,the-dLa\?()i%\tag "t"ti”do‘ﬁfe§0 nas V\Agll as a sel%gtedpglig I%LS for the knot at

animate G a DE 2T er 1&g are Ppossinie
frame 30 and a cUrrent-frame marker rame? 7

2 five; these lines are"also drawn On the scrollbar
immediately belowetie Tl 8o Theirthge Baf STtchetenithe Serdirar 812 §8tét e time range for
which the motiorvpath, 8QduwdltbeedeawniFigicthaida-secieenshatofanetiesdattippaimation showing
time-fading ghoss at L:second. interyals,an.gl wgg%eapaﬁﬁﬂf%%@@%@@%: I, the example shown, the

active avar "rot_2" has knots at frames 0, 54, 71, and 94. The knot 815 at frame 54 has broken
tangents. Frame T % 3 Addeh Bncoibistiping hashEamenabéd. (trd ¢ dlorétising interval on
the motion path &kZsmatekesthe colorstrping iftervabotdhetifreliné80%Hetaw the view window 801.
Ghosts 814a,...,814ease-damn At.Onessecandptervalscweacan seatheil £xast diming indicated by
marker lines 817;,.“. K,817e,‘ki“p€tchag g@e%%%ﬁo%la&ge& %Qgﬁﬁgoélbar. G‘go tag d{i%nigc!%ognabled, with.
ghosts 814a .,81 eé’,ﬁfaana??ig out away rom the current frarfie elghf’.eTO 1350 Fig. 8¢ is a screenshot of
another bottle arimafithirshsvirg simeniperatiomehostes Sifhldhcartbat Franisdiatdr 816. In the
example shown, the.tiserhasselectedihednob820 at frameD4..d herabsence eftarngent handles
indicates this is ajlinear knak(or @imast:linear, kntwith versshed. langent handies), Jhe manipulation

ghost 822 has been created automatically at frame 94. The box 822 around the active aver name "rot
2" confirms there“ A KAEPATRE Sefecd i 1Hd Yot na “atcha Matiptiater E18 s been
displayed around:thetiBottlétinoteltzrfoinfo2" Hoderieisad fawreaithi sooiprisitomstraint-ring
highlighted to indigatedhe uselis-Rerforming axis-ganstrainedsotationsaboutdhedamtldocal Y-axis,
perhaps because tht u%)er ;;s'holditrjﬁ]c% gz%v‘\}é_n‘.caenﬁ?a‘ aia;gﬂg 1{55 JQE *getkoex %thgﬁsinggate% (gragging by
clicking directly on the Y-axis Constraint.ring. The even-spa.cing of frame beads 824 along the entire
motion path 818 iidficklesttivitthe e srriptsT sl Gy the fistioR path 8 1ot B& tiiform, with no
ease-in or ease-auf 7j0R254] Figs Qa+3crshanna eharacterD02-walkingin:plaeces(he idogs not have
forward motion thyough spage)- 10 Fig, 9a.we obserys.the.motion.path 9020t he gng;of the nose: it is

an up-and-down cycle that overlies itself. A ghost 904 is shown at every keyframe. in Fig. 9b, the user
has enabled motfA PSn i REPEBRG? AEH He MBtioH5AA 802 RCLrBoREd SiFEyE Aand we can
visualize the conmipletes igwentieht eycienThe ghoste 90t areatlisptasedHnbpacecldmigavith the
corresponding samile:RoiNts R thg-path, indrig. Qe dheuserhas.orited dhe gamermdea look from, the
front, and has swung the tickertape direction to keep the motion path 902 stretched out to the righ.t
side; she has also increased the magnitude of the figkertape vector so the motion path 902 is more
stretched out, The ghosts 904 remain correctly positioned relative to the path knots 906. [00252]In Fig.
10a the user has selected the root joint 1.002 of the model 1000 and has tickertaping enabled.. The
bones of the underlying skeleton 1004 are translucently overlaid over the model surface 1006. At
frame zero, we can see the motion path sample point (which happens to be at a knot) at frame zero
lies at the root joint 1002; the rest of the motion path 1001 stretches off in the tickertaping direction. in
Fig. 10b, the user has advanced to frame nine; now the motion path 1001 has shifted laterally so that
frame 9 on the motion path 1001 lies at the root joint 1002.



[00253]Fig. 11 is a flow diagram of an exemplary motion path manipulation process 1100. In some
implementations, the process 1100 begins by providing a display environment for presention on a
display device (1104 The display environment can be a 2D or 3D virtual environment provided in a
view window of a user interface that includes a scene having one or more graphical objects. A body or
model is provided for display in the display environment (1104). The body can be a rigid body, an
articulated body, a. body with one or more deformable surfaces, or any combination thereof. An
example of an articulated body is the walking character shown in Figs. 9a-9c and 10a -1.0b. An
example of a soft body is the bendable-bottle shown in Figs. 8a-8c. A motion path can defined for a
first portion of the body relative to a second portion of the body (1106). In the example shown in Fig.
9a, a motion path was defined for the walking man's nose relative to the rest of his body. A control is
provided in the display environment for manipulating the motion path (1108). The control can be a
knot, as descrlbegg!hy;é;thq eshest @{Emﬁgggghe@@@nyﬁt@a@m@@T&@@@@ﬁgyﬁge manipulated in
response to a user interaction with the control (1110). For example, the user can use knots to change
the starting and ¢ en cf positions of the motion path, change the shape of the motion path, etc. Other
motion path marfi§éfations fig\ Beenpretbeisiydeserbedwntire shecttr GiREPHGES™.1,4 Adaptive
Path Resolutiongwist Range R254iktanm the-abovedesetptianabpathsenderingidiehould be clear
that optimally we, want to,plot fhe fosition.of the nath.aniferyalues.oththal Gausq.yglid cache

mappings; in general. we pick t's that fall centered within our cache lines However, in some

circumstances W& r‘?{ﬁs‘isa‘é%ﬁaé HrR B oAy SBr T HisEPAr FRSB It SAt RS S T provide,
[002551When aheelbfectisardwirigradryisiewtym Spate; the Pathownlf tbadtochamgedittle between

subsequent samplg pointsi-Rather than.drawind.apalyling. thﬁ@@@h@ve%ﬁxammpmmt we skip points
that vary little in screen space Iﬁ m ne Uggtt)}cl)rlnb,%taa,mxgog%a i Q%thls Iocallghln t, st rtlng with a coarse
iffer

path and refining seg jments o whose mlépomts from a Straight-line in erpolatlon of the
segment end pmﬁt@xwgﬁﬁt’éﬁ fhﬁrﬁ%@?ﬁé%ﬁéeﬁ’ﬁ‘jﬁﬁc’@f‘eﬁ"f@? th%éﬁ@lﬁ}%‘p%\ﬁﬁé“ﬂ%er control over
the error threshalg:selectngia high:threshaldeausesihepath te-be tess-acturate butrender faster.
[00256Wihen anghieehis JRYIRG. ke uIckly thraughseRces e pathudllignd.lahgeome stretched

out. In such cases, sampling Prei(t) at each cache line may not provide am. accurate representation of

object motion. F&F the Bt &3 tar ettt dUaIEATHY é%ﬁ%%&%F&W@Pé%%fﬁ%ﬁ%%%ﬁ&eés we may
provide finer-graihedisaniphhgofthe motionmWeprobithe arliser (Thouw. toiénabtestdaccurate paths”;
under this option.ye 4se a scree!: space error metric to determine whether and how far we should

locally refine any g ent qj the} patr th bg diotrllt%irtdhtee C g am[golln ngZISOZ]We optlonally scale the
path subd|V|S|on oId étfiresi by the motion pat LeveII16f ]E)%tall ed So that %he path becomes less

(or more) accurai‘é“"&@ ﬁtﬁé@t@[}wﬁ@ﬁéﬁh d%éfé&@@(@?ﬁﬁ&ﬁé&%@%é@%@%’herﬁ} 7y
[00258]Because sendesing ia very-lpagipath(icel-ohe thatiextents acyess @widemsange of t) can be

slow, we optionally.jpcrease, the, erfordhirgshold as t.Aluerogs.dram.ihe;alabalanimation clock tpo,:

motion path 907 is streiched sideways and we can visualize the complete movement
cycle. The ghosts 904 are displaced in space along with the corresponding sample
points on the path. In Fig. 9, 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 o he
right side; she has also increased the magnitude of the tckertape vector so the motion
path 902 is more stretched cut, The ghosts 904 remain correctly pesitioned relative wo
the path knots 906,

jonzez) in Fig. 10a, the user has selected the root joint 1002 of the model 1000 and
has tickertaping enabled. The bones of the underlying skeleton 1004 are translucently

overlaid over the model surface 1006, At frame zero, we can see the moton path
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*|locil'ethresi giving us a time-varying threshold e lihresh(t), where f(x) | at x = 0 andfix) increases as
the-magnitude of x increases. We have found that simply; ¢ [00259:1often works well, with ¢ providing
linear control over the rate of accuracy degradation away from t,mo. This procedure yields a path that
is accurate around the "current time" but becomes progressively less accurate farther from the current
time. We automatically disable this optionsef f(x.) = 1) whenever the global animation clock is
dynamically changing, such, as when. the user plays the animation. [00260]We also allow the user to
specify the range of parameter values over which the motion path will. be drawn; specifying a narrower
interval both makes the motion path render faster and reduces clutter on the screen. The green
range-bar seen at the bottom of the timeline in Figs. 8a-8c provides one means of controlling the path
range. We optionally also display in the camera view range-manipulator tabs at either end of the
motion path itself: dragging on one of these tabs or selecting a tab and a new time adjusts the
corresponding settinlg feirfdop Stavrorerie titedat & e AvaitePrth-PratiementOption

[002611When manigulating:an ehjentiwe-aiienwanha mueten:patiriebe digwndyangh that object. In

the case of an artlc {g&gg bodeg 1%ornsst nugé of@qﬁggg&g&ng@eﬁ&w%g@gp% téoéﬂts |sﬂCanenlent for a
motion path to be drawn thro u%h the end of the manlpulated bone. To facilitate this, we provide the

option of autom&GEHAf fta VIR t‘ﬁ%%iﬁ‘ﬁé‘?f’@ﬁ’ﬁb?@ﬂ“selectlng any scene object causes a
motion path to biasEsated diawin throtighy thiesroot of dhakobjéct: Selectingrarpaiit (sich as a bone)

within an articulated.objget @@%@ﬁ;@@&@n@n@% drawn throughihe.distaleng.ghthadpart. Selecting a
model (such as a character) causes a path t&sp?ddrawn téh{%ggt?1 hgls&ot 10 oint of that model.

envircnment {0r presentaticn on a y device {1 ay environment can
be & 2D or 31 virtual environment provided n a view window of a user interface that
inchzdes a scene having one or more graphical objects. A bodv or model is provided. for
display in the display environment {1194). The body can be a rigid body, an articidated
body, a body with one or more deformable surfaces, or any combination thereof. An
example of an articulated body is the walking character shown in Figs. 9a-%¢ and 10a-
10b. An example of a soft body is the bendable-bottle shown in Figs. 8a-8c. A motion
path can defined for & first portion of the body relative to a second portion of the body
{(1106). I the example shown in Fig. 9a, a motion path was defined for the walking
mar's noese reiative to the rest of his body. A coniprol is provided in the display
epvironment for manipalaiimr the motion path {1108). The control can be a knot, as
described with respect to Fig. 8a. Other conbrols are possible. The path can be
manipulated in response to a user interaction with the control {1114). For example, the
user can use knots o change the starting and end positions of the motion path, change
the shape of the molion path, etc. Other motion path manipulations have been

previcusly described with respect to other figs,

4.1.4 Adaptive Path Resolution and Range

602547 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 fs that fall centered within our cache hnes.
However, In some circumstances we may desire finer or coarser temporal resolution

than the cache Enes provide,



42 Manipulation [002621In 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. (00263]in general, manipulating motion via, the path involves inverting the
mechanism that is responsible for the motion being what it is, that is, the mathematical and procedural
computations that map from changing avars to 31) movement; these computations are exactly those
represented by the relevant subsections of our expression graph.. This inversion of the graph
computations allows us to map from desired changes in the path. shape and timing to the necessary
changes to be made in the underlying avars. In some cases the forward mapping from avar to motion
will be non-invertible; in such cases a "pseudo-inversion” is readily available from our expression
graph, as detailed below. [00264)In addition to knowing what changes need to be made to avars, we
also track dependengies ariging fror)ihis.contol m&g%&ﬁ%%&@g&% adhematignpath cause
dependent avarsgo be1a> jug}gd‘.JAdsjul{]stnent of avar nots F]ﬁls the sidedeffect of p sguing dirty on the
avar outputs over the' ifterval of SUPPOFEoT the RR6tE This push wiltFedtiréivary BteR dirty through the
articulation, and/érodeforriatiorrimerarshiess akimpgishy pushing thitladtiversurfaces The motion path
itself is a child oftheirstiveaswrfaceyandse itdoe will receivethe pushdhatiteriginated. Thus

manipulation of the motion pah forces us 1o Ie-ealale and, fediaw the surface ang, by extension,
the motion path itself. This straightforward gependency-baseg r‘éupmcaﬁ validation of surface an.d
motion path is eAZBI&Y By BUF OISR SFRYCIESHItHIAPINe KB IRESR oAb 66265 Avar discovery
is the process ofctranvérsingthergraphesndt entemeratingithieravals upsgraphrehac paitieular node. This
avar list will defing.the.deorees:ef:freedom that exist in animating that node. Avm: discovery is
normally done a I unroll time, that is, when the mogdel is first instantiated in core memory from
disk at the begintpuélgrllés(g (ff an ‘évrl‘%\l'fﬁa 'iosr%igcetéss%}ﬁr.lﬁg\?\%\%uﬁ véétkgéaﬁ%llg acpeéF%S agéi‘/“%\%%t iSbovery on a
just-in-time basig° deferdrigdisedvery foreveryrodeutibtRetfirst time Wat Hodey made active. Static
changes in graphteprlegy{orexamplacreatingof deletingnareg-eradading efremayving edges) may

require that we rediSCOVEE HpSUaam avars, Rynamic tonalody.chandes, (dug 19, switches, inverse

kinematics state changes, attaches, and hler.arch)r( inversions) may hot require rediscovery however;
we simply maint&RGHUIHFIE TS o e BB 4 " AFS B fatte d HEEERS SRECOSE Wichever list is
currently applicabkerbasgd-on:therctirrentdopology s is:possibie bedaustlthdsedynamic topology
changes are disqﬁ;geéggggg@%%mbi@%@@gg@&y&,{g@@!@gies are fixed and thus enumeratable at
unroll time. 42'1{5%5@5} NVEre Iggpﬁonaﬁy scale the path subdivision threshold s by the motion

path Level of Detail lod, so that the path becomes less {or more) accurate ag the LOD of

the path decreases (or increases) (see Section 1.7}

[oo258] Because rendering a very long path (i, one that extends across a wide

range of f) can be slow, we optionally increase the exrror threshold as f diverges from the

global animation clock fow!

e::‘:re.‘;h (f} = f {’f . l{mw)’ * IO d % g’rhre.sh

giving us a fime-varving threshold ¢ gralt), where flx} = 1 at ¥ = 0 and f{x) increases as

the magnitude of ¥ increases. We have found that simply:
N o ‘l,
=1+ il

meex mik

fop2sgs often works well, with ¢ providing lnear control over the rate of accuracy

degradation away from fuw This procedure yields a path that is accurate around the
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[00266]In Section 1, we detailed how our expression graph represents the computations and
dependencies underlying our 3D scene. We identified that this is a directed graph, that is, edges in our
graph have direction, and that the direction indicates both the conceptual flow of information and (in
the opposite direction) computational dependency. We also discussed (in Section 1.17) how we can
locally invert a subgraph within our expression graph by inverting each nod.e and switching the edge
directions. Recalling from that section, nominally it falls upon each node type to define its own inverse;
however, the system can establish a local inverse (a Jacobian) for nodes that fail to define their
inverse function. The Ja.cobian is not a true inverse because it only is valid around a local region of
parameter space. [00267]Here we use this satne mechanism to map desired changes in knot position
to changes in the animation control variables (avars). We recall that the forward computation defined
by the expression graph maps avar settings to scene configurations. Said another way, the forward
expression grapfFHiapsifrontavarparanfesrspatéto ST Esifigiration dpaceBy fterting (or
pseudo-invertingydherexpiessiangiaphs asidetaiedin:Sectionhiatvs:we gananapfrom 3D configuration

space to avar paametsr. space, Spasifically, we can-map.from lacal.ghanges in. motion-path knot

W

position to corresponding changes in the underlying avars. This local inverse mapping is precisely
what the jacobiaii ‘detines. %8?%&&%‘%’5%?%%?%@8 6 PVERE R LT BES RorABEX Haph structures
involving deformationsidniksingiiar ‘eatpensivetaperatioiisye momperattiebripushe jacobian across
the subgraph using:the.msthod:of Seation.d }lduthis.is-convanientwhen theuseris::

direct-manipulating a motion path dependent upon.expensive articulations and deformations.
[002683in certaisne%}ra&rﬁrﬁstgjt{é%%ég? t%c %%%al ‘b?ggﬁfo?ﬁ]%% §?(‘)1r1°%r81§‘/? e Iﬁyoscéjgaénmf{f is not capable of
successfully adjEsting atar sarafaeteriie 4074y thattirdcathTe i tHE JEsHad R je to motion-path
knot position, evemdheidgh suehanchangeds pagsitglen dhistteuwrsiwherithengenfiguration becomes
stuck in local minima, from.which out 0GRl e@;%xyf%&: Iyerse is.npLakls laLeseape. Such

circumstances mostly arise only in pathological graph configurations, so they do not overly concern us
here. When they,da. a[ise, ihe. wser ﬂggéggﬁ@@g%r manipulation methods, such as direct
manipulation of skeletal joints and bones or adjustment of the underlying avars themselves, to escape
the local minimat2&269]Irvmany:casesiwecaihiavoid issues:of {ocatimipihacdy eénsuring our odes

define globally valid inversepperators 0. seme-casgsdhiswontibepossinie.eLanemploy an
automatic stochastic technique for e§capin local minima. This ishag%cgrg sim&[ by injecting

lished
noise into the avi PaPANTEIES'il the Fope that & il ay'“"‘raa{”"r?’(?Jl‘c?rzﬁtciFnl'an}geat‘éma%r?l‘\?%br will allow us to
escape the loca.traihfmurnildprathies; Jefeidiy O raraTodn it ibechiofesdaveatient to allow the
user to direct-manipiate thesskelelon:orather geometny attrefthedecatninimuma.Because
manipulation of the motion,path knots, the skelgton, of,georagly, itselt, and.fhe,actygl avars all affect

the same underlying representation (the avars), the user may freely move between these control
mechanisms, for'8XahiI& By RIS G EFotBRVIE S haRPUIBIHE gBo MER\ uireCiR? when the motion
path knots get "stuck%=Nonetheless {«wwvé a0 phovide StoshasticlescapesehlGealighimmeras a user option.
4.2,2 Knot Value, Adjusiment4002701Each 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; wewish, tQ;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 elsewhere above, this
is an underconstig#fEt] probtemdithatit spthveresarbemiltiplé figoed? solitions)rafttroerdh in some
situations it will bg.Qvercanstrained.(therg:is pe.selution). e find a.hesh- salution asfollows.

with the mouse cursor on a knot or its handles to adjust knot value, timing, motion

tangents, twist rates and interpolation rates.

{02631 n general, mantpulating motion via the path nvolves inverting the

mechanism that is responsible for the mofion being what it is, that is, the mathematical
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(00271]First, we need to identify a point in 3-space to which we want the motion path knot to move.
The mouse position defines a ray in 3-space that begins at the camera-space origin and extends
through the projection of the mouse cursor on the screen plane. We choose as our target point for the
motion path knot the intersection of this ray with the plane passing through the current motion path
Imot position and perpendicular to the camera forward (-Z) axis. Thus the current knot position and the
target knot position both lie in the same X-Y plane. Subtracting the current position from the target
position gives us a goal. vector in. that e. We now need to find the change to the active unlocked avars
that produces movement in the path reference point that best approximates this vector. [00272]In the
simplest case we will have an explicitly invertible path available through the expression suhgraph that
subsumes the active avars and the path target surface. In this case it is straightforward to solve for the
necessary avar changes by passing our goal vector through the inverted graph, yielding a vector of
avar deltas. Thesgdgltas are appliedin.theavars.as deseibed inSection 5.(02 73]lp another simple

case, we do not have an explicitly invertible path but the composite jacobian for this subgraph is
orthogonal with FEEBEE S IhE CSHtFOY aVisre. TIRFEHTS straiflstroPWAard (8 tFaHSFSrT th& vector through
the jacohian andeexiacttherecéssdrycavat dettasy Titeserduitdsardltherrapplied astdescribed in
Section 5. We then:examinehew closely.ibe motion pathrknetapproaches the.desited position, and
iterate until we reach g preset erroy bound, This teration is independent of frame rendering (see
Sections 1.6 a.n ?L.Sn) and therefore does not interfere Wiﬁ?%asifntalnlng target rendering rates.
However, becaude&'w ddPHialfitaifif4&tptiats Fted el dBeShe mist¥d mB9e faf"enough in a
single update pass-thabopeor fweritéeaticing.are insufficient to achieve the error bound, so we rarely

need. to iterate fysihen Becausawe are.[elying.a0-agradient descent mathad, we.haye no problem
tolerating overconstrained systems; we will find a goﬁ? " solution, if not the exact solution.We deal

with local minima &% eSSBS iR SE&IEH 5 SPBVE 160D 741 I isFe BRI EaRES, the composite
Jacobian will notcbesGithrrgorarandorhaydisie dédereratiesa Fhersistenimagestittdeiunder- or
over-constrainedsukheea#e.a numbesebwaystadeatwith-sugh systemsinve take the.pragmatic

approach of the made) specifving, nisferied iat seftings,(as.defined hycthe. avar, defalt values) and
~ limits and weighting particular‘avars as i)elnij "more stft" than ot ers, which the human designer of the

model explicitly dafREEY i Hasdhs a6 ahevEbut StobRUEtiFaR ERbose AROAGHERETE o adjust and
amounts to adjustithem:so as:todfandrchangesthatipreferaniiaty Movelesswstifavats and keep avars

in their preferred ranges.and.nearheirpreferred.centar values, We can use.an.offithe-shelf
constrained optimization %o]verf r perfo_rrﬂl, this iteratjon q{EICkcliy A is rare for the kn?t target to

n . e 1or INe

move so far in a SIRGR TBUATE pasE HEF Ve RE8Y t6RTaT S mors thaR & Lolpta a8 This tends to
happen only in higghbrneontlirsar: cotitrel grapAdySueegrapis drey demséhinehtyaiffieigit for us to
manipulate via thgamotion path, and users will typically resort to direct manipulation of the geometry or
adjustment of th%w%rlying ava.rs in cg)%trollincgsm?%%%tr ct%gg%[gOZ?SlWhen .ass%@bling a model

TGET, GI5CQUEFY 15 thie DroK Tsing the T and enuwmerating

for this system, it'is worth considering’how common non-lin€ariti€s In the parametefization of
articulation contr8l&nHyssFract Tt HHass vt mofohFath miariptatisriesresmpler singularities in.
Euler rotations cam:makeidiuectamanipulation ofsthelimotion pathrawkward in sode situdtions. We allow

users to build moggls ysing Erlerangle.or quatemiondatations.but,prefer siatggniong, because they
yield more naturabl direct manipulation. 1002761We provide s%veral simple \Q/%/.s for users to exercise

some control over 8 CaiSrait 88 ST WitHS R Hodifihg ThE R AyiAg o ds! Bt avar setup.
First, the user maystaekpaties defavars asawittierebyetiptinatidg cotraspondingdéyieesof-freedom
in the solution spage. &he:Mast.CORNRO N-eXAM Plec0fihis S usipg. an-axigwenRsiainiheatkey or

manipulation hangle, ia.imit Senighio & sinole. avan. FOTeAAMP IR RIRING, AR GHlef700le foint by
In

dragging on the red (+X) axis constr Ing of the
Diynamic topology changes (due to switches, inverse kinemaftics state changes, attaches,
and hievarchy inversions) may not require rediscovery however; we simply maintain

multipte Hsts for the upstream avars of affected nodes, and use whichever Hst is
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arcball will adjust only the ix a.var for that joint. In the case of quatermon rotations, the system will
project the specified rotation onto the desired rotational. axis, thereby enforcing the axis constraint
without actually causing any avars to be locked. The user may also explicitly lock or unlock any avar.
Motion-path manipulation solutions will honor that lock by not considering that avar to be a
degree-of-freedom. Me motion path display reflects this by only showing knots for "free" avars (Section
4.1.3). [002771The user may also control, the constrained solution to some extent by adjusting the
"stiffness” of thi_ avars (as described above). We provide a manipulation mode in which clicking and
dragging the mouse on a joint or other node adjusts the stiffness of avars directly driving that joint.
This is particularly useful for inverse kinematics solutions, where we prefer a linkage to bend more at
one particular joint than at another. [00278]Finally, we may avoid the entire analytic or numerical graph
inversion. process described above by having the model explicitly define inverse mappings from

common manipylafigns (ranshatien.seatian. sealg, ongidinglbends, BIC) 0 ils.aals. This is the

simplest and in many ways most convenient method, but naturally it lacks flexig)ilit;/ for exceptional
circumstances. NEHEHTESY Ein 8iRfsTe th SHEIE STRRESS Tolhtsl SesTBREthiFmetid & tay be sufficient
for most or all avars. f0D27OdWhendble aisercdniasles the option to display numerical values for the
associated avars at selected motion path knots, in addition to manipulating a path knot itself, the user
may edit the nuriérical-atielsvdiréetly or may drag right and left on them to mung" them up and down.

anlpyt atqr Wldg%%s?t ég_OZSOSA model may spe(_;l_f% ugpgggg rr;gsn]gqlggéog nggggl anfﬁecorrespondlng
manipulation widgets é all shown'in f-ﬁg. §03 for use in controlling particular

) rﬁ]ﬁwn %, we (etatle
such as the fotation arc

sets of avars. Thesysteirrprovidasdefaisit mariplimtse Widgets forardmsittibiaisiétion, scale, shear,
bend, squash./ streteh anshsimilar-basic: operations~Cusiamyvitigets may-beiadded.as externally
defined Glyph nadgsauahdhelucin. niertace (Saeton. . Al ayars.ca) heassociated with
some manipulation mode to be 1manlpulated via the mechanism described in Section 4.2.2 above.
Avars associatedSRith Spanticitsy isaewilloe St 5A1) Wieh tralnivae iseas@dled by the user.
[00281]if no otherhaniputatiossistyde:phakessenseyavarsimay heidesighatdgetdirections.

Recalling from that section, nominally it falls upon each node type fo define its own

inverse; however, the system can establish a local inverse {a Jucobian) for nodes that fail

to define their inverse function. The Jacobian is not a true inverse because it only is

valid around a local region of parameter space.

(o027 Here we use this same mechanism to map desired changes in knot

posttion to changes in the amimafion conirol variables (avars), We recall that the

forward computation defined by the expression graph maps avar setfings to scene

configurations.  Said another way, the forward expression 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. Specificaily, we can map from local changes in motion-path

knot position to corresponding changes i 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 composife Jacobian across the subgraph using the method of

Sechon 1.17. Thig is convenient when the user is direct-manipulating & motion path

dependent upon expensive arficulations and deformations.
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manipulate via "munging.” Motion path knots associated with such avars are manipulated by mouse
cursor drags in screen, space; these drags map directly to changes in the avar value. For example, in
the case of a scalar avar, drags to the left might decrease the value of the avar while drags to the right
would increase it. Again, o the modeler to specify these mappings. [00282]inverse kinematics
represents a special case of control. Here the control graph has already been inverted, and we simply
provide direct manipulation of the 1K goal. That is, to visualize motion of or control the endpoint of an
IIK chain, one selects the IK goal (drawn as a "jack” glyph in 3D space). The path is drawn through the
goal. The goal has simple translation, and optionally rotation, a vars that may be manipulated through
motion path knots and manipulator widgets as described above. Relative ben.d at multi-joint chains
may be adjusted by modifying the relative stiffness at these joints, as described above. Multiple
solutions obtained by rotating about the longitudinal axis from the IK root to the IK goal may be
selected, amongiizsa] "swinglemaniputatiemamode; lindhis:madeydraggingidnl anysgeametry within the

IK chain, or on almoﬂoﬁbp@é&gﬂ%tM&Q&WXM&QW%HM&%%& Eh@al)K«;QQaonMOUQh that
solution space. More sagphisticated LK chains, for. example involving non-planar linkages, or
non.-revalute joif ‘F\‘/’\?iﬁhﬁ38%?%“0“6%%’&8&?8%‘?‘}?%%‘&éﬂafﬁ%sé%oﬁ‘vé‘h%ﬁ‘o%%li%‘r%‘ﬁﬂ ffU&P&fon mechanism
described abover®sibid. Otherautanipictidns 002834 dddition tothe dbilityveposition motion path
knots in 3D spacexwe.pravigde severakathermanipulationcantiols. i orcantral ovessgtations only, for
example when the active. nogggi% a aslpher'calr{f?ointa%r the root transform of a model,.we. provide an axial

f
. 1582 QIHY HI, Taph CQ LUTRULNS, 50 BN not overly conce us’here‘
twist control as describéd in. Section 4.1.3. This control is a manlpulatoﬁ? handle that is drawn when

tangent handles f0iea $&letted5atht RSt e Hrafne e dr R HEhHE foitIb caIteskis line,
extending in a ditectipn=orthofekddto iiat linel (eages +X atjushetttindicatesdhdyaxialtwnist around the
local Z-axis. Dragging;en thehandie calses;the joint to rotate about that axis. We determine the
implied sphericalta%u%&rniorﬂ rotation using an archall-style Pgo%ec‘tio‘r}jqf the mouse cursor onto a
sphere centered'at the base oF et hERdie” EST EUfer TOtaNoHs Wethar etiadt the z-axis rotation
from that sphericafistationandiservmty thederavar forthzcjoirt For jointetmrotfeddy
quaternion.-valu &ehasvass, we-piejechthasphenealxotationapto thedoeakhzs 0 planeand then convert

that n-only rotation. bagk.Ie.a dualeriom whigh e Use.0,Adlusted INe avay, 0. bath cases, the avar
is updated as described in Section 5. 1002841 Tangency handles at a Bezier or Fiermite motion path

knot at time t indiC4t8 tha e and gt dBrivatives aftHe patnesfiatrior ofHetisa May tlick and drag
with the mouse quesor-ora-héndletocontrdhthelpathrshapepwe neddtaimagthisicentrol back to the
necessary changgs.ip.ihe underlying &varsel Q@o&@ﬂf%@:@%@t1Bé@%ﬂ£ﬁﬁ.ti0@<éﬁge|ength specifies
a 3D vector; we add.th 1t vector, scatled b¥ht e inverse f the frame rate, 10 th(Le1 motion Path knot
position to find tH& 08&IFad poSition of tHE Path target Poiltt af thias 25 IR HoTTHE left handle) or t
=t fps (for the righit Halidiey W paiss thaetaieetpoirtthioudhtheanydiseexprassicrisubgraph in
exactly the samexway mswe de:-forknel pasition{Sections:4i2. &y aneidid:R): Thisigivas.us desired
values for each avar. at.t-.or 'E;I;gﬁg%.ﬁqgg gigggrgnce%with ttnh%javar t\/%%gl\s,‘a&l{}g{j%es us an estimate of

X . ma.mppiatmff ire g DIouon ba Ota oe 121885,
the desired derivates in each avar, which'we use directly‘to set thé avar knot tangent handles.

Sometimes it will' B RpTSS Ble- 8 L raca P HYBRER AR WitH-the mouse cursor because the
tangent handle is very short and thus obscured by the path knot itself. Clicking and dragging on the
motion path knot%Hil&-BepYEEEHTEHBIREY (our implementation uses the Option/Alt key) results in
dragging the left f&@?‘?éﬂand'%aﬁ%&%@éﬁa@%%@t@&@%k% fara mtj&@pgag&k&o%igw Ynderlying linear

avar knots converts those knots to be Beziers. Normally when draggir;g a. knot tangent handle, only
that handle is mafiSarated: th& BB osig tahyent Haribie wir Fetatd aRESPaHGR i the' Randles are
"mended" (not "breiden'ydsidescribed abole) Butctsdengthnwill ndtchange:=Braggihga. knot tangent
handle while depsigssing.a.hatkey(againwe.tse: the Qption/Altikey).causes ¢he tengths of both tangent
handles to change, symmetrically, regardiess ofwhether the handjes are, brokery ), e opposite
handle length "mirrors' the c%a’nge in the Fnanlptiflsat‘e dndle. T us, when thé user 8p’tion-drags!" on
a path knot with null tangent handles, not only the left handle but the right handle also are pulled out
from the knot. There are menu items, as well as a hotkey, to "break” and "mend" the tangent handles
at the selected motion path knot; these actions are &pplied to the underlying avar knots. Mending
broken, tangent handles causes the right handle to be set to match the slope and length of the left
handle. Breaking tangent handles does not immediately change the slope or length of either handle,
but allows the handles subsequently to be manipulated independently. 002851 Motion path knots may
be retimed by dragging on them while depressing a hotkey (the Control key in our implementation).
Dragging to screen-left decreases the time of each underlying avar knot, while dragging to screen-right
increases the time of the avar knots. Knots can only be retimed in the interval between nearest
preceding and succeeding path knots. When multiple path knots are selected, retimirtg one path knot
similarly retimes the others. That is, if path knots at frames 6 and 10 are selected, and the knot at

frame 6 is retimed to frame?, then the knot at frame 10 will be moved to frame 11. Knot times are
adiricted to the nearect intearal (\whole niimher) frame hyv defarnily hiit thie behavior can he nverridden



clicking the mouse cursor on a frame bead inserts a new knota breakdown) on all active avars at the
corresponding time.. We oprion.ally insert the new knots as Bezier knots with tangent handles
adjusted to preserve the existing shape of the path. We accomplish this by differentiating each avar at
the frame lime and solving for the tangent slope and lengths that will preserve this differential. We
adjust the new knot tangent slope and length and the proximal tangent lengths of the preceding and
subsequent knots. [00287]Interpolation rate along the path is adjusted in. one of two ways. First, the
user may drag on the frame beads displayed along the path. We solve for the change to the
nearest-knot tangent handle slope and length that will approximate the new frame bead position in the
same way we solve for changes to the tangent handles themselves (described above). Second, the
user may adjust the interpolation rate slider on the handle itself; changes to this are mapped directly to
the interpolation rate of the underlying avar knots. [00288]During manipulation of knot time and
interpolation ratezwe-opfienally display multiple:ghests alopouhe timednistvalhetwegn the preceding

and subsequentﬂr}qgttli(%r)lb tél%lknoxgésme?u%&ha% (t) may be drawn, as full ghosted models, as minimal

skeleton "stick fi‘dures glfcfj modegf)o_r as skeleton stick figures of the subsection of the model
articulation hierdféRy/heingfrariisarste® (fraiis: fnpbriioreT ihelHibdel sk 8o diom the 'active”
node to the nodethraughwhich. thexmetion pathds drawn) 400289 H-shauld-ba-Cleardn this
description that the, mofion-pathshased manippation.ot.meien, iming and shaes are.rthogonal in our

system. That is, a user manipulating the motion path may adjust the timing of movement along the
path independeritly BB pAlh SRAFES SRdVREERBISE” FORNEMBIE: thY ohEH Mt isplay and
control mechanisry we havetdestribedisequaligrapplicatye tovaried types gheanimatéd values (e.g.,
scalars, points, yeetorsi-quatermnions..and-athers)and torabitiany - exprassiongraphs-davolving

articulated strucl;cure%kglg]:pr@ {prllebgtgr{iacgﬁgg mdeﬁd an PTIEI)I’IF E;ggfprter!%sggree]%orgggggtlon. It prpv!des
{ Tl rom frame rencfeﬁng rates. All this is

real-time direct maé%elpulau n and visualization fully (":Iegoz'z“uf)iedu
enabled and facfitatebely e tsFpoFAPCHERIERY E5ete Bafefphrel refated featliedrdften.r expression
graph describedmGectiond ac@atiomloayers |80 200 nSectoncldd:t, wedeseribedeatr use of
articulated variablas, @g@gg@#g%ygg&iggming values within our expression graph. Here we

[

present the heterogenous, multi-layered. representation used_ within these avars; their implementation;
and associated Mathanism® f8f e TEE WVEIRTLAtEe The RIS O METERE SPHGHER " Snalogous to the
image layers provideshiti:poputasirn ageseititgt apipiicatichs 2(8029%ArralvEe retdiedrzeur expression
graph expresses;s@me funglionQfit is saightforward to solve for the necessary avar changes by

passing our geal vector through the inverted graph, yielding a vector of avar delias,

These deltas are applied to the avars as described in Section 5.

Fo0273] In another stmple case, we do not have an explicitly invertible path but the

composite Jacobian for this subgraph is orthogonal with respect to the control avars.

Here it is straightforward to transform the vector through the Jacobian and extract the

necessary avar delias. These deltas are then applied as described in Sections 5. We then

examine how closely the motion path fmot approaches the desired position, and iterate

uretil we reach a preset error bound, This teration is independent of frame rendering

(see Sectioms 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 ierations are

insufficient to achieve the error bound, so we rarely need to Herate further. Because we

are relying on a gradient descent method, we have no problem tolerating
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scalar input parameter. Often this parameter is time, but that need not be the case. So far we have
said little about how this function is defined. [00292]Avars are composed of multiple motion channels,
each of which specifies some aspect of the total avar output fun.ction. Motion channels are
composited together under a programmable functional composition, described below. Motion channels
are organized into layers.avar may have zero or one motion channels for each has zero channels
on a given layer, we say it has no animation for that layer. If it has one channel on a given layer, we
say it has animation for that layer. If an avar has animation for any layer, we say that avar is set;
otherwise it is unset or defaulted. If the output value of an avar varies as its input parameter changes,
we say the avar is animated; otherwise it is constant. 1002931As described in Section 1.18.1, a given
a.var may have any one of a number of value types, such as scalar, vector, point, quatemion, scalar
field, or mesh. All motion channels within that avar will have the same type. [00294]At a. given time, a

single layer is the,active, Javer.Rirect manipgation, display:ef knots e thenaatian, path, and

manipulation of the motion path all in oIV%th active Izzygr,onlﬁy, and are only possible when the active
. . d mvith Incg mJFlmags e ed in becthcsﬁ 4.2 ai,}(xﬁ 4 . .

layer is a kinema&fie VR K EELHoH 805 Tha User ehbdses What layer is active and may change

between active |EgéFéiat wilk: Barevietive Cormpbsiting (00295 Fherd arebiroicempoiients to the

channel compositigni-(L)@dayer-wide compesitingaperatae: and-62)} aB avakspreiiedayering policy.

The compositing, Qperalor; iz ane. olihe, cpetatars Astingc, Ry eriel aad W] Rgrter and. 7. Duf.
Corn positing Dlglta‘ﬁmages, omputer Graphics (Proceedings of 31GGRAPH 84), 18(3):253-259,

July 1984i which™$iHi 18RS R8I FGrEtEd BT ETBRE & HErBM. Y it amtrely 2 We v e loose analogy
that our notion ofiitayeriticergspanasitoRorerand Buff Stipiete€" drd otiei'motion elannel”

corresponds to Roder and.Dutfis pixele Ageocrdingly.wepreumide thedellowing.eperatgrs for compos
ting two layers A and B: . _ .. . L
choose amony avars 10 adjust and amounts to adfust them so as to favor changes that

preferentially move less-stiff avars and keep avars in their preferred ranges and near
their preferred center values, We can use an ofi-the-shelf constrained optimizafion
solver for performing this iteration quickly. Again it is rare for the Juot target to move
so far in a single update pass that we need to iterate more than a couple tmes. This
tends to happen only in highly non-linear confrol graphs. Such graphs are
consequently difficult for us to manipulate via the motion path, and users will typicaily
resort to direct manipulation of the geometry or adjustment of the underlying avars in
controlling these siructures.

noa7s; When assembling a model for this system, it is worth considering how
common non-inearities in the parameterizagon of articulation controls may affect
naturalness of motion-path manipulaiion. Tor example, singularities in Buler rotations
can make direct manipulation of the motion path awkward in some situations. We
allow users to build models using Fuler angle or quaternion rotetions but prefer
quaternions because they yield more natural direct manipulation.

fonEre] We provide several simple ways for users to exercise some control over
the constrained soiution without modifying the underlying model or avar setup. First,
the wser may lock particulay avars at will, thereby eliminating corresponding degrees-
of-freedom in the sohution 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 Buler-angle jomt by dragging on the red (+X) axis constraint ring of the
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Table 3- Compositing operators, after Porter arid Duff Operatim earaea Are B LA over B B over A
under Ain B A B out Aexclud ase all animation

archall will adjust only the rv avar for that juint, In the case of guaternion rotations, the
system will project the specified rotation onto the desired rotational axis, thereby
enforcing fhe axis constraint without actually causing any avars to be locked. The user
ray also explicifly lock or unlock any avar. Motion-path manipulation solutions will
honor that lock by not considering that avar to be a degree-of-freedom. The motien
path display reflects this by only showing knots for “free” avars (Section 4.1.3).

o277l The user may also conirol the constrained sclution to some extent by
adjusting the “stiffness” of the avars (as described above). We provide a manipuiation
mode in which clicking and dragging the mouse ou a joint or other node adjusts the
stiffness of avars divectly driving that joint  This i particulasly useful for inverse
kinematics solutions, where we prefer a linkage to bend more at one particular joint
than at another.

oezZre] Finally, we may aveid the entire analytic or numerical graph inversion
process described above by having the moedel explicitly define inverse mappings from
common mantpulations {ransiation, rotation, scale, longitudinal bends, etc} to its avars.
This is the simplest and in many ways most convenient method, but naturally it lacks
flexdbility for exceptional circumstances, Nonetheless, in simpte models such as jointed
skeletons this method may be suffictent for most or all avars.

itk When the user enables the option to displav numerical values for the
associated avars at selected motion path knots, in additfon to manipulating a path knot
izgelf, 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

o280} A model may specify sizpported manipulation modes and corresponding
manipulation widgets (such as the rotation arcball shown in Fig 8¢} for use in
controlling particular sets of avare. 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 foough the plug-in
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- ----H 1 Oreplace all underlying animation .isable layeril 0,1 override specified avars i ii override
previously defaulted. -atl_iiiil avars .1 Il keep only avars common to both 1- 0 ,01 layers,. overriding
previous | animation mask out all butiapecified avars 1i.. . ,... | animate only specified avars

interface (Section 1.18). All avars can be associated with some manipulation mode to be
manipulated via the mechanism described in Section 4.2.2 above. Avars associated with
a particular mode will be “active” only when that mode is selected by the user.

(002811 if no other mantpulation style makes sense, avars may be designated fo
manipudate vie “munging.” Motion path knots associated with such avars are
manipulated by mouse cursor drags in screen space; these drags map divectly fo
changes in the avar value. For example, in the case of a scalar avar, drags to the left
might decrease the value of the avar while drags to the vight would increase it. Again,
it is up to the modeler to specify these mappings.

joozEat inverse kinematics represents a special case of directmanipulation
conirol.  Fere the control graph has already been inverted, and we simply provide
direct manipulation of the [K goal. That is, to visualize motion of or control the
endpoint of an IK chain, one selects the IK goal (drawn as a “jack” glyph in 5D space).
The path is drawn through the goal. The goal has simple translation, and optionally
rotation, avars that may be manipulated through motion path knots and marndpulator
widgets as described above. Relative bend at multi-oint chains may be adjusted by
modifying the relative stiffness at these joints, es described above. Multiple solutions
obtained by rotating about the longitudinal axis from the IK root to the IK goal may be
selected among via a “swing” manipulation mode; in this mode, dragging on any
geomeiry within the IX chain, or on a motion path knot through any such geometry,
rotates the IK chain through that solution space. More sophisticated K chains, for
example involving non-planar linkages, or non-revolute joints, will need to be handled

through the conventional graph inversion mechanism described above.

£.2.4 Other Manipulations

00283} In addition to the ability to reposition motion path knots in 3D space, we
provide several other manipulation controls. For control over rotafions only, for
examiple when the active node is a spherical joint or the root transform of a model, we

provide an axial twist comirol as described in Section 4.1.3. This control is a
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1 except those that were previously Lianimated | mask out specified avars | override previously
animated atop B 1 atopat lavars I-a B. animate only specified avars,..i...i | 1: , i mask- .

manipulator handle that is drawn when tangent handles for a selected path knot are
drawn., It is drawn from the joint-local Z-axis Hne, extending in a direction orthogonal
to that line {g.g.. +X or +Y). It indicates the axial twist around the focal Z-axis, Dragging
on the handie causes the joint to rotate about that axis. We determine the impied
spherical guaternion rotation using an archall-siyle profection of the mouse cursor onfo
a sphere centered at the base of the twist handle. Tor Euler rotations, we then extract
the z-axis rotation from that spherical rotation and set onty the rz avar for that joint. For
joints controlled by quaternion-valued avars, we project the spherical rotation onto the
{ocal z = { plane and then convert that rz-only rotation back Into a quaternion, which we
use to adjusted the avar. In both cases, the avar is updated as described in Section 5.

[eo284} Tangency handles at a Bezier or Hermite motion path knot at time ¢
indicate the left and right derivatives of the path around . The user may click and drag
with the mouse cursor on a handle to control the path shape; we need to map this
control back to the necessary changes in the wnderlving avars, The desired tangent
handle divection and length specifies a 312 vector; we add that vector, scaled by the
inverse of the frame rate, to the motion path knot position to find the desired position of
the path target point at times £~ = - 1 /fps (for the left handle) or ¢ 7 = { + 1/ fps [for the
right handle), We pass that farget point through the inverss expression subgraph in
exactiy the same way as we do for knot position (Sections 421 and £2.23, This gives us
desired values for each avar at i~ or t 7. Taking finite differences with the avar values at
t gives us an estimate of the desired derivates in each avar, which we use divectly o set
the avar knot tangent handles. Sometimes it will be impossible to select a path tangent
handle with the mouse cursor because the tangent hendle is very short and thus
obscured by the path knot itself. Clicking and dragging on the motion path knot while
depressing a hotkey (ouwr implementation uses the Option/Alt key) results in dragging
the ieft knot handle. Pulling out tangent handies for a motion path knot with
undertying linear avar knots converts those knots to be Beziers. Normally when
dragging a knot tangent handle, only that handle is menipulated; the opposing tangent

handle will rotate accordingly if the handles are “mended” (not “broken”, as described



B atop A underkeep any existing ani Amation in those avars i | A X Or B' xor.lot ii_e2A | eliminate
avars animated in both Llayers- . blend layers together according to ' r A plus Bblend11 channel
layering policy- Iblend layers together using an 1 A plus Baddl

above) but its length will not change. Dragging a koot tangent handle while depressing
2 hotkey {again we use the Option/Alt key) causes the lengths of both tangent handies
to change symmetrically (regardiess of whether the handles are “broken”): the opposite
handle length “mirrors” the change in the maripulated handle. Thus, when the user
“option-drags” on a path koot with null tangent handles, not enly the left bandle but
the right handle also are pulled out from the knot. There are menu items, as well as a
hotkey, to “break” and “mend” the tangent handies at the selected motion path knot;
these actions are applied o the underlying avar knots. Mending broken tangent
handles causes the right handle to be set to match the slope and length of the left
handle. Breaking tangent handles does not immediately change the slope or length of
either handle, but allows the handles subsequently o be manipulated independently.
[o2ss] Motion path knots may be retimed by dragging on them while depressing
a hetkey (the Control key in our implementation). Dragging to screen-ieft decreases the
time of each underlving aver knot, while dragging to screen-right increases the tme of
the avar knots. Knots can only be retimed in the interval between nearest preceding
and succeeding path knots. When multipie path knots are selected, retiming one path
kot shnilarty retimes the others. That is, i path knots at frames 6 and 10 ave selected,
. and fhe knot at frame 6 is retimed to frame 7, then the knot at frame 19 will be moved
frame 11, Knot times ave adjusted to the nearest integral (whole number) frame by
default, but this behavior can be overridden in the preferences or via a hotkey during
dragging. Retiming a knot while holding an additional hotkey (Option/Alt in our
implementation) causes the underlying avar knots to be copied to the new fime, rather
than moved in time. Retiming a number of selected knots while holding another hotkey
causes the knot times to be streicked In 8me {or, more precisely, dilated about the
current time), causing the corresponding moton to occwr more guickly or slowly.
[002863 Depressing a hotkey (the Command key in our implementation} while
clicking the mouse cursor on a frame bead inserts a new kmot {i.c., a breakdown) on all
active avars at the corresponding timme. We optionally insert the new knots as Bezder

kuots with tangent handles adjusted to preserve the existing shape of the path. We
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additive layering. _policy H-blend layers togeth.er using a ' A pins Bmultiply ii licative layering policy
[002961he operation Milli:On specifies the Porter-Duff compositing operation, name specifies the term
we use to identify this operation, and. 7v4 and wit (FA and Pa 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 CRIX motion channels, and (2) in the detalil
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 avars
lacking animation on a particular layer do not possess a motion channel for that layer. We consider the
alpha associated with such a non-existent channel to be zero. Channels that do exist in the layer all
have the same alpha, specified layer-wide by a special envelope avar. Each layer has exactly one
envelope avar, and these avars are unique in that they are themselves imlayered, that is, each
envelope aver coniaipsa sinale metienchansglforthe layerthat envelopeaffects. e envelope avar
is unaffected bytthg co %ositi(pgZ %?r%}%r afEd 'Iagerr %IphfﬁH_ovye?/ehthg e-‘n&eloge avar is optionally
subject to the timefcourse avar described befow. For é“§<amep €, the eﬁ\‘?el?)%e for a. criloc'ling layer may
optionally be cydtegeaictpsvithlthegdseot the myershsmianotherayarditayerenveldges may be
defaulted (to 1.0isetdenaeemstant value, or animated. The value-type of envelope avars is scalar,

and they are “S‘ﬂ@d%ﬁi”em%@é%é&?amﬁ%@%ﬁm@%@5?&r19§ﬂ£{%!&’§§{)olé%f‘%$o%%|.!.Sﬁ%t, fting envelopes

to fractional values between 0.0 and 1.0 allows continuous blending between layers. P02971The
layering policy féf4 Givefivartis Bineredati sr riitplicatre. Thebsiey tefiie& fiow the channels
of that avar combine:umdéncompesiting!\ &drexah ple;tr s lation avansandamestiother scalar avars
are additive, thatig, theirpumericahvalues indayers Aand B aecombinedibrgualscalar addition.

Conversely, scale avars (sx,syysz) and ynit.quaternion fofations are, multipligative; they are combined
by (scalar or quaternion, respective y3 multiplication. Transformation matrices are normally

multiplicative. THe dSettsfiocbatistriet therexpregsiohgiiipefor e modébmaespedify either policy
for a given avar..hheavarwildoltow the same policy on all layers except those using the add or

muliply operatog,baih of whigh Qyetdde e vareRgciisayeing.glicy il g daygrpwide policy.
[002981During layer com%%smn , the'layer-weighting factor (WA or mil) is multiplied by the layer alpha

(recalling that ouFTBYiIGH EREHERS A A PHES IR S8 Pl ) i 8t ¥t Value is used to
scale the motionretannels within tfrestagyert:Sealingaamotiorivdhanrnell isimtérpretadiasl a linear

interpolation betweenthe.chapnelvalue and-alRe:sResHic.zerQ for.additive.channels) or identity (for
multiplicative chqnnels?' zero and i engir'%ﬂ}e_defined Rer %yg% 1%accijgﬁrfdéigngﬁto contra on athematical.

A ! beine amanipulate a OTT0n

. e model arbculation ltf‘ﬁ i T nili} .
convention, for exampTe, or sCalars they are jU%’[ e usua respectvely. calars, pomts,

vectors, matriceskatiermosttbthertypesinte iholats deenrliribito tenstandarditifeaminterpolate (lerp)
operator, while ugitzgerateraions.dmterpolatesvia thasphetigabinterpolate {siespyoperatar. Thus for an

additive scalar ayar, sealing.2 motienshanngleorresponds do.a.sealar multiply.qf the,ghannel value.
Scaling a (multiplicative) quaternion rotation involves a siefp between quaternion identity (no rotation)
and the channel %wlatmg the motion path may adjust the tonmg of movement along the path

independently of the path shape, and vice versa. Furthermore, the motion path display
and control mechanism we have described iz equally applicable to varied types of
animated values (c.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. Al this is enabled and
facilitated by the temporal caching, cycle safety and related features of our expression

graph described in Section 1.

95



[092991For example, given two motion channels of an additive scalar avar f OVin7operator would
composite these avars as: ail(1- (:4.6(B) where fv(-es the value of avatmotion annel for laver v at input
parameter x. For now we assume tA = La. (We will reexamine that assumption below.) Similarly, two
channels of a multiplicative quaternion avar g would composite via the atop operator as: (7.0=
0.1wAgA(E.O* 7,a4a"g6(It4)* aaiN"(!") = slerp(a, a" , q,"At rA)) s Loup em™ [00300]We have assumed
thus far that all motion channels are parameterized identically, that is, that t =111= La for all layers A
and 13, Now we introduce the notion of a time-course avar. Each layer has exactly one tune-course
avar and, like the envelope avar, this avar is special in that it is milayered, 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 TA mapping from avar input parameter space to the patarneterizadon of the

evaluation functign &%Mdggtﬁ@,&gannels within layer A. That is, LAT s.(t). [003011A patrticularly
useful time-course function is the saw-tooth function curve. This causes animation within a layer to

cyclically repeat P@#6le") ovreresomeé Himevatrge:Byelingdstheimosticommioncuseast the time-course
aver, and, fo_r coﬁ\é@ﬁl@&g&g&% wgﬂ%e@&@agyrm@m§w%{aﬁne @@@Qg@tﬁ)@@%& f@é{-f_.c_yclinhg layers
oer e e g ot IR S5 Tl o S b gl

implementation; and asscciated mechanisms for their use. We introduce the idea of

layers of motion, analogous o the image layers provided in popular image-editing

applications,

Ba2et An avar node in our expression graph expresses some functon of iHs

scalar input parsmeter. Often this parameter is fime, but that need not be the case. 5o

far we have said Hitle about how this function 15 defined.

folasz; Avars are composed of multiple wofion channels, each of which specifies

some aspect of the total avear cutput functon. Motton channels are composited together

urder a progranimable funciional composition, described below. Motion channels are

organized info layers. A given avar may have zerc or one motion channels for each

fayer Ifithas zero channels on a given layer, we sav it has no animation for that laver,

If it has one channel on a given layer, we say it has animation for that layer. If an avay

has animaton for any layer, we say that avar is set; otherwise it is wnset or defaulted. If

the output value of an avar varies as iis inpuf parameter changes, we say the avar is

animated; otherwise it 1s consianf,

fo0283] As described in Section 1.18.1, a given avar may have any one of a number

of vaiue types, such as scalar, vector, point, quaternion, scalar field, or mesh. All motion

chammels within that avar will have the same type.

100284} At e given time, a single layer is the achive layer. Direct manipulation,

display of knots on the motion path, and meanipuiation of the motion path all involve

the active layer only, and are only possible when the active layer is 2 kinematic layer

(Section 5.2). The user chooses what layer is active and may change between active

tayers at will
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[003021hi general, layer composition for aver (r involves: x()x.-1)2 cl; where 0, is the (user-specified)
operator for compositing layer i upon layer i-1, with. associated weighting factors WA and we as
defined in Table 2, and xi is the value of the (existent) motion channel for layer i, We recall that the
layering policy for a given. compbsiring operation is the layering policy of the aver being cornposited,
except under the special compositing operators add and multiply, as indicated in Table 2. Then: laeb
when layering policy is additive b 0 b when layering policy is multiplicative ter(T/0))-i- inter+Ra (i), 0, x
interp &A a (T, (0))* interpe("aixi', if time- course affects layer ((s envelope otherwise. [00303]For
guaternion-typed avers, interp is the spherical linear interpolation, or skip, operator; otherwise it is lerp.
U and 1 denote type-appropriate values for "zero" and "identity". Ei(t) is the value of the envelope aver
for layer: at parameter t, and the alternative lookup strategies for Et ) reflect the user-specified option
of whether a particular layer's envelope should be affected by that layer's time-course a.var.
[00304]We note tHat HEHOH BBRSPEEng is 1101: mathematically corninu Wive, that is, the
compositing ordeggissgignificant, QQ%@%%%&I@?@E’ arierRul GQEHQB%EW%PQ%?JQ&%L@G

non-commutative and because multiglication of si%),nic of our avar data types (e.g., matrix and

(patent:ton tensoey & ROR-EBRAIEAGVE: HBWBVE e e compositing opeiacor s

omne of the operators defined by Porter and Duff in T. Porter and T. Duff,, Compositing

Digital Images, Computer Graphics (Procsedings of SIGGRAPH 84), 18{3):253-259, July

1984, which article is incorporated by refevence herein in its entivety. We draw the loose
analogy that our notion of “layer” corresponds to Porter and Duff's “picture” and our
“metion channel” corresponds to Porter and Duff's “pixe]”. Accordingly, we provide

the following operators for compositing two lavers A and B
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compositing is mathematically associative, that is, the grouping of compositing steps is not significant,
because the Porter-Duff compositing operators are associative and tensor multiplication i.s
associative. In fact, one limitation we impose on value types within our system is that those types can
be associative under addition and multiplication, as well, as possess a well-defined zero and identity.
otion Channel Taxonomy [00305]We have. said nothing yet about how the functional mapping
parameter t to value xi within, a single motion channel is specified. In fact, rather than a single such
specification, there are alternative specifications; this choice may be made per layer. The classes of
layers include kinematic, forward dynamic, multipoint dynamic, procedural, sampled, and stochastic.
All motion channels within the same layer are of the same class. [003061Kinematic animationto
animation that is defined by "splines”, that is, curves whose shape is defined sparsely via knots and
an. interpolation rule for filling in the gaps between knots. Kinematic animation is often, though not
necessarily, created by a humamgperatos-{QQ30Ohenuard:duntinic metian refers to animation that
has been generated via a. computer-simulation solution to a single-point boundary problem. The
boundary value is spegiffesiifor Same initiakparafieter ctpreatation aydithécsinulation uses a d equation
solver to integrate fonsatd in timexcomputing values #rasphdergentds, is generally done as an offline
process and the reSLIfﬁng ani i%?@ﬁﬁﬁafa i3 saved in #ﬁm&ﬁh‘ﬁ?ﬁ?ﬁﬁmss_
[003081Multipoint-dyHantic-motBH: tefers to-animhatiod tHiE K s aa
computer-simulation SofbhA-to X ulti-peint boutidh ')qwfﬁg.jﬁcgm.% by values are specified at a
number of parametersilgveand thedimulatjor:uses an ffgié Ve process Stich as gradient descent to
develop a solution thatinterpotatesthespecifiedbou %%'S&?M%W straints. Again, the
solution is generally ¢computed as an. offling,progess M;@;h@,ggggmﬁamatlon data saved in. a

=
)

readily accessible format animation
Bin A mask {0 ¢4 | mask out all but specified avars
! ardmate only specified avars !
Aocut B lout T-op 10 | except those that were previously
| animated
i Bout A exclude © |0 T-cra | mask out specified avars
2 j ; i override previously ani d
PAatop B atop ap e P y animate
; avars
| mask animate only specified avars,
B - v - - = .
Batop A l-ap | a4 | keep any existing animation in
- funder U s
those avars
| .1 | eliminate avars animated in both
Axpr B | wor © e | leau |
: | lavers {
’ | biend layers together ding to |
ApiusE | blend 11 yers fogether acoarding fo |
| channel lavering policy i
) . blend layers together using 2
Avplue B | add 1 1 enc layers toge hetiusmg o
additive layering policy
‘o - biend layers together using ¢ 5
Aplus B mukiply |1 1 e i 5 mt,eﬁbgr using a i
= | multiplicative layering policy
[pozas) The operation coluran specifies the Porter-Duff compositing operation,

name specifies the term we use to ideptily this operation, and wa and we (Fa and Fz in
Porter-Duff) are weighting factors for layers A and B as discussed below. We part ways
with Porter and Draff in that they: (1) pre-multiply pixel values by alpha, while we de
not similarly pre-scale our mofion channels, and (2) in the detail that they specify an
alpha plane that provides a fractional masking value per pixel. It contrast, our motion

channels are not associated with individually variable alpha values. We recali that
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[0030.9)Procedural animation in general is any animation computed automatically by a computer
process. Here it refers to animation computed by a user- or modeler-supplied external function,
typically written in. C++ code using a supplied plugin API. The animation is generated by the external.
function on an as-needed basis, though values once computed may be retained within our expression
graph via temporal caching, as described in Section 1 003101Sampled motion refers to animation on
data recorded as discrete time-samples on disk. This includes motion capture data. and the output of
externally executed computer simulations or other computer procedures that write their output to disk
as tabled time-based samples. (00311)Stochastic motion denotes motion computed by a
pseudo-random process. We provide various controls for tishaping” the distribution of the random
number generation. In general, any 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 examplesmotion.whese PREcawd.be extracieddaroughanauiemafig.or manual
process. (003121Ar(13}/ cé/e)ss O%KI@/%% may be co.nvgrted to ? sampled layer by sa Iinﬁg the motion in

; . & FOT N agsociated with CiL . DOT-2518 T ghanhel © & Terdy,
that layer and ou?ﬁfuttlng the fime-base samples to a data it ¥ahTE fOFMAL. ny class of layer may

be converted to &'kirferadie tayerbir dutdrrititbiiy fithn gaspline segrin o theifsdtion in that layer
and storing the knetsithad-defina.these spline.segrents.[eR3lstBoundarywalues:far-forward- and

multipoint-dynarmje simylations.are.speslied via sslegted.dowersnumberediower M the composting
e

stack) layers. These boundary-specification layers exist only to gui ie simulation and are effectively

disabled when tH&' &gty dVamicTaliér & endblet (s 14 ere & g TMRAtioR o how the

different classeswohfirotidinaie intgrrrikethicayers-ofidiffeieht. classes-niaybelcpmposited freely one

upon another. Tr&gtﬁ@éﬁf tﬁ%ﬁ@:@p t@@:ﬁé&é@ﬂ@la@m}%ééﬁ%répeﬁﬂ%gmpm, the envelope
for a cycling layer may optionally be cycled along with the rest of the laver. As with
other avars, layer envelopes may be defaulted (to 1.0}, set to a constant value, o
animated. The value-type of envelope avars is scalar, and thev are usually kKinematic
{Le., splined, as described below), As we shall see, setiing envelopres to fractional values
between 0.0 and 1.0 allows continuous blending between lavers,
B028T] The layering policy for a given avar is either additive or multiplicative. The
policy defines how the channels of that avar combine under compositing. For exampte,
fransiation avars and most other scalar avars are additive, that 1s, thelr numerical values
in lavers A and B are combined through scalar addition. Conversely, scale avars
{sx,5,52) and unit-quaternion rotations are muliplicative: they are combined by {scalar
or quaternion, respectvely) wultiplication. Transformation matrices are normally
muitiplicative, The user whe constructs the expression graph for the model may
specify either policy for a given avar. The avar will follow the samme policy onall lavers
except those using the add or muliiply operators, both of which override the avar-
specific layering policy with a laver-wide policy.
002587 During laver compositing, the laver-weighting factor {wa or ws} i
mudiiplied by the layer alpha (recalling that our motion channels are not pre-muliiplied
by alphaj, 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 addifive chanmels) or fdentity (for multiplicative

channels}; zero and identity are defined per type according to common mathematical



5.3 Editing Kinematic Animation P0315]When the user wishes to modify by direct manipulation the
pose of a model, we take into account the contribution to the existing pose not only of the active layer
but of all other layers as well. We factor out the effect of the non-active layers in deciding how to
modify the active layer. We do this by inverting the composition process around the active layer. (For
clarity, in the discussion that follows we assume that all time-course avers give the default mappings t
= 71(t) and that the envelope aver for the active layer is 1.0 everywhere. For full generality, we could
replace all occurrences of t with Ti(t) and scale the resulting AO by the inverse of the envelope value,
as is done in our implementation.) [00316]That is, in order to set a.var | to value y at parameter r, we
compute the new valu.e AO for active (kinematic) layer v as: ' ,I-TT /010 yewheng policy is additive (
n'yi V)) Y11;01when layering policy is moltipiicativ [00 For example, suppose we wish to set an additive
scalar avar f to have the value y at parameter t by modifying only layer v. For simplicity we assume

that all layers arg.compasitedunder the biend aperatorand.thatihesenvelopafvaltder each layer is left
at the default of 1.0. Then. the new value we should set in I‘%yer riis: [0031817Thus, we can see the

calars. poinis, vectors, matiices, aad most other tvpes interpolate according ta'the
necessary change to Lgyer 5 1S 'sinip y?he diffsrénce Betwesn the desired valug and the current value,

as expected. TaKingaAcHREr exaRbie, ve Wiskitbsefvuttblisative Guatermenvaiadt avar Q to value
g, again, at paraspetet:t and-medifying enlydayarss Thenhewvalue e shoultngetindayer (

channel corresponds to a scalar multiply of the channel value, Scaling a {multiplicative)

guaternion rotaton involves a slexrp between quaternion identity (mo rotation} and the

channel value.

ioozes Yor example, given two motion channels of an additive scalar avar f, the

aver operator would composite these avars as:

HOE ‘21‘%7/1 é’-})”" Wy ol )= o, Fi o= e )50

where fulx} gives the value of avar /s motion channel for layer v at input parameter x.
For now we assume ! = i5 = f5. {We will reexamine that assumption below.) Similarly,
twn charmels of a multiplicative guaternion avar g would composite via the atop
operator as:
9(f>z €t WG {7, 1Y s )
= a0t P ol o N )
Al 8 g Y Gkl Oy J il

= Slerp{&,{ a}? ¥ C.L‘dennf,v” gff ({EA )}SE@{'{)(@B {i - (K.—: }9 gfden.’r‘;’_v’ ‘(){B (Iﬂ}}

[003007 We have assumed thus far that all motion channels are parameterized
identically, tat is, that § = {4 =3 for all lavers A and B, Now we iIntroduce the notion of
& time-course avar, Fach 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 Hme-course affects. The dme-course avar is unaffected by the
compositing operator, layer alpha or the layer envelope, Por some layer A, the dime
course avar defines a function Ta mepping from avar input parameter space to the
parameterization of the evaluation function xa for motion channels within laver A. That

is, 4 = TA(E}.
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CY,()-1Q0.1 goiljg(t)) -1 = 11,n,ro "unn, n Posirolan where gprorolation is the cornposrotation due to
layers prior to a, and gpostrotation is the composite rotation from layers subsequent to a. Naturally, the
easy way to compute the pre- and post-active-layer composite values is to use the existing
compositing machinery described in Section 5.1; we simply disable layers numbered and a,
respectively, and evaluate the a.va.r at parameter t. in pseudocode: AvaraSetl.-teredValue(yydzili
EnableLayers(Daval);P disables prevai ue = Evaluate(t); Enableldayers(v-ilan); postvalue Evaluate(t);
EnableLayers(0...n) if policy = additive then r additive layering policy newvalue := -prevalue y
-postvalue; else /e multiplicative idycring policy newvadue .= prevalue.Inverseu * y poswalue.lnverseQ
Layer(v).5etValue(t, new-value); [00319]Again, we may wish to scale 17114t7 by the inverse of the
layer envelope

[e0301] A particularty useful tHme-course function is the saw-tooth functon curve,
This causes anination within a layer to cyclically repeat (“cycle”) over some time range.
Cyeling is the most-common use of the fime-course avar, and, for convenisnce, we
provide an eagy mechanism in the application GUI for cycling layers over some given
range.  More complex time-course manipulations can be done by editing the time-

course avars directly via a spreadsheet or curve editor,

a3tz In general, layer composition for avar x involves:
0
N T Te .
X(z}: Ei‘f EEy Oy R gy 2 By T By
i=n

where ¢, is the {user-specified) operator for compositing kayer 1 upon laver -1, with
associated weighting factors ws and wa as defined in Table 2, and x 1 the value of the
{existent) motion channel for laver i We recall that the layering policy for a given
compostting operation is the layering policy of the avar belng composited, except under
the special compositing operators add and multiply, as indicated in Table 2. Then:

f T « - . - Lo
b ta@®F  when layering policy is additive
gof =S N . N
iz @b  when layering policy Is mulbtiplicative

%, &%, = interp(w < () 8. % T inferp{%%a A 0.5,(7, (r)})
X ®y, = interpé&xda, O (f}}}~ ii}t&rp@v;faj L2, (f)})
)= %E{J,{r‘;} if thme - course atfects layer 75 envelope

' E{)  otherwise.
[00363] Por quaternion-typed avars, inferp Is the spherical linear interpolation, oy
slerp, operator; otherwise it is lerp. C and 1 denote type-appropriate values for “zero”
and “identity”. Eft) bs the value of the envelope avar for layer 7 at parameter ¢, and the
alternative lookup strategies for E{ } reflect the user-specified option of whether a
particudar layer's envelope should be affected by that layer's me-course avar.
003041 We note that motion compositing is not mathematically commutaiive, 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 (g, mairlx and guaterpion fensors) & non-commuiative. However, motion
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before actually inserting or adjusting a knot in the spline curve for layer v. 5.4 Layer Properties
[003201Layers may be given user-specified names, comments, and arbitrary tag- value pairs. A layer
name can be unique within its layer set (see below). Layers m.a.y be searched for and selected by
name, comment or tag-value pair. A selected 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 n.o 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
on. The compositing operator for a layer may be changed at any time. In contust, the layering policy
for each aver is normally set at model construction time. [00321]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

wrthn a single logjgalfile..ndiviguallayers.mayhemoned.between layemnselsisuliectto certain

limitations describ;d‘ bs&ow;the motign (ih nnslygata will correspo ,_diwngrlé/ be m%ved bCFtween disk files.
oL S Cant, becausge %\e orter-utl  compositing eraF fb ABSOCIS VF] Fad

Layer sets may be 10 efor unioq ed. Locking a laye set}%cﬂ% a f)‘ayers within the set and

corresponds to |5ERiHGHEPESSEBIS et Tile s8R diskect ATSCRIFE 0T e setcotrédpoAdsto unlocking the

associated Ede angicanonyshe dengbysogivenddsenif thadsuserhasssutticienidopesating system

"privileges” to unlogk the.file, When. loading g laverset from. disk, the contained layers will be locked if
the disk the is locked; otherwise they will be unlocked. (00322]Layetrs may be enabled or disabled

Disabling a layeris gquivalent 1o specifying.a layer alpha of zero (See Section 5.1). Sets of layers may
be enabled and disabled together. A layer may be soloed, which is equivalent to enabling that layer

and disabling alliothesilayers: Theoutigubmalue oftarravanas itwouldibanif theactiviestayer were soloed

is available at th%a@é{&&é‘?l@ Q%Qﬁlm%ﬂﬁgiﬂge%&_&%(&l |@¥§£§19&“§2§§Qrtﬁ{\ %@t,@ﬁt%%a?@io outputs.
0C3231Layers are displayed within a layer list window and optionally within a la ers pane within the

timeline window *TRE E6th FESIARG Brder ofiagere may Ba-dhalged By Gragding fhié aVers into a

different order ingtheldistrusiiy themovsacursorBadirlinetof thedayerlistdorresponds to one layer

and shows the layerRamesiherange.ifiany.auesMikhich thedayer eycles { vag.sawteath time-course

function), toggleﬁgr the J:%iy{esrq!gghaqsnd enable attributes, and an indication of whether or not any of the
c

otion channels on that laver. There are two displa?/ modes for the layer list: layers
féal

active avars have motion cha S on th; ere | > d odes fc .
may be organizelfHGet, sSirEtthETAGEr ER EoRtAines Rréfrars Tists8ittayerétiiray be organized
by compositing ordes; andsthespthie dayes viewgivesiadiat histingwithilayersiesloritiogded, to indicate set

membership by agseciating.a{usef:speciied) £olomwith sach layer set-Nextig. eachlayer is an

optional preview tile that shows the active model (or some particular model specified by the user)
rendered with only fHATTAY &Y &H8bled (or some particular set of layers specified by the user). This tile
animates when ti&#8ér motrss thduwnovsetursoroverthetie, dadetierwisestowsa [00324]The
layer pane in thedimeglinewindow additionally:showsthe.durafionifm. The boundary vaiue

is specified for some inttial parameter, ez, f = 0, and the simulation uses a differential
equaiton solver to integrate forward in fime, computing values at subsequent I's. This
is generally done as an offline process and the resulting animation data s saved in a
tabled format for fast access.

joo3nsl Multipoini-dynamic motion refers to animation that has been generated via
a computer-simulation solulion to a multi-point boundary problem. Boundary values
are specified at a number of parameters &, end the simudation uses an iterative process
such as gradient descent to develop a solution that interpolates the specified bovmdaries
subject to certain constraints. Again, the solution is generally computed as an offline

process with the resulting anbmation data saved in & readily accessible format

162



time over which particular layers (and/or layer sets, when viewed hierarchically) contain animation
(that is, contain motion channels with time-varying values) by the position of colored bars for each
displayed layer drawn under the timeline itself. The layer (or layer set) envelope may be drawn as a
curve over its corresponding layer bar, and the curve may be directly manipulated. By setting
interaction modes (with user-interface buttons or by depressing keyboard keys) and then clicking and.
dragging with the mouse upon layer bars, the motion within layers or layer sets can be retimed, scaled
in time, cycled, duplicated and similarly manipulated. Specific layer and layer set operations are
discussed in Section 55- Operafions on Layers. [00325)The contribution of a particular layer to the
total animation may be visualized in several ways. The numerical data within layer motion channels
may be viewed and edited in a spreadsheet or curve editor. The anim.ation may be played back while
the user toggles the layer on and. off, or soloed and non-soloed, and observes the change. The
animation may bgglayed bagk.simuliansouslyinboth enabled.and disabled, state.with geometry
rendered opaquely with the layer gngpﬂledtanfd trgnslucently _gi.e.,t_{tll%sted) with the I?ey_er disabled, or
vice versa. More génaraily the treer may ‘Specity two sats of Bhable Statdsfor the Teyers, and then
view the differensebetveermthése seisirsimulidretusty refderngonedet opaguéll and the other
set ghosted. 5.5 Operations: of jayers: 00326 1Eheusel-maypefomaariousseperations on the active
layer, on multple, selected Iiere. And,0rlael 8819, haY 1S Tay,be.conyslied tekinpmatic or sampled
layer classes, as described méectlgn 5.2. Layers may be locked and tintocked, enabled and disabled,
cycled (via the tifiEXESUEE A, Ta&iVia the envelope avar), cleared and so on as described in
previous sectiongida¥ers mayié rauplicatedioproducinglznewiayerwitherotionsehaknels identical to
those in the origipaldayershaygrs mayhesenam.edi. Layens. may he.moved.inta.adifferent layer set
provided that the l)Jser%hra§ Wliite access 1o that set. éOOﬁZ?QL ulgiglet s%lgcted IaLyter§ ma be flattened
into a single layet BY merging the motion channels batween 1a.yars: it the Tayears'to bé Tlattened are not
all of the same ldv@rtiaashite tayerswill first he converted to a common cl.ass, either kinematic (via
curve fitting) or sgiphad (via:channebsampling) aceordingie-userpeference-{00328JA single layer
may be decompaged infamultiple lavers 'gara«%mgg* gf viays. Ihe mation channels affecting selected

geometry may be extracted into a new layer. The portion of all motion (_;hangels affecting a. selected
time range may B&&Xattel ifTE°F heW 1487 RiorE Gaieramy theieeray Sefédr¥dihe geometry
and a time rangejiandextractthaindtioniéannel datasfoirthé seleetedigeometiycbvergust the selected

time range into amewJayer. .f he.gemetry,whose:mation.iste bexracted mayhespecified via
7lexc.:yr "regulag eé%{%%ﬁé?”%h g?r?exoample, the user may specify all avars whose pathname matches
"*Foot", thereby ident] ing two avars "LeftFoot/ midB end" and "RightE oo t/ mid8 end". [003291The
user may specifyi#fafige infregtiehcypacestorexiract intéoa: renrke Fhe eharmeldats will be
converted to the sampled classySeetion:2)anea fhast-ketiieh ransformEfRT horthe channel data
will be performed;,The data in,the,spesified frequency band will then he copied.or, moyed (as specified

in command-option dialogs) into a new layer. Several frequency ranges may be specified, producing
multiple hand-sp&Eifie FAars By a5 istifg i aIPh B SaEichS Sy BFtHE [ydr<ied Ettacted and then.
flattening these layersiBackdntaassingle layer, the user may perform parametric equalization of the

animation data. Tesefge thisRrQcesS-We: RreVide-assinglessigp parametric equalization dialog with.

fully acjustable band centers, wilths and gains for & user-specified number of bands, This s
implemented by Parforming an EET. dacompoain.g by band, and recamposing with the specified

equalization. We Sifiildityprovisiedisifiglesten notehfilferasigithesatnelsehntee
effectively disabled when the overlying dynamic layer is enabled.
[O0314] There is no limitation on how the different classes of motion are
intermixed, Layers of different classes may be composited freely one wpon another.

The class for each layer is ndependently user-specified.
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[00330]We provide other analogs to audio signal processing, allowing the user to limit, compress,
expand, compress-expand (compand), gate, and duck the motion-channel. signals. A compressor
provides an automatic form of level-control, attenuating high levels and thereby reducing the dynamic
range. A limiter is an extrem.e form of compressor that provides very sharp attenuation above a set
level. An expander attenuates the signal below some threshold, reducing low-level noise and
expanding the dynamic range! A gate is an extreme form of expander that sharply attenuates signals
below some threshold, suppressing noise when the signal is low. A compancier combines a
compressor with an expander, increasing dynamic range while avoiding excessive output level.
Ducking attenuates a signal when another signal exceeds some threshold, allowing one layer to
automatically override another layer when. a signal (i.e., motion) of significant magnitude is present,
and have no effect %ﬁ;@iﬁgﬂ&bﬁigm&%&peciw both the primary and override layers for ducking;
the other effects involve a single layer. [00331]Channel data may be smoothed or sharpened via
one-dimensionafEengplutionhdare generally anydiititeskermelconvolition filteppspecifiable by the

user, may be convalyed.quer;the.channgls within.a-layer. [003323The differepeg between two layers
may be extracted as a new |ayer. "Difference’ is interpreted rqlaﬁve__ to the channel layering policy, with
additive channel§B&IHG SibtAea SR MiGHiplicatits’ H anh s ariigsdTor 353 8aMbled layers may
be resampled atHifféireritasamptingifrates 20psiarpling prodbcesy dara e thighersasitiple rate.
Downsampling, preduces.cataaialowesrate, Weiyse acubicsesamplingiechniguadescribed in D.P.
Mitchell and A.N, Netravaii, Reconstructian filters, in computer.graphics, Compuyter Graphics,
(Procecings of 816 %ﬂ%’“ﬁ%‘“éﬁ?"fii%}"f%?5‘%‘%}%&"&‘@%‘%‘? 563, Uhieh e e cbibafated by
reference herein’ifi it& ettt PO0S 34| Eiffre 2fjers riay Be bty ard Krasdderrifis il accomplished
by applying a gaimranddias toveverymotionlchannellwithifithe |ayenvinsthe éxactiyithe same way gain
and bias are apptLi%qefth@So de in %@?&an%l@%ﬁ.?s described in Section 113. Similarly, a layer may be
shifted or stretched in time, by reaming and stretching the animation in all channels within the layer as
described for singf& tHannetlrtitidy A &ettish 2 4INHEed, MGETBTthe S5EratioHs tat may be
performed on individuatayaisaraiialSabesperfgrmedsacross entire layers, with the software simply
applying the given operation to egch cha-nnetwi;hin he layer. The notable exceptions to this are

operations that depend upon the[b@tjﬁﬁ&}%@;@ -al dvar, ferexamplesisettingiknot values.

; Fanpute} }
S
(o Ve
{L 114G oool [T /G), when Jayering policy is multiplicative.
NS / fe /
(03171 For example, suppose we wish to set an additive scalar avar { to have the

value y at paramefer f by modifving only layer o For simpliclty we assume that all
layers are compostted under the blend operator and that the envelope avar for each

laver is left at the default of 1,0. Then the new value we shonld setin laver v is:

HE



6.0 User System. Architecture [003353Fig. 12 is a block diagram of an exemplary user system
architecture 1200 for hosting an. animation application. The architecture 1200 includes one or more
processors 1202 (e.g., IBM PowerPCO, Intel Pentium(r) 4, etc. ), one or more display devices 1204
(e.g.., CRT, LCD), one or more graphics processing units 1206 (e.g., NVIDIA(r) ()_uadro FX 4500,
GeForce0 7800 CT, etc.), one or more network interfaces 1208 (e.g., Ethernet, FireWire, .USB, etc.),
one or more input devices 1210 (e.g., keyboard, mouse, etc.), and one or more computer-readable
mediums 1212 (e.g. SDRAM, optical disks, hard disks, flash memory, Li or L2 cache, etc.). These
components exchange communications and data via, one or more buses 1214 (e.g., EISA, PC1, PCI
Express, etc.). (003361The term "computer-readable medium" refers to any medium that
participateproviding 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 mediq?'tn};lggg,%ﬂvithout limitation, coaxial cables, copper wire and fiber optics.
Transmission media can also take the formof.acouystic, light or radio frequency waves. [003371The
computer-readable medium 121E“H_Dfﬁé}’51ﬁ idé€ an operating system 1216 (e.g., Mac OS(r),
Windows(r), Linux, etc.), a network ¢ .m‘mlzl(i‘i(_i??ltion Odgr;tﬁ' ;"21'%‘ _a_r)_iz_mnaéi n files 1220, an animation
application 1222 and cache mé“mggif A6 the dithation applicafion T225)¢an be integrated with
other applications or be configered:ag( plug-in to other applications. In some implementations, the
animation application. 1022 includé$ a Ul manager 1224, a rendering engine 1226, an animation
engine 1.228, a graph editor li?ﬁi&%régﬁon graphs 1232 and a programming module 1234.

The operating system 1216 caii ie/fiifiliser, multiprocessing, multitasking, multithreading, real-time
and the like. Th.e operating systeny @218 petforms basic tasks, including but not limited to: recognizing
input from input devices 1216, sending output to display devices 1204; keeping track of files and
directories on computer-readable mediums 1212 (e.g., memory or a storage device); controlling
peripheral devic&¥{é5., diskerivesapritidisCPUY TDOBestcyyAndermanagiiy ifafiecen the one or
more buses 1214.The aetieikcomaimicationsimoduedlb8-includies; vasiaus:-eemponents for
establishing and majniaining. nefodscoNneslions (6.6 saiware for Jplsmeniing ggmmunication

protocols, such as TCP/IP, Hi. IF, Ethernet, etc.). The animation application. 1220, together with its
components, imBHEMSHES e VErdis taSks aRd {i ctiols K5 tés et With respect to Figs. 141. The
1.11 manager 1224 is r‘gf‘p_o”q 'glg f;é[ thgg. %rﬂ)??"ation and display of user interfaces. The rendering and
animation engines 12é6\,fffié§ré"r>e r’e(%@\g%i Je for renderings and animating bodies in the display
environment. The graphicWegg%ﬁnl;%g_{i%ogescribed 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.describednincSectioni; Thewcache: 1236 isused sin-.adaptive/temporal
caching _descr'be&!a{%é@gb%an (003321 The.UseE system atchiteqture. 1190 can.be implemented in any
electronic or computing device capable of hosting an. animation appLication” including but not limited

to: portable or dé8ktoP CoRBUETE WETKSTRRSHS maiifrime cBipliters® HEnioTPSaNiers, etc.
[00340]Various madificatidrsshay bemadestd the disthodédinplementations andstilltbe within the
scope of the fo"Q‘é@jﬁ@t@@%ﬁd evaluate the avar at parameter {. In pseudocode;



CLAIMS WHAT IS CLAIMED IS: An animation method, comprising: providing a display environment
for presentation. 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. 2. The
method of claim 1, where determ displaying a curve in the displas path in spaceover time. motion path
further comprises: mem that defines the motion 3. The method of claim 1, further comprising:
providing a control in the display environment for manipulating the motion path; and
manipulatingmotion path in response to a user interaction with the control.

AvarsSetlavered Valuelv,Ly)

EnableLayers(0..v-1); /¥ disabies ali other layers ™/
prevalue = Bvatuate(t);

EnableLayers{v+1.nj;

postvalue = Evaluate(t);

Enablelayers(C.n)

i policy = additive then

S agdditive layering policy %/

newvalne = -prevalue + y + -postvalue;

else

S multiplicative layering policy %/

newvalue = prevalueInverse() * v * postvalue Inverse(};

Layer(v).SetValuelt, newvalue);

o318 Again, we may wish to scale newwalue by the inverse of the layer envelope

before actually inserting or adjusting a knot in the spline curve for layer o,
5.4 Layer Properties

[DG320] Layers may be given user-specified names, comments, and arbitrary tag-
value pairs. A layer name can be unigue within its layer set (see below). Layers may be
searched for and selected by name, commment or fag-value pair. A selecked layer or
layers mav be operated upon in a number of ways. Clearing a laver corresponds to
deleting all motion channels for that laver, leaving a layer containing no animation.
Delefing a layer deletes the layer’s motion: charmels as well as the laver itself. The user
may also create new layers; new layers inttially 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.

321} Layers may be locked or unlocked. The information stoved in the motion
channels of a locked layer may not be modified. Lavers may be grouped into laver

groups called layer sets. All motion channels for a given laver set are stored on disk
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4 The method of claim 1, where the display environment is a three-dimensional space. 5. The method
of claie the is lay environment is a two-dimensional space. 6. The method of claiiere the body is from
group of bodies including articulated bodies, rigid bodies and bodies withor more defoimable 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. 8. The method of claim 2, where
manipulating the motion path fur er comprise deforming one or more surfaces of the body. 9. The
method of claim. 2, where displaying a curve further comprises: determining points along the motion
path at discreet sample times; and tendering the points to define the curve through space over time.
10. The method of claim 9, further comp rendering the curve using a number of points based at
least in part on the speed of the body along the motion path. 11. The method of claim. 9, further

comprising: within a single logical file. Individual layers may be moved between layer sets, subject
to certain limitations described below; the mation channel data will correspondingly be
moved between disk files. Layer sets mav be locked or unlocked. Locking a laver set
locks all lavers within the set and corresponds to locking the associated file on disk.
Unlecking a layer set corresponds to unlocking the associated fle and can only be done
by a given user if that user has sufficient operating system “privileges” to unlock the
file. When loading a layer set from disk, the contained layers will be locked i the disk
file is locked; otherwise they will be uniocked.

0a322] Layers may be enabled or disabled. Disabling a laver is equivalent o
specifying a layer alpha of zero (See Section 5.1). Sets of layers may be enabled and
disabled together. A layer may be scloed, which is equivalent to enabling that layer
and disabling 4l cther layers. The oufput value of an avar as it would be if the active
layer were soloed is avallable at the avar's solo output. Changing active layers pushes
dirty on all avar solo outpats,

06323 Lavers are displayed within a layer lisf window and optionally within a
layers pane within the tmeline window. The compositing order of layers may be
changed by dragging the layers into a different order in the list using the motse cursor.,
Each line of the layer list corresponds to one layer and shows the laver name, the rangs
if any over which the layer cycles (via a sawtooth fime-course function), toggles for the
layer lock and enable attributes, and an indication of whether or not any of the active
avars have motion channels on that layer. There are two display modes for the layer
list: layers may be organized by set, so that the layer view contains a hievarchical Hst, or
layers may be organized by compositing order, and then the layer view gives a flat
hsting with layers color-coded to indicate set membership by associating a (user-
specified) color with each layer set. Next o 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

stll image.
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automatically rendering the curve to pass through a reference point on the body in response to user
input. hod of claim 9, further comprising: ig the curve about a point in space to improve
visibility of the curve in the displa.y environment. 1.3. The method of claim 9, further stretching the
alive out in fl.m.e to improve visibility of the curve in th display em. 14. The method of claim 9, further
comprising: rendering the line segm.ents relative to a moving camera view. 1.5. The method of claim.
1, further comprising: displaying one or more portions of the curve 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 indi.cate rate of movement of the body over a section
of the motion path. 17 The method of claim 1, further comprising:

003243 The layer pane In the tmeline window additionally shows the duration in
time over which particular layers (and/or laver sets, when viewed hierarchically)
contain antmation (that is, contain motion channels with time-varving vahlues) by the
position of colored bars for each displayed layer drawn under the timeline itself. The
layer {or layer setj envelope may be drawn as a curve over its corresponding layer bar,
and the curve may be directly manipulated. By setting interaction modes {with user-
interface buttons or by depressing kevboard keys) and then dlicking and dragging with
the mouse upen layer bavs, the motion within lavers or layer sets can be retimed, scaled
in time, cycied, duplicated and simdlarly manipulated. Specific laver and layer set
operations are discussed in Section 5.5- Operations on Layers.

{o0325] The conmribution of a particular laver to the tofal animation may be
visualized i several ways. The numerical dat within laver motion channels may be
viewed and ediled in a spreadsheet or curve editor. The anmation may be played back
while the user toggles the layer on and off, or soloed and nor-soloed, and obeerves the
change, The animation may be plaved back sirnultaneously in both enabled and
disabled state, with geometry rendered opaquely with the layer enabled and
transtucently (e, ghosted) with the layer disabled, or vice verse. More generatly, the
user may specify two sets of enabie states for the lavers, and then view the difference
between these sete by simultaneously rendering ome set opaguely and the other set

ghosted,

5.5 Operations on Layers

jstazel The user may perform various operations on the active layer, on multiple
selected iayers, and on layer sets, Layers may be converted fo kinematic or sampled
leyer classes, as described in Section 5.2, Layers may be locked and ynlocked, enabled and
disabled, cycled (via the time-course avar), faded (via the envelope avar), cleared and so on
as described in previous sections. Lavers may be duplicated, producing a new layer with

motion channels identical to those in the original layer. Lavers may be renamed.
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displaying information along the [notion path to indicatena and one or more values associated with
animation key frames. 18 The method of claim 3, further comprising: rendering ghost geometry
along a section of the motion path during interactive manipulation of the motion path. 19. The method
of claim 1, further comprising: g the first portion of the body to follow the motion path. 20. The method,
of claim 1.9, further comprising: providing ghost images of the first portion the body along the
motion path during animation. 21. The method of claim 19, further comprising: providing cached.
data associated with frames of animation over time, vhere 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;

Layers may be moved into a different layer set provided that the user has write access

to that set,

30327 Muliiple selected layvers may be flattened indo a single layer by merging the

motion chamels between layers. If the layers to be flattened are not all of the same

tayer class, the layers will first be converted to a common class, either kinematic {(via

curve fitting) or sampled (via channel sampling) according to user preference.

f0a328] A single laver may be decomposed into multiple lavers in a number of

ways. The motion channels affecting selected geometry may be exiracted into a new

laver, The portion of all motion channels affecting a selected Hme range may be

exiracted into a new layer. More generally, the user may select some geometry and a

thme range, and extract the motion-channel data for the selected geometry over just the

gelected time range into a new laver. The geometry whose motion is to be extracted

may e specified via regerp “regular expressions”; for example, the user may specify all

avars whose pathname matches “*Foot”, thereby idendifying two avars

“IeftFoot/midBend” and "RightFoot/ midBend”.

o328 The user may specify a range in freguency-spece to extract into a new layer.

The channiel data will be converted & the sampled class {Bection 5.2) and a Fast-Fourier

Transform (FFT) of the channel data will be performed. The data in the specified

frequency band will then be copled or moved (as specified in command-option dislogs)

into & new laver. Several freguency ranges may be specified, producing multiple band-

speciic layers. By adjusting the aiphe {Section 3.1) of the layers so extracted and then

Hlattenring these layers back into a single laver, the user mav perform parametric

equalization of the animation data. To ease this process, we provide a single-step

pazamelyic equalization dialog with fully adjustable band centers, widths and gains for

& user-specitied mumber of bands.  This is implemented by performing an FFT,

decomyposing by band, and recomposing with the specified equalization. We similarly

provide a single-step notch filter using the same technique.

{00334 We provide other analogs to audio signal processing, allowing the user

limgit, comnpress, expand, compress-cxpand {compand), gaite, and duck the motion-channel
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providing a body for display in. the display environment; providing a first motion path for a first
portion of the body relative a second portion of the body; providing a second motion path for the first
portion.e 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. The method of
claim 24, further comprising. associating the first motion path with a first layer; and associating the
second motion path with a second layer. 26. The method of claim 25, further comprising:

associating the first and second layers with a class from, a group of layer classes including: kinematic,
forward dynamic, multipoint dynamic, procedural, sampled and stochastic, 27. The method of claim 24,
further compri, defining the first and secon.d layers as a layer set. 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 usersi@fersfaofe pompressor provides an automatic form of level-control, attenuating high

levels and thereby reducing the dynamic vange. A limiter is an exireme form of
compressor that provides very sharp attenuation above a set level  An expander
attenuates the signal below some threshold, reducing low-level noise and expanding
the dynamic range. A gate is an extreme form of expander that sharply attenuates
stemals below some threshold, suppressing noise when the signal is low. A compander
combines a compressor with an expander, increasing dynamic range while avoiding
excessive output level. Ducking attenuates a signal when another signal exceeds some
threshold, allowing one layer to automatically override another layer when a signal {ie.,
mation of significent magnitude is present, and have no effect otherwise. The user can
specify both the primary and override layers for ducking the other effects involve a
single laver,

U RS Charnel data may be smoothed or sharpened via one-dimensional
convolution. More generally, any finite-kernel convelution filter, specifiable by the
user, piay be convelved over the channels within a laver.

[oG35E] The difference between two layers may be exivacied as a new layer
“Difference” is interpreted relative to the chammel layering policy, with additive
channels being subtracted and multiplicative channels divided.

1060333] Sampied layers may be resamipled at different sampling rates. Upsampling
produces data at a higher sample rate. Downsampling produces data at a lower rate. We
use a cubic resampling technigue described in D.F. Mitchell and AN, Netraval,
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 ifs entirety,

Felaad] Entire layers mav be scaled and biased. This is accomplished by applyving
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 outpuis as described in Section 113,
Similarly, a laver 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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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. e method of ciaim 29,where the expression
includes one or more condition 32. The method of claim 29, further comprising: providing an
expression language for entering mathematical expressions into an input of on.e or more of the first
and second nodes. 33. The method of claim 29, where at least one of the first and second nodes is
associated with a. cache structure for storing one or more values for various discrete sample times.
34. The method of claim 29, where at least one of the first and second nodes is configurable to
broadcast a valgecamaznamedieliannel whichopanteseceived by one-or-meraréeriver nodes. 33. The

method of claim 29, whete. at least.one of.cen.configurable, . Solve.Kinematic preblemps. 36. The

method of claim 29, where a user can specifyr the first node or the second node as a root node.
given operation to each channel within the laver. The notable exceptions to this are

operations that depend upon the data type of an avar, for example, setting knot values.

6.0 User System Aschitecture

fG338] Fig. 12 is a block diagram of an exemplary user system architecture 1200
for hosting an animation application. The architecture 1200 includes one or more
processors 1202 {e.g., 1BM PowerPC®, Intel Pentium® 4, etc. ), one or more display
devices 1204 (e.g, CRT, LCD), one or more graphics processing unite 1206 feg.
NVIDIA® Quadro FX 4500, GeForce® 7800 GT, etc.), one or more network interfaces
1208 (e.g., Ethernet, FireWire, USB, etc.), one or more input devices 1210 (e.g., keyboard,
mouse, efc), and one o more compuier-readable mediums 1212 (z.g. 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., EIbA, P, PCL Hxpress, etc).
00338] The term “computer-readable medinm” refers to any medium that
participates in providing instructions to a processor 1202 for execution, inciuding
without limdtation, non-volatile media {e.g., optical or magnetic disks), volatile medin
(2.g., memory} and fransmission media, Transmission mediz includes, without
hEmitation, coaxial cables, copper wire and fiber optics. Transmission media can also
take the form of acoustic, Hght or radio frequency waves.

fe0aa7] The computer-readable medium 1212 further includes an operating
system 1216 {2.g., Mac OSE, Windows®, Linu, etc.), a network commumication module
1218, amimation files 1220, an animation application 1222 and cache memory 1236, The
animation applcation 1222 can be integrated with other applications or be configured
as a plug-tn w other applications. In some implementations, the animation application
1227 includes a U manager 1224, a rendering engine 1226, an animation engine 1228, a

graph editor 1230, expression graphs 1232 and a programming module 1234,



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 eaexpression graph for an
animation system, comprising: providing a text-based programming aage 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; 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 fur 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;

I lemiiy] The operating system 1216 can be multi-user, multiprocessing,
multitasking, multithreading, real-time and the like. The operating system 1216
performs basic tasks, including but not Emited to: recognizing nput from input devices
1210; sending cutput to display devices 1204; keeping track of files and directories en
computer-readable mediums 1212 (e.g., memaory or a storage device); controlling
peripheral devices {e.z., disk drives, printers, GPUs 1206, etc.); and managing traffic on
the one or more buses 1234 The network comumurdeations module 1218 includes
various components for esiablishing and maintaining network conmections (e.g.,
software for implementing communication protocols, such as TCP/IP, HTTP, Ethernet,
ete.). The animation application 1220, together with its compenents, implements the
various tasks and functions, as described with respect to Figs, 3-11 The Ul manager
1224 js responsible for the generation and display of user interfaces. The rendering and
animation engines 1226, 1228, are responsible for renderings and animating bodies in
the display environment. The graphic editor 1250 is described in Section 118, The
expresgion graphs are described in Section 1. 1. The programiming module 1234 is
respongible for the modeling, expression and animation languages described in Section
2. The cache 1236 is used in adaptive/temiporal 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.,

{ona4a] Various modifications may be made to the disclosed implementations and

el be within the scope of the following claims,



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 ¢ providing a body for
display in the display environment; evaluating an expression graph associated with the body a a first
rate. processing body geometry at a second rate; and renderin.g the body in the display
environnhmt at a third rate, where the and second rates are decoupied 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 displa.y device; providing a body for display in the display environment; and determining a motion
pa.th 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: providingragligplay environment for presentation on a display
device; providing,a.hady 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;

1. An animation method, comprising:
providing a display environrient 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.

2. The method of cdlaim 1, where determining a motion path further comprises:
displaying a curve in the display environmnent that defines the motion

path in space over e,

3. The method of datm 1, further comprisihg:
providing a control in the display envivonment 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 environmment is a three-dimensional

space.

5. The method of clatm 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 inciuding
articulated bodies, rigid bodies and bodies with one or more deformable

surfaces.

The method of claim 1, further comprising:

~3

recetving input from an input device manipulated by a user while viewing

the body in the display environment.
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providing a. second motion path fore 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 displ.ay

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 g 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 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 first
body for display in ?he%ﬁ%bﬁ%@”éﬁ’\“/ﬁ%’h?r?e?i’f‘,%r?ﬁ‘?i&ﬂ‘ﬁ‘ﬁ%é‘&%ﬁ‘ﬁ“&ﬁ@f}%f‘ﬁﬁ?bf&??ﬁ‘%ﬁé display
environment; and determiniagraxmptiornrpatheforacgportion sithe first body relative to the second body.
46 A computer-readable medium having stored thereon instr executed by a processor, causes the
processor to perforin the: opératicsof: providitigrd displayreniirdnmentforspresentation on a display
device; providing a body foggisplaydndhe display:. eRviseBME Bt aBRdet sampic tHRIEIMINING @ motion path

for a portion f the body relafive o a Coordinate system assqaiated with the display environmen

10. The method of claim 9, further comprising:
rendering the curve using a number of points based at least In part on the

speed of the body along the motion path.

11. The method of claim &, further comprising:
automatically rendering the curve to pass through a reference point on the

body in response to user input,

12, The method of claim 9, fusther comprising:
dilating the curve about a peint in space to improve vistbility of the curve

in the display environment.

13, The method of claim 9, further comprising:
stretching the cuwrve out in fime o improve visibility of the corve 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 coloys 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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47. A computer-readable medium having stored thereon Instructions which, whet 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 ;t and second rates
are decoupled_ from the third rate.

17. The methed of claim 1, further comprising:
displaying information along the motion path o indicate thning and one

or mote values associated with anfmation kev frames.

18. The method of daim 3, further comprising:
rendering ghost geometry along a section: of the motion path during

interactive manipwdation of the motion path.

18 The method of claim 1, further comprising:

animating the first portion of the body to follow the motion path.

20. The methed of claim 19, further comprising:
providing ghost images of the {irst portion of the body along the motion

path during animation.

21. The method of claim 19, further comprising:
providing cached data associated with frames of animation over time,

where at least some of the cached data is wsed during animation.

22, The method of clatm 1, further comprising:

defining the body by an expression graph with cyeles.

2%, The methed 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 eriviroﬁment;
providing a first moetion path for a first portion of the body relative to a

second portion of the body;

i
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providing a second motion path for the first portion of the body relative to

a second portion of the body; and

providing & mechanism for animating the first portion of the body 1o

follow either the first or second motion path.

25. The method of clawm 24, further comprising:
associating the first motion path with 2 first laver; and

associating the second motion path with a second laver,

26. The method of claim 25, further comprising:
associating the first and second layers with a class from a group of layer
classes including: kinematic, forward dynamic, multipoint dynamic, procedural,

sampled and stochastic,

27, The method of claim 24, further comprising:

defining the first and second lavers as & layer set,

28. The method of claim 24, further comprising:

performing one or more operations on the first and second Iavers in

response to user input

29. A method of creating expression graphs for an animation system, comprising:
providing a graphical user mterface;
receiving a first node selection from a plurality of node types;
recetving a second node selection from. the plurality of node types;
displaying graphical representations of the selected nodes in the graphical
user mtertace; and
providing a connection mechanism for enabling a user to connect at least
one cutput 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 cycies,

30. The method of claim 29, where at least some of the node types are templates.
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31.

32

The method of claim 29, where the expression inciudes one or more conditions.

The method of claim 29, further comprising:

providing an expression language for entering mathernatical expressions

into an input of one or more of the first and second nodes.

33.

34.

37.

38,

The method of claim 29, where at least one of the first and second nodes is
associated with a cache structure for storing one or more values for various

discrete sample times.

The method of claim 29, where at least one of the frst and second nodes is
configurable to broadcast a value on a named channel which can be received by

one or more receiver nodes.

The method of claim 29, where at least one of the first and second nodes i

configurable to solve kinematic problems.

The method of claim 29, where a user can specify either the fivst node or the

second node as a root nods,

The method of claim 29, where the graphical structure is a hierprchy which is

configurable to allow data t flow bi~directionally through the hierarchy,

A method of creating an expression graph for an animation system,
comprising:

providing a texi-based progranuning language for specifying expression

graphs for an ardmation systeny;

executing a program developed with the programming language to

generate an expression graph; and

animating a body i a display environonent using the expression gyaph.

39, An animation method, comprising:

providing a displav environment for presentation on a display device;
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providing & first body for display in the display environment;
vroviding a second body for display in the display environment; and

determining a motion path for a pottion 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 environznent; and
determining a motion path for a pertion 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 assoclated with the body at a first rate;
processing body geometry at a second rate; and
rendering the body i the display environment at a third rate, where the

firgt 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 davice;
providing a body for display in the display enwviromment; and
determining & motion path for a first portion of the body relative w0 a

second portion of the body,

43, A computer-readable medinm having stored thereon instructions which, when
executed by a processor, causes the processor to perform the operations of
providing a dispiay environment for presentation on a display device;

providing & body for display in the display enviromment;



providing a first motion path for a frst portion of the body relativeto a
second portion of the body;

providing a second motion path for the fivst portion of the body relative o
a second portion of the body,; and

providing a mechanisin for anfmating the first portion of the body t©

follow either the first or second motion path,

44, A computer-readable medium having stored thereon instructions which, when
executed by a processor, canses the processor to perform the operations of:
praviding a display environment for presentation on a dispiay device;
providing a body for display in the display environment;
providing a first motion path for a first portion of the body relativeto 2
second portion of the ‘i’)od.jr; _
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 medinm having stored thereon instructions which, when
executed by a processor, causes the processor to performy the operattons of:
providing a display envivonment for presentation on a display davice;
providing a first body for display in the display environment;
providing a second body for display in the display environment; and
determining & 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 bv a processor, causes the processor to perform the operations of:
providing a display environment for presentation on a display device;

providing a bodyv for display in the display environment; and



determining a motion path for a portion of the body relative toa

coprdinate system associated with the display environment.

47. A computer-readable meditom having stored thereon instructions which, when
executed by a processor, causes the processor to perform the operations of!
providing & digplay environment for presentation on a display device;
providing a body for display in the display environment;
evaluating an expression graph assoctated 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.



