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(57) ABSTRACT 

A technique for representing a visual Scene as a directed 
acyclic graph of data and operators that generates a Sequence 
of image frames over Specified time intervals. The graph 
Specifies temporal and Spatial values for associated Visual 
elements of the Scene. Time is modeled in the inheritance 
properties explicitly defined within the Scene graph hierar 
chy, by assigning temporal attributes to each media element. 
Branch nodes of the graph specify transforms for the tem 
poral and Spatial coordinate Systems. To evaluate the appear 
ance or behavior of the Scene and in particular the global 
time values of particular elements at a given time instant, the 
graph is traversed in a direction from a root node down 
toward the leaf nodes, thereby causing temporal transfor 
mations Specified along the branches of the graph to modify 
time parameters of the Scene data at the nodes. Child nodes 
are preferably evaluated after being transformed, to deter 
mine the extent to which they contribute the data to the final 
Scene. Temporal transformations may include translation 
operations that offset temporal event times, Scaling opera 
tions that change the rate at which time passes, or clipping 
operations, that restrict the range of time parameters to 
exclude the evaluation of parts of the graph. 
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TIME INHERITANCE SCENE GRAPH FOR 
REPRESENTATION OF MEDIA CONTENT 

RELATED APPLICATION 

0001. This application is a divisional of application Ser. 
No. 09/054,603, filed Apr. 3, 1998. The entire teachings of 
the above application are incorporated herein by reference. 

BACKGROUND 

0002 Computer-based systems are increasingly used for 
critical roles in the production (including the post production 
phase of the overall production process) of motion pictures, 
television programs and commercials, multimedia presenta 
tions, interactive games, internet content, CD-ROMs, 
DVDs, and Simulation environments used for entertainment, 
training, education, marketing and Visualization. Each of 
these applications may use multimedia data and image 
processing techniques to Some degree to create and/or render 
a computer model of a Scene in a real or Synthetic world. The 
Scene model not only describes buildings, parts, people, 
props, backgrounds, actors, and other objects in a Scene, but 
also represents relationships between objects Such as their 
movement, interactions, and other transformations over 
time. 

0.003 Having a three-dimensional representation of the 
Scene can be quite useful in most phases of multimedia 
production, including choreography, rendering and compos 
iting. For example, consider a motion picture environment 
where computer-generated special effects are to appear in a 
Scene with real world objects and actors. The producer may 
benefit greatly by creating a model from digitized motion 
picture film using automated image-interpretation tech 
niques and then proceeding to combine computer-generated 
abstract elements with the elements derived from image 
interpretation in a visually and aesthetically pleasing way. 
0004. There are presently two general categories of tech 
niques for representing a Scene model. The oldest technique 
focuses on embedding an implied Scene model within a 
programmatic construction that integrates the elements of 
the media production. Traditionally, display list Systems 
were used to create Visual representations of Such models. 
The design of these Systems was therefore driven largely by 
the capabilities of the display list type graphics hardware 
that existed approximately ten to twenty years ago. 
0005. In this approach there is no conceptually distinct 
representation of the Scene model. Instead, one or more 
Sequential imperative programs explicitly manage imple 
mentation chores which control the operation and Visual 
presentation of the Scene on a digital computer display. 
These implementation chores may include Sampling of 
media Such as film or Video in time, emulation of force and 
other interactions, and frame generation. With this approach 
to Scene modeling, every program needs to re-implement its 
presentation of the Scene geometry, usually at the level of 
line and pixel drawing operations, each time that the con 
ceptual model of the Scene changes. 
0006 More recent advances in object-oriented data-pro 
cessing have been applied to graphics Systems to greatly 
Simplify the way in which Scene models may be conceptu 
alized. Higher level representation systems such as PHIGS, 
Open Inventor, VRML, ActiveX, and Java 3D have resulted 
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in a paradigm shift away from Specifying how to present a 
Scene to specifying the Scene model itself. This object 
oriented Scene model paradigm provides a number of impor 
tant advantages. For example, model Specifications, rather 
than becoming programs for rendering images and Sounds, 
Simply become descriptions of the objects in the Scene and 
their properties and dynamic behaviors. These types of 
Systems can be used to construct models in a natural way 
because the end-users can think in terms of abstract or real 
World objects, and therefore need not have the expertise nor 
even the interest in traditional graphics or real-time pro 
gramming. Such models also tend to be more robust since 
they do not tend to exhibit side effects that interfere in subtle 
ways with the effects of other components, while providing 
other advantages Such as economies of Scale, usefulness, and 
longevity as well as automatic level of detail management. 
0007. These techniques allow the creation of media con 
tent to be as natural as possible, Since they are based on a 
simple and intuitively familiar view of the world; that is, as 
a hybrid of continuous variations and discrete events as 
applied to particular objects. Using Such object-oriented 
modeling Systems, one creates media productions without 
the need to “program” the underlying mechanisms for 
interpreting the Scene model and its dynamics at each frame. 
Rather, the author Simply describes a geometric or other 
abstract model for an object. A bouncing red ball is, for 
example, represented as a data Structure defining an object 
with a spherical shape and a color parameter of red, together 
with a specification for its movement over time. 
0008. These models also easily Support the importation, 
aggregation, and texture mapping of objects and images, as 
well as change in their attributes Such as color and position, 
as well as representations of cameras, lights and Sounds. 
Spatial two-dimensional (2-D) and three-dimensional (3-D) 
transforms Such as translation, Scaling, rotation, and other 
linear and non-linear transforms may also be applied in an 
orderly way. 
0009 Dynamics in the model and their effects are 
described as time varying functions and events, freeing the 
author from the programming mechanics of Simulating the 
dynamics, checking for events and causing the effects to 
happen. For media content of extremely high or Subtle 
accuracy, the author is also typically freed from implemen 
tation issueS Such as multithreading the Simulation with the 
rendering or compositing tasks. 
0010. These modeling systems exploit several key ideas 
that give object-oriented techniques their inherent power. 
For example, complex models may be built from modular, 
Simpler building blocks. By applying composition attributes 
repeatedly, complex models can be constructed, while each 
layer of the description remains tangible. Parameterization 
also allows families of related model elements to be defined 
in terms of parameters to be specified at a later time. 
0011. The specification and authoring framework for an 
object-oriented modeling System can be a programming 
language, a graph Structure, or Some combination of the two. 
In a language-based System, the Scene model is expressed in 
terms of a programming language designed Specifically for 
generation of media content. ActiveX Animation" (a trade 
mark of Microsoft Corporation) is an example of a language 
based Scene modeling System. 
0012. A language like ActiveX can have considerable 
expressive power for defining complex behaviors, including 
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expressing the inheritance of context between procedural 
functions. Such a language can also express time-based or 
event-based behaviors. But the author of the media content 
is required to work within a programming language to define 
the Scene's objects, their relationshipS and dynamics. 
0013 In a graph-oriented modeling system, such as the 
VRML 2.0 standard, the scene model is specified in terms of 
creating and manipulating a data Structure. This data Struc 
ture is represented as nodes in a graph and the connections 
between them. A graph-oriented modeling System also 
defines the Semantics of traversals over the graph Structure. 
The traversal is done by one or more external components, 
with at least one traversal mechanism providing the means 
to generate media content from the Scene model. Graph 
oriented Scene models have Seen widespread adoption as a 
natural way of expressing the Structure and relationships 
between components of a Scene model. 
0.014. The nodes within the graph structure can be object 
oriented modules that encapsulate both data and procedural 
functions. Directed connections can express concepts Such 
as Spatial context inheritance and data dependencies 
between nodes. 

0.015 Increasingly, authors of media content are expected 
to integrate production of various media types Such as film, 
Video, computer animations, audio, text, and other attributes 
in a variety of application environments. Even with Such 
object-oriented paradigms, the construction of integrated 
Scene models consisting of a myriad of objects originating 
from multiple media Source types remains notoriously dif 
ficult, for a number of reasons. For example, many of these 
elements are heavily time dependent, Such as the audio and 
Video in a motion picture, requiring carefully orchestrated 
time ordered Sequencing during presentation. Synchroniza 
tion is important in Several aspects, including the play out of 
concurrent or Sequential Streams of data, Simulating 
dynamic behavior, as well as responding to external events 
generated by a human user of a modeling System, including 
the browsing, querying, and editing typical of Stored data 
applications. The task of coordinating the Sequences of these 
multimedia data is critical to the quality of the Overall result. 
0016. These timing relationships can be implied in some 
instances, Such as in the Simultaneous acquisition of a voice 
and an imagery track from Video camera Sequence. In other 
instances, they must be explicitly formulated Such as in the 
case of a computer animation piece. In either situation, the 
characteristics of each medium, and relationships among 
them, must be carefully established to provide proper Syn 
chronization. 

0.017. In most graph-oriented scene modeling systems, 
time is not expressed in terms of the graph Structure. Instead, 
a time context is specified in a way which is external to the 
graph Structure. Time-based or event-based behaviors are 
therefore either assumed to be part of the traversal engine, 
or are encoded within nodes that interact through mecha 
nisms which exist outside of the graph Structure. 

SUMMARY OF THE INVENTION 

0.018. In its most general form, the present invention is a 
technique for representing a time varying visual Scene as a 
directed acyclic graph of data and operators that generates a 
Sequence of image frames over Specified time intervals. 
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Each node in the graph represents an object oriented func 
tional module that inherits a temporal as well as a Spatial 
context, accepts and/or generates parameters, and processes 
Some aspect of the Scene. Directed data paths in the graph 
represent the flow of context, data (including media data) 
and/or control parameters as the graph is traversed from one 
node to another. 

0019 Elements of a scene are processed within the nodes 
of the graph. The nodes may proceSS media data, Such as 
images, Video Sequences, 3-D geometry, audio, or other data 
representative of the media elements. The nodes may also 
Specify or modify control values or parameters for media 
elements. For example, the nodes may specify temporal and 
Spatial values for the associated elements. 
0020. The graph has one or more root nodes, which 
define the beginning of directed paths through the graph, one 
or more leaf nodes, which define the end of a path, and any 
number of branch or intermediate nodes disposed along a 
path from a root node to a leaf node. 
0021 One novel aspect of the scene graph lies in the 
notion that time is modeled in the inheritance properties 
explicitly defined within the Scene graph hierarchy. To 
Summarize the core idea, the present invention assigns a 
temporal context to each node in the graph. All media nodes 
and node parameter values have a temporal extent, which 
may be Zero, finite or infinite, and an implicit or explicit 
temporal behavior. The temporal context can be modified by 
each node, including transforming the time context into a 
local time coordinate system. The temporal context, with 
any local modifications, is inherited by Successive nodes 
along a path. Different local temporal coordinate Systems 
may therefore be nested within an inherited time context of 
parent and child nodes. 
0022 Branch and leaf nodes of the graph can specify 
transforms for the temporal coordinate System, and, option 
ally, Spatial coordinate System transforms. The branch nodes 
may also have grouping Semantics which implicitly trans 
form time and/or clipping Semantics that cull the traversal of 
the graph. For example, temporal clipping may be specified 
which explicitly culls the traversal of a path in the Scene 
graph based upon time parameter values. 
0023 To evaluate the appearance or behavior of the scene 
and in particular the time-based values of particular ele 
ments at a given time instant, the graph is traversed in a 
direction from a root node down toward the leaf nodes. The 
root node specifies an initial temporal context with a time 
Scale and time interval associated with the overall choreo 
graphed media production. 
0024. Forward traversals of the graph, that is, continuing 
in a direction from a root node towards a leaf node, cause 
temporal transformations as Specified along the branches of 
the graph to modify time parameters of the data at the child 
nodes. Child nodes are preferably evaluated after the trans 
form is applied, to determine the extent to which they 
contribute the data to the final Scene. Any temporal clipping 
results in excluding the node from contributing to the Scene 
based upon an allowed range of time values for which the 
node is valid. 

0025 The branch nodes may apply temporal transforma 
tions of various types. These may include (1) translation 
operations that shift the time or origin to offset temporal 
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event times; (2) Scaling operations that change the rate at 
which time passes, which in turn shifts the frequencies of 
critical behaviorS Such as a change in the Velocity of moving 
objects; (3) clipping operations, that restrict the range of 
time parameters to exclude the evaluation of parts of the 
graph outside a specified time window; or (4) data analysis 
operations, that generate time parameters based on analyZ 
ing time-dependent data within the current time context. 
0026. Other branch nodes may apply implicit or explicit 
temporal operations to be performed upon groups of the 
child nodes in Special ways. For example, a Sequence-type 
branch node may specify a temporal ordered grouping for 
instances of its children Such that the Second child is 
translated by the temporal extent of the first child and so on. 
This means that either exactly none or exactly one of the 
referenced children is evaluated at any given Scene time 
based upon the inherited time value, the temporal extent of 
the children, and their ordered grouping. 
0027. The invention can also be used to specify the media 
production as a graph of nodes and acyclic directed paths 
that define symmetric sets of both forward and reverse 
traversals of the graph. In this instance, the Scene graph 
represents a two-phase process. In the first phase, the 
forward traversal, the temporal context is inherited from the 
root node along each path and temporal transforms are 
applied at every node where they are specified. The Second 
phase, the reverse traversal, Starts at the leaf nodes. The 
processing related to generating the media content is per 
formed at each node, within the local temporal context 
established during the corresponding forward traversal. In 
the reverse traversal, any number of parameters, data ele 
ments, or pointers to data elements can be "passed back' 
along the reverse path. 
0028. A spatial context can also be carried with the 
temporal context, with Spatial transforms being applied and 
used in a manner Similar to the temporal transforms during 
the forward and reverse traversals. The Spatial context can 
either be a 2-D or 3-D context. Nodes in the graph may also 
represent rendering processes for the Spatial transforms that, 
for example, transform a 3-D spatial context into 2-D spatial 
context, to generate Visual image frames from a 3-D Scene 
model. 

0029. An image analysis process may also be represented 
in the graph with a spatial transform to transform a 2-D 
Spatial context into a 3-D spatial context based upon param 
eters from the analysis of at least two image frames to 
recover 3-D data from the visual scene represented by the 
image frames. 
0030 To evaluate the model, such as for example, to 
render a representation of the Scene, a forward traversal of 
the graph is initiated at a root node, and continuing through 
branch nodes as described above. The temporal transform 
within a given node can terminate further forward traversals 
of the graph, and initiate a reverse traversal of the graph, 
based upon the transform of one of the parameters of the 
input time context evaluating to a null value. When all paths 
have returned to the root node at the end of the reverse 
traversals, all of the data and parameters required for the 
Specified rendering will have been processed. In this Sce 
nario, the root node can be thought of as being a viewer for 
Some Segment of the production, or of an object in the Scene. 
Different root nodes can thus specify different contexts for 
Viewing the same Scene. 
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0031 While the structure of the scene graph specifies a 
Set of rules and procedures for generating time-based media 
content, the actual implementation of traversals can perform 
various optimizations, provided these optimizations yield 
the same overall result as a traversal executed exactly as 
Specified. For example, a pipeline implementation might 
perform the equivalent of multiple traversals over a Segment 
of a path, by dividing the time interval of a time context into 
multiple Sub-intervals. A traversal implementation may also 
implement a caching Scheme which allows a cache of 
pre-processed data to Substitute for Some or all of the 
processing normally done during a reverse traversal of a 
path. 
0032. Also, an initial setup traversal might be performed, 
in order to pre-fetch data associated with a time context, for 
improved performance during a reverse traversal. 
0033 Finally, a forward traversal can carry within the 
temporal context one or more constraint parameters which 
can modify processing during the reverse traversal in order 
to meet the Specified constraint. For example, a constraint 
can be specified for image quality, Sound quality, level-of 
detail or constraints on processing time (including real-time 
processing constraints). 
0034. The graph structure can be presented and/or 
manipulated in a user interface as a Schematic diagram with 
nodes represented as shapes and connections between nodes 
as lines or arcs. Time transforms and time extents associated 
with graph nodes can also be presented and/or manipulated 
in a user interface as a time line with nodes represented as 
tracks and associated time transform and time extents rep 
resented as time intervals on these trackS. 

0035 Although previous scene graph systems have 
incorporated mixed media, including images, Video, geom 
etry and audio, and while these other Systems also have 
Specified inheritance properties for attributes and data Such 
as Spatial transforms, they have not typically Specified 
temporal behaviors. Even when Such Systems have included 
temporal behavior Specifications, these are provided as 
external connections, outside the Scene hierarchy, and with 
out any notion of temporal inheritance. 
0036) The ability to integrate a time context and time 
inheritance into a graph oriented Scene modeling System 
brings a new level of capability into the familiar graph 
oriented Scene modeling paradigm. In particular, it allows 
the author of the media content to express temporal trans 
forms as well as Spatial transforms within the graph Struc 
ture. It also explicitly defines the inheritance of a temporal 
context through a traversal mechanism. This is done without 
requiring the adoption or learning of a new programming 
language. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0037. The foregoing and other objects, features and 
advantages of the invention will be apparent from the 
following more particular description of preferred embodi 
ments of the invention, as illustrated in the accompanying 
drawings in which like reference characters refer to the same 
parts throughout the different views. The drawings are not 
necessarily to Scale, emphasis instead being placed upon 
illustrating the principles of the invention. 
0038 FIG. 1 is a block diagram of a multimedia pro 
duction System which uses a Scene graph according to the 
invention. 
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0.039 FIG. 2 is a canonical representation of a scene 
graph according to the invention. 
0040 FIG. 3A and 3B illustrate an operator node and 
macro operator, respectively. 
0041 FIG. 4 is an exemplary scene graph for a scene in 
which a computer animated dinosaur is walking through live 
Scene shot with a video camera. 

0042 FIGS. 5A and 5B are more detailed views of the 
Scene graph. 
0.043 FIG. 6A is a view of a load shape macro operator 
in the Scene graph. 
0044 FIG. 6B illustrates that when the scene graph is 
traversed in one direction, it is evaluated for temporal 
context, and when traversed in a reverse direction, for data 
flow. 

004.5 FIG. 7A shows that temporal operators do not 
modify data in the reverse traversal. 
0046) 
0047 FIGS. 8A, 8B, and 8C illustrate a time independent 
operator, an iteration operator, and a time Source/data Sink 
operator, respectively. 

0048 FIGS. 9A, 9B, and 9C illustrate a time source 
operator, a data Sink operator, and a combined time Sink/data 
Source operator Such as implemented at a leaf node. 

FIG. 7B is a time operator. 

0049 FIG. 9D illustrates a simple function curve opera 
tor. 

0050 FIGS. 10A is a simple data source implemented at 
a leaf node. 

0051 FIG. 10B illustrates how a function curve for a 
path may be implemented. 

0.052 FIG. 10C is a sub-graph boundary node. 
0.053 FIG. 11 is a representation of a time source such as 
a real time data feed. 

0.054 FIG. 12 is a representation of a sample user 
interface for the Scene graph. 
0055 FIG. 13 is a representation of a user interface for 
another Scene graph. 
0056 FIG. 14 is a representation of a sample user 
interface for a timeline view of Scene graph nodes as tracks 
and their time transforms and time extents as time intervals 
on these tracks. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

0057) 1. Introduction 
0.058 Turning attention now to the drawings more par 
ticularly, FIG. 1 is a block diagram of a multi-media 
production System 10 in which a Scene graph according to 
the invention may be implemented. The system 10 includes 
a number of media data object representations Such as 3-D 
models 12, images 14, video 16, and audio 18, as well as the 
output from processes which operate on Such data, Such as 
image analysis 20 operations. Each of these data objects 
represents. Some aspect of the Scene. 
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0059 For example, the 3-D models 12 maybe imported 
from computer animation Systems; the images 14 and Video 
16 may be provided by film and/or video cameras, and the 
audio data 18 may be provided by audio Systems. Image 
analysis 20 functions operate on the images and Video and/or 
rendered 3-D models 12 to provide analytic representations 
of the other elements of the Scene. For example, one process 
20 may analyze video clips of a Scene to determine a depth 
map indicating the positions of objects in the Scene relative 
to a reference point, Such as a camera location. 
0060. The system 10 provides object-oriented represen 
tations for the Scene in the form of an object catalog 20 and 
project catalog 23. Objects are defined with reference to a 
Virtual Stage 24 that represents the three-dimensional Spatial 
characteristics of the Scene. Other Software packages and 
System Services may include animation Software 26, graph 
ics hardware 28, analysis hardware 29, photo-realistic ren 
derers 30, and output devices such as video monitors 32, and 
sound system hardware 34. 

0061 A timeline 36 specification and preview window 39 
permit the user to Specify a time extent and Viewpoint for a 
particular rendition of the Scene graph 40. 
0062 For a more thorough description of a preferred 
technique for representing various multimedia data types 
and further details of preferred object modeling and image 
analysis techniques, please refer to a co-pending United 
States Patent Application entitled “Adaptive Modeling and 
Segmentation of Visual Image Streams”, filed Oct. 10, 1997 
and assigned to Synapix, Inc., the assignee of the present 
invention, which is hereby incorporated by reference. 

0063 Turning attention now to the specifics of the 
present invention, a graph editor 38 enables the user to 
create and manipulate a data Structure referred to as the 
dependency or Scene graph 40. In general, as shown in FIG. 
2, the Scene graph 40 consists of a Set of nodes 42 which are 
linked together in a special form of hierarchy, known as a 
directed acyclic graph (or “DAG”). The connections 44 
between nodes 42 are directed, in the Sense that they imply 
an asymmetric parent-child relationship. The graph is acy 
clic because the connections are not allowed to form a loop, 
which means child nodes cannot have links to their ancestors 
or themselves. 

0064. As with other hierarchical data structures, nodes 
which have ancestors and children are referred to herein as 
branch or intermediate nodes 46, and nodes without children 
are called leaf nodes 48. Nodes with no ancestors are known 
as root nodes 43. The directed acyclic graph may have one 
or more root nodes 43. 

0065. The parent-child relationship serves to define 
inherited characteristics. For example, the characteristics of 
a parent node are inherited by the children 46 and their 
descendants, but characteristics of the children do not affect 
a parent node. Such characteristics may include the general 
attributes Such as color, or the temporal transformations 
described more fully herein below. Since there can be 
multiple paths that pass through a single node in the graph 
40, every unique path through the graph 40 defines its own 
inheritance relationships. 

0066. The scene graph 40 represents the internal state of 
the scene created by the user. Nodes in the graph 40 are 
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operators 50 on multimedia data, or containers 52 for 
references to Such multimedia data Stored elsewhere in the 
system 10. 
0067. As will be explained more fully below, a temporal 
context is associated with nodes 46. Traversals of the Scene 
graph 40 in a forward direction, that is, from a parent node 
43 toward a leaf node 48, may cause temporal transforma 
tions as specified by branch nodes 46 to modify the temporal 
properties of the objects in the Scene. Reverse traversals of 
the Scene graph 40 apply other data-related operations to the 
objects needed to render the Scene. 
0068 Operators 50, as shown in FIG. 3A, have typed 
input ports, output ports, and parameters to control the 
processing of data. A Set of operators and connections can be 
grouped into a macro operator 53. Input and output ports are 
exported acroSS the macro boundary through explicit macro 
linkS. Other internal ports are inaccessible and the data is 
encapsulated. Parameters for the macro are explicitly chosen 
from the parameters available on the enclosed operators. A 
library of common macroS can be provided, Some of these 
being compiled (or “cooked”) into individual non-editable 
System objects, and Some of those may represent hardware 
accelerated pipelines. 
0069 Connections 44 or arcs of the graph 40 are typed 
directed data pathways between operator ports. Connections 
44 establish bidirectional dependencies between the opera 
tor nodes. Ports either allow Single connections, or multiple 
connections between nodes. 

0070 Events are passed across the connections to notify 
operators 50 of data changes. Data is passed by reference 
whenever possible. A Scheduler determines which operators 
50 fire, and in which Sequence, to correctly update depen 
dent data. An operator 50 with changes on Several of its data 
inputs, or multiple changes to a single input, only fires once. 
0071. There is no high-level distinction required between 
data processing operators 50 which modify data values, and 
data structural operators, which merely modify, wrap or 
contain data references. 

0.072 Parameter values for the operators 50 have input 
and output ports. Parameters can, for example, take ani 
mated input from function curves, or (explicitly or implic 
itly) from user interface elements. Parameter outputs can 
connect to operators for processing, chain to other operator 
parameters, or (perhaps implicitly) to user interface ele 
ments for echoing. The default parameter connections are a 
bidirectional get/set relationship with the operator's 50 
property sheet user interface. 
0073 2. Example: Dinosaur Shadows Demo Scene 
0.074 The example scene graph 40 shown in FIG. 4 
represents a demonstration Scene of a computer animated 
dinosaur 60 walking into a live Scene Such as an office 
environment and which therefore must cast a shadow on a 
set of stairs 62. The scene graph 40 includes simplified 
networks of operators 50 including render passes, Scenes, 
geometries and image analysis. The underlying regions are 
the domains for image compositing, 3D Scenes, and shader 
SpaceS which generate texture images. 

0075). As shown in FIG. 5A, operators such as the live 
scene 60 and the dinosaur model loader 61 are pushed down 
into macroS 57. The nominal convention is that input param 
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eters appear on the left of the module, but a transform node 
Xform parameter input is shown on the right of the module 
for convenience of layout. Also the Render and Scene 
operators 50 have references to the LoadShape macro 61 for 
the dinosaur actually attach to a common output port. 
0.076 FIG. 5B is an expanded view of the LiveScene 
macro 60, where it is assumed that cameras have default 
position and orientation, which can be modified by trans 
formations. The connection labeled “production camera' is 
the camera reference for the scene. The macro 60 also 
assumes that a MapToMesh operator produces a depth map 
or mesh geometry in camera coordinates, which in turn 
determines the connections to the common transform node. 

0.077 3. Graph Execution 
0078. An operator 50 within the scene graph 40 repre 
Sents a class in the underlying computational code. Some 
Structural classes are naturally arranged in a hierarchy, and 
it makes Sense to talk of an operator's inherited type. 
Usually this will correspond to the output type of the 
operator. Containment of other objects within the class 
usually means read-only references to input objects used by 
the operator. 
0079 An operator 50 is made available to the graph 40 by 
turning the computational operator into a graph component, 
or module. The modules seen by the graph 40 are really just 
containers which hold the computational operator (amongst 
other things). The modules are not typed in the same Sense 
as the underlying operators, they are Simply components of 
the graph model. Only a graph manager process needs to 
know how to manipulate the module components. The 
modules and their execution model comprise a harneSS for 
the raw operator code. 
0080. The graph 40 is serialized by serializing the mod 
ules and the connections. Each module and each port has a 
unique name within the graph. The State of the graph 40 is 
captured by Serializing module parameter values, including 
media references in loader modules. The complete internal 
State of the graph can be recreated by loading the graph and 
the parameter values. Activity is journalled by capturing a 
graph State, then Serializing events which pass between 
modules. These are the types of Serializable objects: 

Serializable 

Graph (contains modules and connections) 
Module (contains type name, instance name, 

input ports, output ports, parameters, 
operator function) 

Port (contains type name, instance name, 
infout/param flag, 
single/multi flag, connection (list), 
visible/export flag) 

Connection (contains name, type, source port, 
destination port) 

Event (contains type, connection name, event 
data) 

0081 Multiple inputs are provided to the processing 
function in an ordered list. The result of operator 50 maybe 
order-dependent (e.g. a layered composite). Connection 
order provides a default ordering for the input list, but the 
multi-input port will provide a reordering tool to change the 
Sequence without reconnecting. 
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0082 a. Events 
0083) Operators 50 communicate using events channeled 
through connections and delivered at ports. These are the 
main types of events: 

Event 

connection events (receiver) 
input/output connect 
input/output disconnect 

port changed events 
(receive on input, send to output) 

temporal extent changed 
spatial extent changed 
data changed 

0084. If parameters are distinguished from inputs/out 
puts, then additional events are required (input/output 
parameter dis/connect, parameter temporal extent changed, 
parameter data changed). 

0085. If output traversals are event-driven (see below), 
then a traversal context changed event must be added to the 
graph. 

0.086. It is possible to include a complete hierarchy of 
data changed events, which specialize the type of data being 
changed. 

0087. The events are not necessarily independent, and it 
may be necessary to design an event implementation which 
does result in Single updates for multiple related changes to 
input data, perhaps using event masks through a single event 
notification. For example, making a connection may be 
accompanied by a data changed event. 

0088 Data is passed by reference. Passing the data ref 
erence from producer to consumer occurs when a connection 
is made, and/or when a data changed event is delivered. The 
exact behavior depends on the permanence of the data 
Structure (and perhaps the memory allocation model of 
where the data is stored). If data has to be fetched explicitly, 
perhaps with a handshake to Synchronize processing, then 
fetch data, fetch temporal eXtent, fetch Spatial extent events 
may be added. 
0089) Not all these high-level events will be passed 
directly to the encapsulated processing function. The high 
level operator wrapper will filter, modify and dispatch 
events to the relevant internal routines (cache, extent, data 
function). 
0090 b. Traversals 
0091 Returning attention to FIG. 2 briefly, the scene 
graph 40 can be traversed by Visiting each node 42 in a 
particular order, via connections in the graph. Traversals are 
used for inquiries and generating output. The Scene graph 
uses a depth-first traversal: for each node Visited, a pre-order 
action is invoked, the downstream connections are recur 
Sively traversed, then the node Visit is completed with a 
post-order action. Traversal State is maintained in a traversal 
context. The context can be inquired and modified by 
traversal actions within the nodes. The traversal context 
contains information Such as the current time for the Scene, 
and the renderer being used to display output. 
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0092. There are two ways to implement traversals of the 
graph. The first approach is to consider a conventional 
explicit depth-first traversal of the DAG. The pre-order 
operation modifies the traversal context, for instance, by 
transforming the global time to the local time for the node. 
The post-order operation updates the output data for the 
node by processing the new data made available on its input 
ports during recursive traversal. 

0093 Traversal of a group operator has the basic form: 

traverse(TimeContext ctx) { 
pre(ctX ) 
children.traverse(ctX ) 
post(ctX) 

For example, a time translation modifying the current local time is: 
pre(TimeContext ctx) { 

ctx.pushTimeStack.( ) 
ctx.addTime(-param DeltaT ) 

post( TimeContext ctx) { 
ctX.popTimeStack() 

0094) Procedural traversals are typically dispatched 
through nodes to renderers, but this can be generalized to a 
triple dispatch for actions over renderers and nodes. The 
triple dispatching makes it relatively easy to create new 
traversals, localize renderer-independent traversal State 
within the action, and isolate renderer-specific operations. 
The order of dispatching ultimately affects whether the final 
implementation resides within renderers or nodes, which in 
turns affects the ease with which renderers and nodes can be 
added to the System. 

0095 Traversal of individual children can proceed in 
independent threads, if there are no shared nodes further 
down the graph, or the shared nodes do not retain State. 

0096. The second approach is to consider how a traversal 
could be implemented using an event-driven execution 
model. Traversals of the graph 40 are initiated by an external 
change to a traversal context which is referenced from a root 
43 of the graph 40. Changes to the traversal context are 
propagated through the graph 40, with further changes made 
within each node 42 (like the explicit pre-order functions). 
When the traversal context reaches the leaf nodes 48 of the 
graph 40, new data may be generated, and a Second wave of 
changes propagates back up the graph 40, modifying data 
(like post-order functions). The event driven traversal 
depends on bidirectional notification along connections. For 
example, the time translation operator modifies a changed 
context, but passes through any changed data. The Single 
traverse procedure has been replaced with two independent 
event callbacks, which rely on the Scheduler to propagate the 
updates in order. 

ctxChanged (TimeContext & ctX ) { 
ctx.addTime( -param DeltaT ) 

dataChanged (Data data ) { 
setDataChanged (data) 
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0097. The setDataChanged method is a no-op, which 
doesn’t change the data pointer, but is enough to propagate 
the data Changed event to dependent data connections. 
0098. It is preferred that the way to decompose execution 
is to have event driven dependencies, which mark data as 
dirty and invalidate caches, but retain procedural Synchro 
nous traversal actions for the fast generation of output data. 
The Synchronous traversal can use multiple threads for 
parallel processing of independent branches, or shared 
branches which do not retain State. 

0099. There are several types of event or traversal propa 
gation: 

0100 connection events propagate changed extents, 
up towards the root 

0101 changed data propagates changed extents and 
invalidates caches, towards the root 

0102 output traversals propagate temporal context, 
down toward the leaves 

0.103 output traversals propagate recalculated data, 
up toward the root. 

0104 c. Renderers and Domains 
0105. A renderer class defines an abstract Application 
Programming Interface (API) for nodes to call during tra 
Versal, and node actions are dispatched to renderer imple 
mentations. Caches are part of the renderer interface. By 
abstracting actions and caches, every node implementation 
is made renderer independent. Renderers must maintain a 
cache factory to construct the correct cache type. 
0106 Traversals occur within domains. When a render 
traversal reaches a domain boundary, it must either find a 
data cache in the appropriate form, or it must pause and fire 
a new render traversal into the neighboring domain, to build 
the required data. The type of the new renderer must match 
the new domain, but the Specific instanced renderer may be 
Supplied by the boundary node. 
0107 These are the two choices for domain processing: 
Schedule domains to be traversed, from leaf domain to root 
domain, ensuring all data is made available to cached nodes, 
or have one universal traversal which chains out of Scene 
level caches through callbacks, and into new domain tra 
Versals. 

0108. There may be some compromise combination of 
these alternatives, where domains are processed indepen 
dently, but simple loader domains, which don’t do any 
processing, can be compiled into a cached Scene graph. For 
example, loading an image into a material Seems like a 
trivial domain, which is better serviced by a callback from 
the cached material node. A more complex load/process/ 
material pipeline can be promoted to full domain Status. 
0109) The domains are 

0110 2D imaging and compositing 
0111 3D segmentation and compositing 
0112 3D scenes 
0113 2D shader trees and texturing 

0114. Each traversal has one renderer registered in its 
traversal context for each domain. This allows a large Set of 
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possible renderer functions to be partitioned, with a mix and 
match Selection. There is a close correspondence between 
data types within the graph 40, the allowable traversals, the 
set of renderers for each traversal, and the operator nodes 50 
which can be processed. These are the principal abstract 
classes together with Some possible output rendering Sys 
temS. 

Data Domain Renderers 

Temporal Timeline sw (ava UI) 
Image 2D imaging Sw, VSA hw, OpenGL, SGI 

IL/IFL, Java2D 
3D imaging Sw, OpenGL 

Renderable 3D scene Optimizer/Cosmo, OpenGL, 
Jawa3D 

mental ray, RenderMan, 
Softimage, Alias 

Audible 3D sound Sw, Java3D 
Audio SGIAL, MIDI, JavaSound 

0115 The highest level type in the system is Temporal, 
which relates to the handling of scene time within the 
hierarchy. Every operator and every data Structure in the 
graph can respond to a time-based traversal of the graph. The 
time domain includes the whole graph. The time aspects of 
the graph 40 are rendered to the timeline 36. Image render 
ables include 2D images and 2D geometric markup. 2D 
image renderers can process 3D images, but they will only 
get the correct result when the Scene is strictly layered, 
which may require extra 2D work. 3D scenes can only be 
represented in a 2D output after being processed by a 
Suitable projection: 
0116 3D scene to 2D image: Render operator 
0117 3D scene to 3D image: Render operator 
0118 3D renderables obviously include 3D shapes, but 
can also include images and 2D markup if they are embed 
ded in the correct coordinate system within the 3D world. 
0119) If Images are just containers, objects must be 
matched by content with introspection, rather than Statically 
typed by class. If Images are distinguished, then the Render 
operator Should also be distinguished. This would make 
things a lot cleaner, at the expense of losing flexibility and 
polymorphism. 

0120) There are several fundamental converters for the 
2D to 3D boundary. 

0121) 
0122) 
0123) 
0.124. Some macros, Such as Imageobject, wrap the tex 
turing boundary and appear to convert 2D images to 3D 
renderables. 

2D image to 3D image: depth extraction 

3D image to 3D Scene: map to mesh 
2D image to 3D Scene: texturing 

0.125 There are two stages to the traversal and processing 
of Audible data. First a 3D sound must be spatialized, 
attentuated, and pitch adjusted. Then conventional 2D chan 
nels are balanced, filtered and mixed. An audio renderer can 
process 3D sounds, but the Sounds will not be spatialized 
correctly, So the 3D processing has to be added by hand in 
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the mixing domain. The boundary between 3D sound and 
audio domains is the Microphone operator. 

0.126 d. Caching and Extents 
0127 Caches truncate traversal of the scene graph 40. 
Data can be cached in any node 42, but the most important 
locations for data caches will be the boundary between 2D 
and 3D domains, Video output from imaging pipelines, and 
within 3D Systems. There are two fundamental types of 
cache: 

0128. Extents 
0129. Only enough information to decide whether to 
traverse the node, Such as Spatial and temporal 
bounds of the data. 

0130 Data 
0131 Explicitly holds all the data needed to replace 
a traversal of the node. 

0132) An extent is renderer-independent, and there is 
only one for each node. Temporal extents are Scene time 
independent. The Spatial extent has an associated temporal 
variation, Since Spatial extents can be evaluated instanta 
neously for one frame, or accumulated over time for an 
envelope of the object during a Scene. An instantaneous 
Spatial extent can use bounding spheres (easy, fast, very 
conservative), axis-aligned bounding boxes, or object 
aligned bounding boxes. Extended envelopes may be 
required for advanced Spatial querying, Such as collisions 
and visibility analysis. 

0.133 Render parameters can also truncate traversal. If a 
Sub-tree is not visible, and not involved in shadows or 
reflections, then it cannot make any contribution to the 
output rendering, and need not be traversed. This may mean 
that a RenderParams cache should also be maintained in 
every renderable node. 
0134 Data caches are renderer-dependent, with each 
node having an array of caches, one for each renderer. Each 
cache will contains a reference back to its relevant renderer. 
Data caches have temporal extents which will be Some 
sub-set of the total temporal extent of the node. There may 
be frame caches for a particular instant, or extended cached 
clips, which have a finite duration. 

0135 The basic traversal decision made at each node 42 
is: 

0.136 intersect cached extents with current scene extents 

0137 traverse node 2 { 
0138 is there a valid data cache for this renderer?{ 

0139 render from cache 

0140 else { 
0141 traverse node and children 

0142) } 
0143 } 
0144. Data is passed by reference along connections of 
the graph, when the nodes share an address Space. A refer 
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ence to unmodified data can be passed through an operator. 
When an operator creates new data, the data is managed 
locally within a node, and references made available to the 
output connections. A change to data in one node potentially 
invalidates all the caches for its downstream operators, 
although it is possible to restrict the data updates with masks 
to be more Selective in destroying good caches. It is also 
possible for Scene-level caches (Subsidiary Scene graphs 40) 
to manage data changes locally, and not need to propagate 
the change, or invalidate any caches. The decision to propa 
gate data-changed events should depend on how each ren 
derer handles local cache update. 

0145 If the system cannot hold all the intermediate data, 
at each node, even for a single frame, then the data refer 
ences used by the downstream operators must be explicitly 
released when they have finished accessing the data. If they 
hand on the reference, then it is released by downstream 
operators. This transient data model could be a user option 
to minimize memory usage on low-RAM machines and for 
projects with very large graphs, or very large data (e.g. high 
film resolutions). 

0146 If the system can hold all the data for a single 
frame, then operators can maintain data from frame to 
frame, and only fire if the data needs to be recalculated. This 
does ensure Some temporal coherence for playback, but will 
not be very useful for random access, where most data will 
be changing. 

0147 The next level for caching is for storing sets of 
independent frames in a Sequence on disk. This is always 
done for audio, which does not have a simple concept of a 
frame, but is also relevant for Video and geometry. Caching 
clips helps Sequential playback, and random access, as long 
as the random Scene time is within the extents Specified for 
the cache. So there can be two explicit cache-building 
traversals: prepare to play, and prepare for a random access 
Scrub, although most renderers will treat these the same. 

0.148. Another mode for building the cache is incremental 
during playback, which is often best when the user knows 
there will be multiple replays of the same Sequence, but 
wants to see the Sequence being built, So that it can be 
interrupted if Something is wrong. The cache is opened in 
append mode, then each frame is displayed and cached in 
Sequence, finally the cache is closed and the Sequence can be 
replayed at full speed. Not all renderers or media types will 
Support incremental caching. Caches can also be built 
implicitly by the System, but automatic management can be 
difficult in the general case of mixed playing and Scrubbing. 

0149 Caching within 3D and 2D scene graphs will be 
renderer dependent. There may be Scene-level or renderer 
level caches. Most 3D graphics Systems, including OpenGL, 
Optimizer and RenderMan, implement operators, Such as 
materials and transforms, as State changes, rather than data 
processing. They also have hierarchical caches that operate 
by reference. This means that caches need not be invalidated 
when the operators change-the update can be applied to the 
local cache without any changes to other parts of the cached 
hierarchy. 
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0150. A Summary of data caching strategies in external 
Systems is as follows: 

0151 scene level (hierarchical) 

0152 cached nodes recursively reference other cached 
nodes 

0153 node data cached by value 

0154) 
2.0) 

editable (e.g. regular Optimizer, VRML, mr 

0155 non-editable (e.g. regular OpenGL) 

0156 node data cached by reference 

0157 (e.g. Optimizer/OpenGL vertex arrays) 

0158 data level (flat) 

0159 cached nodes contain copied data, nodes cannot 
reference other nodes (e.g. RenderMan) 

0160 none (e.g. mr 1.0, every frame must be explicitly 
described) 
0.161 The system may or may not choose to implement 
Spatial extents and Spatial culling. Some Systems have 
Spatial culling which can be enabled independently of the 
Scene graph, and culling for photo-realistic renderers may be 
an important optimization, but is not crucial for the visual 
appearance of the finished shot. Advanced Spatial querying 
and the associated computational geometry utilities are also 
optional. 

0162 4. Data Types 

0163 a. Temporal Variation 

0164 All data and parameters can have an animated 
temporal variation. Traversal contexts also have a temporal 
content. The only exceptions are: the time parameter itself; 
graph objects (modules, ports, connections); and absolute 
media references, Such as database connection and element 
reference. This means that most of the data within the Scene 
graph may have temporal behaviour, but the two fundamen 
tal temporal data Sources are function curves and media data. 

0.165. These are the base types related to time: 

Serializable 

Time (continuous real value, seconds) 
Duration (difference between two times, seconds) 
TemporalExtent 
TemporalConstant (no additional fields) 
Temporal Instant (contains Time field) 
Temporal Interval (contains start Time, end Time) 
FrameRate (number of frames per second) 

0166 A constant has no time variation, the value is the 
Same for all times, and there are no additional temporal 
fields. An instant is a Snapshot frame of data at a particular 
time. An extent dataset is extended or animated over time. 
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0.167 The base class for temporal variation is: 

Serializable 

Temporal (contains TemporalExtent) 

0.168. There are a number of aggregation and container 
types relevant to temporal datasets: 
0169. Serializable 
0170 Frame (Instant, with data value) 
0171 SplitFrame (Instant, with 2 data values) 
0172 KeyFrames (Extent, sequence of Frames) 
0173 Flipbook (Extent, FrameRate, sequence of data 
values) 
0.174. A Frame is a data component tagged with an 
Instant time value. A SplitFrame is a double data component, 
with entering and leaving values, together with a Single time 
Instant. 

0.175 Key frames comprise a discrete irregular sequence 
of frames, ordered Such that time is monotonically increas 
ing. Discontinuities can be modeled by using Split-frames, 
rather than two frames which occur at the same time. The 
high-level manipulation of key-frames is encapsulated in a 
function curve object. The time extent of the key frames can 
be set independently from the times within the frames. If the 
extent goes beyond the extreme frames, then the data is 
extrapolated. If the extent is within the frame times, then the 
data is clipped in time. 
0176 A flipbook is a discrete regular ordered sequence of 
data with implicit time. A frame rate is Specified which 
allows the calculation of the total number of data items, and 
the time value for each individual frame. The extent of a 
flipbook cannot go beyond the duration implied by the frame 
rate and number of frames. There is no frame data extrapo 
lation. 

0177 Key frames can be regular in time and sufficiently 
fine grained that they behave like a flipbook. But this 
representation is not the same as a flipbook, because flip 
book data values have implicit times, but key frames have an 
explicit time value for each frame in the Sequence. There are 
also important differences in playback efficiency for the two 
types. 

0.178 A flipbook can be converted to keyframes without 
loSS of information. Keyframes are converted to a flipbook 
by iteratively Sampling an interpolator on the keyframes, for 
a Series of time values calculated from the time interval and 
a frame rate. The construction and conversion of these 
containers form the basis for Several temporal data opera 
torS. 

0179 Most raw media sequences will have the local time 
origin at 0.0, Such that the duration is the same as the end 
time value. 

0180 Temporal extents can be implemented as an inter 
Val with duration determining the type: -ve (constant), 0 
(instant), +ve (extent), or as a form of the State pattern with 
a Sub-class for each type. 
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0181 b. Data Summary 

0182 Operator parameter types overlap the categories for 
operator input/output data, although it may be helpful to 
have different visual metaphors for media-centric data flow 
and Simple parametric controls. Base types include: 

0183) Temporal 

0184 boolean 

0185 enumerated choices 

0186 integer number 

0187 string name 

0188 real value 

0189 normalized component (0-1) 

0190 angle 

0191) Actual parameter structures will also include 
bounded ranges and default values. There will also be 
aggregate and container data Structures which can be used 
for data or parameters. Real and integral types may be 
represented in various physical machine types. Fundamental 
aggregate types include: 

Temporal 

color (various components and color spaces) 
point, vector, control vertex (various dimensions) 
rotation, quaternion 
matrix (various dimensions) 

0.192 These can be further aggregated into arrays: 

Temporal 

color channels (colors) 
alpha channel (transparencies/coverages) 
depth map channel (coordinates) 
vector channels (space vectors) 

0193 Vector channels are used for normals, motion, 
displacement and bump maps. 

0194 Transformation components expose ports for for 
ward and inverse versions. 

0.195 Affine transforms don’t need to store the inverse, 
Since it is trivial to generate from the translate, rotate, Scale 
values. Perspective transforms should always compute and 
store the inverse matrix with the forward version. There will 
be aggregates of these types, and Stacks for attribute State 
and transforms. 

0196. There are several obvious parameter blocks, which 
are really collections of Simple parameters, but which make 
Sense as data types: 
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Temporal 

material parameters 
render parameters 
camera parameters 
light parameters 
audio params 

(color, opacity, lighting. coefficients, textures) 
(visibility, shadow flags, reflection flags) 
(aperture, shutter speed, pixel aspect, lens) 
(color, intensity, shadow flag, shader etc.) 
(track tag, volume, balance, attenuation etc.) 

0197) Material parameters and light parameters are really 
just special cases of generalized Shader parameters. Shaders 
are named procedural functions defined for Specific render 
erS. Shaders are declared with a parameter list. Each renderer 
has a type System for defining shader parameters. Each 
shader parameter has a name, a type and a default value. A 
named shader is invoked with a list of arguments for none, 
Some, or all of the shader's parameters. This kind of calling 
convention may also be useful for other interfaces in the 
System, including the plug-in interface exposed. 

ale (string label, integer tag id) 
parameter type (enumeration of available types) 
parameter (name, default/min/max values) 
function declaration (function name, list of parameters) 
argument (parameter name, Temporal argument value) 
function invocation (function name, list of arguments) 

0198 There are animation system and object catalog data 
types. 

0199 database connection 
0200 model reference (scene, model, fcurve, geometry, 
material, etc.) 
0201 The principal media-based data types within the 
System include: 
0202) Temporal 

0203 Image media (2D/3D combination of channels) 
0204 Video media (sequence of images) 
0205 Audio media (tracks, mono/stereo/quad groups) 
0206 Geometry (2D/3D: points, paths, markup, surfaces, 
vertex data, etc.) 
0207 3D scenes are built from renderable data structures. 
These are data container operators which have references to 
other renderables, or model data (appearance, geometry 
etc.): 
0208 Temporal 
0209 Renderable (including group, transform and shape) 
0210 Scene (DAG of renderables) 
0211) Aggregate types can be used to express temporal 
variation through a function curve (described above): 
0212 FCurve 
0213) 5. Operator Types 

0214) Media data flows from data sources (readers, load 
ers, animation bridges), is processed by data operators, 
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passes unchanged through temporal operators, and is con 
Sumed by data sinks (writers, Savers, viewers, animation 
bridges). 

0215. The current time is managed by a temporal context 
within a traversal context. A temporal traversal propagates 
the current time in the opposite direction to media data flow: 
from time Sources (data sinks), processed by temporal 
operators, passes unchanged through data operators, and is 
consumed by time sinks (data Sources). 
0216 A pipeline is a chained sequence of unary opera 
torS. 

0217. The convention adopted for graphical representa 
tion and evaluation of the graph 40, is that media data flows 
from bottom to top, and temporal data from top to bottom, 
as shown in FIG. 6B. There is no distinction between data 
pathways and parameter pathways, except that media types 
are not valid parameter types, and cannot have a property 
sheet user interface. For the detailed discussion of operator 
types, the Single bidirectional connections are broken down 
into temporal and data flows. 
0218. There may not be a direct implementation of these 
flows within the Scene graph, or a direct representation of 
these flows in the user interface, but they are useful as a 
conceptual model to aid the understanding of the architec 
tural task, and perhaps for the user to understand System 
operation. 

0219. The scene graph can be presented and/or manipu 
lated in a user interface as a Schematic diagram, Such as 
shown in FIG. 12 and 13. Time transforms and time extents 
can also be presented and/or manipulated in a user interface 
as tracks and time intervals in a time, Such as shown in FIG. 
14. 

0220 a. Temporal 

0221) The dependency graph is declarative for the state of 
the Scene Over all times within the duration of the Scene. 
There are no connectivity changes within the graph 40 
dependent on the Scene time. The topology of the graph 40 
can be modified by the user, but remains fixed during media 
processing and playback. Any time-dependent changes in 
behavior must be expressed as a parameterized temporal 
operator within the graph, not external to it. 

0222. The fundamental traversal of the graph is to gen 
erate a view of the Scene at a Specific time. The current 
global Scene time is written to a temporal context, which is 
attached to the traversal context, triggering a traversal. The 
nodes are traversed from a time Source root, and the current 
time is processed by temporal operators. The temporal 
operators convert a global Scene time to a (nested) local time 
for Subsequent consumption by local media generation 
nodes. Time is treated as a continuous 1D coordinate. There 
are also time transforms, Such as translate and Scale, clipping 
and Synchronization operators 50. Specific temporal opera 
tors 50 are described in a following section. 

0223 Other traversals have an extended time interval 
within the traversal context. 

0224 For example, an inquiry for the whole sequence, or 
a playback caching traversal. Other information in the 
temporal context includes time Scale (to affect frequencies, 
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Velocities and other time differentials), and frame rate, 
which affects the number of frames constructed for flipbook 
caches. 

0225 Temporal operators do not modify data connected 
on the return pathway, as shown in FIG. 7A. 
0226 b. Data 
0227 Data operators modify data values (same type, 
changed content), extract data values (same type, reduce 
content), aggregate data (combine data into larger structures, 
preserve content), change data format (different type, more 
or less preserve content), or convert the information carried 
by the data to a different form (different type, different 
content). 
0228 Data operators include processors for all of the 
base types. 
0229. Time itself is a data type within the graph 40. For 
example, a time translation operator will take a continuous 
time valued parameter. This time parameter is not the same 
as a temporal traversal context (although the context will 
contain a current time value). 
0230. Some operators 50 are time invariant and do not 
modify the time context, as shown in FIG. 7B. 
0231. Some data operators 50 such as shown in FIG. 8A, 
are time independent, that is, they operate on extended clips 
of data, rather than process data at one instant. Most Such 
operators process one clip to make another clip, and this can 
be an iterative batch mode over a simple frame operation. 
There are other operators 50 which process a clip to extract 
a single piece of data. 
0232 An example would be a threshold data module used 
in a synchronization macro 51. The threshold module could 
take an audio clip and produce the time value at which the 
Volume exceeded a certain value. The time value could then 
be fed to a time translation module to Synchronize an 
animated object to the Start of a Sound. There are problems 
when the data Source is time dependent (procedural), or 
multiple dependencies create cycles, which would need 
Special Scheduling or Solving. 

0233 Nodes which produce a time data value, or time 
extent value, are called data analysis nodes. 
0234 Data can be converted from time varying, to time 
independent (extended over time) by an accumulator opera 
tor as shown in FIG. 8B. The primary use of these operators 
50 is to accumulate caches for playback. It is likely that the 
accumulation of data is a mode on Some Subset of the media, 
grouping and render nodes. If the data Sequence is Static, 
then the accumulated data is just a pointer to the original 
data Set. If the data really is procedural, then the accumu 
lation must happen explicitly and new data is Stored. 
0235) 
0236 Time sources as shown in FIG. 8C originate tra 
Versals and consume data for display. Examples include data 
Savers and viewers, Such as an interactive preview window 
39. Each of the principal data types has a loader and Saver. 

c. Sources and SinkS 

0237 Some time sources do not consume data, these are 
called timers as shown in FIG. 9A. There should be a data 
consumer in the graph 40 to receive the results triggered by 
the timer. Timers are asynchronous event generators, and 
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require Special Scheduling. There should only be one timer 
in a graph, Since multiple asynchronous inputs are likely to 
produce badly ordered and confusing output. Timers are 
likely to be low-level components within Viewers, rather 
than Stand-alone operators. 
0238 Passive data sinks shown in FIG.9B do not initiate 
traversals, they simply trigger a data output task when their 
input changes. Most data writers, or Savers, are passive. 

0239 Most Viewers are active. Each active time source 
registers itself with the graph manager when it is connected 
to the graph 40. 
0240 Data sources are the leaf nodes 48 of the graph 40. 
Traditionally they generate data without any lower level 
traversal, and there is no distinction between pre- and 
post-order functions. In an event model, they listen for time 
context events and emit data changed events, as in FIG. 9C. 
0241 For example, a simple function curve (or FCurve) 
might look like FIG. 9D. 
0242 Data sources shown in FIG. 10A, can be time 
independent, either because their value is a constant value, 
or because it contains all the time variation. 

0243 For example, a function curve for a path may want 
to output the whole path geometry, independent from any 
current Scene time; as shown in FIG. 10B. 
0244. When a graph 40 becomes very large, or a project 
is being worked on by Several people, it will be natural to 
partition the task into several Sub-graphs. These can be 
distinct graphs, with Separate Sources and Sinks, but that 
would break the dependency between the Sub-graphs. AS 
shown in FIG. 10C, it is useful to have a sub-graph 
boundary node which acts like a persistent Save/restore 
operator for a single named object in the Catalog, but which 
can pass dependencies when required, during a single runt 
ime Session. When a Viewer is attached to one Sub-graph 
within a large graph, data-changed events usually propagate 
throughout the graph, even if data is only recalculated for the 
operators actually traversed from the Viewer. The graph 
partition node could stop event propagation acroSS the 
Sub-graph boundary. If events are propagated, and traversal 
enabled, then the partition node does not modify any tra 
Versal contexts or data values. 

0245 d. Real-time Feeds 
0246 Real-time feeds are asynchronous event genera 
tors, which inject new data into the graph without an internal 
time context change. Examples include data from real-time 
data capture, and conventional user interfaces (e.g. position 
locator). In general they require special Scheduling, but in 
practice, real time feeds can usually be accommodated by 
broadcasting the data changed event to relevant time Sources 
(viewers, Savers), and allowing them to make a decision 
about when or how to start a new output traversal. The time 
Sources, shown in FIG. 11, have to construct a new temporal 
context, and apply a policy for dropping data from the feed 
when refreshing the output cannot keep pace with the data 
feed. 

0247 When the external triggering is not related to 
internal Scene time, then it is easy for the time Sources to 
repeat their current time context. So a new output is gener 
ated for the same Scene time, but with new data in one of the 
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leaf nodes. This is the case for most user interface interac 
tions which do not involve the time line. 

0248 
0249 Operators can be grouped into macro operators. 
Input and output ports can be exported across the macro 
boundary through explicit macro linkS. Other internal ports 
are inaccessible and the data is encapsulated. Parameters for 
the macro are explicitly chosen from the parameters avail 
able on the enclosed operators. It is preferred that a library 
of common macroS is provided with the System, Some of 
these may be compiled (“cooked”) into individual non 
editable System objects, and Some of those may represent 
hardware-accelerated pipelines. 

e. Macros and Scripts 

0250 Script nodes are lightweight control operators, 
which can coordinate parameters within a macro. Scripts 
manipulate Simple parameter types, with a single update 
function. Scripts are useful for replacing tedious networks of 
arithmetic operators with a general Scripting or program 
ming language. Macro and Script are independent. Macro 
implements containment and data encapsulation. Scripts 
implement behavior without Sub-classing existing operators. 
There can be multiple Scripts per Macro. Script code can be 
inlined within an ASCII format, and have the system extract 
the function body and link it into the runtime system. 
0251 6. Operators 
0252) 
0253) The basic structural operator is TemporalGroup, 
which contains references to an arbitrary Set of temporal 
children. When a temporal operator is invoked during tra 
Versal, it may modify the temporal traversal context, then 
traverse Some or all of its children connections with the new 
local time. 

a. Time Ops 

Temporal (contains a TemporalExtent) 
TimeGroup (contains a list of Temporals) 
TimeTranslate 
TimeScale (with centre, defaults to local time origin) 
TimeWarp (generalized functional mapping, TCurve) 
TimeClip 
TimeTransform (combines translate, center, scale and clip) 
TimeLoop (modulus function) 
TimeSwitch 
TimeFlipbook (one discrete child per frame) 
TimeSequence (concatenate children by time translation) 

0254 Data analysis operators take extended clips of data 
and return time information (a single time or perhaps a time 
interval), which can be used as parameters for temporal 
operators. For example: 

0255 ThresholdAudio 
0256 ThresholdFCurve 
0257 PathProximity (curve intersection) 
0258 ObjectProximity (surface collision) 
0259 Macro operators: 
0260 Synch contains time translation and data analysis 
operator 
0261 SynchAudio, SynchFCurve, SynchCollision, etc. 
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0262 World time coordinates are defined by the complete 
shot, and a global time extent is part of the Scene node. The 
time context for a traversal has a clip State, which is 
initialized from the Shot extent. All elements of the Scene are 
clipped to the shot extent. Time clip boxes accumulate 
(intersect) down the hierarchy as additional time clip opera 
tors are encountered during traversal. Clip State is pushed 
and popped on entering and leaving Sub-graphs. 
0263. Each temporal node has a time extent which is the 
union of its extent, with the extents of its children. Time 
extents propagate up the hierarchy (for temporal culling and 
inquiries) as function curves, media loaders, or time opera 
tors are connected or changed. Similarly, raw and trans 
formed frame-rates propagate from frame-based media load 
erS. Time extent is public information, and it can always be 
accessed through an output port on the operator. 
0264. Time culling truncates traversal on the basis of 
current clip State and local extents. 
0265 Media loader nodes are usually bound with a local 
time transform, but this macro composition can be implicit 
or explicit. 

What is claimed is: 
1. A data Structure for representing a time-based Visual 

Scene as a directed acyclic graph of operators and paths that 
generate a Sequence of image frames over a Specified 
time-interval in the Scene comprising: 

(a) a plurality of nodes, wherein each node in the graph 
represents an operator, 

(b) a plurality of data paths, wherein a directed data path 
in the graph represents the flow of data from the output 
data port of one operator to the input data port of 
another operator, 

(c) a plurality of directed control paths, wherein a directed 
control path in the graph represents the flow of a control 
Signal with asSociated parameters from the output con 
trol port of one operator to the input control port of 
another operator, 

(d) a time-Source operator having an output control port 
that generates a control Signal with the Specified time 
interval parameter and an input data port to accept data 
that represents the Sequence of image frames, and 

(e) a time-aware operator having an input control port 
which can accept a time-interval parameter and an 
output data port to generate data that represents a 
Sequence of image frames for the time-interval. 

2. A data Structure as in claim 1 wherein: 

(a) the time-Source operator has an input status port to 
receive a Signal that data is ready on an associated input 
data port; and 

(b) the time-aware operator has an output status port to 
Send a signal that data is ready on an associated output 
data port; and 

(c) the Status ports of the time-Source and time-aware 
operators are connected with a directed path represent 
ing the flow of a status Signal with associated param 
eterS. 

3. A data Structure as in claim 1 with at least two 
time-aware operators wherein: 
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(a) one operator has an output control port that propagates 
the control Signal with associated time-interval param 
eter from the time-Source operator; and 

(b) the input control port of the Second time-aware 
operator is connected with a directed path to the output 
control port of the first time-aware operator. 

4. A data Structure as in claim 1 with at least two 
time-aware operators wherein: 

(a) one operator has an output control port that propagates 
the control Signal from the time-Source operator with a 
modified time-interval parameter; and 

(b) the input control port of the Second time-aware 
operator is connected with a directed path to the output 
control port of the first time-aware operator. 

5. A data structure as in claim 1 with at least two 
time-aware operator nodes wherein: 

(a) one operator transforms three dimensional data into 
two-dimensional pixel image data; 

(b) a Second operator transforms two-dimensional pixel 
image data into three-dimensional data; and 

(c) the Second operator is connected through the graph 
Structure of control paths to the first operator, Such that 
the control output of the first operator is propagated to 
the control input of the Second operator. 

6. A data Structure as in claim 1 with at least two 
time-aware operator nodes where: 

(a) one operator transforms three-dimensional data into 
two-dimensional pixel image data; and 

(b) a Second operator uses at least two Sources of two 
dimensional pixel image data to generate at least one 
frame of a time-based Sequence of Visual images. 

7. A data Structure as in claim 1 where the time-aware 
operator generates both a time-based Sequence of Visual 
images and a Synchronized audio track. 

8. A data Structure as in claim 1 where at least one 
operator: 

(a) has an input data path to specify a level-of-detail for 
an output data path; and 

(b) produces an output data element at more than one 
level-of-detail. 

9. A data Structure as in claim 1 where at least one 
operator: 

(a) maintains a cache of output data elements and the 
corresponding input control parameters, and 

(b) Substitutes cached output data elements for reprocess 
ing when Subsequent processing requests Specify simi 
lar input control parameters. 

10. A data Structure as in claim 1 where an operator in a 
graph can represent an entire Sub-graph of operators with 
their connecting input and output paths. 

11. A data Structure as in claim 10 where the Sub-graph of 
operators and connections is transformed into an equivalent 
Set of operations in a pipelined data-flow configuration 
where the data outputs within the original Sub-graph are 
Segmented into data-flow Streams appropriate for optimizing 
the throughput of the pipelined implementation. 

12. A data Structure as in claim 1 where the modification 
to the time-interval is from the set of: 



US 2002/0032697 A1 

(a) a truncated Sub-set of the original time-interval; and 
(b) a linear transform applied to the original time-interval; 

and 

(c) a non-linear transform applied to the original time 
interval; and 

(d) the substitution of a time-interval unrelated to the 
original time-interval. 

13. A data Structure as in claim 1 wherein the topology of 
the Scene graph is Such that: 

(a) each path is a directed arc between operators; 
(b) all data paths have the same direction in the graph; 
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(c) all control paths have the same direction in the graph 
(opposite from the data paths); and 

(d) all status paths have the same direction in the graph 
(same as the data paths). 

14. A Scene graph for use in animation, rendering and 
compositing applications wherein the concept of time-inter 
vals are integrated into a data-flow oriented graph control 
Structure, Such during evaluation of the Scene, time data 
flows in one direction with control data, while data repre 
Senting the time interval flows back in the reverse direction. 


