TECHNIQUES AND WORKFLOWS FOR COMPUTER
GRAPHICS ANIMATION SYSTEM

RELATED APPLICATION
{6061} This application claims the benefit of priority from U.S, Provisional Patent
Application Nao. 60/ 672,459, entitled “Generalized Hxpression Graphs With Temporal
Caching For Use in An Animation System, And Related Methods,” filed April 19, 2005,

which provisional patent application is incorporated by reference hevein in its entirety.

TECHNICAL FIELDy

foouz) The disclosed implementations are generally related to computey
graphics.
BACKGROUND
G031 Three-dimenstonal (30) Computer Graphics (CG) animation systems ave
s ] P o) A

used by a variety of indusiries {e.g., entertainment, advertising, etc) to generate
antoated content for movies, video games, commercials and the dke. Unfortanately, it
can take a long time to produce andmated content due to deficiencies associated with
conventional 31 CG animation systems. Por example, it can take as long as six yzars to
produce a two-hour animated movie.

o004y Traditional animators hold paper in hand while flipping between poses &
get a sense of the motion before recording a pencil test This gives the animator an
intuitive “feel” for the animation they are creating. CG animators would ke to fiip
back and forth between poses in the game way, but the Hime it takes conventional 3D
G 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.



[ooos; The tools of a traditional animator are simple: a pencil and eraser. These
tools are easily mastered so that the tocls become an extension of the mind of the artist.
Comventicnal 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 provide user interfaces that are too complex or that are not
intuitive, resulting in the animator spending more ime learning the animation system
than on animiating.

100083 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 tradifional animation, drawings are easily erased and drawn over
Conventional CG  animaton systems often do not allow non-destructive
experimentation, forcing the animator t© make compromises on creativity to meet
deadlines. )
{aeL7] Traditionally, animation is a team effort. Communication and artwork
flow back and forth between departments, anbmators, assistants, supervisors, directors,
managers, and even studios collaborating at great distances. Conventional CG
animation systems often fail to provide features that facilitate collaboration among team

mernbers, resulting in unnecessary delays in the antmation process.

SUMMARY
(0668} The disclosed implementations describe techaiques and workflows for a
CG animation system.  In some implementations, systems and methods are disclosed
for representing scene composition and performing underlying computations within a
unified generalized expression graph with cycles. Disclosed are natural mechanisms
for level-of-detail control, adaptive caching, mirdmal re-compute, lazy evaluation,
predictive computation and progressive refinement, The disclosed implementations
provide real-time guarantees for minimum graphics frame rates and support automatic

tradeoffs between rendering quality, accuracy and speed The disclosed
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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 environment for presentation on a display device; providing a body for display
in the display environment; and determining a motion path for a first portion of the
body relative to a second portion of the body, wherein determining the motion path
comprises: displaying a curve in the display environment that defines the motion path
in space over time, wherein displaying the curve comprises: determining points along
the motion path at discreet sample times; rendering the points to define the curve
through space over time; and dilating the curve about a point in space to improve
visibility of the curve in the display environment.

[6010] In some 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 system includes: providing a graphical user interface; receiving a first node
selection from a plurality of node types; receiving a second node selection from the
plurality of node types; displaying graphical representations of the selected nodes in the
graphical user interface; and providing a connection mechanism for enabling a user to
connect at least one ocutput of the first node with at least one input of the second node to
form a graphicaﬂ structure that represents a unified generalized expression graph with

cycles.



[0011a] In some implementations, an animation method comprises: providing a
display environment for presentation on a display device; providing a camera view of a
body in the display environment, the body including at least one point; providing, in
the camera view of the body, a motion path of the point; associating one or more control
mechanisms with the motion path, the control mechanisms being configured to control
a movement of at least a portion of the body in space and a rate of the movement in
time; and in response to an input received through the one or more control
mechanisms, animating the body based on the motion path.

[0011b] In some implementations, a system comprises: one oOr more processors
configured to perform operations comprising: providing a display environment for
presentation on a display device; providing a camera view of a body in the display
environment, the body including at least one point; providing, in the camera of the
body, a motion path of the point; associating one or more control mechanisms with the
motion path, the control mechanisms being configured to control a movement of least a
portion of the body in space and a rate of the movement in time; and in response to an
input received through the one or more control mechanisms, animating the body based
on the motion path.

[0011c] In some implementations, a computer program product is stored on a non-
transitory storage device, operable to cause one or more processors coupled to the
storage device to perform operations comprising: providing a display environment for
presentation on a display device; providing a camera view of a body for display in the
display environment, the body including at least one first point; providing, in the
camera view, a first motion path of the first point; associating one or more control
mechanisms with the first motion path, the control mechanisms being configured to
control a movement of least a portion of the body in space and a rate of the movement
in time; and in response to an input received through the one or more control

mechanisms; animating the body based on the first motion path.
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[0012] In some implementations, a method of creating an expression graph for
an animation system includes: providing a text-based programming language for
specifying expression graphs for an animation system; executing a program developed
with the programming language to generate an expression graph; and animating a
body in a display environment using the expression graph.

[0013] In some implementations, an animation method includes: providing a
display environment for presentation on a display device; providing a first body for

display in the display environment; providing a second body for display in the display
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environment; and determining a motion path for a portion of the first body relative to
the second body,

[oc14} In some implementations, an animation method indudes: providing a
display environment for presentation on a display device; providing & body for display
in the display environment; and determining a metion path for a portion of the body
relative to 8 coordinate system associated with the display environment.

[oa18] 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 geomeiry at a second rate; and rendering the body in the
display envirorment at a third rate, where the first and second rates are decoupled from
the third rate.

fon18] Other implementations are disdosed that are directed to systems,

methods, apparatuses and computer-readable mediums.

DESCRIPTION OF DRAWINGS

FOOiT] Fig. 1 ilustrates an exemplary dais flow network.

laligh:s Fig, 2 illustrates an exeraplary inverse-kinematics solver node.

{0019 Figs. 3o and 3b are examples of hierarchy inversion via subtree re-rooting.
620 Fig. 4 is a screenshot of exemplary graphical user interface for creating,

viewing and editing graph structure,
002t Fig, 5 illustvates the interconmnection of nodes using the graphical user

interface shown in Fig. 4.

fooz2y Hg. 6 illustrates a pull-ont drawer for changing internal node seftings.
180233 Figs. 7a-7c are screenshots of exemplary mamipulators for comfroliing
dilation and tickertape.

f6024] Figs. 8a-Bc are screenshots {Hlustrating a bendable-bottle model.

U Figs. %a-Bc¢ are screenshots iustrating a character walking in place.



fo026; Fig. 10a is a screenshot illustrating the user selection of a root joint of the
character in Figs. 9a-9c with tickertaping snabled.
g Fig. 10b is a screenshot illustrating a lateral shift of the motion path shown

in Fig. 10a, sothatframe Y on the path lies at the roct joint.

[oaza] Fig. 11 is a flow diagram of an exemplavy motion path manipulation
process.
jog2a] Fig. 1215 a block diagram of exemplary user system architecture,

DETAILED DESCRIPTION

1.0 Generalized Expression Graphs With Temporal Caching

fooan; It is common practice in computer graphics to represezi:f the geometry in a
scene with directed acyclic graphs (DAG's) while possibly maintaining a separate
expresston graph for update of the scene geometry. We describe a method of
tepresenting scene composition and underlying computations within a unified
generalized expression graph with cydes. Gur system provides natural mechanisms for
level-of-detall contrel, adaptive caching, wminimal recompute, lazy evaluation,
predictive computation and progressive refinement. It provides real-time guarantess
for minimum graphics frame rates and supports automatic radeoffs between rendering
quality, acouracy and speed. It supports new work paradigms described herein,

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

0031} At the core of our system lies an expression graph that generalizes the scene
tree data structure iraditional to comaputer graphics. The terms “graph” and “tree” here
comne from the mathematical field of graph theory. A graph is a set of nodes and = set of
edges, or nes, that nterconnect the nodes. The edges connecting to a given node are
incident to that node. I, starting from one node 4, you can follow a sertes of incident

edges and get to a second node B, then there is a path between A and B; the number of
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edges you traversed in getting from A to B is the path length. If there is a path from
each node in a graph o every other node, then the graph is conmected. If there is a non-
empty (length > §) path from some node A back to 4, then this loop is called a cycle and
the graph is cyclic. A graph with no cycles is acyclic,

0a32] Throughout the discussion that follows, when referring to graphs we will
mean direcied graphs or digraphs, that is, graphs in whicl the edges have direction.
Typically when drawing a digraph we show the nodes as circles or rectangles, and the
edges as arrows between nodes. [f an ncident directed edge points to node A, itis en
incoming edge of A, If it points away from A, it is an cutgoing edge. If an edge ¢ is from
Ato B, we say 4 is the origin of ¢, and B is the destination of ¢.

{0033} Digraphs may be used to denote mathematical expressions, For example,
the expresgion “(3+4)*6" may be represented as a digraph in which “37, “+", ¥47, ",
“6”, are denoted by nodes, and the steps of combining these elements are edges
between the nodes. Thus there are edges from “3" to "+ and from “4” to “+”; and from
“Ft0 ¥ and from Y67 to Y. Buch an expression groph provides a compact
representation allowing evaluation of the mathematical expression. Moreover, the
graph iflustrates dependencies in the expression; for example, n the expression above,
that the addifion occors before the multiplication, ie., that the result of the
multiplication depends on the addition, but not vice zzlm's/lA

80347 A tree is an acyclic, connected graph. We can designate a unigque node of &
tree to be the roof; then the tree is a rooted free, and there is an implicit direction given to
all edges in the fres 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 yoot node has zero
ncoming edges. Nodes with zero outgoing edges are leaves.

[oU35} Trees ave traditionally used in computer graphics to represent the contents
of a 3-dimensional (3-D) scene. Individual nodes in the tree may denote objects that are
rendered to the screen, for example, geometry {e.g., & group of polygons describing the

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



virtual ilumination of the scene, virtual cameras, efc. Such a struciure is referred to as 2

scerie free.

1.2 Generalized Scene Graph

{0038} As is common in graphics systems, we use a graph for representing
dependencies in 2 2D scene. We describe a comstruction on graphs used for
representing our 3-D scene data and the computational dependencies that undszlie that
data. In contrast with traditional scene frees, ow graph is a generalized directed graph
that may contain cycles, This graph represents not only our scene geometry in the way
a scene tree does, but further represents the hierarchy of computations that govern the
motion and interrelaionships between scene clements. Our expression graph is
sufficiently general to describe any computational process that could be described o a
general-purpose programming language; specifically it is Turing complefe. Indeed, we
describe a text-based computer language in Section 2 for use in specifyving these graphs
that is capable of expressing any algorithun or process that could be described in a
programming language such as C.

106371 Within this expression graph, we retain the notion of embedded subgraphs
that correspond to tradittonal acyclic, rooted scene trees. However, there is not a single
such grouping that constitutes a urnigue 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 divections, and partition the graph into subgraphs sach 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 frees and the dynamic nature of graph

topology are described in detail in Sections 1.2 and 117,



1.3 Dats Flow Network

FOUas) Fig. 1 fllustrates an exemplary data flow network 100. Such @ network
represents a computation by encoding data 102 (¢.¢., a number) or operations 104 (z.g,
addition) within nodes, while edges 106 denote the dependencies between nodes, We
think of data as flowing along the edges in a graph in the direction the edge arrows
-point. As is common in suach networks, nodes may internally maintain a cache of the
value they represent within the total expression. We maintain in each node a state flag,
or dirty flag, that indicates whether the data cached at that node is currently valid, We
refer to data cached in a dirty node as stale data,

{6039] The graph implements a push-pull network, which models the state
dependencies of computational objects underlying a character or a scene. Nodes “pull”
against the direction of the edge arrows to get needed data from other nodes higher
“up” i the graph, and when data changes nodes push an indication of the change
{though not necegsarily the data itself) “down”, in the arrow divection, to nodes that are
dependent on that data. This way, if a node A has pulled data from another node B, A
knows it does not need to pull the data again until it recetves a push from B.

[0040] Because our graphs may be cyclic, the terms “up” and “down” are used
loosely. In fact, @ node may be “down” {or “up”) from itself, i the event it is part of a
directed cycle, that is, ¥ while following from the node a sextes of edges in (or against)
the divection of the edge arrows one will encounter that nods again. For convenience,
we will mean the directions “down” and "up” to yefer to aversing edges in the
direction of and against the direction of edge arrows, respectively,

(00411 initially all nodes in the graph are dirty (l.e., their divty flag is set). When
an output value at a particular node is needed, we pull on the node, If the node is clean
{i.e, the dirty flag is cleared), the value stored at that node is returned. If the node is
dirty, the node pulls on its mcoming edges (its inpufs). Puliing 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



of a node m pulled clean. Now the node re-evaluates itself, stores a new value in its
cache, marks Iiself as clean, and retuins the value to the node that initiated the pall.
00421 Conversely, an external process may cause the value at a node to change.
Now the velues stored at nodes downstrearn ave marked dirty. The node pushes its
output edges, which In furn push their destination nodes, which in twm push their
outputs, and so forth. In this way. the subgraph downstream of a node is pushed dirty.
0043} This push-dirty, pull-clean mechanism allows us to evaluate sub-pisces of
the expression graph while doing a minimal recompute. That is, we preferably do not
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.
Stgmificant in this scheme is that when something chenges, we don't immediately
recompute anything, we stmply note the scope of the effect (by pushing dirty through
the affected subgraph), We will later puli-clean subgraphs only as needed. This in

effect provides lazy evaluation of the graph.

1.4 Cyclic, Mulii-Cached Graph Evaluation

o044l Our graphs differ from traditional data fow networks in many respects.
Our graphs may be cyclic, that is, they may contain loops. Normally data flow
networks are acyclic, because cycles in such a network could Iead to an infinite cycle of
pushes or pulls and thus a computer crash, We employ a marker mechanism, described
betow, to provide controlied looping or recursion through such cyclic siructuzes.

0045} The data flowing along edges in our system conceptually are
(pararneter,value) pairs, where often (but not always} the parsmeter refers to time, and
the value designates the state of a node outpat at that tirne. Thus, pulls upwards in the
system are for data at a particular pavameter value, while pushes downward signaling
state invalidity will indicate the parameter intervals that the state change affects. That
is, Pull(f) vields a pawr {4,v}, and invalidation messages take the form Push(I"), where I"
= (e,000%...) gives the closed intervals o7 = {toh] = fu | & <= 4 <= )} over which

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



necessary (and so on, rectrsively upwards through the graph). A node may use this ¢
internally in the calculation it performs on its Inputs in producing its ougput values, or
it may simply pass it upwards vie the pull A node may even parform a pull at a
different t than it itself was pulled at, or it may perform multiple pulls at different £'s.
foc4a] Itis up to each individual node whether or not to retain internally the data
only for the most recently requested parameter value, or to cache data across many
parameter values. We refer to the latter as “temporal caching”, since usually it is used
to cache data over a vange of times. The decision whether or not to employ temporal
caching within a particular node may be made sutomatically, as described below, or it
may be set by a human operator.

[8047] When a node pulls for data, it may either designate an explicit paramster
value for which i wants the data, or alternatively it may ask for data at an unspecified
"input” parameter value (designated herein as kinputFaram). This second case is only
allowed when the source of the data depends on a parameter input frowm a “parameter
driver” node, typically a clock, somewhere up the graph, Pulling on a parameter driver
yields the “cwrent” value for that parameter. In this second case then, the pull at
k}tﬁpuﬂ’aram is implicitly a request for the dam as &t would be at the "ocurrent”
parameter values for all drivers npwards in the pull chain. 1n the simple case of & aingle
parameter driver fhat is the animation dock, puiling at KinputParam yields the value of
a node output for the current animation time. Pulling at another parameter value
yields the node output data for thme £, The kinputParam token is discussed further in
Section 1.18.1.

048] Because the graph may contain cycles, we take care not to pull endlessly
aleng 2 series of edges that lie in & cycle. Unchecked, such 2 cyclic pull would lead o
an “infinite loop” or “infinite recursion” and a program crash. We guard against this by
raising a mavker flag in each node as it begins its pull, and lower the flag once it has
veceived it data. I a node receives a pull while its marker flag is raised, it knows the
pull is recursive. It then has a choice to either signal an ervor, to refwrn an estimated,

default, or stale value; or to allow some finite number of recursions to occur by keeping
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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 Jast 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.

F048] When & node pushes z state invalidation message I, this message specifies
the (closed, possibly disjoint) interval of parameter values over which the invalidation
rnas occurred.  Again considering the wsual case where the parameter refers to
animation thme, the push designates that the output of the nods is invalid over some set
of animation frames. The nodes that receive this push (that is, the nodes to which edges
point from the node that inttiated the push), can themselves push along their output
edges, and this continues recursively, In this way, the graph downward from the
initlating node is flooded with state-dinvalidation messages. Because the graph may
confain cycles, we take care not to continue this recursion through a cycie, as this would
lead to an “infinite loop” or “infinite recursion” and a program crash. We gaard
against this simply by not pushing dirty intervals past nodes that are aiready dirty over
at least the interval being pushed. By induction, we know that the entire subgraph
below such a node is already also dirty over at least that interval, so there is no point in

continuing the push.
1.5 Adeptive Caching

[oosg) An individual node may contain no cache of its cwrrent value, may
contain a single-line cache of the value for the most recently pulled parameter £, or Tay
contain a multi-line cache of values for various 5. In the case where f denotes time, we
refer to multi-line caching as temporal ceching. I a node contains no cache, then
effectively it is dirty: any pull on it will result in it pulling upstream. If a node caches a
single value, computed for some parameter £, then it is clean at f but divty st all u # ¢ If

anode caches 2 set of values, then it has a set of dirty bits, one per cache line, and it will

11



be clean over some (possibly empty) set of disjoint intervals, As detailed below, these
cache lines are not infinitely sharp, that is, a parameter interval around t will be
mapped to t's cache ine. We say such cache lines have a non-zero cache line width.
30517 Nodes may have more than one output, and each output will have a
separate cache. Outputs of the same node that use the same caching scheme will share
2 common set of dirty flags. In some cases, a node may have an output, buf no
outgoing edge is connected to that output, In this case, it is as if the node did not have
the output, and no value is computed for or cached in that ouiput.

03521 Node outputs themselves decide which caching scheme (none, single, or
mudti-line) they will use, or the user may explicitly designate which scheme a particular
output shall use. The scheme wused at & particdlar output may change dynamically
during program execution, either automatically or because the user changes it.

100831 Automatic selection of a caching scheme involves a cost-benefit
calculation. Cost of a caching scheme is 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 slot;
multhline caching costs a copy on cache-write for each cache miss plus memory for
storing » cache slots. Thus, we calculate & unitless, abstract cost of caching an output as:

, | k*cacke _siot _size® {l+n} when cached
cache_cost= :

g

where cache_slot_size is the size of the value type for the output, and the "1 +” reflects

wiren uncached

the cost of the cache write for cached outputs.

o041 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 bmportant is the
node. The pull rate on a node output V is the nurnber of times V is pulled per unit time.
The cache kit ratio of V is the number of cache hits for V divided by the total number of
pulls on V {(windowsad over a unit tme intarval); for uncached outputs, the cache hit
ratio will be zero. The cost of a cache miss is the time spent on average in re~evaluating

the node following a miss; when a node or node output has high evaluation cost, we say
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that node or vutput is expensive. The iraportance of a node is given by that node’s
priority, as described in following sections. [As detailed elsewhere, the priority reflects
salience due o projected screen area and user focus.) Expensive outputs of high-
priouity nodes with a high pall rate but o low cache-hit ratic are good candidages for a
mote aggressive caching scheme, Finally, we define the periodic evaluation cost of a node
as the aggregate time spent re-evaluating that node over some sliding-interval window.
Thus,

cache_benzfit = evaluation_cost * priovify ® pull_rate * cache hif_ratic

cache_tnadequacy = evaluation cost * priority * pull_rate * (1 - coche_hif_rafio),

and we rack 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
outpur. We evaluate:

crche_twortit = cache_bevefit /(1 -+ cache_cost)

using the cache cost of the current caching scheme, and

cache_need = cacht_jnadequacy / {1 + cache_costy,

ustng the cache cost of the next most aggressive caching scheme.

[6055] Outputs with the highest cache_need are switched to 2 more aggressive
caching scheme. Outputs with the lowest cacle_worth and lacking a high cache_need (or
that are already using multi-ine caching) are switched to a less aggressive caching
scheme. Also, outputs which are regularly differentiated or mtegrated {Section 1.14}, or
that drive a motion path (Section 4.1) automatically use multi-line caches when feasible.

100588] For nodes employing multi-line caches, the mapping from parameter tto a
line in. the cache is determined by a cache-mapping function M. This function depends
on the total parameter range {m, tme] that is cached, as well as the number of cache
lines, and the width of those lines. We use the cache mapping functon:

s=M,, {I}=c, + roundfel)
and say £ maps to cache lne 5 under M i and onlv if
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{0sx <N)A(\é‘b s(ed —round{e,rjks cw))

where:
¢ = the parameter value at which lookup ocours,
g = the cache line to which { maps,
N = the number of lines i the cache

{vache lines are numbered from 0 o N-1),

%) = the cache line corresponding to £ =,
ir = the nuraber of cache lines per unit change in parameter f,
Cxel = the cache folerance, equals?/z the cache line width,

round/x) = ¥ rounded to the nearest integer,

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

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

#"b is true if and only if both 2 is true and b is troe,

90873 H £ fo b} mape to some cache line s and 5 is marked clean, we say a
cache hit occurred, otherwise we say there was a cache miss. We define the cache
inclusion ratio as:

Ciugiusion = 2 Ciot 1+

fo0s8) ¥ Cincuson = 1, all parameter values ¢ within [fum, tme] vield valid cache
. ) 3 y E Ay a it = 2 P . 2 ¥ 7 i
mappings; the cache slots are maximally wide (they abut one another). This provides
us with potentially inaccurate but very fast graph evaluation, since all ¢ in this range
will map onto the cache. By allowing Cimduson < 1, wWe increase fhe accuracy of graph
evaluation at the expense of evaluation speed, since as Guiwsor decreases, fewer queries
will resudt in cache mappings, but the ¢ that do map onto the cache will be better
centered within the cache lines. AL Giausion = 0, only exact cache mappings are allowed;

the cache glots are infinitely thin. Varying Gidueer in the range [0,1] provides us with &



continuous Level of Detail (LOD) contrel on graph evaluation, enabling us to vary the
trade off between speed and accuracy. We can contvol this tradeoff per-node by
allowing each node to specify 8 own Gadwi This is just one of several LOD

mechanisms available, as described next.

1.6 Approximate and Partial Bvaluation

fansn] When a cache hit occurs in response to a query Pull(f), the node refnteves
the value v stored in cache line s, and refurns the tuple (&,¥). f a cache miss occurs, the
node may do any oné of:

1. return the value vawe, which is the value stored at the nearest cache line to 5, even

if that cache line is marked dirty;

=)

return the value Vepuommen, tnterpolated between the neavest neighboring cache

lines 5 and s~ that are non-dirty, where 5 <s and &* > g

{2

Fuli(y) on each of its incoming edges, where normally u = £, then recompute its

output values vi for each output i,
4 Puil(s) on each incoming edge, but only particlly recompute its ontput valies,
: B UE 3 J

joosty When (3) occurs, we say the node re-evaluates. If f maps to some cache line
5, then the node will place each vi in that cache line for output { and mark the cache flag
for line 5 ag clean.

{ooet] When (4} occurs, we say the node does a partiad ye-~evaluation. The node
will not store any value in the output caches and will not change the state of any cache
flag. Tt will store enough information to enable later continuing evaluation where it left
off. In retuming (t,v) to the node that nitiated the Pull{f), it will mclude a special token
that says this is a partial or intermediate result and needs further subsequent
refinement. This provides a mechanism for progressive refinement of complex
computations within the graph. Further, # provides the sbility to create graph

structures supporting looping and recursion.



[0062) Nodes automatically choose between mechanisms (13-(4) above based on
the urgency and level of detail of the pull. The urgency 16 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
ievel-of-detail are described in Section 17) Ideally, all cache misses result in {3)
occurring, that is, divty nodes are fully re-evalusted and dirty subgraphs are pulled
clean. [nsome circumstances, we may begin running out of time while doing this graph
re-gvaluation; 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 mte each node type and may be
overridden by the user or model bullder per-node. Generally strategy (1) is preferred
over strategy {Z) because it involves no extra computation and wvsually it provides the
least-surpristng behavior. Strategy (1) tends to create a delay or “lag” during divect
mantpulation when very expensive {or very low-priority, e.¢.. due to small screen size)
gections of the 3-D scene don’t update at the full frame rate.

{BO8E] This flexibility in providing stale, approximate, or partial results provides
us with real-fime guaraniees on the execution speed of the graph evaluation, and ensures
we can maintain a target frame rate in redrawing the scene, This provides still another
LOD-mechanism, trading off accuracy and/ or node recompuie rate in order to maintain
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 graph. We
further generalize this level-of-detall control within the Pull() mechanism, as described
below under Level-of-Detail (Secdon 1.7). The usage of this LOD control to achieve

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

{0064] We now extend the Pall(f) semantics to include a specification of the level

of detail (LOD) for which the vatue is requested. We say Pull(fiod) vields (5,v). {The lod
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is actually a vector guantity, but we discuss it first a8 a scalar guantity for simplicity )
This level-of-<letail control can provide a switch between multiple alternative
represeniations, for example, geometry may be mulkiply represented within the graph
with the Jod-mechanism used to automatically select the best representation. The level-
of-detal] can also be wsed internally within nodes to select alternative algorithms or o
set the desired accuracy of an algorithmy, for example, by controlling the refinement
Jevel of a subdivision surface.

fB065] The initial lod value originates at the application level and is passed
through a sequence of Pull’s or Render’s. (Render calls are described in Section 1.9
below.) Nodes may modify lod as they pass it along for thelr own internal reasons. Fox
example, 2 node may want to evaluate an input subgraph very roughly as one step of
its own internal evaluation, so it may inifate the Pull on that input at e low lod. The
user may explicitly raise or lower the relative lod of particular nodes through a dialog in
the user nterface or programumatically during model construction. As described i the
next section, the application can automatically lower lod globally as needed between or
even during render passes to attempt to provide lighter-weight, and thevefore faster,
graph fraversal. This allows the application to trade-off rendering detail and accusacy
with speed to maximize quality while meeting frame-rate goals.

e Interpretation. of specific numerical values of lod is left to the nodes
themselves; at the graph level, lod is regarded as an abstract, unitless value that is
normally greater than or equal to zero, Zexo lod specifies that the simplest/fastest
possible representation or algorithm should be used. Lod greater than zero specifies
that a mors-accurate represeniation should be used. A negative lod specifies that no
evaluation or rendering should be performed at all; what happens instead differs
between Pull's and Render's. A Pull at negative lod will result in cached, stale, or
Icomplete values being returned, as described in Secoon 1.6, The connection berween
negative lod and increasing urgency is detailed below in Section 1.8.1.

0087} For a Render with negative Iod, neither that node nor its childrer will be

rendered at all. For Render's at zero lod, if an imposter {a polygon texture-mapped with



an image of an object saved from a previous render) is avallable, the imposter will be
drawn in place of the object itself; otherwise some extremely lightweight rendering
(such as a bounding box)} is used.

[uosa) While we have discussed jod as if it were a single scalar (real} value, in fact
we maintain distinct levels-of-detail for geometry, avticulation, deformation, shading
and Hghting. That is, rather than maintaining and passing a scalar lod, we rely on 2
vector-valued Iod = (lodgom, 106utice 108agsrn, 108saie, lodigic). Farticular types of nodes
generally will depend only on a single one of these components. The lod component(s)
to which a given node type responds are referred to as that node type's LOD control
chanrel{s]. For example, mesh deformer nodes generally respond just t© lodigm,, while
nodes representing light-emitting surfaces may respond o both lodgon and lodig.
Again, it is left to each node to decide how o interpret the values within led, except
that all node types return from Pull and Render calls immediately when any one of

their control channels fall negative.

1.8 Real-Time Guarantees

[eoest We desire to provide sofi-real-fime guarantees on the maximum time
taken to traverse the graph for a given operation (typically renders). We achieve this
through various mechanisms:

¢ dynamically adapt LOD

s partial evaluation

e progressive refinement

« adaptive caching

¢ parallel evaluation

o predictive precomputation
1.8.1 Dynamic Level-of-Detail

o070} As mentioned in the previous section, the system can dynamically adapt

level-of-detall at the application level between and during render traversals, After each
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render traversal, the application rotes how much time was taken relative to the target
traversal rate. If the taversal was considerably faster than necessary, the application
increases the top-level lod. The next render pass will be initiated with this higher led,
Coenversely, if the traversal took longer than desired, the application will reduce the
top-level lod,

6071} The application can adapt lod globally during the course of recursive
Pull’s or Render’s by adjusting a global urgency value, Urgency is inttially 0.0 when the
application itself inttiates a Poll or Render. As time passes, a watchdog thread will
increase wrgency towards 1.0 as the time approaches the traversal time deadline. In the
event the deadline is exceeded, urgency rises above 1.0, Each cail to Pull and Render
muitiplies its lod parameters by 1.0 - urgency and uses the results as its effective lod's,
Thus, effective lod's will fall as the deadline approaches, encouraging the nse of simpler
and faster representations. If the deadline s exceeded, effective lod’s will become
negative, preventing any further evaluation or rendering and enswring a near-
ipgnediate returmn from traversal recursion.

o722} in this way, based on how well a given render pass has met its real-time
deadlines, the application will adjust is own fop-level lod, atterapting to meximize
guality and accuracy of the reﬁderhxg without exceeding deadlines. When the
application is too ambitious, using an excessively high lod, it will raise urgency to ensure

nonetheless that traversal terminates in soft veal-time,
1.8.2 Partial Bvaluation

{06733 As described in Case 4 of Section 1.6, there are circumstances in which a
node may retum a pulled output value before it has completed reevaluation. This
happens when a node beging re-evaluation (Le., a pull occurs) with urgency < 1.0, but
urgency rises above 1.0 (e, effective lod becomes negative) during evaluation. It may
also happen because the time spent in a single nvocation 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 pertially evaluated output, except that the output
subgraph of that output 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
previously.

[0074) Similarly, as identified in Cases 1 and 2 of Section 1.6, a pulled node will
return stale or approximate vesults when the effective lod of the Pull is negative {le.,
when wrgency > 1.0). Again, the subgraph below the node will remain dirty, and
subsequent Pull’s on the subgraph will continue w pull on that node. Dhue to other
seciions of the graph becoming clean and/or cached, these subsequent pulls should
ocour with greater fime available, so that effective lod is eventually non-negative {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 ws to Pull with non-negative lod  One
circumstance in which we may not be able to achieve a non-negative-lod Pull at a given
node is if the mere process of traversing edges upwards in the graph to reach that node
exceeded the available time bounds for graph traversal. Because edge traversal itself is
an extremely lghtweight {(fast) operation, only an enormously large graphk would
exhibit dus problem. Clearly such a large graph would be beyond our ability to
recompute effectively, and we doubt such graphs will be encountered in praciical
situations. However, this does highiight that the mexinon path length in a given graph
gives important information about how costly evaluation of that graph may be.

{00783 The native ability of fhe graph tw partially or approximately vecompute
provides & mechanism for achieving rough results when real-time demands do not

allow for a full recompuie,



1.8.3 Progressive Refinement

{No7s] If we perform partial evaluation over muddple successive traversalg, we
will progressively refine pass accuracy. In the case of elective partial evaluatior, we can
comipute an error metric and bound, refurning dean when we have achieved the ervor
threshold, Similar to what accurs with strategy (1) in Section 1.8, this tends to create a
delay ot “lag” during divect manipulation when very expensive {or very low-priority,
e.g. due to small screen size) sections of the 3-D) scene don't update at the full frame
rate. In the case of progressive refinement, this gives the effect of computationally
heavyweight scene components graduslly updating in response to rapid user direct-
manipulations.  For example, a complex deforming surface may change shape
gradually over several frames despite the fact that the underlying skeleton is redrawn at

an interackive frame rate.
1.8.4 Adapiive Caching

077y As mentioned above and in Section 1.5, the caching strategy within 2
given node may change over thne 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 arvea or user-
focused) subgraphs to re-evaluate rapidly. Thus, adaptive caching is an important

enabler of the real-time svaluation methods described in this sechion.
1.8.5 Parallel Evaluation

f007EY Given that we can waverse a graph node-by-node, puling nput
subgraphs clean or rendering output subgraphs, we may wish to break up fraversals of
subgraphs into separate thyeads. This enables symmeiric multiprocessing on shared-
memory architectures. Every recursive pull or render presenis the opportumity to
spawr 2 new thread. We track pull/render cost (as described for evaluation cost in
Section 1.5 and elsewhere} and vse that as a guide of when to spawn a new thraad, The

ideal situation is a node in which two expensive Pull’s or Render’s are performed on
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large disjoint subgraphs. In thiz case, ideally we traverse both subgraphs
simultanecusly. In fact, this occure quite commonty in the form of Render’s at the scene
graph root different large top-level models ideally will be evaluated on different
processors. Potentially this provides an order-n speedup when running on a machine

with n symuaetric processors,

1.8.6 Predictive Frecompuiation

{ou7e] It 18 common wisdom that the vast majority of processor time in the
typical computer is spent idle waiting for user actions. We can take advantage of idle
time to re-evaiuate dirty nodes. This is parficalarly valuable i conjunction with
temporal caching: we re-evaluaie nodes at tmes corresponding to dirty cache slots,
thereby filling those cache slots with clean values. We refer to this as predictive
evaluntion, because we are anticipating that the owtputs of these nodes will be pulled at
paramefer values other than the current vatue, athough no such pull has yet occurred,
fuoad We prioritize nodes for predictive re-evaluation based on the product of
ariovity and cost, with those measures compurted as described in Section 1.5, The greater
is the product the higher is the priority for predictive re-evatuation. I we have an
estimate of the error in a given cache siot {this may be easily computed for certain node
types, such as those perfornung subdivision or similar refinement algorithms), we may
use that error estimate to scale the re-evaluation priority, Similarly we may track how
much time has passed since a cache-slot was last re-evaluated, and scale priority by
cache-slot age. Scaltng priovity by error is useful for nodes that employ Case 2 of Section
1.6 (return approximate vaiue). Scaling priovity by age is useful for nodes that employ
Case 1 of Section 1.6 {xeturn stale value), '

00813 At the application level we maintain a priority quene thet ranks nedes

according o

™
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priorify * cost ¥ age for nodes that have previously returmed Ve,

ariovity * cost * error for nodes that have previously reteoned Yapprovime: 2006
F Y i

possessing an eagily observable error metyic, or

priority * cost for nodes that are not Puli-ed with negative effective

fod {or that lack any siznple error metric).

f0082] For efficiency, we only bother 1o fnclude in the prionity gueue 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 queve those nodes for which temporal caching is enabled on one or more
outpis,

f0083] Af program startup, we create one (or §, on n-processor systems) low-
priority fdle Hwead(s). When the system is busy, the idle threads will sleep, yielding
CPU dme to more-urgent work., When idie time becornes available, an idle thread will
run, pulling a node for re-evaluation from the top of the priority quene. We evaluate
the node at those thmes at which its cache slots are dirty. This evaluation may result in
Pull's on other nodes; i these nodes have temporally cached outpuis and no other
thread is re-evaluating them yet, this idle thread will alse pull these ancestor nodes
from the priority queue,

foogd] I this way we wander the graph filling caches during idle time, helping
1o ensure that we will be able to vespond rapidly to further user actions, especially
frame changes, which tend to be the most-chalienging action to consistently perform in
real ime. We refer to this process as pre-caching, since we are filling caches in advance
of when the cached data s needed, This mechanism is especially effective in
conjunction with symmetric multiprocessing, allowing us simultaneously to handie

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



1.9 Render

fo08s] The ultimate goa! of graph traversal generally is to draw something on
screen. As with prior systems, we accomplish this viz a top-down render fraversal,
distinct from the bottom-up evaluation fraversel indtiatred by a Pull. The render traversal
occurs over a connected subgraph of special expression nodes called scene graph nodes
{or simply scene nodes); we refer to this subgraph as the scene graph., Al scene nodes
possess a ofm_fu inpui and & ciw_ouf owtput (and possibly additional node-specific
inputs and outputs). The parent of a scene node A is the scene node above A's chn_in
input, if any such node exists; otherwise A is an orphen. The children of a scene node 4
are the scene nodes below A's chm_out output, if any such nodes exist; otherwise A s a
leaf. The ancestors of a scene node A are those scene nodes in the scene graph above A
The descendents of A are the scene nodes in the output scene graph of A, Scene graph
nodes are described more fully in Section 1.18.3.

{00851 Render traversal initiates via a Render message to a scene node and
propagates depth-first to all enabled nodes in the output scene graph {(with certain
exceptions described here and in Section 117} To render the full 3D scene, the
application calls Render on a designated orphan root node. Nodes may be disabled
{explicitly, by the user), which prevents these nodes and thelr children from being
traversed during rendering,

{00871 Parameters to the Render call specify: (1) a graphics output context, or
graphics port, to which drawing should occur, {2} the pull parameter at which o
evaluate the expression graph, (3) the desired level-of-detail of the render, and (4) the

render mode settings to be used. Thatis, & render call is a message:
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Render (gp, param. lod, ®);
where:
ar = the cutput graphics port,

param = the graph parameter at which to perform the render (usually the value of

the global animation clock, .2, time},

iod = (lodgeom [odaric, [0dusgmm, 10dgmac, lodugn) = the desived levels of detal, and
@ = a vector of render mode settings {described below).
jvoss] When node A receives a Render, it possibly modifies the state of the

designated graphics port in some node-specific way, issues any node-gpecific 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
o i state prior to A's modifications, if any, and returns to whomever inifiated the
render call on A,

foosg] The graphics port render parameter gp designates the graphics target to
which cutput should be divected. For interactive rendering, this could be an OpenGL
context, for example. For rendering to an external target, such as a high-quality off-line
renderver, this might refer to the imvocation context of a rendering-export plugin.
*Graphics pors” are simply a wrapper for naming such heterogenous output targets. It
falls to the output target referenced by gp to decide how t0 act upon the state changes,
geometry issues, efc., generated during remder traversal. The gp parameter is passed
unmodified through the recursive render calls to the child nodes.

o080 The param render parameter designates the animation “time” at which the
state of the scene should be rendered. In most cases. fhis poram will be used as the
pararaeter for resultant Full's and for rectirsive Render's of child nodes. Certain nodes
perfonm input pulls or child renders at different parameter values. For example, the
MotionFath node Section 4} evaluates its ctm_in input across a vange of parameter

values. In fact, MotionPath nodes entirely ignore the parom render parameter except



when special path rendering options, such as tickertaping and path dilation, are
enabled (Section 41.2).

faeet] The lod render parameter designates the levels-of-detail at which the
scene should be rendered. In most cases, this lod 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 avea may scale lod by a value less than unity before recursing
over children, providing fast, less-detailad rendering of objects that are not visually
important in the rendered image. The lod may be scaled by 2 value greater than unity
for the active model, that is, the model containing the currently or most vecently selected
node. Automatic scaling of the lod pavameter up or down i genevally performed in
Model nodes (Section 1.38.5). 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 overridder: value is used for input pulls or child renders from
that node.

{0082} The ® render parameter designates a wunber of render mode settings.
These setiings control various aspects of interactive rendering, including: geometry
style (2.5, surfaces, skeletons, bounding boxes), render style (c.g., wireframe, hidden
tine, flat shaded, smooth shaded), optonal aids to visualizing geometry (e.g., iocal
coordinate frames, normals, surface-curvature, exture coordinates, nods names, bones),
and so forth. The user may explicitly override any of the @ settings at a node via an
application dialog; the overridden @ is wsed for rendering that nede and for child
render calls from that node. The @ parameter has no affect on exports o external
offline renderers,

{8083} Becanse the graph may confain cycles, we take care not o yender
endlessly along a series of edges that lie in a cycle. Unchecked, such a cyclic traversal
would lead to an “infinite loop” or “infinite recursion” and a program crash, We guard
against this by raising an inRender marker flag in each node as it begins its render, and
lower the flag once it has completed its render. If a node receives a render message

while it inRender flag is raised, it knows the render occured recursively via a cycle,
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and it will return immediately from the recursive render without traversing t its
childrer. This is analogous to the mechanism described in Section 14 for ensuring
cycle-safety of graph pulls.

B4} The value provided at the chu_ix input of a scene node is the Concatenated
Transformation Matrix {CTM) defining the coordinate space in which that node should
be rendered. This is also known as the precim of the node, since it defines the
coordinate space existing before the node makes any of ite own graphics-state ch.aﬁges.
The ciw_out oukput gpecifies the coordinate space in which children of a node exist, 1.z,
the post-cim of the node. That is, the postctm of a given node is the pre-ctn of its
of these nodes is passed through wrmodified to cim_out, so children of such nodes Hve
in the same coordinatz space as their pavent. Transform nodes do modify the coordinate
gystem, in some way transforming the matrix between ctm_in and com. out. The
general Transform node accomplishes this transformation by multiplying the ctom_in
matrix input by a xform matrdo imput, and providing that product at the chm_out
Subclasses of Transform provide higher-level transform controls. For example, Roinie
nodes rotate the chm as specified by their Buler-angle or quaternion rotation input. Two
special subclasses of Transformn, Bomes and foinis, are used to assembie articulated
hierarchies. Transforms and their subclasses, including Bones and Joints, are described
in more detail in Section 1.18.3,

fooest Several types of nodes exist to issue geometry to the graphics port. For
example, Surface nodes are used to draw subdivision surfaces. Other geometry nodes
produce primitives such as points, lines, ellipses, quadrics and text. In addition to
chr i and various node-specific imputs, most geometry nodes also possess a material
input. This accepts values of type material, which are generated by various kinds of
Material nodes. Basic Material nodes cant 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 & texture image map, EnvironmentMap

nodes for binding a reflection map, FragmentProgram and VertexProgram nodes for
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binding OpenGL fragment and vertex programs, and Shader nodes for binding
procedwral shaders for external offiine renderers. Material nodes are described in
greater detail in Section 1.18 4.

{0085] Other scene node types exdst to specify the camera projection for
randering (Camera nodes) and to define scene lighting (Light nodes). Several node types
exist to define named scopes over thelr descendent subgraphs {Models and Parts),

foneTt There are several special kinds of scene graph nodes, and one special
situation, that modify the above view of render traversal. Switch nodes are used to
select among multiple alternate sub-scenes. each beneath a distinet ctm output. Attach
nwodes aliow a node to exist within a coordinate space different from that of the parent’s
ot out.  Inverse Kinematics IK solver nodes provide an alternative joint-transform
evaluation mechandsm in which the transform used at & jobnt is devived from the
desired position of the end-effector of the joint/bone chain, rather than the usnal case of
end-effectar position being determined forward-kinematically from the joint angles.
Subgraph inversion 15 an alternative mode that inverts the usual flow of ctm data from
parent to child within a local subgraph. These special cases are discussed in Section

1,17 — Dynamic Topology Changes.

1.20 Data Types
16048] The value produced at a particular node output will be one of a number of

data types. Supported types include ing, scolar (Hoating powmt, aka real), poing, wector,
covector (aka normal}, matrix, guatermon, curve, mesh, field, deformation (Secton 118.2),
materigl (Section 1.18.4), image, char and sting. Single- and muld-dimensional fixed-
bound arrays of these fypes may be used as well. Anticipating the modeling language
defined in Section 2, these may be instantiated as Cstyle arrave of fixed bound, for
example, “Wt{32}7, “scalax{5]I6}". A ficld is & parameterized type defined over a mesh;

for example, “field<normal>{m]” is 2 surface-normal field over mesh m.
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1.11 Polymorphism

[ohes] While a particular node output protuces data of the same type, a given
node input may accept multiple types. An output may be connected to an input onldy if
the type of the output matches one of the types accepted by the input. This siyle of
polymorphism corresponds to that of the C++ programming language, in which
functions may be overloaded to accept muliiple parameter input types, but function

overloading by return (output) type is not permitted.
112 Inputs and Outpuls

{00100} Bvery node type defines certain input and output tabs, to which incoming
and outgoing edges, respectively may be connected,  An input tab can function in one
of three modes.

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

the inputresult in pulls to the upstream node.

2. Ahernatively, the user may specify an infernal eepression for an imput fab; pulls av
that mput result in evaluation of the expression, The expression language is
described in Section 2.2.

3, If an input s 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 thelr inputs, and users can specify alternative defaulis.

fuotet] Both input and output tabs possess & name that is unique among the

mputs and cutputs 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 gpecify the unique data type cutput at that tab,
1.13 Gain and Bias

nakhryl The user may specify a blas and/or gain for any nput or cuput. The
a S Iy 7 / Dl J 1

value at that fnpur or output will be gain * original_value + bigs. By default, gnin = 1.0
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and bins = 0.0 for scalay 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 output, the user can scale oy bias all
edges leaving thar output. Gain and bias may be set by the user within the application
via a “node inspector” dialog box, or the model definition code itself may specify gain

and bias as described in Section 2.1.2 below.

L34 Integrals and Derlvatives

[00163] Node outputs can be integrated and differentiated with respect to
parameter £ For nodes with multi-line caches, integration over [i.f;] amounts to
summing the (cléan} cache lines between M{ts) and M(fy), scaled by stepsize k= 1/c,.

That is:
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where (/) is the output value at parameter £, ¥ 18 the value stored on cache tine {, M(#)
is the cache mapping function discussed previously and cr is the number of cache ines
per unit change in t.
1001043 Differentiating at ¢ involves taking the finite difference at M(f). Higher-
order devivatives may be computed by comparing the derivatives at successive cache
slofs, Thnue:
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where V 1s the finite backward difference operator, and v is a binomial coefficient.



01051 If some of the referenced cache lines are not already clean, one or more
Pull{t)'s toay be implicitly necessary. In some cases it may be convenient to maintain a
multi-line cache of the derivatives themselves to facilitate fast evaluation of higher-
order derivatives,

foo40e] Expressions 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

(80407 Often many edges will follow a similar routing between two nodes or
groups of nodes. Merging these edges intc & 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

[801081 Another common confributor 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 sdge to the parameter input of every avar {see
Sections 1181 and 2.3). Transmifter nodes “broadeast” thedr input value on a named
charmel, Any number of receiver nodes may “tune” to that chanmel by name, affer
which they will produce the transmitted value at thefr output. FuncHonally this 18
equivalent to an edge that connects wansmitter to receiver. Expressions may reference a

broadrast by name {(see Section 2.2).
1.17 Dynamic Topolegy Changes

1061087 Sections 1.2 and 1.9 described the usual way nformation and render
traversal ave propagated through our expression graph. As mentioned previously,
several sitmations modify the usual chain of dependence and waversal. Three such

situations result from special nodes that enable dynamic local changes to the effective



graph topology. A fourth situation arises when a model dynamically changes its own

root te be at a different node. We discuss each of these four situstions below.
1,171 Switches

001101 - Switcl nodes are used to select among multiple alternate sub-scenes, each
beneath a distinet CTM output, These nodes may have any number of CTM outs, and &
scene node connected to any of these outputs is considered a “child”, but render
traversal will only proceed to ope such ouiput. The index of the active output is
specified by a value input. The state of the switch only affecis render traversal, not
graph evaluation. Thatis, a push-dirty will push through to all connected cutputs, and
a pull from any output pulls on the inputs. The value fnput 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
ouiputs. The number of output tabs a switch node will provide is specified by the user
at model-construction time and mav be anywhere from one t0 an implementation-
dependent fixed upper limit A selector value that does not correspond to the index of
any conmected output effectively disables ail outputs.

fee111l Switches may be used to select between alternative representations or o
dynamically enable (i.e., show} and disable (hide) a subgraph, An example of the use of
swiich nodes to madel ifthen-else and multi-way “switch <selector> <cases>" constructs

is given in Section 2.1.9 — Conditional Execution.

fO01123 Astach nodes aliow a neode to exist within a coordinate space different
from that of the parent's ctrn_out. This is useful for a model whoge frame-ofreference
changes mid-shot. For example, a model of a cup sitting on. & table might logically be

represented within the coordinate space of the table; however, i a character picks up
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the cup, we would now like to represent the cup within the coordinate space of the
character’s hand, so that the cup will follow movement of the hand.

{00113] Attach nodes accomplish this by taking multiple alternate CTM imputs
and a pair of selector inputs, and providing a single cim_oul. One selector input,
sel_trans, specifies which CTM input will be wsed for translation; the other sulector
input, sel_rot, specifies which CTM mnput will be used for rotation. Translation and
rotetion of the input CTM's are separated throngh an orthonormalization step, then the
selected franslation and rotation are combined by matrix multiplication and provided at
the chm_ouf output. Scale, shear and perspective components of the Input CTM's are
discarded.

o014l Specifically, an attach node accepts a variable number of inputs:

cim_in, sel_trans, sel_vot, fargef 1, turgel 2, ..., target_n

and provides a single ctm_out.

foo115] While the attach changes the coordinate space in which its children exist.
attaches do not modify the scene graph structure iwelf: the parent of the attach s the
node above the one unigue ch_in npus, regardless of the setting of the selector knobs.
Sel_trans and sel_rot accept an integer or scalar input value, rounding scalars to the
nearest integer. A value in [L.n} selects the corresponding target; values outside {1.n]
gelect the ctm_in matrix. The user may set n at model-construction fime to any nuraber

between zero and an implementation-dependent fixed upper Hmat.
137.3 IK Solvers

{00718] Forward Kinematics (FK) describes the normel chain of dependence
within an articulated structure in whick coordinate-space transformations are specified
at a series of joints and/or bomnes and the position of the end of the chain {(the end
effector) is determined by concatenating these fransformations. Inverse Kinematics (IK)
reverses this process, allowing the user to specify a goal position from which are

computed joint/bone transforms to position the end effector at (or as close as possible
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to} the goal. This computation may be over- or under-constrained, and many
alternative methods exist to solve the IK problem.

ot We provide a general class of IK_solver nodes that solve inverse kinemiatic
problems. Different IK_solvers implement different solutions, but ail have i common a
series of transform inputs and corresponding outputs, an enable input that enables
selection between FK and IK operation mode, and inpuis for the CTM's of the gonl and
the effector. Specific solvers may take other inputs as well. When the integer {or scalar,
rounded to nearest infeger) enable Input is zero or negative, the 1K solver is disabled,
and the transform nodes it drives behave forward-kinematically. When the enable mput
is greater than zero {or 0.3, for scalar inputs), these trarsform nodes become inverse-
kinematic.

[6G118] Different IK solvers are capable of handlng transform chains of different
lengths. An example IK solver is shown in Fig. 2. This node can be set up to control a
threedoint chain. The transform inputs in_1, i 2, iz 3 are driven by the forward-
kinematic control graphs for these three joints. The corresponding outputs out_1, out_2,
ouf_3 are connected to the xform inpuis of the three joints, The enalle input is connected
to an FK/IK switching avar. The gosl input is conmected to the cim_out of the target
node. The gffector nput is connected to the cim_oui of the chain end-effector node. The
swing input is connected to an avar for swinging the chain through alternative 1K
solutions in the underconstrained solution space. When enable is set to zero (or less-than
G5 for a scalar input), in_1, in_2, and in_3 are passed through unmodified o out I,
out 2, and ouf_3, respectively. When enable is set greater than 0.5, internally computed
wansforms are provided at the onr 1, ouf 2, and out 3 outputs. Depending on the
algorithm used in this solver, the IK sclufion may completely ignore the transform
mputs, or it may use the transform inputs as soft constraints and attempt to minimize
ervor between the inputs and computed outputs. The solver algorithms we employ are

standard, widely known methods.
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1601181 Note that, unlike switches and attaches, both of which are scene graph
nodes, IX solvers do not take & CTM input and do not provide 2 CTM output and thus
are not scene graph nodes but rather are part of the non-scene expression graph,

F00120) The 1K solvers we provids use one of several technigues. Cydlic coordinate
descent (CCD) takes advantage of our ability to quickly re-evaluate a small number of
outputs following a localized invalidation {push dirty) in the upstream graph, We visit
each degree-of-freedom (ie., avar in the chain one at a time, making an adjustment o
that avar to bring the end effector towards the goal; which way o adjust each avar may
be found experimentally by making tentative changes to the avar and Pull-ing on the
end effector. lterating on this process brings the effector w the goal if it is reachable,
and stretches the effector out towards the goal if # is not reachable.

fond 21l Jacobian frnversion solvers compute the Jacoblan matrix for the linkage at
the current positon. The Jacoblan is the multidimensional extension w0 the
differentiation of a single variable, It gives the parctial devivatives indicating how the
end effector will respond to small changes in the control avars. Inverting the Jacobian
tells us how we should change avars to move the end effector closer w the goal
Because the Jacobian only is valid locally, we make only small changes, then recompute
the Jacobian in the new configuration and iterate. The jacobian for a given node may be
found by differentiating nede outputs as described in Secton 1.14. However, a more
convenient way to find the composite Jacobian across the entire linkage is to make small
adjustments to each avar degree-of-freedom and observe the resulting changes {deltag)
in the end effector. These deltas, 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 nse a pseudo-inverse. The Jacobian franspose method avoids the
{pseudo-) version step by using a simple matrix transpose.

061227 Users are free to implement their own IK solvers using the External node

plug-in interface described in Section 1.18.6.



1174 Hievarchy Inversions

foai23] Hierarchy inversion is an alternative mode that inverts the usual flow of
CTM data from parent to child within a local subgraph. This occurs when the user
specifies that 2 different node within a given subgraph should be used as the root of that
subgraph. This has the effect of fipping edges along the path from old root to new
root. ' .

{00243 Figs. 30 and 3b are examples of hievarchy inversion via subtree re-rooting.
For clarity, only ctm_in and ctm_out connections are shown In Fig. 3a, the original
subtree is rooted at A, In Fig. 3b, the subtree below A is re-rooted at [, and the edges
along path A-C-F-f have been flipped and the incoming edge incident to A has been
routed {0 ]. The graph above A is unaffected.

100125] We indroduce a new message, Invertiiierarchy, that nodes may pass and
receive. The application program maintains a serial number uniquely identifving each
distinct render traversal Before sach Hmne the applcation injdates a render, it
increments the value of this serial number. When a node that is not inverted receives
the InvertHierarchy message, it makes an internal notation that it Is part of an inverted
chain during the current render pass by raising an inverfed flag and recording the serial
rumber of the pass, and it then passes InvertHierarchy to its parent. A node that is
inverted irr the current pass (i, has inverfed raised) will ignore any InvertHierarchy
messages. Once a node has been inverted, subsequent Render's within the samme pass
are treated as inverted renders. When an inverted node X is rendered, it propagates the
render not only to all it childven but also fo its parent The anii-cycling inRender
mechanisem described in Section 1.9 prevents the Render from recursively being sent
back to X from its children. When a Render is received for a different pass, the node
lowers its inverfed flag and renders normally.

jootza] To mvert 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 anfraation time range over which the hierarchy should remain mverted,
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Hach node maintains a Hst of inversions that initlate at that node, In Figs. 3a and 3b,
node A will record imternally that within the interval {fimen, frsir} the subtree (properly,
subgraph, since it may contain cycles) below it is re-rooted at node . When A receives a
Bender at a parameter value in this interval, it will first raise its inRender flag (Section
1.9) and then will send InvertHievarchy to [ and by induction to Fand C. A will then
pass the Render to [, which will recursively render Fand C{and K, E, H, and 1. A will
receive a Render from C but will ignove it because A's imRender is raised; however, A
will mote that it received the Render from C. Whex [ returns from rendering, A will
proceed with rendering itself and then will recurse over all its children except C, that is,
over B and D.

I0G127] When rendering at a node on the inverted path from | to 4, the behavior
of the cim_in and chw_ont inputs and outpuls are switched; that is, it is ay thongh cim_is
had become ctm_out, and vice versa. Rendering of geometry will still take place in the
pre-ctim of the node; however i this case the pre-ctmn first needs to be computed from
the post-ctm. For inverted non-Transform nodes, this involves just copying the ciw_ouf
to the cfm_in. For inverted Transform nodes, the post-ctmn from the cim_out “input” is
mudtiplied by the matrix inverse of the xform input and the resulting pre-ctm is
provided at the cim_in “output”, This reverses the usual (non-inverted) behavior of
Transform nodes, which multiply ciw_in by xform, vielding etmeont. The behavior of
nodes not on the inverted path is unchanged.

[60128] Hierarchy inversion miay be wsed when an anbmation task calls for an
mverted view of 2 model hiexarchy. For example, a character hanging by the arm from
a tree limb may be animated relative to a model root in her hand rather than the vsual
model root at her pelvis. Bending the etbow joint of that character will then cause her
entive body to swing relative to her stationary forearm, rather than the cther way

around.

Ly
~3}



1.18 Hxpression MNodes

oot2e] Data in the graph originates from several types of nodes, including
pargmeter drivers, constawts, file readers and avars. Many other node types exist that
process this data, performing calculations, generating other data, and producing the
geometry, lighting and shading that ultimetely is rendered in the 3-D view window.

Here we describe each major category of node and give examples of each.
1.8 Data Sources

[Bo1363 Parameter driveys, such as clocks, have already been mentioned. Such
nodes have no fnputs {(or optionsdly min/max range inputs) and oy & single output.
They may be configured internally to vary their outpat over some value range. For
clocks, the rate at which they vary s often tied internially to the application’s notion of
“wall-clock” timae. Fowever clocks may be paused, run backwards, run at slower- or
faster-than-real-tie speeds, or single-stepped {that is, incremented by some fixed
stepsize) forwards or backwards. MNon-clock parapneter drivers also vary over some
parameter range, but conceptually they take on all values in that range simultaneously.
In practice, they return zero in response to a pull for kinputFaram, and otherwise take
on whatever specific value was pulled, clamped within their allowed range, if any.
100131] Constarts are another node type. As thelr name ivaplies, constants have
the same value, no matter at what perameter vaiue they are pulled. The value is set
nternally to the node at model-construction time. They have a single value outpui, and
no inpuis.  There is no concephual difference between providing & constant-valued
input expression or connecting an input to a constant node. In different situations, ong
or the other method may be more convenient.

{00132] File reqders are similar to constants, except that rather then their value
being set internally, it is read from a disk file. File readers take a file input string
designating the file path and provide a value ontput. 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



data read. For example, MeshRender nodes read meshes saved tn Wavefront OB] and
several other formats. This reader has an objecis input accepting a string 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 OB]
data, for exampie, by specifying a threshold dihedral angle at which a hard edge (two
distinet face normals) should be introduced in the mesh normals. The MeshReader
provides a mesh or array of meshes at its value output, plus an objects_rend output
giving the names of the meshes read. Other file readers exist for loading numetical
arvays, images, QuickTime movies, audio, motion-capture data, and so forth,

[00133] Avars are nodes that correspond to arbiculated variables as defined in
W.T. Reeves, B.F. Ostby, and 5.J. Letfier, The menv modeling and enimation environment,
Journal of Visualization and Computer Animation, 1(1):33-40, August 1990. Examples
of articulated variables are quantities that a human operator might want to vary over
time {(or other parameter value for a nmon-clock- parameter driver). They have a
parameter value nput, which usually comés divectly from the global animation clock
node; an “override” input to allow overriding the data set in the avar; and”value” and
“solc” outputs. The value ocutput gives the value the avar takes on at the input
parameter (when the pull is at MnputParam) or at the parameter requested by a pull.
The solo output is discussed in Section 5.

[80134) As described in Section 2.1.3, avars are a templated node type and can be
mstantiated for any value type for which certain basic mathematical opevations are
defined. We have found scalar- and quaternion-typed avars to be of particular value,
but other types are possible as well.

{00138] The value output of an avar is 2 function of the peram input. The function
definition is complex and is described in detall in Section 5. The function definition
may include kinematic, dynamic, procedural, sampled and stochastic components. The
kinematic components of an avay, if any, are defined by parameierized one-dimensional

plecwise-polynomial curves, or splines, with knofs specifying the value at particular
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parameters along the spline. The form and specification of these gplines ave described
in Section 2.3,

[00136] The application keeps track of a user-specified current nmnipul&z’:ian mode.
Manipulation modes correspond to common modalities of manipulation; for example,
franslation, rotation, scale, bend, squash/stretch, mesh deformation, global
deformation, etc. The active avars at any given moment are those avars designated (by
the user at model-construction time) as refevant to the current manipulation mode, and
that are within a subgraph driving any input (other than cin_in) to the currently

selected scene graph node or nodes. Active knots are knots in the active layer {see

Section 5) of the active avars that are unlocked and free o be manipulated {Section 5.3).
mos7d We provide an in-camera indication of the names of the currently active
node and the active avars. We also indicate in-camera which active avars have active
knots at the selected motton-path knots {see Section 4,18} or current frame if no path.
krnots are selected.

f00438] In the top-left of Fig. 10a, text annotations indicate that the active avar ig
the “rot” avar of the “root_joint” node of the “Rod” model. The yellow box around the

¥
B

ar

word “rot” indicates that this avar has a knot at the current frame (frame zerc). The
yellow diamond on the motion path at frame zero confirms the existence of a knot there
(Section 4.1.3), as does the vellow solid-line box around the large frame number "0” in
the lower right corner of the view. I there were additional avars active, they would be
listed 1o the right of the word “rot”, and each would have 2 vellow box around if if and
only if that avar had a knot at frame zero. The box around the large frame number at
the bottom right would be drawn with a solid Iine if all active avars had knots at frame
zero; if only some active avars had knots at frame zero it would be drawn with a dashed
line.

o030l In Fig. 10b, we see that the “rot” avar is still active, but that it does not
have a knot at the current frame (frame nine) because the word “rot” is not boxed in

yellow. Similarly, we note there i no yellow diamond on the motion path at frame
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nine, and the large frame umber “9” at the bottom-right of the view has no box around
it

fo0146] Each avar is internally configured at model-construction time to have
some default value, whick is the value that avar takes on when it has no animation (ie.,
no motdon channels) in any enabled layer {see Section 3). Several settings concerning
the preferred display format for avar dats may be specified, such as the unit of
measurement (e.g., meters, kilograms, seconds, vadians, degress), linearity {linear vs.
logarithmic), and scale. An avar mayv also be configured to have an allowed output
value range {ie, hard M) and a preferred range (soft limits). These ranges do not
affect the evaluation of the avar itself, but they can be queried, for exarmple, to guide a
comstrained  optimization solver runming in a dependent node or an external
computation. - The user can optionally set divect manipulation controls {see Manipulators
below? to respect these value lomits. For scalar avars, soft- and hard-lmits are specitied
as minfmum and maxioum values. For guaternion avars, soft- and hard-limits ave each
specified as an array of unit quaternions demarcafing a convex “spherical polygon”
within which the avar may move.

foti41] The user can enable a Hold Poses mode in whick all time-varying avars are
evaluated as thouglh they contained in every layer only stepped knots at thoge times at
which the gcfive avars have knots in the active laver. 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 de not move, We accomplish dhis by
substifuting for the ontput value of the global animation clock the knot time fiu of the
last active knot prior to or at the frue animation fime. Since time-varying avars use this
output value as their param input, in response to pulls at kinputParam during
rendering, they will hold their own value outputs constant except when the animation
time fuow passes the next active koot fime b i thert fh will 0pdate 10 fuse o and all

the avars will j to the cutput state at the BeW iy .
Jmp
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1182 Operators

[00142] Operators produce an cutput that is functonally dependent on scme
number of inputs. For example, basic operators include the polymorphically typed
nodes Multiply and Add. These are actually convenience wrappers around a general
Compute node that takes an arbitrary number of inputs and a user-provided string that
expresses some function. We evaluate the function on the input tabs and provide the
result at the output iab. The expression language is described in Section 2.1.5. Other
convenience wrappers inchude Translation, Rotation and Scaling, which take scalar
inputs for ty/yfiz, m/ryfz and sx/syfsz, respectively, and produce a transformation
matrix output,

[ee1433 IK Solvers are expression nodes for introducing dynamic changes in
graph topology in support of inverse kinematics. They are described in detatl in Section
1173,

{001 443 Deformers ave nodes that compute some point-valued function of points.
That is, a deformer expresses the function p' = flp}. Mesh deformers apply this function
across the vertices of & mesh, usually in some local coordinate frame, for example, a
body coordinate frame, or in & surface-relative fashion. Spatial deformers, or global
deformers, 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 sach accept additional parameters
coniroliing the deformation function, the input parameters of mesh deformers are
point-wise fields that conform © the input mesh, while spatial deformers and their
inputs have no knowledge of, and need not conform to, the point-data topology or
fayout. {The one exception to this is that spatial deformers, like mesh deformers, can
subdivide mesh inputs before acting on them, as described below.)

1004481 All deformers provide two outputs: mesh_put and deformation. Deformers
may be used in either of two ways. They may be used o actually deform their mput
mesh or point ayray in a vertex-wise or point-wise fashion, with this deformed mesh or

point array available at mesh_out. Alternatively, they may be used to compute a vector

42



field of the (global, local, or surface-relative, depending on the type and configuration of
the deformer) vertex- or point-wise displacements as cormputed by the deformation
function; this vector field is available at the deformation outptat. V
{60148} In our implementation, all meshes are represented and rendered as
subdivision surfaces. When a mesh is provided to the mesh_in input on a deformer
node, the refinement level at which the deformer is acting may be specified at the
deformer’s sdlevel input. The surface will be deformed by moving the refined vertices at
the specified level rather than moving vertices at the base (unsubdivided) level zero.
When specifying sdlevel > § for a mesh deformer, point-wise parameter fields conform
to the subdivided mesh. Sdlevel is ignored when deforming stmple point arrays lacking
connectvity information.

100147 Many deformer subclasses exist, such as RoiateDeformer, BendDeformer,
CylindricalDeformer,  Sphericaileformer,  ConicalDeformer,  MuscleDeformer,
JointDefornter, BoneDeformer and numerous others. Bach performs a particalar type of
mesh deformation. These deformers may be chained sequentially, passing the mesh,_ont
of one deformer w the mesh_in of the next; or thelr deformation vector-field outpuis may
be combined (summmed} in parallel and later applied to a mesh via point-vector
addition. It is common for complex deformation neiwerks to include a mix of parallel and
seguential deformations.

10p148] The SkeletalDeformer mesh deformer takes as mputs any number (up to
some implementation-dependent limit) of bone cim _out's, plus four pairs of bene_id,
bone_weight point-wise scalar-field inputs and a body_space CTM input. The bone D'z
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 CI'M (pre- or post, as
described below) of each bone is noted with the skeleton in its home (default) pose, then
the ransform that carries each bove from home pose to the current pose is scaled by the
corvesponding bone weight and used to transform each mesh point. For each point, up
to four’ such weighted-bone transforms are applied sequentially. A positive bone ID

seiects the post-ctm of the indexed bone, while a negative [ selects the pre-ctm of the
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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-dme
araphics applications.  On hardware that supports the OpenGL capabilities
GL_ARB_vertex_blend or GL_vertex_program, we are able to perform the skeletal
deformation on the graphics card, provided (e} 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 connectng a
SkeletalDeformer, 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 lidden so that they and thelr incident

edges are not drawn in the graph editor view, thereby reducing chutter),
1183 Scene Graph Nedes

{80448] Scene graph nodes were described in gemeral m Section 1.9, These rodes
constitute the scene graph embedded within the larger expression graph. While there
are many varieties of scene graph node in our system, all respond to 2 Rendér message,
and all take a Concatenated Transform Matrix (CTM) chw_in input and provide a
cim_opuf output. The Render message and the roles of com_in and chm_out In render
fraversal are described in detail in Section 1.9, There are numerous subclasses of the
basic SceneGraphNoede class, the most important of which are described below.

[Bo150] Group nodes are the most basic type of scene graph node. A group node
itself serves only as a collective parent for the children beneath it.

1D0151% Part nodes introduce & named scope over their scoped subgraph. We define
the scoped scene nodes of & part node P as those scene-node descendents of P reachable by
a path, such path having length greater than zero and containing no parts except one or
two at the endpoints of the path. We say the scoped scene nodes of P are “scoped to P7.
The non-scene supergraph of a scene node R we define here ag the union of non-scene

subgraphs above {i.c, ancestral to} R's inputs (other than ctm_in}. The pofential scoped
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subgraph of patt P we define as the union of the scene nodes scoped to P plus the nodes
in the non-scene supergraph of any scene node R scoped-to P that are reachable from R
via a path containing no scene nodes except R. Then we define the scoped subgraph of
part P as the union of {g) those nodes in P'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 not in the scoped subgraph
of any descendent of P (other than P itself) and that are not in the potential scoped
subgraph of any node not descendent to P.

[00182] The names of part nodes in the scene~graph path from the root to a given
node A contribute the path components to A's full path-name, For example, a 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 itgelf is in global
scope, _

[potsal A model iz a type of part node that designates the top scope of an
independently loadable scene subgraph. In tha above example, part "Fred” would be
best represented. as a Model node. '

o184 Most scene graph nodes pass thelr pre-cim {from ohm_in} through to thelr
post-ctm (at chn_out) wimodified. Tramsforms are scene graph nodes that transform
thelr pre-ctm to produce their post-ctia (Section 1.9). Basic Transforms multiply their
chm_in input by the tansform matix at thelr xform fnput and assign the result fo
ctm_put. Convendence subclasses of transform, such as Translate, Rotate and Scale,
simplify building commmon expressions, here effectively combining a Translation,
Rotation or Scaling nods, respecdvely, with a Transform node. The Rotate node is
polymorphic, accepting any one of rx,ry,rz Euler angles, an orthonormal matrix, or a
quaternion. Two Transform subclasses, Bones and Joints, provide higher-level control
over the matrix transform and ensble direct manipulation via Mandpulator nodes

(discussed below).



[00185] Bomes are transform nodes that represent a nominally rigid linear element
within an articufated skeleton. Inpute allow for ardmation of prismatic (lengthwise)
wranslation, revolute axial twist, and two orthogonsl axes of bend. There are
independent min_u and max_u inputs for conroiling the section of bone over which
bend and twist occur. It may be convenient to normalize the length and other
animation patameters of bones so that, for example, setting all length avars to L0 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 80 as not
to intexfere with other processes (e.g., IK solvers) that may try to adjust the bone inputs
divectly {see Section 117.3). Similarly, manipulation Hmits may be set by specifying
value Hmits on the avars,

o156] Joints are fransforms that represent revolute or spherical joints within an
articulated skeleton. Joints accept as their xform Inpus either an orthonormal matrix
{e.g., from an Huler-angle rotation) or a quaternion (.g., from 2 guaternion-valued avar).
It is often desivable tc assemble the model so that all joints will be centered {i.e., Hulesr-
rotation avars zeroe&, 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 "?re-
orientation” via bias and/or gain at the avar outputs {or, less ideally, at the joint
rotation input]. Joint Hemits are set via limits or the (scalar or guaternion) 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
motion and the application sets corresponding avar limits, For scalar avars, this i
straightforward; for quaternion avars, we fit a convex “spherical polygon” around the
observed motion range. The user may subsequently edit these joint limits "in-camera”
by interactively manipulating the unit-quaternion vertices of this spherical polygon
drawn on a 3-I) virtual sphere centered on the joint, or the user may specify new limits

by demonstrating & new range of motion.

46



o187y To facilitate user understanding of the bones and joints comprising a
skeleton, we provide an application uption to draw a transtucent skeleton overlay over
geometry (Figs. 10a and 10b). This is implemented by vendering a ghost {Section 3) in
skeletort mode at the current animation-clock tme. Bones and joints normelly are
excluded from final (off-line} rendering.

001883 Surfaces provide a mechanism for rendering meshes ag CatmullClark
subdivision surfaces. A surface node accepts a miesh input and & maferial input
(described below). The mesh wndergoes n Catrull-Clark refinement steps, where n
equals the numerical floor of the effectve lod (Section 1.7) of the render. Commonly, a
mesh will originate at a MeshReader node, be passed through & deformer network, and
ultimately be fed to a surface node for rendering,

foo18e] Switches and Atfaches are scene graph nodes for ntroducing dynamic
changes in scene topology. They are described in detail in Section 117,

{00160} Glyphs are scene graph nodes providing notational graphics that may be
dispiayed, and possibly manipulated, in interactive views but that arve not really part of
the CG scene and are excluded from final {off-line) rendering. Bxamples nclude
MotionPatlh  (motion-path curves), ControlHull {meshed-surface contrel hulls),
EditPoint (control points on motion paths and comtrol hulls), Amnotation {text labels
ancl 2-D graphical markup), Fack (a 3- or 6-dof point for use as an IX goal, attach target,
or anywhere else a virtual reference point is desived), and Manipulator {dscussed
bejow). During a normal rendeving pass, glyphs are rendered in the same mammer as
other scene graph nodes, but glyphs generally are excluded from ghost and shadow
rendering passes {Section 3).

[oaiet] Munipulators are giyphs that provide in-camera direct-manipulation
control over animatable elements of the 3-D scene. Example manipulators include an
archall rotation controller, x/Ay/z translation handies, x/y/% scale handles, and a bend
manipulator handle for controlling bend deformers. The application is responsibie for
creating and deleting manipulators appropriate to the surface, bone, joint, or other

object cuurently selected and the current user-specified “manipulstion mode” {defined
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above). For example, if the user selects a joint and then chooses "rotation mode”, an
arcball controller 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 archball controller.

o098z} Light scene graph nodes define theatrical lghting in the 3-D scene. They
take inputs corresponding to the particular light 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, lights take an optional
material input for creating advanced effects such as gobo's (projected textures) and
custom beam distributions or for associating arbitvary shaders with a lLight (Section
L18.4). Anon o lighting matrix defines the weight with which each of the nlights in a
3D scene illuminate each of the m surfaces in the scene. This matrix defaults 4o 1.0
everywhere and is editable by the user in an application dialog. Each lght's intensity is
scaled by the corresponding matrix entry before final rendering (and optiorally before
Interactive rendering) of each surface,

foo1sz] Camern scene graph nodes define the virtual cinematic camerag used for
viewing a scene, A camera defines the viewer's eye-point. The basic camera class takes
tansform-matrlx inputs projection and view and sets the rendeting projection and view
matrices accordingly. Subclasses of the basic camera exist for providing higher-level
control over camera mount movements (e.g., dolly, truck, crane, pan, fiit, and roll), view-
camera movements (rise {and fall), shiff, swing and #it), lens settings (focal Jength,
aperture, distorfion), shutter (shutter_angle) and film wansport (fps). A filter input accepts
a material value (see below) for creating advanced effects such as lens filters, vignetting,
chromatic aberration, internal reflections (fare) and subsurface scattering (bloom), as
well as binding arbitrary shaders to the camera. Cameras provide an image_piane output
optionally wsed in conjunction with Film Backs and Imagers (Section 1.18.5) to further

define or ntilize the rendered image produced.
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1.184 Material Nodes

foo184] Material nodes define optical and material properties such as ambient,
diffuse, spectdar and emissive color; surface roughness (“shinyness”); texture, glow,
reflection, ixradiance, bump and displacement maps; atrnospheric effects (" participating
media”), and so forth. The simple Color material subclass provides a convenient way of
setting just diffuse color. Texture material nodes bind a 1-D, 2-D, or 3-1 texture map 1o
a {OpenGL or offline renderer) texturing operation or the map input of another material
node. EnvivonmentMap nedes bind a spherical or cube reflection map. The texture
image data itself comes from an dmage input, which may originate at a FileReader
{Section 1.18.1) or at an [mager (Section 1.18.5).

{ea168] Programmable  materials  incdude the FragmeniPrograme 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 & batch rendering program such as Pixar’s RenderMar.

{60188 All materials take a material_in input and provide a materinl_ouf output.
Connecting muliiple materials in sevies allows the assembly of complex combined
effects. For example, several texture nodes might be connected, with one specifying a
diffuse map, ancther modulating that diffuse map with snother map, a third specifying
a glow wmap, and a forth specifying a bump map. These texture nodes could be
connected to & shader for controliing the off-ling rendering process and a basic material
for specifying underlying material properties such as diffuse and specular color. The
effects of these nodes will be combined as each i3 chained together.

{00187} An Atmosphere node is provided as a proxy for accepting a meterial mput
to affect the scene atinosphere, providing participating media effects such as haze, fog,
Ravlsigh scattering (visual perspective) and diffraction effects {e.g., hatos and coronas).
2 given scene may hrve at most one atmmosphere node that has global effect over the
scene. Atmosphers material is primarily of importance for off-line rendering; with the

exception of fog (which is supported in hardware by current graphics cards), most
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atmosphere materials are ignored during interactive rendering. Atmosphere nodes are

unusual in that they have no outputs.

1185 Imaging Nodes: “Camera backs”

joo1ee] Film backs may be used in conjunction with cameras to provide further
control over the final-image genevation process. Film backs accept an image_plane input
from a camera and a maferial inpuat that can be used to simulate properties of film stock
such as speed, transfer function, grain and reciprocity failure. Film backs also accept
mpuis for configuring the film. format (aspect ratio and axdsotropy). Film backs are the
only node type other than atmosphere nodes that produce no output value. With the
exception of the aspect-rato setting, which the user may apply in constraining camera-
window resizing during the interactive session, film backs are usaed only for controlling
axternal off-line renderers and have no effect on interactive rendering,.

[00164] Imagers accept an image_plane input from & camera and produce an image
output.  lmager nodes are analogous to the &igi{al-im&ging backs available for
traditional (physical, film) cinematic cameras. They are typically used in conjunction.
with texture nodes (Section 1.18.4} to produce a reflection map or otherwise capture a
vendered image of the scene for use within that scene. The dmage cutput may also be
directed to an export node (implemented as an Ixternal, see Section 1.186) for
integration into editing, compositing or color-correction softwars.

1.18.6 Miscellaneous

o179 Trangmeitiers and receivers together provide graph-wide broadcasts as
described in Section 116,

[601713 Muacros are encapsulated graphs in which particalar ocutputs and
wmconnected mputs of the graph have been designated “public”. Al other outputs and
inputs are private. The nser may instantiate the macro in another graph, where it will

appeat as node providing these public nputs and outputs. Macros do not alter
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evaluation of the total graph at all; they only provide the user convenience of an
encapsulated view of graph structure,

01Ty Externals are nodes whose definition has been loaded through an external
plug-in interface. They are coded in C++ by using a provided APY, then are loaded at

runtime and are available for use along with macros and builtin nodes.
1.19 Graph Bditing

e Fig. 4 is a screen shot of an exemnplary 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 &, Edges
406 are displayed as polylines jpining node output 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 Externals) also appear in this list. After creating 2 node 404, the user
may click-and-drag on the node 404 o reposifion it within the control graph 462, The
user may connect node ouﬁ:puts 0 node inputs by dragging a vubber-bund line from an
output tab 408 {0 a type-compatible input tab 410, or wice wersa. In some
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 settings.
Internal node settings {e.g., input expressions, gain and bias, user comments, output
caching strategies, efe.) may be viewed and edited either in pull-out drawers 600, as
shown m Fig. 6, and/or a node inspector application. dialog, I some implementations,
selecting a node 404 in the control graph 402 selects that node 404 elsewhere throughout
the application user interface, and vice versa,

[pat74] Nodes 404, nput and output tabs 410, 408, and edges 406 may be hidder,
which has no effect on their behavior but prevenis them from being drawn in the graph
editor. Hiding an input tab 410 or an output tab 408 effectively alsc hides edges 406
incident to that tab. Hiding a node 404 hides its connection tabs and incident edges as

well. Certain connection tabs are hidden by default. For example, Cameras, Lights, and
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basic Material nodes accept many imputs, but commonly only & few are used, so by
default the more obscure iputs are hidden. Similarly, SkeletalDeformer nodes accept a
great number of inputs, one from each bone within 2 skeletal hierarchy, but these bone
mputs 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 runidme or model-construction time.
The user may also elect to have hidden elements shown within the graph editor 40C, for
examople, to allow selecting a hidden element. Hiding a node in the graph editor 400
hides that node in 3-D scene views, and vice versa. Control graphs 402 may also be
understood and edited with an external text editor using the text-based programming
languages described next. Fig. 5 shows nodes 500a, 500b and 500c, cormected with

polylines 502a and 502b.

2. Programming Languages

T0a1758T Expression graph structurss may be built interactively via a visual graph
 editor user interface. Frequently it is more convenient fo specify the graph via a text-
based 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
modei-definition setting: these are the syntaxes for expressions, described in Section 2.2,
and antmation, described in Section 2.3. While we describe these in thrée distinct
sections, they all are properly part of the same language and all can be used to define a
model or collection of models. The resulting language is Turing compiete, allowing
specification of any computation or algovithm that could be expressed in a general

purpose programming language such as C.

2.1 Meodeling Language

1003176} The modeling language in our system is an object-oriented C/CH++ -like

language. 1t has POEM (Parse Once, Bxecute Many) execuiion semantics, with models

beine unrolled and the corresponding graph instantiated once at parse time, after which
O T O 3

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



collection: there are no “new” or “delete” operators. Named symbols in the language
correspond to nodeg, node inpuis, and node cutputs. Common preprocessor divectives
such as #include, #ifdef, #elif, #else and #endif are avalleble. We also provide &
#includeonce convenience directive for inciuding a particular header only once within a

given translation it

2,13 Declaraiions

{00177} A node is created in the language simply by declaring it. For example, the
model code:

Maodel Joe;

Model Sug;

creates two nodes of type Model named “joe” and “Sue”. Node inputs may be
specifted within parentheses on the declaration line as positional parameters or as
mame=value pairs:

Translate sideways(5,0,0);

‘Translate upwards{ty=2}: /bx omd bz inpuats defanlt te 0.0
fo0t7a] The first ine above creates a Translate node “sideways” with its input

tabs tx, ty and fz set to constant values 5, 0 and . The second line creates & node with
only one input set to a non-default value. Anonymous nodes may be created as well,

ey,
L

for example, “Translate(1,2,3).” Here the system will generate a symbol name o be
used for the node, however that symbol name will not be available to the program so

there is no way to refer to that node subsequently.

2.1.2 Inputs and Oulputs

[Gee7st Node Inputs and outputs may be referenced via the selection operator (7",
period), either by name as node_nametab_name or by index 3s node_name.inff] (for
tputs) or node_name.outfi] {for outputs). The first output of a node may be referenced
with just the node name alone: thus, “myNode” is equivalent to “myNode.out{0].”
inputs are lvalues and outputs are rvalues. Assigning an ocutput to an input establishes



an edge. An edge is also created when an output is passed as an input parameter t0 &

declaration

Avar up, right;
Transiate trans (fy=up); /7 connect upvalue -> frans.ty Y/
frang. by = right; /* connect vightoalye —> transitz ¥/
001607 Nedes and inputs/ outputs inhabit distinct namespacss, so we could have

written the above as:

Avar tx, ty;

Trenslate trans (best, ty=ty, tz=nil);
001841 The predefined symbol "ndl” (or equivalently "NULL") indicates we wish
to lsave input tz disconmected. This is commonly used with positional parameters, for
example, “Franstate (teniltz)”
fen4823 When referencing an cutput (as @ parameter or as the rvalue in an
assignment), by default that cutput will be Pull-ed at the param and lod 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 rvalue).
We can pull at a specific param and/or lod via the function-cali-like format owfpuf
(pavam, lody, Given an avar ty, “ty(23)” (or "tywvalue(25), “ty.out{0i(2.5)", "ty
{param=2.5)", eic.) veferences the value of ty at param = 25, "Swrface coarse {mesh
(lod=0.5)};" creates a Surface node “coarse” from the output of node “mesh” at jevel-of-
detad] (1.5.
Hilsghixy] In addition to its input tabs, every node has an implicit parameter named
“conament” 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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Avar mx(policy="+", /™ additioe policy: sec Section 5 of fext %/
unite="degrees”, 7 onty affects display formut in GUIT %/
comment="rotation about x axis”) /* visible in GUI help ¥/

= 30.0; /* defaults to 30 degrees 7/
Z.1.3 Avars and Parameterived Types

{60184] 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 instautiate an avar with 2 different type,

U+ -like syntax is used:

Avar , ty, tz /" sealar avars ¥/
Avar<scalar> sx, sy, sz; S move sealar aunrs Y/
Avar<quatemnion® rot; /" quaterrion avar ¥/
jo1ag] By default, scalar avars default to 0.0 and use an additive lavering policy.

{Layering policies are described in Section 5). Quaternion avars default to guaternion
identity {x,y.zw = 0,0,0,1) and use a multiplicative layering policy. The 0.0 default and
additive layering probably arve not what we want for scaling avars {e.g., sx,5Y,57 above),
We can specify a different policy and/or default. The default is inferred from the policy
if not specified: additive avars default to a type-appropriate zero and multiplicative

avars default to identity.

Avar x; / will defaaddt to 0.0, gdditive policy */
Avar length=1; 7 will default to 1.0, qdditive policy %/
Avar sx{policy=""*"}; / will default to 1.0, multiplicative policy ¥/

Avar<quaternion> rof; / will default to identity, muliiplicative policy %/

[{lsgasicy] ImplHcit in the declaration of an avar is assignment of the global animation

X

clock output to the avar pmam input  The conmection is made via broadeast (ie.,

through a transmitter/ receiver pair) to reduce clutter in the graph editor, If we do not



warndt the avar 1o be tme-driven, we need to explicitly specify that the parem inputis nil
or i conmected to some other output, as shown in Listing 3 below,

[601871 We may specify antmation for the avar within a scope block (“{..}")
following the avar declarabion using the format described in Section 2.3, Normally
animation for time-varant avars would not be specified within the model iself;
however, there are sitiations in which it is convenient to include “animation” within
the model. For example, an avar driven by the w-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 a sueface-cf-vevolution, In such cases, we may
well wish to include the avar data within our model code. An example showing the use
of emabedded avar data is given in Listing 3 below.

[301881 Other templated node classes inciude Constant, Compute, Transmitter
and Receiver. When the type can be inferred from usage we need 10t specify it

explicitiy:

Constant name="Fred”; /¥ <shing> is inferred ¥/
Trarsmitter foo (name); /% <string> is tnferred ¥/
Trarsmitter<string> bar;  /* can'tinfer type so it is specified 7/
bar.input = name;

Receiver recv (bat); /* <string> is injerved 7/
214 Assembling Scene Hierarchies

301881 Scene node hievarchies may be bndlt up by enclosing children within a
scope block, Transform nodes implicifly scope the nodes beneath them up o the point
where the transform itself goes out of scope. Material nodes implicdtly chain into an
input subgraph above the “material” input fab of subsequent geometry until that

material node goes out of scope, Thus:

L
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Transiate {1,0,0} |
Cube (L1,1);

}

Sphere {1y;

and

{

Tranglate (10,05
Cube (1,115

!

!

Sphere (13;

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

stmpie Box model with animation controls as:

Muodel Box {
Avar =0, ty=0, te=0;
Avar sx{palicy="""}=1, sy(policy="*"}=1, sz(policy="+"}=1;

Avar<quaternion™ ro%;

Tramslate(ix by, t2);
Rotate(rot);

Scale(sx,sy.5z);

Avarr=1, g=1, b=1, a=1;
Texture(“mytex. Hf”);
Colorfr,g by
Cube(1,1,1);

i

HEgast The cube primitive will be transtormed, textured and colored by the

statements that precede it. The close of scops at the end of the model ensures that

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

affect geametry outside of this model.

21.5 Bxpressions and Opiimizalion

ieD191] Compute nodes may be created explicitly like other nodes or implicitly via
an expression. The model program mayv contain arbitrary expressions as defined in
Section 2.2 below, with the one modification that certain “predefined locals” are
accessed as parameter-less functions (e.g., "lod()” and “ctm(}"). Standalone expressions
assigned to basic types {int, real, string, efc.} implicitly create a Compute node {except
where optimired away, as described below). Assignment of expressions to node inpuss

may be made with the assignment operator (="}, For example:

raala = 3+ 4% thne; J* ereate a Compute xode named “a”

Scale s (a+1, sin(2%), 1); /* create & Scate node “s” with {nput expressions Y/
Acvar up_dowry

Translate trans;

trams.ty = 2% up_dowwy [ connect edge and sef input expression ¥/

001921 These expressions and the implied graph structare may be optimized
automatically. For example, multiple confluent expressions may be combined into a
single Compute node {corresponding to the waditional compiler optimizations of
“procedure integration” and “copy propagation”).  When possible a standalone
expression whose result is used only once will be encoded into the destination node
input rather than instantiated as a separate Compute node {(“Inlining”). Common
subexpressions may be merged imto a single Compuie node or Input expression
{’commeon subexpression elimination”). Expressions whose results may not be used are
dead-stripped {“dead code elimination”} unless their declaration is qualified by the

volakile keyword:



{

volatile char ¢ = "a"+1; /* ¢ is unused but will not be stvipped ¥/

]
H0193] The function within an explicitly declared Compute node is specified
following an assignment operator (“="), using the expression language described in
Secdon 2.2, Compute input names are scoped within the function defimition, For

axample, we may (re-)define the linear interpolation function for meshes ag:

Compute myMeshLerp(real osblend, Mesh a=MQ0, Mesh b=z1}

= {1-x)*a + by

jotia4] As ¥ goes from. 0 to 1, myMeshLerpout will inearly blend from MO to M1
{(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 buili-in lerp function) as:

Compute myLerpli=, e=, b=} = (1-x}'a + x*b;

[0e1asy We gpecity “x=" {shorthand for “x=nil") w indicate that “»" is the first
frpput to mylerp, vather than the name of a referenced output of some other node. The
above statement will create a Compute node with three disconnected inputs named “x”,
“a” and "B, Input and output edge connections to this node arve legal to the extent that
the data types along those edges vield a legal expression. For example, passing
(scalarscalar,scalar) and  (scalarmeshamesh} ave both valid because the resulting
expressions are valid. However, passing (meshscalarscalar) will produce an error

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

2.1.6 Macros

[oo198] We may define a macro by providing the macro body following the macro
declaration:

Macre DebSometiing(real p, matrin] quaternion g, =) { ..}



Fou197] Here parameters 4 and r are declared as polymorphic: ¢ may be connected
o matrix- or guaternion-valued outputs, while r may be connected fo an output of any
type, provided that type is compatible with the usage of r within the macro body. A
macro may 1ot be used in code vefore it i defined. Forward declavations of marros are
not allowed.

HEG R In the graph editor, macros appear as encapsulated nodes. The outputs
and nputs of a macro node correspond to specific outputs and tnconnected inputs of
nodes within the macro, socalled pubfic outputs and imputs. These public tabs are
declared by identifying particwlar nputs and outputs as “public” within a node
declaration or by issuwing exporl staternents. Exported tabs can be remamed via the

“export as” construct. For example:

Macro ColoredCubeAndSphere {

Color [public r=, public g=, public b=},

Group g {

Cabe (1,115

Sphere g;

!

export s.radius as spheveRadius;

export g.obm_in, g.obm_out;

}
creates a macro with r, g, b, sphereRedius and chm_in inputs and a cim_out ouiput.
fantee] The first output of a node may exported by declaring the node itself as
public. In the above example, we could have declared group g as “public Group g...”

rather than expliciily sxporting g.ctm, out,
2.1.7 Maming Conventions

iEratny We may refer to node and node-compornient niames by absotute or relative
path. Relative path names begin with “.” or “..", to distinguish them from expressions

involving division.
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Model A {
real x = 4;
PartB {

real x = 3;

realy = ./x /trefers to fA Y/
real = x; S refers to /AR
}

Scale(x1,1); /7 vefers to JASx Y
Travelate(./ B/ x,0.8); /% vefers to JASB/e
H

Model C {

Translate(/ A/B/y 0.0}, / inter~model reference, error if A iy wet laded %/
}
2.1.8 Conditional and Herative Unrolling

00201} Conditional uwnzolling of model code may be specified via the
preprocessor divectives #if, #elif, #else and #endif These condiions will be evatuated,
and selected branches followed, exactly once, at unroll time (i, during initial parsing),

106203} Trerative for and while loops are unrolled at graph consiuction time, thus
these routines do not themselves give rise to iterative or recursive graph stractures. For

example:

for {{= 11 <= 5; p++)

Avayr make_symbol(“v” + itoafi));
creates five Avar nodes named “v1”, “v2”, "v3", “vd" and “v5”. Note the uge of the
Lisp-dike muake symbol to generate symbol names procedurally. These genetated

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

s{viv2v3y".
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2.1.9 Conditional Execution

{00263} Conditional graph evaluation may be introduced through condifional
expressions (e, those containing “cond 7 2 : ¥} or by instantiating graph structures
involving conditional flow (i.c., switches, attaches and IK solvers, as described in
Section 1.17),  Switches may implicitly be created through the if-then-else language

construct, for example:

if {drawSphers == 1)
Sphexe {5}
alse

Cube (33,3);

which s equivalent to:

Sweitch 30 (ndl, drawSphere == 1},

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

Sphere {__ifl.out 1, 5}
where the name “__if0" is generated automafically. The conditional “drawSphiere == 17
evaluates to one when true and zero when false. The corresponding expression. graph
is:
foooq) The underlined “value” input teb indicates it has an input expression
("drawSphere==1"}. A mulf-way swifch is built by adding additional outputs to the
Switch node and providing a multi-valued input expression (possibly via a separate

Compute node}.

2430 YHeration and Recursion

feez0s] lterative and recursive graph structures may be crested by conmnecting

node putputs to inputs in order o form a cyclic subgraph. For example:

o
&



/™ create Compute node witi one faput “x”, expressing fhe function “out = x" %/
Compute Fibonaccifreal x) = x;

/7 connect Fibonacet output to its awn “x” input using the given input expression ¥/
Fibonacclx ===0 ?0:¢==171

: Fibonacci{t-2) + Fibonacci(+1);

[o0206) Thus "Tibonacci{d®)” vields the value 2, “Fibonacci(4)” vields 3, and so
forth. Referring simply to “Fibonaccd” with no explicit parameter vields the Fibonaccl
aumber for the implicitly pulied parameter, which only has meaning in the context of
the suwrrounding graph. The scoping 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 semdcolon. Thus, we could express Fibonacel

simply as:

real Fibonaced = to=0 70 :t==1 71
: Fibonacei(t- 2} + Pibonacal{(t-1);
100207} Here we provide the functien 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 o functon of {paramod) and in fact it will return different values for different
parameters because ifs expression depends on the Pull parameter £ As mentioned
above, all cutpuls may be used as functions, but they will only retwn a value that
varies with the funcion parameter if the variable definition references ¢, either directly,
or indirectly through a fime- {or more generally, pavameter-) varving input. The graph
generated by the above statement is shown in Fig, 6,

6206} As mentioned previously, in part due to its ability to represent graph
structures involving lteration 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 geneval purpose programming language such

3

as L.
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[ooz08] Listing 1 below gives a more complex example

usage. Listing 1 describes building a desk lamp.

Listing 1

ludeonne "glebal /iighting . w"

Macre StendavddodelTrana forag
{

Avazr tu=0, Ty=0, oy

, Sy ipclicy="r"iel, s¢

Pranslation tzans (G, ty, Uzl
soalin

3
ing sosle {sR.ay, sz

public matris xf _out = Tyane ¥ xot ¥ soxler

Motel Lamp {0
$

tangardttodelinans fores 1L
Jeint rootdeint {wi):

Avay s=1, g=0, bei:
MatarLel metal (diffuse = (¥,g.b), specular =

Part pase |
Mesh mesh (TBase,obitss
Surd baseSusrfsce (mesh, mevall;

Paxt Arm |
doinc 46 ¢
Bone bé L
R
Bone bt |
Pari Haad

BRnN

t w7y
AVRY coneks

Cong (radis
nougzng </

Color fx,g.b):
Spbexe xadius);
buib */

tash mest {"Lamp.obit
tkeletalbetformer deform (mesn, j0);
3nriace armdurizce {deifsrm, WweTal):

tpoiieysent?y=l;

of modeling language

1x,g,0}, stiine = 3503




2.2 Espression Language

§002401 - The language we provide for entering mathematical expressions into node
inputs uses standard infix mathematical notation. The nput 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 1.16) 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 Histed in
Table 1 below. Expressions are parsed and evaluated by an public off-the-shelf POEM
{Parse Once, Bvaluate Many) parser engine that applies aggressive optimdzation 1o the

parsed expressions, providing fast evaluation speed approaching that of compiled code.
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Table 1—Example Predefined Clobals, Locals, Constants and Functions.

Narme Value ’
Time | global animation clock ‘
P Globals ! ;
! starttime shotstart tme .
l endtime shotend time i
! fps | _shot frames per second
la systemdate, systamitime - wall-clock date and time
% <begst_name> or beasy <nane>] vamed broadeast
H SSHOT, 558G, $PROY, SUSHR, $IEPT, | program/system environment |
i SHOST | vars
iPredefined | name Jocal node narme
{Locals path absclute path to local node i
;' <gput_name> oF in<uame>] named input o Jocal node i
i} i-th input to locat nede (zero- !
{ based) i
! nnminpuis | mnmber of input tabs !
5 varan of i | pulled parameter vaiue !
: iod.geom, Jod.artic, lod light, ... | effective Jevels-of-detail :
priority, cost iocal performance params (see
i text a
; fetm ! concatenated transformation :
. i matrix
' {only deftned for scene graph :
' nodes) i
Constants pi § 7=314180., i
i @ i z=2.71828,,, ;
; Shype>iaero type-specific zero valag
<iypesidentity typa-specific identity value
b T e N &y | S 8, 2 standard Infix operators :
Operatorg o« b=, f
| &, L] <<, > ‘
|5 exp, log, 1og10, loglh,x} exponentials and logarithms
Punctions | i




; sin, cos, tan, sec, ¢se, Cob 28iR, acos, atan, | wigonometric and hyberbolic {

1
atan?, ¢ pranscendental functions
asec, acse, acot, sinh, cosh, tanh, sech, ;
csch, d
coth, asink, acosh, atanh, asech, acsch, !
acoth
sqrt, pow(e,y) i square rootand power
min, max, floor, cedl, round, abs, sigry, | numerical funchons :
finod 2 |
sravwd, yand ' pseudorandom nurmbers !
noisel D), noiseD), noiselbD ! Perlin noise i

binomdad (1, m)

ierp, bilerp, slerp, smoothstep
cond T h
<gxpr>.Oerivative{n)

binonual coefficient i
interpolation
binary conditional ;
n-fh tine-dentvative of given
inpul ;
th dertvative with respect o

! <expr> PartalDertvative(n,v) i

‘ <expre fnwegral{s,b) . definite integral over interval
! -l bl
fo02113 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 matrix and guaternion functions and operators, and so forth,

2.3 Animation Language

o242} In Section 1.18.1, we describsed our use of goars, or articulated variables, to
provide time- {or more generally, parameter-) varying values within owr exprassion
graph. In Section 5, we describe the layered representation of avar data and detail the
process by which layers are combined t produce an articulated output value. We also
describe, in Section 5.2, the taxonomy of avar motion chanmels, identifying kinematic
channels as those imvolving the splined gimation typically created by a human animator.
Because of its suitability to interactive specification and modifieation, kinematic
animation is in many wavs the most important laver class within our system. Here we
describe the text-based language used o specify kinematic data. Other layer classes are
specified via tab-delimited tables (zampled layers), fumction pointers {proceduual

layers), parameters values (stochastic lavers), or through the combination of parameter
P v W p

Eo2
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values and boundary values specified in lower-numbered motion channels (forward-
dynamic and multipoint-dynamic layers),

100213} Following common practice, our Kinematic data consists of knois along
parameterized one-dimensional curves or splines: each kinematic motion channel has
one spline. Bach knot specifies e value the spline takes at a particular parameter and
possibly scme 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 knof type. We provide several
kot types commonly used in prior systems, including stepped, linear, Bezier, Hermite, b-
spline, cardinal, TCB and ta. For Bezier and Hermite knots, we provide left- and right-
tangent handles that indicate the left and right dertvatives at the knot. Interpolating a
spline segment between knots of disstmilar type involves a two-step interpolation: first
we interpolate the segment fwice, once as each spline type; then we interpolate between
these two splines.

{60214] The information we provide in specifying charmel data includes: the path
to the avar, the layer in which the channel resides, the curve parameter at which each
knot occurs, the value of each knot and any knot-type-specific parameters (per knot}.
The parameters for each knot type are given in Table 2 below. Wr may optionally also
specify the laver set (Section 5.4) to which the layer belongs.

Table Z ~ Knot Types and Associated Parameters

Knot Type | Code | Parsmeter List :
Stepped 1 D empty ‘

. Linear L empty :

| Bezier B Left- and right-handie length and derivative
Hermite H | Lefi- and rishi-handie length and derivative |
Bspline | 8 . emply '
Cardinal 1C tension {tension = (15 vields Catmull-Rom) 1
TCR T tengior, continmity, bias (Kochanek-Bartels) |
Tau s tension, continuity I

[aezes] Statements within an snimation file define the scope of & particular avar,

gelect which laver is being referenced, or provide the actual knot data, The formatis &
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subset of that described in Section 2.1, with the additions of & “Layer layername”
statement for scoping by layer and knot statemenis of the form "o knot-code value
parameter-list”. Lavers and scene hierarchy are scoped independently, that is, “Layer C |
Model M { Avar tx {.J}}" is equivalent to "Model M { Layer C { Avar tx {.JJ}"
“Model M {Avar tx { Layer C {. ]}, "Avar /M/tx { Layer € [.}}", and so forth. An
exaraple kinematic animation data file is shown below 1 Listing 2. More particularly,
Listing 2 is for kinematic motion channels for five avars; “/Greg/LArm/wristRot” is a
quaternion-valued avar {with an extra “spin” parameter at the end of each knot

staterment), the others are scalar-valued.
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Listing 2

/[ heflen cuesheey version 0.3

Bute-genarzted by Reflex dev hulld dul 16 2003 18:27:5¢
* User wio on /21703 at 12:206 24

* File: fUsers/mic/shots/oive.cue

*/

Layer “Upe~doun &
Moedel Grey |
Part Lz |

AaY

i

avar ixlowl
G B -G,
4t B 642
B6: B 0.383%2

36t B 6.3243 0.05 .05 .21 0,351
47: 3 0.0902 0.1 0.31 £.142) (l2B
S6: B $.:13 G.05L D.OSL .08 0.908

Avar wristkRet |
12 B O{N.€23, §.68L, 0.2, 0.29%0 {0,0,9,% (G,0,0,3) 0.1, D.GS, ©
37 0B (0.779%, 9.84, 0,233, ¢.1g) (G,5,C6.3) <0,0,0,%; 0.85 §4.01 )
84: 1 (D.576, L6386, ©.4459, 0.251%) 9

Bysr L |
430 0B 0 805 0.8 £ O
55: B 4.3251 0.4€32% §,3385 0 O
€3: 8 0.4347 4,01 G.0% D G
$4: B 0.5302 3.03 $.03 OO
S5 & UL78E 0.0% £.00 O O
7h: 0B 0.364% 5,98 0.05 0 O
i

)

/* BuD OF CUR DRTA */

[0e2181 As mentioned i Section 213, the animation specification syntax

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

Listing 3 below,
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Listing 3
#includeonce “avd_defs.m"

Mozl Rothle

RwiG

/¥ specify hottle radii st vassous u's: v={ a3t bottaem,
Wote this megtrishts ue o a spape That does nov send bsok on
£, & better shape could e hed by WsSing & point-valuoed

T avar and from that dviving the Revoive node diveoctly.

*

ot

%

We pass paramenil so the avar is net paime-draven,

;
w/

Avar ragil {parsr=nili: i

Layer "lonstrw

ien®

.88
9.8
4.00 0.0%
4,08
I.59
4.2

e
o
o o

k3
[

i Builé mesh suxface-of-revelovtion. */
real belyhy
Cuzvs3n ¢ i (umin=d, we2y=l, x=vadii, y=w*heighz,
wRevelve reveivs (peofile, ‘y');

‘G

/v Genexats surizoe Lroh mesh. ¥/
Material {"glass®;;
{revelvel

Sur s
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3. Ghosis

30217} In addition to the normal rendering of geometry described in Section 1.10,
we optonally draw geometry as it would be posed af alternate times £, 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 particudar geometry to include in the
ghosted renders,

[no218] The user smay specify one or more arbitrary firmes at which to draw a
ghost. Ghosts may be drawn at regular intervals in time, for example: “on 245", that is,
once-per-second for a 24-frames-per-second (fps) amimation, as shown in Fig. 8b.
Ghosts may be drawn at “knots”, or keyiramed values, i 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 koot during interactive manipulation of that knot (Section 4, Fig. 8¢} In
some Bnplementations, the user may set a preference to have such manipuintion ghosts
shown (1) never, (2) momentarily during interactive manipulation, or {3) always when
one or more path kaots 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 i
accorplighed by performing a Render pass over the specified nodes after (1) satting the
giobal animation clock to the ghost time, and (2} rendering the ghosts using a non-
opague color (alpha < 1.0} with OpenGL or equivalant blending,

[a21%9] Ghosts may be shown to assist in comparing alternative animation,
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 changing enabled layers
invalidates the affected portion of our expression graph, the ghosted nodes will be

rendered under the alternative kayer setup.
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fanzag] User controls over ghost rendering include: ghost opacity (“alpha”),
illumination mode (whether fo perform per-vertex lighting computations or use
constant shading), fade rate (ghosts may fade in opacity away from the current time, as
shown in Fig. 8D), and draw style {ghosts may be drawn as surfaces or “stick-figure”
skeletons), A special "Doppler shift” mode colors ghosts at times easlier then the
current time differently than ghosts later than the current Hime (blue-tinted and red-
tinted, respectively, in cur implementation). Finally, the user may choose whether or
not ghosted geometry is selectable via the mouse cursor. By default it is not selectable,
and clicks on ghosts have the same effect as they would if the ghost was not theve, for
example, they will select opaque geometry drawn behind the ghost.

{00221} Ghost rendering follows any distortions of the motion path as described in
Section 4.1.2 and shown in Figs. %a-9c. This is accomplished simply by pre-multiplying
the ghost concatsnated transform matrix (CTM) by the path distortion mansforms in
Section 4. Onur ability to rapidly render g‘nosﬁ"; across multiple animation times and

4

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

4. Motion Paths

foiza2} In this Section, 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 to display a curve through 3D space indicating the
path followed. by an object moving through that space. We refer to such a space curve
as & motion path. Some of these systems alse provide user control over the motion path
by allowing the user to directly manipulate the shape of the path, for example, via
control points on the path. This effectively lets the user specify translation, and possibly
rotation, of an entire object traveling through space by manipulating the path of the
cbject directly. Unlike previous systems, we extend this motion path representation by
providing control of articulated bodies and deformable surfaces, allowing not only the
path of the whole object to be viewed and manipulated, but allowing changes in the

shape of the object itself to be viewed and manipulated (Figs. 8a-8c and %a-9c).



{02231 Some notable features of our technique are that it is very fast due to
temaporal caching; it is flexible encugh o control any type of motion, including rotation,
translation, and scaling of and within arbiculated bodies, swrface deformations, and
global deformations; and the reference point through which the motion path is drawn,
and to which refers user manipulation of the path, may be any pomt on or relatios fo the

surface.
43 Visualizabion

4.1.1 Path Shape

fo2z4] Our technique for implementing motion paths relies on temporal caching
within our expression graph {refer to Sectiont 1), A user may specify any reference point
on any surface in the 3D scene by a number of means (for example, by chicldng divectly
on that surface while depressing a designated key on the keyboard), To draw a motion
path indicating where that reference point on the suvface moves through space over
time, wa compute where in world-space (.. 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 poiyline, giving the appearance of & curve through
space. Note that we define “curve” herein to include straight line segments. Varying
the spacing between time samples allows us  produce a smooth curve without
wnnecessary detall; the adaptive method for computing this spacing is described below.
What remains is to describe how we compute the 3D position of the referenice point at
any given time. For simplicity we describe this assurming the reference point lies on the
surface; note however that the reference point could as easily lie off the surface: all that
may be required is that we know its position relative to the local surface coordinate
systent,

[pz2s] The position of any point on a surface is governed by the cumulative
effect of 2 series of mathematical operations defined by our expression graph. We

distinguish here two classes of cumulative effect: (1) rigid and (2) non-rigid (refer to
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Section 1.10}. In the first case of concatenated rigid transformations, the position of the
reference point Py may be represented as a 3D point Pow in the pre-transform {(Jocal or
body) coordinate system of the surface containing that point. The local coordinate
system itself s defined by the 4x4 Concatenated Tremsformation Matrix (CTM) Cay
with which the surface is drawn. Computing the reference point position at any Hme ¢
involves transforming Puw by the value of Canrat £ Canlf) is available to the surface
node at fts CTM input {refer to Sections 1.9 and 1.18). We automatically eneble
temporal caching of the CTM for a surface through which we are drawing a metion
path {refer to Section 1.5). Thus we approximate the world-space position at time ¢ of a

reference point lying on 2 surface as:

?mf (‘t) = <‘“‘ saaf {Z}Pirwaf [ l,L’M ) }'}n’oca!

where ¥ ia the cache lookup operator for the expression node output connected to the
CTM input of the surface.

[oo228] In the second case of point motion governed by non-rigid deformations,
we are faced with one of three alternatives. First, we may regard the deformations as
being “nearly rigid”, and compute the point motion as sbove. Second, i we desire an
accurate representation of the motion under a surface deformation, we apply the
deformation to the reference points. Let Dy be the time-varying function that maps

points to their position under the surface deformation, then:

Pfﬂf {[}x CJH’)’(“}E} s {t’Pfe)ca:' ) ~ W\A(r) ﬁsﬂ[‘f (fr‘z)ivcm‘ } .

00227} Finally, if we represent the mobon of a point under a global, rather than
surface-relative, deformation, we pass transformed points through the corresponding

B emver frnetion:

?rtg.’({) =¥ glabal Q‘ L ,wr;{{r,} B ecut }% B ys[:}ha?é% Yiaey Pl )

fouz28] For complex motion invalving a mixture of rigid transformation, surface

deformation and global deformation, we may combine these operations as needed.
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fon22s) The motion path polyline itself is represented in our expression graph as a
MotonPath nade (a subclass of the Glyph node type, see Section 1.18), which has
among its inputs the object or swface 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
veference point) or by changes to the transformations and deformations affecting the

surface (due to user changes to the underiving animation).

£.1.2 Path Dieplay Alternatives

1G0230% I’ complex scenes the motion path can become difficult to see and
understand clearly, This is particularly true when the path is tightly bunched: it may
begin to resemble a ball of yarn. We have several options available for improving the
display of the path in such circomstances.

[00231% When fine detail of the path is difficudt to discern, the user may enabls
vath dilation (also refetred to as path magnification), This enlarges, or dilaies, the path
about some reference point in space. We accomplish this by translating the points of
the path polyline so the dilation center sits at the origin, scaling the points by & user-

specified dilation factor, and then translating them back:
: ¢ gy N i ~ 1oy |
i}dﬂmd(z}m “{‘_ Ej' T g”smj)’ @)?[oml =178 £ z:ytuj(.z} §>Ecczd

¥

where T is the transformation that translates the dilation center to the origin, and §
scales uniformly by the dilation factor. By default we wish the path to still pass through
the target surface at the current frame, for which we provide a default mode in which
the path target point is the dilation center. In this mode, when we play the animation
and the target point moves in world space, the path will move with it since the dilation
remains centered about the target point,

on232] When the path becomes difficult to follow because it doubles back over
itself repeatedly (the ball-of-yarn problem), the wuser may enable the path fickertape

option (see Figs. 9a-9¢ and 10a-10b). This has the effact of stretching the motion path
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out in #ime within the 3D world space by mapping time t© a 30 vector in that space.
The direction of the vector controls the divection in which we stretch the path, and the
magnitude of the vector contrels how much the path is stretched. To draw the path In
this mode, we franslate each point in world-space by the tickertaping vector ¥ scaled by

an amount that increases with ©

ioeal *

P nokering (f} = (f - Irm\-; )V 'é'cml;f (t )Fr‘mx:f = {f - im,:w }V + t!”,yi (,-) ?

0G233] Note that the path sample point at { = fy 18 unsffected by tekertaping
therefore the path continues to pass through the target surface/target point at the
current fearne, and when the anbmation is played the path will seemingly flow through
space in the direction opposite the tickertaping vector so as to keep the path correctly
pogitioned on a moving target surface {Figs. 10a and 10by).

{00234] Pigs. 7a-7c are screenshots illustrating manipulators for controlling
dilation and fickertape. Sometimes motion higher up an articulated hierarchy makes it
difficult to visualize movement at the level in which we ave interested. For example, we
wish to view the path of the leff arm swing of a character as the character walks across
the screen. The path will *.:ra.v'ei across the screen due o the motion of the charvacter;
however, we moay wish to see the path of the arm swing in isolation, without the effect
of the cross-screen movement. We allow the user to specify any reference node relative
to wiich to draw the path. In this example, the nser might choose 0 draw the path
relative to the left shoulder joint or to the root joint (e.g., the hips) of the character. We
implement this by transforming path sample points into the coordinate space of the

reference node before plotting the path polyline:

> = i 1Y TR
F relettive {Z} A E:I } erf (t }E toeal T (/j rgfvenes B y/.swf M1 ? scu!

in the case of rigid-body transformations, and we make an analogous extension f{or the

non-rigid cases. Here we will cache the inverse CTM of the refexence surface €

-1 I . ] i -
and Yetwme: is the corresponding cache lookup operator. Note that this does not limit

us to reference nodes in ihe scene hierarchy above the motion path target surface; the
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path may be drawn relative to any node in the 3D 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 surface.

[ty One particularly useful application of this is to draw the path relative to
the camera when the camera we are Jooking through is moving, This causes the path o
indicate how the target point moves within. the camera view, rather thar through world
space. This is useful both for animated "shot” cameras and for attached “detail”
camerag that move with the target surface, and we provide hotkeys for enabling these
modes.

fa0236] To raprove visibility of the path over different-colored backgrounds, and
to help in distinguishing among multiple paths, the user may specify a color for the
path, The user may also choose to have the path drawn in twe aiternating colors
{colovstriping), with the color changing over some interval of ¢ (Hme-siriping, Fig. 8b), or
at every knot {see Section 4.1.3 below), or at user specified markers (also referred to as
posesy. The user may alternatively choose to enable the Doppler shift mode, where the
section of the pathl over samples preceding fyw Is drawn in one color and the section
foﬂowing fnow 35 drawn in a different color. Or the user mav elect t0 have the path fade
out at sample points progressively farther in Hme from fra i the same way ghosts may
be faded in and out through time {Section 3, Fig, 8bj.

0G237] Sometimes it may be difficult to see the path because it is obscured by
foreground geometry. The path beed-fhrough mode causes the path polviine to show
through obscuring objects as though they were manshucent (Fig. 8a). We accomplish
this by rendering the path twice, first fully opague (that is, with "alpha” or opacity =
1.0} with depth culling enabled, then a second time wanslucently (that is, with a user-

specified opacity < 1.0} after all other scene geometry has been drawn.
4313 Path Decorations

jog2sg] In addition to the polyline of the path itself, we display several other

pieces of information along the motion path. At sample points that fall on integral
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(whole number) frames, we optionally draw a small blue mark or bead (Fig. 8a). This
gives an indication of the rafe 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 dick and drag with the mouse cursor on these
beads to adjust interpolation rates (Section 4.2). This provides visualization and control
over the traditional animation concepts of gase-in and exse-cut.

{06238} The user 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 { is time. Subsequent
program commands involving time will operate on the selected fimes. Selecting two or
maore contignous frame beads selects a continuous parameter range. For example, the
user may select a time range and ther choose Copy from the application menus; this wili
copy animation of the active nodes within the selected time range. This antmation may
be subsequently pasted over a different time range or on a different group of geometry.
002401 t sample points that fall on times at which active avars have knots
{Sections 1.18.1 and 2.3} we draw a yellow diamond shape {Fig. 8a). This indicates the
Himing and value of animation keys. Timing is indicated both by the position of the knot
along the path and explicitly by displaving next to the knot the frame number at which
the knot occurs. Value is indicated by the position of the knot in 3D space and, for
selected knots only, optionally explicitly by displaying next o the knot the nuwmerical
value(s) specified in the associated avar(s). Only knots for unlocked degrees of freedom
within the model are shown. For example, when performing an axis-constrained
mardpulation {e.g, dragging on an axis-constraint handle of a mardpulator widget or
holding down an axis-constraint hotkey), ondy knots for the unconstrained avars are
digplayed op the motion path. The user can click and drag with the mouse cursor on a
knot to adjust the knot value or timing (Section 42). We optionally display a text label
next to the moton path knot indicating the names of the underlving avars possessing
knots at that knot thme (along with numerical values for those avars, as descibed

above),
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[00241] Krnots that result in changes to the effective graph topology {for example,
knots that enable or disable invarse kinematics, attaches, or hievarchy inversions, or that
change graph switch-node settings) display on the motion path as a yellow diamond
with a yellow line outline.

002421 The user may select a knot on the motion path (¢.g., by clicking on the knot
with the mouse cwrsor or by dragging a selection rectangle over the knot). Selected
motion-path knots that represent non-linear knots in the underlying avars will display
path-tangency handles, The length and direction of these handies reflect the tangent-
handle settings for the underlying avar knots, and direct-manipulating these path
handles will modify the avar knot handles and thereby the motion path shape (Section
4.2}, We compute the length and direction of the motion path handles by differentiating
the motion path curve at the knot (Section 1.14). When one or more of the underlying
avar knots has broken tangent handles (Sections 1.18.1 and 2.3}, we draw the motion path
knot as an orange, rather than yellow, diamond shape (Figs. Ba-8c}, and the path knot
handles will themselves be drawn and behave in a “broken” fashion, that is, the leffand
right handles will be independent.

00248} When tangent handles are drawn, we optionaily display a rotation twist
indicator on the local-coordinate-system +Z axis-line extending to the knot that
indicates the direction of & perpendicular axis {e.g., +X or +Y); this allows visualization
of how the articulation twists along its central (ie., Z-) axis. The twist indicator can be
used as a direct-manipulator to control interpolation of axial twist between motion path
knots (Section 4.2.4).

F002445 On the tangent handles themselves we optionally display a sliding
hashmark that indicates the rate at which the motion approaches (for the left handle)
and departs (vight 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 glide them up and down the handle and thereby control the
motion rate {Section 4.2}, This provides interpolation-rate visualization and control of

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

?
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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 muléiple
paths may be distinguished by setting each to a different color and/or by displaving
textual annotations alongside each path that indicate the target surface name, the
controlled bone or joint name, or a user-specified motion pathnemeFig. 8a is a
screenshot of a user interface 800 for an exemplary 3D CG animation system. In the
exaniple shown, the user interface 800 includes a view window 801 for presenting a
display enviromment contatning an arimated body 802, For this particular example, the
animated body 802 is a bendable-bottle model. Other bodies are possible, The term
“body” includes but is not limited o rigid objects, models, wire structures, articulated
bodies, soft bodies, bodies with deformable surfaces, etc. A motion path 804 is displayed
in the display environment 801 with knots 806 and frame beads 808, The motion path
804 includes knots 806 for the active avar “rot 2" at frames 0, 15, 30, 62, and 98. Motion
tangents are broken at frame 15. The knot 806b at frame 30 is selected and its
{continuous, non-broker} handles 807 displayed. Ghosts 810 are drawn at each of these
keyframes. We can see motion path bleed-through has been enabled, as the motion
path 804 transhucently shows theough where it passes behind the bottle surface between
frames 87 and 95. We see marker Hnes 813 at the keyframes in the timeline 809 below
the view window 801, as well as a selected line 815 for the knot at frame 30 and a
current-frame marker B17 at frame five; these lines are also drawn on the scrollbar
immediately below the timeline 809, The range bar 811 below the scrollbar 812 sets the
time range for which the motion path 804 will be drawn.Fig. 8b is a screenshot of
another bottle animation showing tme-fading ghosts at I-second intervals and motion
path colorsiriping. In the example shown, the active avar “rot_2" has knots at frames 0,
54, 71, and 94. The knot 813 at frame 54 has broken tangents. Frame beads are hidden
and colorstriping has been enabled. The colorstriping interval on the motion path 812
matches the colorstriping interval on the timeline 809 below the view window 801
Ghosts 814a,...,814e, are drawn at one-second intervals; we can see their exact dming

indicated by marker lines §17a,...,.817¢, in the dmeline 809 and timeline scrolibar. Ghost
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fading is enabled, with ghosts 814s,....8l4e, fading out away from the current frame
gight.

[00250] Fig, 8¢ is a screenshot of another botfle animation showing a manipulation
ghost 822 with an arcball mantpulator 816, In the example shown, the user has selected
the knot 820 at frarme 94, The absence of tangent handles indicates this is a linear koot
(or almost-Hnear knot with very short tangent handles). The manipulation ghost 822
has been created automatically at frame 94, The box 822 around the active avar name
“rot 2" confirms there is a knot at the selected time. The round “arcball” manipulator
816 has been displayed arcund the “Bottle” model's “joint 2" node; it is drawn with its
Y-axis constraint-ring highlighted to irulicate the user is performing axis-constrained
rotation about the joint-local Y-axis, perhaps because the user is holding down an axjs-
constraint hotkey or has initiated dragging by clicking directly on the Y-axis constraint-
ring. The even spacing of frame beads 824 along the entire motion path 818 indicates
that the rate of motion along the motion path §18 will ve aniform, with no ease-in or
ease-out.

002511 Figs. 9a-9c show a character 902 walking in-place (he does not have any
~ forward motion through space). In Fig. 9a, we observe the motion path 902 of the end
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 emabled motion path tickertaping: now the
motion path 902 is stretched sideways and we can visuslize 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 swimg the tickertape divection to keep the motion path 902 stretched out fo the
right side; she has also increased the magnitude of the tickertape vector so the motion
path 902 is move stretched out. The ghosts 904 yemain correctly positioned selative to
the path knots 906.

T00262) In Fig, 10a, the user has selected the roat joint 1002 of the model 1000 and
has tickertaping @nabled. The bones of the underiying skeleton 1004 are translucently

overlaid over the model surface 1006. At frame zero, we can see the motion path
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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 dirvection. 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 Hes at the root joint 1002,

[06253] Fig. 11 is a flow diagram of an exemplary motion path manipulation
process 1100. In some fmplementations, the process 1100 begins by providing a display
environment for presentation on a display device (1102}, 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
bady, a body with one or more deformable surfaces, or any combination thereof. 4n
example of an articulated body is the walking character shown in Figs. 9a-9¢ and 10a-
10b. An example of a soft body is the bendable-bottle shown in Rigs. 8a-8¢. A motion
path can defined for a first portion of the body relative o a second portion of the body
(1106). It 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 menipulaiing the motion path {1108). The control can be a knot, as
described with resgect to Fig. 8a. Other controls are possible. The path can be
manipulated in response to a user iteraction with the control (1110). For example, the
user can use knots to change the starting and end positions of the motion path, change
the shape of the motion path, etc. Other motion path manipulations have been

previousty described with respect to other figs.

4.3.4 Adaptive Path Resolution and Range

{00254 From the above description of path rendering, it should be clear that
optimally we want o plot the position of the path only for values of  that cause valid
cache mappings; in general we pick f's that fall centered within our cache lines.
However, in some circumstances we may desire finer or coarser temporal resolution

than the cache lines provide,



[00285] When an object is moving very slowly in space, the path will tend o
change lite between subsequent sample points. Rather than drawing a polyline
through every sample point, we skip points that vary little in screen space from
neighboring samples. We do this locally in 1, starting with a coarse path and refining
segments of the path whose midpoints differ from a straight-line interpolation of the
segment endpoints by greater than some screen~-space error threshold. We provide user
control over the error threshold: selecting a high threshold causes the path to be less
accurate but render faster.

[02s8] Whan an object is moving very quickly through space, the path will tend
fo become stretched out. In such cases, sampling Prdf) at each cache line may not
provide an accuraie representation of object motion. For the greater cost of evaluating
our expression graph at non-cached f's, we may provide finer-grained sampling of the
motion. We provide a user option to enable “accurate paths”; under this option we use
a screen-space error meiric to determine whether and how far we should locally vefine
any segment of the path bevond the cache-sampling rate,

[oo2a7] We optionally scale the path subdivision thzeshold e by the motion
path Level of Detadl lod, so that the path becomes less {or more) accurate as the LOD of
the path decreases {or increases) (see Section 1.7}

[00258] Because rendering a very long path (le., one that extends across a wide
range of {) can be slow, we optionally increase the error threshold as f diverges from the

global animation clock fnow:

e:;’rrv.sﬁ G} = f {7 it now } * I"’ d * Ehresh

giving us a time-varying threshold ¢ (i), where f{x) = 1 atx = 0 and f{3) increases as

the magnitde of x increases. We have found that simply:

fixy= R
’ Z‘Inl:.\‘ - in’.’?"
fanasy] ofter: works well, with ¢ providing linear control over the rate of accuracy

degradation away from fw. This procedure vields a path that is accirate around the
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“current time” but becomes progressively less accurate farther from the current time.
We automatically disable this option {i.e., set flx} = 1} whenever the global animation
clock is dynamically changing, such as when the user plays the animation.

1002603 We also allow the user to specify the range of parameter values [mm, b
over which the motion path will be drawn; specifying a narvower 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-8¢ provides one means of controlling the
path range. We optionally also display in the camera view vange-moanipulator tabs at
either end of the motion path itself: dragging on one of these tabs or selecting a tab and

fyping i a new tme adjusts the corresponding setting for loop start or end times,
4.1.5 Awutomatic Path Placement Option

[00281] When manipulating an object, we often want a motion path to be drawn
through that object. In the case of an articulated body consisting of bones connected by
rotational joints, it is it often is convenient for & motion path o be drawn through the
end of the manipulated bone, To facilitate this, we provide the opton of automatic path
placement. With this opiion enabled, selecting any scene object causes a motion path to
be created drawn through the root of that object. Selecting a part {such as a bone)
withins an articulated object causes a path to be drawn through the distal end of that
part, Selecting a model (such as a character} causes a path to be drawn through the root

joint of that model.

4.2 Manipulation

1o0ze2] Int 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 ifs handles to adjust knot value, timing, motion
tagents, twist rates and interpolation rates.

{Gu2es] 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

(=
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and procedwral computations that map from changing avars to 3D movement; these
computations are exactly those represented by the relevant subsections of our
expression graph. This inversion of the graph computations allows us {0 map from
desired changes in the path shape and timing to the necessary changes to be made in
the undertying 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 ow
expression graph, as detailed below.

[00264] In addition w0 knowing what changes need to be made to avars, we also
track dependencies arising from this control mechamismy. Changes to the motion path
cause dependent avars o be adjusted, Adjustment of avar knots has the side effect of
pushing dirfy on the avar outputs over the interval of support of the knots. This push
will recursively push dirty through the articulation and/or deformation hierarchies,
wlimeately pushing the active surface. The motion path ttself 15 & child of the active
surface, and s0 it too will receive the push that it originated. Thus manipulation of the
motion path forces us to re-evaluate and redraw the surface and, by extension, the
motion path iself, This siraightforward dependency-based reciprocal inwvalidation of
surface and motion path is enabled by owr toleration of cycles within the expression
graph.

foozes] Avar discovery is the process of traversing the graph and enumerating the
avars up-graph of a particular node. Thds avar Hst will define the degrees-of-freedom
that exist in animating that node.  Avar discovery is normally done at model wnroll
time, that is, when the model is first instantiated in core memory from disk at the
beginning of an animation session. However, we can also perform avar discovery on a
just-in-time basis, deferring discovery for every node wntil the first time that node is
made active. Static changes in graph topology (for example, creating or deleting nodes
or adding or removing edges) may require that we rediscover upsiream avars.
Dynaniic topology changes (due to switches, inverse kinematics state changes, attaches,
and hierarchy inversions) may not require vediscovery however, we simply maintain

multiple lists for the upstreem avars of affected nodes, and use whichever list is
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currently applicable based on the current topology. This is possible because these
dynamic topology changes are discrete changes in which the alternative wpologies are

fized and thus enumeratable at unyoll time.

4.2.1 Graph Inversion

jas2ea; In Section 1, we detailed how our expression graph represents the
computations and dependencies underiying our 3D scene. We identified that this is a
directed graph, that is, edges in our graph have divection, and that the direction indicates
Both the conceptual flow of information and (in the opposite divection) computational
dependency. We also discussed (in Section 1.17) how we can locally invert a subgraph
within our expression graph by inverting each node and switching the edge directions.
Recalling from that section, nominally it falls upon each node typs to define its own
inverse; however, the system can establish a local inverse (a Jocobian) for nodes that fail
to define thelr inverse function. The Jacobian is not a true inverge because it only is
valid around a local region of parameter spé,ce.

fob2e7] Here we use this same mechanism to map desived 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 setfings to scene
configurations. Said another way, the forward expression graph maps from avar
parameler space to 3D confiquwration spoce. By inverting {or pseudo-inverting} the
expression graph, as detailed in Section 1.17, we can map from 3D configwration space
to avar parameter space. Specifically, we can map from local changes in motion-path
knot position to corresponding changes in the underlying avars. This local inverse
mappig is precisely what the Jacobian defines. For optimization of pseudo-inversion
across complex graph structures inveolving deformations and stmilar “expensive”
operations, we compute the composite Jacobian across the subgraph using the method of
Secton 1.17. This is convenient when the user is direct-manipulating a motion path

dependent upon expensive articulations and deformations.
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faozas] In certain circumstances, the local pseudo-inversion provided by Section
1.17 is not capable of successfully adjusting avar parameters in a way that would
achieve the desired change to motion~path knot position, even though such a change is
possible.  This occurs when the configuration becomes stuck in local mindma from
which our local view of the inverse is not able to escape. Such circumstances mostly
arise only in pathological graph configurations, so they do not overly concern us here,
When they do arise, the user will rely on other manipulation methods, such as divect
manipulation of skeletal jolnts and bones or adjustment of the underlving avars
themselves, to sseape the local minima.

[eG2E8] In mnany cases we can avoid issues of local minima by ensuring our nodes
define globally valid inverse operators. In some cases this won't be possible, We can
employ an awtomatic stochastic techmique for escaping local minima.  This is
accomiplished simply by injecting noise into the avar parameters in the hope that a
“lucky” random change to an avar will aliow us to escape the local minimum. In
practice, generally we have found i to be more convenient to allow the user to direct-
manipulate the skeleton or other geometry out of the local minimum. Because
manipulation of the motion path knots, the skeleton or geometyy itself, and the actual
avars all affect the same underlying representation (the avars), the user may freely
move between these control mechanisms, for exaraple Qy “urdwisting” or ctherwise
manipulating geometry divectly when the motion path knots get “stuck”. Nonetheless,

we do provide stochastic escape of local minima as a user option.
£.2.2 Kuot Value Adjustment

[eoz7el Each motion path knot represents some non-empiy set of knots on
untlocked active avars (Section 4.1.3). When the user drags with the mouse-cursor on 2
motion-path knot, we wish to adjust the corresponding avar knots as necessary to keep
the m(;tiowpa‘ch knot urder the cursor. In genceral, as described in Section 4.2.1 and

elsewhers above, this is an underconstrained problem (that is, there are multiple
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“good” solutions), although in some situations it will be overconstrained (there is no
solution). We find a “best” sofution as follows.

[DOZT 1] 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
carpera-gpace origin and extends through the projection of the mouse cuvsor 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 curzent motion path koot position and
perpencicaiar to the camera forward (-2} 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 plane. 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.

[eoa72] in the simplest case we will have an explicitly invertible path available
tarough the expression subgraph that subswmes the active avars and the path target
surface. In this case it is stratghtforward to solve for the necessary avar changes by
passing our goal wector through the inverted graph, vielding a vector of avar deltas.
These deltas are applied to the avars as described in Section 5.

0273} In another simple 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 dettas. These deltas are then applied as described in Section 5. We then
examine how closely the motion path knot approaches the desired position, and itevate
until we reach a preset error bound. This iteration is independent of frame rendering
{see Sections 1.6 and 1.8) and therefcre does not mterfere 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 exror bound, so we rarely need to iterate further. Because we

arg relying on a gradient descemt methed, we have no problem tolerating
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overconstrained systems; we will find a “good” solutiony, if not the exact solution. We
dea} with local minima as described in Section 4.2.1 above,

002743 In more complex cases, the composite Jacoblan will not be drthogonal and
wmay have degeneracies. The system may still be under- or over-constrained. There are
a number of ways to deal with such systems; we take the pragmatic approach of the
madel specifying preferred avar settings (as defined by the avar default values) and
Hmits and weighting particular avars as being “more stiff” than others, which the
human designer of the model explicitly defines, We iterate as above, but stochastically
choose among avars t0 adjust and amounds to adjust then s0 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 off-the-shelf constrained aptimization
sotver for performing this iteration quickly. Again it is rare for the knot target to move
50 far in a single update pass that we need to iterate more than a couple tmes. This
tends to happen ooly in highly nonelinear confrol graphs,  Such graphs ave
congequently difficult for us to manipudate via the motion path, and users will typically
resort to divect manipulation of the geometry or adjustment of the undertying avars
controlling these structures.

100278} When assembling a model for this system, it s worth considering how
common non-inearities in the parameterization of articulation controls may affect
naturalness of motion-path manipulation. Por examnple, singularities in Euler rotations
can make divect mardpulation of the motion path awkward in some situations. We
allow users to build models using Buler angle or guaternion rotations but prefer
Quaternions because they yield more natural divect manipulation,

10g278} We provide several simple ways for users to exercige some control over
the constrained solution without modifying the anderlving model or avar setup. First,
the user may lock particular avars at will, thereby eliminating corresponding degrees-
of-freedom. in the solution space. The most common example of this is using an axis-
constraint hotkey or manipulation handle to Bmit control to a single avar. For example,

rotating an Buler-angle joint by dragging on the red (+X) axis constraint ving of the
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arcball will adjust only the rx avar for that joint. In the case of quaternion 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 tmiock any avar. Motion-path manipulation solutions will
honor that lock by not considering that avar 1o be a degree-of-freedom. The motion
path display reflects this by only showing knots for “free” avars (Section 4.1.3).

190277] The user may also confrol the constrained solution to some extent by
adjusting the “stiffness” of the avars (as described above), We provide a manipulation
mode in which clicking and dragging the mouse on a joind or oiher 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
thary at another.

{o0z7e) Finally, we may avold the entive analytic or numerical graph inversion,
process described above by having the model explicitly define inverse mappings from
comumon manipulations {translation, rotation, scale, longttudinal bends, etc) to 1ts avars.
This is the simplest andd in many ways most convenient method, but naturally it jacks
fexibility for exceptional circumstances, Nonetheless, in simple models such as jointed
skeletons this method may be sufficient for most or all avars.

[002781 When the user enables the option to display numerical values for the
associated avars at selected motion path knots, in addition to manipulatmg a path knot
itself, the user may edit the mumerical labels directly or may drag right and left on them

to “mung” them up and dowrn.

4.2.3 Marnipulator Widgets

foo2se] A model may specify supported manipulation modss and corresponding
manipulation widgets (such as the rotation arcball shown in Fig. &c) for use in
controlling particular sets of avars. The system provides default manipulator widgets
for translation, rotation, scale, shear, bend, squash/ stretch and similar basic operations.

Custom widgets may be added as externally defined Glyph nodes through the plug-in
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interface (Section 1.18). All avars can be associated with some manipulation mode o be
manipulated via the mechanism described in Secton 4.2.2 above. Avars associated with
a particular mode will be “active” only when that mode is selected by the user,

002811 ¥ no ather mantpulation style makes sense, avars may be designated to
manipulate via “munging.” Motion path knots associated with such avars are
manipulated by mouse cursor drags in screen space; these drage map divectly fo
changes in the avar value. For exarnple, in the case of a scalar avar, drags {0 the left
might decrease the value of the avar while drags fo the right would increase it. Again,
it is up to the modeler to specify these mappings.

{00282 Inverse kinematics represents a special case of divect-manipudation
control.  Here the control graph has already been inverted, and we simply provide
direct manipulation of the IK goal. That is, tv visualize motion of or control the
endpoint of an IK chain, one selects the IK goal (drawmn as a “jack” glyph in 3D space).
The path & drawn through the goal. The goal has stmple translation, and optonally
rotation, avars that may be manipulated through motion path knots and manipulator
widgets as described above. Relative bend at mudti~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 among via a “swing” manipulation mode; in this mode, dragging on any
seometry within the IK chain, or on a motion path knot through any such geometry,
rotatey the IK chain through that solution space. More sophisticated IK chaing, for
example involving non-planar linkages, or non-revolute joints, will need to be handled

through the conventional graph inversion mechanism described abuve.
£.2.4 Other Meanipulations

002831 In addition to the ability fo reposifion moton path knots in 3D space, we
provide several other manipulation controls. For conirol over rotations only, for
example when the active node is a spherical joint or the root transform of a model, we

provide an axial twist conirol as described in Section 413, This control # a
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manipulator handle that is drawn when tangent handles for a selected path knot are
drawn. [t is drawn from the joint-dlocal Z-axis line, extending in a direction orthogenal
to that Hne (e.g., +X or +Y), I indicates the axial twist around the local Z-axis. Dragging
on the handle caunses the joint to rotate about that axis. We determine the bmplied
spherical quaternion rotation using an arcball-style projection of the mouse cursor onto
a sphere centered at the base of the twist handle. For Huler rotations, we then extract
the z-axis rotation from that spherical rotation and set ouly the 1z avar for fhat joint. For
joints controlled by quaternion-valued avars, we project the spherical rotetion onto the
local z = § plane and then convert that rz-only rotation back into a quaterrion, which we
use to adjusted the avar. In both cases, the avar is updated as described in Sacton 5.

[opz84; 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
cortrol back to the necessary changes in the underlying avars. The desired tangent
handle direction and Iength specifies a 3D vecior; we add that vector, scaled by the
inverse of the frame rate, to the motion path knot position o find the desired position of
the path target point at fimes i~ = ~ 1/ fps {for the left handle} ov ++ =t + 1/fps {for the
right handie). We pass that target point through the inverse expression subgraph in
exactiy the same way as we do for knot position (Sections 42.1 and 4.2.2). This gives us
desired values for each avar at £+ or £*. Taking finite differences with the avar values at
t gives us an estimate of the desived derivates in each avar, which we use directly to set
the avar knot tangent handles. Sometimes it will be impossible to select a path tangent
handle 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 while
depressing a hotkey (our implementation uses the Option/Alt key) results in dragging
the left knot handle. Pulling out tangent handles for a motion path knot with
underlying Bnear avar knots converts those knots to be Beziers. Normally when
dragging a knot fangent handle, only that handle is manipulated; the opposing tangent

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



above) but its fength will not change. Dragging a knot tangent handle while depressing
a hotkey (again we use the Option/ Al key) causes the lengths of both tangent handles
to change symmetrically (regardless of whether the hamdiss are “broken”): the opposite
handle length “mirrors” the change in the manipulated handle. Thus, when the user
“option-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 appled to the underlving 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
etther handle, but allows the handies subsequently to be manipulated independently.
fouzss] Motion path knots may be retimed by dragging on them while depressing
a hotkey (the Control key in owr implementation). Dragging to screen-ieft decreases the
tme of each underlving 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, retiming ove path
koot simitarly retiznes the others. That s, if path knots at frames 6 and 10 are selected,
and the knot at frame 6 is retimed to frame 7, then the knot at frame 10 will be moved o
frame 11, Knot times are adjusted to the nearest integral (whole number) frame by
defaclt, but this behavior can be overridden in the preferences or via 2 hotkev during
dragging. Refiming a knot while holding an additional hotkey (Option/Alt in our
implementation) causes the underlying avar knots to be copied to the new time, rather
than moved in time. Retiming a number of selected knots while holding another hotkey
causes the knot times to be strefched in #ime {(or, more precisely, dilated about the
current time), causing the corresponding motion to occur more quickly or slowly,
{00286} Depressing a hotkey (the Command key in our implementation) while
clicking the mouse cursoy on a frame bead inserts a new knot (ic, a breakdown) on all
active avars af the corresponding time. We optionally insert the new knots as Bezier

knots with tangent handles adjusied to preserve the existing shape of the path, We
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accomplish this by differentiating each avar at the frame time 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.

fooz287] 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 #tself; changes to this are mapped directly to the interpolation rate of the
underlyving avar knots,

[0a288] During manipulation of knot tme and interpolation rate, we optionally
display multiple ghosts along the time interval between the preceding and subseguent
motion path knots. These ghosts may be drawn as full ghosted models, as mirdmal
skeleton “stick figures” of the full model or as skeleton stick figures of the subsection of
the model articulation hierarchy being manipulated (that is, the portion of the model
skeleton from the “active” node to the node through which the motion path is drawn).
ju28s) it should be clear in this description that the motion-path-based
manipulation of motion timiing and shape are orthogonal in our system. That Is, a user
manipulating the motion path may adjust the timing of movement along the path
independently of the path shape, and vice versa. Furthermore, the motion path display
and control mechanisin we have described is equally apphicable to varied types of
animated values {¢.g., scalars, points, vectors, guaternions, and others) and o arbitary
expression graphs involving articulated structures, deformable surfaces, or indeed any
Turing-expressivle computation. It provides real-time direct manipulation and
visualization fully decoupled from frame rendering rates. All this is enabled and
facilitated by the temporal caching, cycle safety and velated features of our expression

graph described in Sectiont 1.



5. Animation Layers

{60280} In Section 1.18.1, we described our use of arbicolated variables, or avars, to
provide changing values within our expression grvaph. Flere we present the
heterogenous, multi-lavered representation used within these avars, their
implementation; and associated mechanisms for their use, We introduce the idea of
fayers of moHon, analogous o the image layers provided in popular image-editing
applications,
002913 An avar node in our expression graph expresses some functon of its
scalar input parameter. Often this parameter 15 time, but that need not be the case. So
far we have said little about how this function is defined.
1002821 Avars are composed of multiple motion channels, each of which specifies
some aspect of the total aver output functdon. Motion channels are composited together
under a programumable funcional composition, described below. Motion channels are
orgarized into layers, A given avar may have zero or one moton channels for each
layer. If it has zero charmels 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 avar
has animation for any laver, we say that avar is set; otherwise if is unset or defauited. If
the output value of an avay varies as its input parameter changes, we sav the avar is
animated; otherwise it is covstant,
fon2e3s] As described in Section 1.18.1, a given avar may have any one of a number
of value types, sach as scalar, vector, point, quaternion, scalar field, or mesh. All moton
channels within that avar will have the same type.
[00284] At & given time, a single layer is the active layer, Direct mamipulation,
display of knots on the motion paih, and mandpulation of the motion path all involve
he active layer only, and are only possible when the active laver is a kinematic layer
(Section 5.2). The user chooses what layer is active and may change between active

layers at will.



5.1 Motion Compositing

fao2as] There are two components tu the chavmel composition: (1} a layer-wide
compositing operator, and (2} an avar-specific layering policy. The compositing operator is
one of the operators defined by Porter and Duff in T, Porter and T. Duff,, Compositing
Digital Images, Computer Graphics (Proceedings of SIGGRAPH 84}, 18(3):253-259, July
1984, which article is incorporated by reference herein in its entirety. We draw the loose
analogy that our notion of “layer” corresponds to Porter and Duff's “picture” and our
“motion charmel” corresponds to Porter and Duff's “pixel”. Accordingly, we provide

the following uperators for compositing two lavers A and B:



Table 3- Compositing operators, after Porter and Duff

i Operation | Name b wy | Interpretation (relative to A)
clear | clear 0 o erase all animation
A ‘replace 1 0 replace all underlying animation
B { fenoze 4 {1 | disable laver A
H ¥, i ! N «
‘Aover B | over "1 | 1~ override specified avars !
! [ override previously defaulted |
i Bover A | under t-wp |1 p d |
: avars .
* 1 keep only avars common to both
AinB fin ap 0 layers, overriding previous
. | . R i
i artmation i
Bin A | mask 9] P | mask out all but specified avars
; 5 ’ animate only specified avars i
AvoutB  out I-ap 10 except those that were previously |
; | animated
iBoutA  exclude ~ [0 T-wzs, | mask out specified avars
! ! | override previously animated
AatopB : atop cap | ieos P ¥ ani
~ : | avars :
1 animate only specified avars, !
. masi- 4 - [ . . :
Batop A 1-ep ’ @4 | keep any existing animationin !
- fander L .
! those avars i
: : : eliminate avars animated in both |
yAxer B | xor i leap  lean !
e ; : lavers i
; f b !. blend layers topether according o |
| AplusB . blend 1 i1 SYETS TOREMST ACCoraing o |
PR : : channel lavering poley |
; . v blend layers together using an
CAvtus B | add i 1 e Ay 8 . © !
- : additive layering policy i
i ) B blend layers together using a .
| Aplus B ¢ muliiply |1 1 e e B & :
: = multiplicative layering policy i

HE ey The operation column specifies the Porter-Duff compositing operation,
name specifies the terme we use o identify this operation, and wa and wp (Fs and F in
Porter-Duff) are weighting factors for layers A and B as discussed below. We part ways
with Porter and Duff in that they: (1) pre-multiply pixel values by alpha, while we do
not similarly pre-scale our motion chamnels, and (2) in the detail that they specify an
alpha plane that provides a fractional raasking value per pixel, Il contrast, cur motion

channels are not associated with individually variable alpha values. We recall that
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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 alphe, specified layer-wide by a
special envelope avar. Each layer has exactly one envelope avar, and these avars are
unigue in that they are themselves unlayeved, that is, each envelope avar contains a
single motion chanmel for the layer that envelope affects. The envelope avar is
unaffected by the compositing operator and layer alpha, However, the envelope avar is
optionally subject o the time-course avar described below, For example, the enwvelope
for & cychng layer may optionally be cycled along with the rest of the laysr, As with
other avars, laver envelopes may be defaulted (b0 1.0), set to a constant value, or
antmated. The value-type of envelope avars is scalar, and they are usually kinematic
(.e., splined, as described below). As we shall see, setting envelopes to fractional values
between 0.0 and 1.0 allows continuous blending between lavers.

0287l The layering policy for a given avar is either gdditive or mudtiplicative. The
policy defines how the channels of that avar combine under compositing, For example,
franslation avars and most other scalar avars arse additive, that is, thety namerical values
in layers A and B are combined through scalar addition. Conversely, scale avars
{sx,5y,42) and unit-quaternion rotations are mulliplicative: they are combined by (scalar
or quaternion, vespectively} multiplication. Transformaton matrices are normafly
multiplicative, The user who constructs the expression graph for the model may
specify either policy for a given avar. The avar will follow the same policy on all lavers
except those using the add or multiply operators, both of which override the avar-
specific layering policy with a layer-wide policy,

[0028¢1 During layer compositing, the laver-weighting factor (wa or ws} is
waltiplied by the layer alpha (recalling that cur motion channels are not pre-muliiplied
by alphaj, and the resuling value is used 1o scale the motion channels within the layer,
Scaling a motion channel is nterpreted as a linear interpolation between the channel
value and a {ype-specific zero {for additive channels) or idenfity (for wuitiplicative

chanmels); zero and identity are defined per type according to commeoen mathematical
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convention, for example, for scalars they are just the wusual 6.0 and 1.0, respectively.
Scalars, points, vectors, matrices, and most other types interpolate according to the
standard Hnear interpolate (lerp) operator, while unit guaternions interpolate via the
spherical interpolate (slerp) operator. Thus for an additive scalar avar, scaling a motion
channel corresponds to a scalar multiply of the channel value. Scaling a (multiplicative)
queternion rotation fnvolves a slerp between quaterrtion identity {no rotation) and the
channel value.

002983 For example, given two motion channels of an addifive scalar avar f, the

over operator would composite these avars as:

;"(f} = fz,{“"?.f;i(?ff)"}‘ Qpwiy }x(tﬁ} = O fy (Qﬁ'*" as@ Gy }f;’i(j%‘}

where fo(x} gives the value of avar /s motion channel for layer v at input parameter x.
For now we assume ? = f4 = t3. {(We will reexaraine that assumption below.) Similarly,
two chamnels of a multdplicative guaterndon avar g would composite via the atop
operator as:
‘J’é \}= PV (f .4}* a.nwze(:fs(g N}
= O {’J‘ &y (i iy, }93{\1’3}
= 3131?@% s Qieamey G4t A}}Siﬁrp@s{i ~a) Gidentes qa{ju)}

1063007 We have sssumed thus far that all motion channels are parameterized
identically, that is, that f = {4 = i for all lavers Aand B, Now we introduce the notion of
& Hime-course avar. Hach layer has exactly one tme-course avar and, like the envelope
avar, this avar is special in that it is unlayered, that i5, each contains a single motion
chemmel for the layer thaf time-~course affects. The time-course avar is upaffected by the
composifing operator, layer alpha or the layer envelope. For some layer A, the dme
course avar defines a function T4 mapping from avar input parameter space t© the
parameterization of the evaluation function x4 for motion channels within layer A, That
is, tA = Talf).
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[on301] A particularly useful time-course function is the saw-tooth function curve,
This causes animation within a layer to cyclically repeat (“cyde”) over some time range,
Cycling is the most-common use of the fime-course avar, and, for convenience, we
provide an easy mechanism in the application GUL for cycling layers over some given
range. More coraplex time-course marmipulations can be done by edifing the time-
course avazs directly via a spreadsheet ar curve edifor.

Ho302) In general, layer composition for avar x involves:
.U
)= L"x Ry @ Ky Ot 2 ¥ O Ky
i=n

where °, is the {user-specifiedy operator for compositing layer 1 upon layer i-1, with
associated weighting factors ws and wn as defined in Table 2, and x; is the valne of the
{existent) motion channel for layer i, We recall that the layering policy for a given
compositing operation is the layering policy of the avar being compuosited, except wnder
the special compositing operators add and multiply, as indicated in Table 2. Then:

. {a®b  when layering policy is additive
geo=y . . N G
la® b when layering policy is muluiplicative

3, D, = interp {w‘,‘, CAGR R {f})}—r imerp{‘:.v S 8x, (T, (r}})
¥, ®x, = interp(, 2, (), L, (L)) imerp@ﬁa*i{r}, L {7, (r}})

o ffy= \{

E{T:yy i iime - course affects layer /'s envelope

E,(f} oterwise.

003633 For guaternion-typed avars, inferp is the spherical linear interpolation, or
stexp, operator; otherwise it is lerp. ¢ and 1 dencte type-appropriate values for “ zerc”
and “identity”. Ed1) is the value of the envelope avar for layer i at parameter ¢, and the
alternative lookup strategies for E( } reflect the user-specified option of whether a
particular layer's envelope should be affected by that layer’s time-course avar.

{63041 We note that motion compositing is not mathematically commutniive, that
is, the compositing order is significant, both because the Porter-Duff compositing
operators are non-commatative and because multiplication of some of our avar data

types (e.g., mairix and guaternion tensors) IS non-commutative. However, moton
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compositing is mathematically associntive, that is, the grouping of compositing steps Is
not gignificant, because the Porter-Duff compositing operators are agsociative and
tensor mudtplication is associative. In fact, one imdtation we irapose on value types
within our system is that those types can be associative wunder addition and

mudtiplication, as well as possess a well-defined zero and identity.
5.2 Motion Channel Taxonomy

o305 We have said nothing vet aboutr how the functional mapping from
parameter  to value % within a single motion channel is specified. In fact, vather than a
single such specification, theve ave alternative specifications; this cholce may be made
per layer. The classes of layers include kinematic, forward dynamdc, mudtipoint
dynamic, procedural, sampled, and stochastic. All motion channels withm the same
layer are of the same class.

B00s] Kinematic animation refers to 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 human operator.

{00367} Forward-dynanic motion refers to animation that has been generated via a
computer-sinmudation solution to a single-point boundary problemt. The boundary value
is specified for some initial parameter, e.g., t = 0, and the smulation uses a differential
equation golver to integrate forward in fime, computing values at subsequent i's. This
is genevally done as an offline process and the resulting animation data is saved in a
tabled format for fast access.

j6G368} Mudtipoini-dynamic motion refers to animation that has been generated via
a computer-simulation soluiion v & maltt-point boundary problem. Boundary values
ave specified at a number of parameters &, and the simulation uses an iterative process
such as gradient descent to develop a solution that interpolates the specified boundaries
subject to certain constraints. Again, the solution is generally compuied as an offline

process with the resulting animation data saved i a readily accessible format
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100308} Procedural animation in general s any animation computed automatically
by a computer process. Here it refers to animation computed by a user- or modeler~
supphied external funcidon, typically written in O+ code using a supplied plugn APL
The animation is generated by the external function on an as-needed basis, though
values once computed may be refained within owr expression graph via temporal
caching, as described in Section 1.

{60310} Sampled motion refers to animation data recorded as discrete time-samples
on disk. This includes mwtion capture date and the output of externally executed
computer simulations or other computer procedures that write their ouiput to disk as
tebled tme-based samples.

00311} Stochustic motion denotes motion computed by a pseudo-random process.
We provide various controls for “shaping” the distribution of the random number
generation. In general, ary user-lével or code-level representation of a probability
distribution function (PDF) could be used for shaping the generated motion, ncluding
the provision of representative example mofion whose PDF coudd be exitracted through an
autopatic o manual process,

100312} Any class of layer may be converted to a sampled Jayer by sampling the
motion in that layer and outpulting the time-based samples to a data file n table
format. Any class of layer may be converted to a kinematic layer by automatically
fitting spline segments to the motion in that layer and storing the knots that define
those spline segments.

{60313] Boundary values for forward- and multipoint-dynamic simaulations are
specified via selected “lower-numbered” {ie, lower in the compositing stack) lavers,
These boundary-specification layers exist only o guide the simvudation and are
effectively disabled when fhe overlytng dynarnic layer is enabled.

[os14: There is no Hmitation on how the different classes of motion are
intermixed. Layers of different classes may be composited freely one upon another.

The class for each layer is independently user-specified.



5.3 Editing Kinematic Anbmation

j003183 When the user wishes to mwodify by direct menipulation the pose of a
model, we take info 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 arvourwd the active layer. (For clarity, in the discussion that follows we assume
that all Hme-course avars give the default mappings ¢ = Tt} and that the envelope avar
for the active layer Is 1.0 everywhere. TFor full generality, we could replace all
occurrences of ¢ with Ti{#) and scale the resulting /1¢/} by the inverse of the envelope
value, as is done in our impiementation.)

{00316} That is, in order to set avar f to value y at parameter t, we compute the
new value f{r} for active (kinematic) layer v as:

FAG w «V“«{"H ];(x}} when layering policy is additive
4 /

R

i
L= ,
I AN (. A
U r/n brr o) , o T
CLTAEY] eyel J1AG)  when layering policy is multiplicative.
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o017} For example, suppose we wish to set an additive scalar avar fto have the
value y at parameter t by modifying ondy layer v. For simplicity we assume that all
layers are composited under the blend operater and that the envelope avar for each

laver is left at the defanlt of 1.0. Then the new value we should setin layer v is:
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fouaisl Thus, we can see the necessary change to layer v is simply the difference
between the desired value and the current vaiue, as expected. Taking another exanple,
we wish to set multiplicative guaternion-valued avar  to value g, again at parametes

and modifying only layer . The new value we should setinlayer vis:
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where Guertanon i the composite rotation due te layers prior to v, and Gusiomtior 16 the
composite rotation from layers subsequent to o, Naturally, the easy way to compute the
pre- and postacfive-dayer composite values is to use the existing compositing
machinery described in Section 3.1; we simply disable layers numbered 2 and = v,

respectively, and evaluate the avar at parameter {. In pseudocode:



AveriBellayered Value(v vy
EnableLayers{D,.v-1); ¥ disables ol other layers %/
prevalue = Bvaluate(t);
EnableLayers{v+1.n);
postvalue = Bvaluate(t);
BnableLayers(G.n)
if policy = additive then
/* adidifive layering policy ¥/
newvalne = ~prevaiue + v + -postvalue;
else
/ sultiplicative layering policy %/
newvalue = prevalueInverse() * v ¥ postvalue Inverse();

Layer(v).SetValuelt, newvaluey;

00318 Again, we may wish o scale newvafue by the inverse of the layer envelope

before actually inserting or adjusting a knot in the spline curve for layer v,
5.4 Layer Properties

[06320] Layers may be given user-specified names, comments, and arbitvary tag-
value pairs. A layer name can be unigue within its layer set (see below). Layers may be
searched for and selected by name, comment or tag-value pair. A selected layer or
layers may be operated upon ir a number of ways. Clearing a layer corresponds o
deleting all motion channels for that layer, leaving a layer condaining no animation.
Deleting a layer deletes the Iayer’s motion charmels as well as the layer itself. The user
may also create new layers; new layers initialty have no motion channsals 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 thme,

[(ray 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 sefs. All motion channels for a given layer set arve stored on disk
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within a single logical file. Individual layers may be moved between layer sets, subject
to certain limitations described below; the motion channel data will correspondingly be
moved between disk files. Layer sets may be locked or unlocked. Locking a layer set
locks all layers within the set and corresponds to locking the associated file on disk.
Uniocking a layer set corresponds to unlocking the associated file and can only be done
by a given user if thal user has sufficient operating gystem “privileges” to unlock the
file. When loading a layer set from disk, the contained layers will be locked if the disk
file is locked; otherwise they will be unlocked,

fon322] Layers may be enabled or disabled. Disabling a laver 15 equivalent to
specifying & layer alpha of zero (See Section 5.1} Sets of layers may be enabled and
digabled together. A layer may be soloed, which is eguivalent to enabling that layer
and disabling all efher layers. The output value of an avar as it would be if the active
layer were soloed is avatlabie at the avar's solo output. Changing active layers pushes
dirty on all avar solo outpu

0e323l Layers are displayed within a lzyer list window and optionally within a
layers pane within the timeline window. The compositing order of layers may be
changed by dragging the layers into a different order in the list using the mouse cursor.
Each line of the layer list corresponds to one layer and shows the Javer name, the range
if any over which the layer cydles {via a sawtooth Hme-course function), toggles for the
iayer 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 sef, so that the layer view contains a higrarchical Hst, or
layers may be organized by compositing order, and then the layer view gives a flat
fisting with layers color-coded tw indicate set membership by associating a (user-
specified) color with each layer set. Next ¢ each layer is an optional preview tile that
shows the active model {or some particular model specified by the user) rendered with
only that fayer enabled (or some particular set of layers specified by the user). This tile
animates when the user moves the mouse cursor over the tile, and otherwise shows a

still image.
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[D0324] The layer pane in the tmeline window addittonally shows the duration in
time over which particular layers (and/or layer sets, when viewed hierarchically)
contaln animation (that is, contain motion channels with time-varying values) by the
position of colored bars for each displayed laver drawn under the timeline itself. The
layer {or layer set} envelope may be drawn as a curve over its covresponding layer bar,
andd the curve may be divecdy mandpulated. By setting interaction mades {with user-
interface buttons or by depressing keyboard keys) and then clicking and dragging with
the mouse upon layer bars, the motion within lavers or layer sets can be refimed, scaled
in time, cycled, duplicated and siruilarly manipulated. Specific layer and layer set
operations are discussed in Section 5.5- Operations on Layers.

{o325] The contribution of a parteular laver to the tofal andmation may be
visualized in several ways. The numerical dats within layer motion channels may be
viewed and edited in 2 spreadsheet or curve editer. The animation may be played back
while the user toggles the layer on and off, or soloed and nor-soloed, and observes the
change. The antmation may be plaved back simultaneously in both enabled and
disabled state, with geometry rendered opaquely with the laver enabled and
tranchacently (e, ghosted) with the layér disabled, or vice versa. More generally, the
user may specify two sets of enable states for the layers, and then view the difference
between these sets by simultanecusly rendering one set opagquely and the other set

ghosted.

55 Operations on Layers

00328} The user may perform various operations on the active laver, on multiple
selected iayers, and on layer sets. Layers may be converted to kinematic or sampled
layer classes, as described in Section 5.2, Layers may be locked and unlocked, enabled and
disabled, cycled (via the time-course avar), faded (via the envelope avar), cleared and so on
as described in previous sections. lLayers may be duplicafed, producing a new layer with.

motion channels idendical to those in the original layer. Lavers may be remamed
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Layers may be moved into a different Jayer set provided that the user has write access
to that set.

00327 Multiple selected layers may be flattened into a single laver by merging the
motion channels between layers. I the layers to be flattened are not all of the same
layer class, the layers will first be converted o a common class, either kinematic (via
curve fitting) or sampled {via channel sampling) according to user preference.

{00328] A single layer may be decomposed ko mudtiple layers in a number of
ways. The motion channels affecting selected geomei:ijf may be exiracted Into a new
layer. The portion of all motion chamnels affecting a selected time range may be
extracted into a new layer. More generally, the user may select some geometry and a
time range, and extract the motivn~channel data for the selected geometry over just the
selected tirne range info & new laver. The geometry whose motion is to be extracted
may be specified via regexp “regular expressions”; for example, fhe user may specify all
avars whose pathname matches “*Poot”, theyeby identifying two  avars
“1eftfoot/ midBend” and “RightFoot/midBend”,

[Be328] The user may specify a range in frequency-space to extract into a new layer.
The channel data will be converted to the sampled class (Section 5.2) and a Fast-Fourier
Transform (FFT) of the charnnel datz will be performed. The data in the specified
frequency band will then be copied or moved (as specified in command-option dialogs)
into a new layer. Several frequency ranges may be specified, producing multiple band-
specific layers. By adjusting the alpha (Section 5.1} of the layers so extracted and then
flattening these layers back into 2 single layer, the user may perform parametric
equidization of the artmation data, To ease this process, we provide a single-step
parametric equalization dialog with fully adjustable band centers, widths and gains for
a user-specified number of bands. This is implemented by performing an FFT,
decompeosing by band, and recomposing with the specified equalization. We similarly
provide a single-step notch filter using the same technigue.

1003301 We provide other analogs to audio signal processing, allowing the user o

nril, compress, expand, compress-expand (compandy, gute, and duck the motion-channel
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signals. A compressor provides an automatic form of level-control, attenuating high
levels and thereby reducing the dynamic range. A limiter is an extreme form of
compressor that provides very sharp attenusiion above a set level An expander
atteriuates the signal below some threshold, reducing low-level noise and expanding
the dynamic range, A gate 1s an extreme form of expander that sharply attenuates
signals below some threshold, suppressing noise when the signal is low. A compander
combines a compressor with an expander, Increasing dynarnic range while avoiding
excessive output level. Ducking atteruates a signal when another signal exceeds some
threshold, allowing one layer to automatically override another layer whern a signal {ie.,
motion) of significant wagnitude 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.

feaast] Channe! date may be smoothed or sharpened via one-dimensional
convolution. More generally, any finite-kernel convolution filter, specifiable by the
user, may be convolved over the channels within & layver. |

{00332} The difference between two layers may be exiracted as a new layer.
“Difference” is interpreted relative to the chamnel layering policy, with additive
channels being sublracted and mudtiplicative channels divided.

{06333} Sampled layers may be resampled at different sampling rates. Upsampling
produces data at 2 higher sample vate. Downsampling produces data at a lower rate. We
use a cubic resampling technigque described in D.P. Mitwhell and AN, Netravali,
Reconstruction filters in computer graphics. Computer Graphics, (Proceedings of
SIGGRAPEL 88), 22(4):221-228, August 1988, which articie is incorporated by reference
herein in is entirety.

[20334) Batire lavers may be scaled and biased. This is accomplished by applying
a gain and bias to every motion channel within the layer, in the exactly the same way
gain and bias are applied to node imputs and owtputs as described in Section 1.13.
Similarly, e layer may be shifted or stretched in time, by retiming and stretching the

animation in all channels within the layer as described for single-channel editing in
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Section 4.2.4. Indeed, most of the operations that may be performed on individual
avars may also be performed across entire layers, with the software simply applying the
given operation to each channel within the layer. The notable exceptions to this are

operations that depend upon the data type of an avar, for example, setting knot values.

6.0 User Bystem Aszchiteciure

{00338] Fig. 12 is a block diagram of an exemplary user system architecture 1200
for hosting an animation application. The architecture 1200 imcludes one or more
processors 1202 {e.g, [BM PowerPC®, Intel Pentium® 4, ste. ), ore or more display
devices 1204 (e.g, CRT, LCD), one or more graphics processing units 1206 {eg.,
NVIDIA® Quadro FX 4500, GeForce® 7800 G7T, etc.), one or more network interfaces
1208 (e.g., Bthernet, FireWire, USE, etc.), one or more input devices 1210 (e.g., keyboard,
mouse, efc.), 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, PCI, PCT Express, etc.).
00336} The term "computer-readable medium” refers to any medinm that
pavticipates In providing instructons to a processor 1202 for execution, including
without Hmitation, non-volatile media (e.g., optical or magnetic disks), volatile media
{e.g., memory} and wansmission media. Transmission media inciudes, withoui
limitation, coaxial cables, copper wire and fiber optics. Transmission media can also
take the form of acoustic, light or radio frequency waves,

{60337] The computer-readable medivm 1212 further includes an operating
system 1216 {2.g., Mac O5&, Windows®, Linw:, etc.), a network communication module
1218, ardmation Hies 1220, an animation application 1222 and cache memory 1236, The
animation application 1222 can be integrated with other applications or be configured
as & plug-in to other applications. In some implementations, the animation appiication
1222 includes a Ul manager 1224, a rendering engine 1226, an animation engine 1228, a

graph editor 1230, expression graphs 1232 and a programming module 1234



[oa3ss] The operating system 1216 can be multi-user, mulfiprocessing,
multitasking, multithreading, real-dme and the iike. The operating system 1216
performs basic tasks, including bt not imited to; recognizing mput from mput devices
1210; 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 devices (e.g., disk drives, printers, GPUs 1206, etc.); and managing traffic on
the one or more buses 1214 The network comamurgeations module 1218 includes
various components for esfablishing and wmaintaining network conmections {e.g,,
software for implementing communication protocols, such as TCP/IP, HTTP, Bthernet,
ete.). The animation application 1220, together with is components, implemenis the
various tasks and functdons, as described with respect to Figs. 1-11 The Ul manager
1224 is responsible for the generation and display of user interfaces. The rendering and
animation engines 1226, 1228, ave responsible for renderings and animating bodies in
the display envivoriment. The graphic editor 1250 is described in Section 1.19. The
expression graphs are desaribed in Section 1. 1. The programonng module 1234 is
respongible for the modeling, expression and antmation languages described in Section
2. The cache 1236 is used in adaptive/tepiporal caching described in Section 1.

160338] The user system architecture 1300 can be implemented in any electronic or
computing davice capable of hosting an animation application, including but not
limited to: portable or deskiop computers, workstetions, main frame computers,
network servers, etc,

(003401 Various madifications may be made to the disclosed implementations and

gtill be within the scope of the following claims.



CLAIMS
WHAT 1S CLAIMED I8:

1. Ananimabion method, comprising:
providing a display environment for presentation on a display device;
providing a body for display in the display environment; and
determining a motion path for a first portion of the body relative to a
second portion of the body, wherein determining the motion path
comprises:
displaying a curve in the display envirorument that defines the motion
path in space over time, wherein displaying the curve comprises:
determining points along the motion path at discreet sample
times;
rendering the points to define the curve through space over time;
and
dilating the curve about a point in space to improve visibility of

the curve in the display environment,

2. The method of claim 1, further comprising:
stretching the curve out in time to improve visibility of the curve in the

display environment.

3. The method of claim 1, further comprising:

rendering the points relative to a moving camera view.

4, The method of claim 1, further comprising:

defining the body by an expression graph with cycles.

5. The method of claim 4, further comprising:
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providing one or more articulated variables for changing values within

the expression graph.

6. A method of creating expression graphs for an animation system, comprising:
providing a graphical user interface;
receiving a first node selection from a phurality 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 -
ore 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,
7. The method of claim 6, where at least some of the node types are templates.
8. The method of claim 6, where the expression includes one or more conditions.

9. The method of claim 6, further comprising;
providing an expression language for entering mathematical expressions

into an input of one or more of the first and second nodes.

10. The method of claim 6, 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,

11. The method of claim 6, where at least one of the first and second nodes is
configurable to broadeast a value on a named channel which can be received by

one or more receiver nodes.

12, The method of claim 6, where at least one of the first and second nodes is

configurable to solve kinematic problems.
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13. The method of claim 6, where a user can specify either the first node or the

second node as a root node. |

14. The method of claim 6, where the graphical structure is a hierarchy which is

configurable to allow data to flow bi-directionally through the hierarchy.

13. An animation method, comprising:
providing a display environment for presentation on a display device;
providing a camera view of a body in the display environment, the body
including at least one point;
providing, in the camera view of the body, a motion path of the point;
associating one or more conirol mechanisms with the motion path, the
control mechanisms being configured to contral a movement of at least a portion of the
body in space and a rate of the movement in time; and
in response to an input received through the one or more control

mechanisms, animating the body based on the motion path.

16. The method of claim 15, where animating the body comprises:
determining a shape of the motion path based on the movement of the
portion of the body in space; and
determining the rate of the movement in time independently of the shape of
the motion path, including interpolating along at least a segment of the motion path
based on the input, where manipulating the shape of the motion path is decoupled from

mandpulating the rate of the movement in time.

17. The method of claim 15, where animating the body comprises:
confrolling the motion path relative to a user specified reference thatis at
least one of a world space, another portion of the body, a moving camera, or a node in a

svene; and
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providing for display the motion path relative to the reference.

18. The method of claim 15, where the point is at least one of:
a user selectable point on or relative to a surface of the body; or
a user selectable point on or relative to a skeleton to which the surface of the

body is bound.

19. The method of claim 15, where at least one of the portion of the body or the point

is determined automatically in response (0 a user interaction with the body.

20. The method of claim 15, where the body includes at least one of a forward
kinematic hievarchy, an inverse kinematic hierarchy, a rigid body, a deformable

body, or a solution to an arbitrary expression.

21. The method of claim 15, where associating the one or more control mechanisms
with the motion path comprises:
providing one or more visual markings alonyg at least a segment of the
motion path, the visual markings configured to control at least one of a rate of

interpolation, a motion tangent, or a rate of twist.

22. The method of claim 21, where:
providing the one or more visual markings includes providing a spacing
between two visual markings, the spacing indicating the rate of interpolation, where at
least one of the visual markings is configured to recetve a slide input to adjust the

spacing and control the rate of interpolation.

23, The method of claim 15, where providing for display the miotion path comprises:
determining points along the motion path at discreet sample times; and

interpolating the points to define a curve through space over time.
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24. The method of claim 23, where determining the points along the motion path
includes evaluating a movement of the portion of the body through space over

time.

25. The method of claim 15, where associating the one or more control mechanisms
with the motion path comprises:
providing one or more visual indications along the motion path, each visual
indication indicating a position of the point corresponding to an animation time, where
an adjustment of the one or more visual indications changes the corresponding

animation Hmes.

26. The method of claim 15, further comprising;
stretching the motion path in tme to improve visibility of the motion path,
the stretching including:
mapping the time to three dimensional vectors in a three dimensional space,
each three dimensional vector having a direction and a magnitude, wherein:
the direction of the three dimensional vector controls the direction
in which the motion path is stretched; and
the magnitude of the three dimensional vector controls an amount

in which the moton path is stretched.

27. The method of claim 15, wherein animating the body comprises:
receiving an input manipulating the motion path;
determining a degree of freedom in which the portion of the body is to move
in response to the input; and

determining an amount of change in the degree of freedom.

28. The method of claim 15, where animating the body comprises:
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maintaining a manipulation mode, each manipulation mode corresponding
to one or more modalities of manipulation, the modalities of manipulations including at
least one of a translation, a rotation, a scale, a bend, a squash, a stretch, a mesh
deformation, or a global deformation, where the manipulation mode is associated with
a control mechanism; and

providing the manipulation mode to a user when the control mechanism is

actve.

29. The method of claim 15, where animating the body comprises inverting or

pseudo inverting at least a portion of an expression graph.

30. The method of claim 15, where animating the body comprises performing

constrained optimization on the motion of the body.

31. A system, comprising:
one or more processors configured fto perform operations comprising:
providing a display environment for presentation on a display device;
providing a camera view of a body in the display environment, the body
including at least one point;
providing, in the camera view of the bedy, a motion path of the point;
associating one or more control mechanisms with the motion path, the
control mechanisms being configured to control a movement of at least a portion of the
body in space and a rate of the movement in time; and
in response to an input received through the one or more control

mechanisms, animating the body based on the motion path.

32. The system of claim 31, where providing for display the motion path comprises:
bleeding the motion path through an obscuring object.
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33. The system of claim 31, where providing for display the motion path comprises:
providing for display the motion path using one or more color modes that
include at Jeast one of: |

a colorstriping mode, where the motion path is o be displayed in multiple
alternating colors, where the multiple alternating colors change based on a time
interval, at each of the controls, or at user specified markers;

a color ghift mode, whete a portion of the motion path preceding a specified
time is to be displayed in a first color, and a portion of the motion path following the
specified time is to be displayed in a second color that is different from the first color;
and

a fade out mode, where the motion path fades out at points progressively

farther in time from the specified time.

34. A computer program product, stored on a non-transitory storage device,
operable to cause one or more processors coupled to the stotage device to
perform operations comprising:

providing a display environment for presentation on a display device;

providing a camera view of a body for display in the display environment,
the body including at least one first point;

providing, in the camera view, a first motion path of the first point;

associating one or more control mechanisms with the first motion path, the
control mechanisms being configured to control a movement of at least a portion of the
body in space and a rate of the movement in time; and

in response to an input received through the one or more control

mechanisms, animating the body based on the first motion path.

35. The product of claim 34, the operations further comprising providing for display
a second motion path, where the second motion path is at least one of:

a motion path of a second point of the body;

119



a motion path of another body; or :
a motion path based on which the body is animated differently from

animation based on the first motion path.

- 36. The method of claim 15, where providing for display the motion path comprises:
receiving a specification of a time range, the specification including at least
one of:
a beginning time and an ending time;
a time interval relative to a specified time; or
a count of control points relative to a specified time; and
providing for display a portion of the motion path according to the

specification of the time range.

37. The method of claim 15, where providing for display the motion path comprises
dilating the motion path around a specified reference point, where:
dilating the motion path inchides scaling points on the motion path around

the specified reference point by a scaling factor.

38, The method of claim 15, where the display environment is one of a two

dimensional virtual environmend or a three dimengional virtual environment.

39. The method of claim 27, where determining the degree of freedom mcludes

receiving a specified degree of freedom.
40. The method of claim 27, where determining the amount of change includes

mapping changes from input manipulating the motion path to an amount of

change in the degree of freedom.
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41. The method of claim 15, where associating the one or more control mechanisms
with the motion path comprises:
providing for display one or more knots along at least a section of the motion
path, each of the knots configured to control a position of the portion of the body in
space; and
providing for display one or more tangent handles, each tangent handle
being agsociated with one of the one or more knots and being configured fo control a

tangency of the motion path.

42. The method of claim 41, where providing for display the one or more knots and
the one or more tangent handles comprises:
detecting a user interaction with the display environment; and
providing for display at least one of the one or more knots or the one or more

tangent handles in response to the detected user interaction.

43. The method of claim 41, where at least one of the knots or at least one of the
tangent handles is displayed in differentiated fashion to indicate that a tangent

handle is broken.

44. The method of claim 21, where the one or more viswal markings are configured
to receive a selection input operable to select animation shot times upon which a
subsequent program command involving time will operate, the animation shot

times corresponding to the one or more visual markings.

45. The method of claim 21, further comprising: providing for display in association
with the one or more visual markings at least one of:
a time of an animation key; or

a value of the animation key.
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46. The method of claim 21, further comprising: hiding from display a visual

marking that corresponds to a locked degree of freedom.

47. The method of claim 15, where associating the one or more control mechanisms
with the motion path comprises:

providing one or more visual markings along at least a segment of

the motion path, the visual markings configured to control at least one of a rate of
interpolation, a motion tangent, or a rate of twist;

receiving a slide input on a first visual marking of the one of more visual
markings, the slide input operable to cause the first visual marking to slide along the
motion path; and

upon receiving the slide input, adjusting a spacing between at least two
second visual markings of the one of more visual markings, each of the at least two

second visual markings being different from the first visual marking.
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