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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 speci?ed time intervals. The graph 
speci?es temporal and spatial values for associated visual 
elements of the scene. Time is modeled in the inheritance 
properties explicitly de?ned 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 speci?ed 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 ?nal 
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, ?led 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. 

[0003] 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 
bene?t greatly by creating a model from digitiZed motion 
picture ?lm 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 ?lm 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 speci?cations, 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 de?ning an object 
With a spherical shape and a color parameter of red, together 
With a speci?cation 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 de?ned 
in terms of parameters to be speci?ed at a later time. 

[0011] The speci?cation and authoring frameWork for an 
obj ect-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 speci?cally for 
generation of media content. ActiveX AnimationTM (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 de?ning 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 de?ne 
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 speci?ed 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 
de?nes 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. 

[0014] 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. 

[0015] Increasingly, authors of media content are expected 
to integrate production of various media types such as ?lm, 
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 
?cult, 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. 

[0017] In most graph-oriented scene modeling systems, 
time is not expressed in terms of the graph structure. Instead, 
a time context is speci?ed 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 

[0018] 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 speci?ed 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 How 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 
de?ne the beginning of directed paths through the graph, one 
or more leaf nodes, Which de?ne 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 de?ned 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, ?nite or in?nite, and an implicit or explicit 
temporal behavior. The temporal context can be modi?ed by 
each node, including transforming the time context into a 
local time coordinate system. The temporal context, With 
any local modi?cations, 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 speci?ed 
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 speci?es 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 speci?ed 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 ?nal 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 speci?ed 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 ?rst 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 de?ne symmetric sets of both forWard and reverse 
traversals of the graph. In this instance, the scene graph 
represents a tWo-phase process. In the ?rst 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 speci?ed. 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 
speci?ed 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 speci?es 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 
speci?ed. 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 speci?ed constraint. For example, a constraint 
can be speci?ed 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 
speci?ed inheritance properties for attributes and data such 
as spatial transforms, they have not typically speci?ed 
temporal behaviors. Even When such systems have included 
temporal behavior speci?cations, 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 de?nes 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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[0039] 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. 

[0043] 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 
?oW. 

[0045] 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. 

[0052] FIG. 10C is a sub-graph boundary node. 

[0053] FIG. 11 is a representation of a time source such as 
a real time data feed. 

[0054] 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 

[0058] 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 ?lm 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 de?ned 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] Atimeline 36 speci?cation 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”, ?led 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 speci?cs 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 de?ne 
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 de?nes 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 speci?ed 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. Aset 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 ?re, 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 ?res 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. 

[0072] 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 

[0074] 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 simpli?ed 
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. 

[0076] 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 modi?ed 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. 

[0077] 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, 
in/out/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 (eg 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. 

[0086] 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 
noti?cation. 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 ?lter, modify and dispatch 
events to the relevant internal routines (cache, extent, data 
function). 
[0090] b. Traversals 

[0091] Returning attention to FIG. 2 brie?y, 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-?rst 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 modi?ed 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 ?rst approach is to consider a conventional 
explicit depth-?rst traversal of the DAG. The pre-order 
operation modi?es 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( —paramDeltaT ) 

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-speci?c operations. 
The order of dispatching ultimately affects Whether the ?nal 
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 noti?cation along connections. For 
example, the time translation operator modi?es 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( —paramDeltaT ) 

dataChanged( Data * data) { 
setDataChanged( data ) 


















