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Abstract

I nteractive autonomousand directabl e charactersrequire
certain architectural support such as a motor system which
moves the character based on decisions made by the be-
havior system. While previous work has focused on these
higher-level systems, we focus on theinfrastructure provided
by the graphics system. We describe how a graphics system
designed with synthetic characters in mind can be behavior-
friendly, simplifying motor and behavior system construc-
tion and making new characters easier to create. The sys-
tem described in this paper was the underlying support for
“ Swamped!” , an interactive 3-D cartoon demonstrated in
the Enhanced Realities section of SGGRAPH 986, 8]. We
describe how our design and implementation allowed us to
achieve real-time performance in this Java application.

1 Introduction and Motivation

Most real-timeinteractive animated character systems[4, 10]
sport athree-tier architecture: the behavior system, respon-
sible for action selection; the motor system, responsible for
turning high-level commands from the behavior system into
motion of the character; and the graphics system, responsible
for rendering and managing the character’s geometry.
Previous work in the synthetic character domain has fo-
cused largely on the behavior and motor systems. Our group
recently moved to Java from a C+-based environment. Be-
cause of alack of portable, high performance 3-D graphics
libraries for Java at the time, we needed to develop a graph-
ics layer that would shield the motor and behavior systems
from the specifics of the underlying graphics system (in our
case Cosmo3D and Performer) and deliver the highest per-
formance possible, since our experience with Java suggested
that a naive implementation would not take full advantage of
the performance of the underlying graphics system. We did
not use Java3D at the time because it was till under devel-
opment and not available on the SGI platform; however, the
lessons are equally applicableto an implementation based on
Java3D, or indeed any graphicslibrary. Aswe revisited how
motor and behavior systemstypically use a graphics system,
we made several useful discoveries about what functionality
is necessary, how the graphics system can simplify behav-
ior system construction, and how to achieve rea-time 3-D

Figure 1. A scene from Swamped!, in which the chicken
has just lured the raccoon onto the bullseye with a fake egg
obtained from the Acmetruck. See also the color plates.

graphics performance within Java.

A synthetic character system has certain domain-specific
characteristics which suggest design decisions for the graph-
icssystem:

o Abstraction of resources. Asdemonstrated by Blum-
berg and others [4, 11], motor systems typicaly use
abstractions such as articulated variabl es (avars) or de-
grees of freedom (DOFs) to modify underlying graph-
ics resources such as transforms. More generally,
DOFs may need to handle joints, inverse kinematics,
and meshes. The desireto make very different types of
graphicsresources appear the same, and to handle mul-
tiple implementations of the motor system with min-
imal reimplementation, suggest the abstraction level
should be moved into the graphics system rather than
remaining in the motor system.

o Object-object interaction. The system must support
inter-character interaction, primarily collision detec-
tion and response and grabbing of one character by
another. Typically, such interaction requires comput-
ing local -to-world transformsfor kinematic chains. As
aresult, an efficient joint-link model is needed.

e Limited scene graph access. As a result of using



abstractions such as avars or DOFs, only a few hooks
are needed into the underlying scene graph. More
generaly, the scene graph is only accessed in certain
well-defined and limited ways once it is constructed.

¢ Unidirectional dataflow. A character'smotioncomes
either from the character itself (using either procedural
or artist-animated approaches) or from the world (the
application-side object which manages inter-character
interaction such as collison detection). Even in
the case of collisions, characters often respond in
character-specific ways. Thus, decisionsof how achar-
acter moves are almost always made above the graph-
icslayer. Thisimpliesthat data flows unidirectionally
from theapplication downto thegraphicslibrary a run
time.

e Cost of communication. Touching the scene graph
is potentially expensive for many reasons. the scene
graph may perform internal updates when writes oc-
cur, the native code interface may be slow, and the
scene graph may be running in another process or on
another machine. The fundamental assumption is that
the underlying scene graph API is native (written in
C+) and/or running in a separate process; either way
thereisa cost to crossing that boundary.

o Portability and configurability. The graphics sys-
tem must target multiple platforms and scene graph
implementations. It should take advantage of multiple
processors or computersif available, and work equally
well if running as a library or in a separate process.
The distinction should be hidden from the motor and
behavior systems.

e Speed. The graphics system must be fast. A charac-
ter must not be constrained to six frames per second
(FPS) performance if it requires thirty to express its
personality.

These observations suggest the use of abehavior-friendly
graphicslayer that sits between the motor system and the na-
tive graphics system to implement much of thisfunctionality
and to take advantage of characteristics such as unidirectional
data flow to increase performance.

The structure of the rest of the paper is as follows. Sec-
tion 2 discusses related work and the specific contributions
of this paper. Section 3 defines our terminology and de-
scribes avars, DOFs, and the joint-link model. Section 4
describes the fundamental functiondity the graphics system
must provide and how our system implementsit. Section 5
discusses the issue of state management, which is crucia to
high performance. Section 6 describes our application and
its performance.

As a brief introduction to the discussion below, a char-
acter’s body in our system is ultimately represented in the
underlying graphics library as a scene graph composed of
implementation-specific nodes such as transforms, shapes,
and materials. We use standard modeling packages such as
3D Studio Max 2 to model our characters and export the ge-
ometry asVRML 2files. Atload timethesefiles areread and
the underlying scene graph is constructed. In addition, the
graphicslayer instantiatesthe objectsthat the higher layers of
the system (e.g., the motor and behavior systems) will need
in order to modify the underlying geometry at run time. The
most important of these objects are described bel ow.

2 Reated Work

Architectures of virtual reality systems are most closdly re-
lated to this work. The early work of Zeltzer et d. [21]
describes the integration into an interactive framework, and
application of, modules controlling, for example, user input,
inverse kinematics, and dynamics. Appino et a. [1] runsuch
modules on independent computers and use asynchronous
communication to avoid round-trip network delays. Shaw et
al. [15] decouplethe applicationsimilarly, and in additiona-
low rendering of the scene independently of the computation
of the underlying simulation. Later work addresses the issue
of reducing lag in such multiprocessor situations. Wloka[20]
describesamodel for estimating lag and a*just-in-time” syn-
chroni zation approach to minimizeit by scheduling processes
at the proper times. Jacobs et a. [7] perform just-in-time
data acquisition at the appropriate moment in the computa
tion loop to minimize end-to-end lag, and also extrapolate
tracking information from their input devices.

The Menv system described by Reeves et a. [11] breaks
up amodeling and animation system into a set of toolswhich
run in separate processes and communicate via shared mem-
ory. While interactivity is important in this application, this
systemfocuses on enabling thearti st to create new animations
for characters rather than on generating real-time output.

In the domain of interactive animated characters, Per-
linet a. [10] consider the distribution of characters across
both local- and wide-area networks. They run characters
behavior engines on separate computers, rendering from a
dedicated machine. Russell et al. [12] applied asimilar dis-
tributed computation scheme to Blumberg's behavior system
architecture.

The focus of thiswork differs from the above in severa
ways. Much of the virtual reality work focuses on the ne-
cessity of increasing throughput and decreasing lag for the
purpose of making a head- or hand-tracking system more re-
sponsive. Our application is much more forgiving of lag, as
the user interacts through high-level gestures[8], and we use
aprojection display for output. Many of the VR applications
described in the above papers do not deal with hierarchically



structured objects such as characters with limbs. However,
the paradigm we describe of separating the application (such
asphysical simulation) fromthe graphicssystemispresentin
most of these systems, usually out of necessity; most of these
VR systems are implemented i n heterogeneous environments
of networked single-CPU computers. We go one step further
and specifically describe how unidirectional dataflow may be
attai ned between our application and graphics subsystem and
why thisisimportant for applying parallelism and increasing
performance.

Menv addresses many of the same issues as this work
(grabbing, for example) and also describes an architecture
for implementing an authoring tool for computer animation.
This work focuses instead on the graphics support required
to implement animated characters with behavior; atool like
Menv might be used to author individual animation segments
for charactersin a system such as ours.

While earlier work in the interactive character domain
has considered the problem of distributing computation and
increasing throughput, this work has three specific goals not
addressed by these earlier works: to describe the graphics-
level support needed by a character with behavior, to show
how implementing this functionality in the graphics layer
rather than the motor or behavior systems simplifiesbehavior
system construction, and to show how this functionality can
be implemented for good performance on both single- and
multi-processor systems, providing real-time (30 FPS) per-
formance in a Java application performing 3D graphicsin a
multi-processor configuration.

3 Avars, DOFsand the Joint-Link Model

We borrow from Reeves et al. [11] the term articulated
variable, or avar, to indicate the abstraction of agraphicsre-
source. Avars can map directly to entitiesin the scene graph:
for example, aTr ansf or mnode could have rotation, trans-
lation, and scale avars created for it, depending on which
fields of thetransform the character’s animationsare actually
modifying. Avars can also map to more abstract entitieslike
poses of a deforming mesh. Each avar caches thevalue of its
underlying resource to avoid performing a scene graph call
when itsvalue is queried. For this reason the uniqueness of
avarsiscritical, and each nodein the scene graph isresponsi-
blefor creating avarsfor itsfields. A set call on an avar sets
only thecache, alowing themotor systemto performmultiple
set s during its update without sending redundant informa-
tion to the graphics system. Get calls return the cached
value without accessing the scene graph. A sync method
initializes the avar’s value from the scene graph state, and
because all motion isgenerated by the character or theworld,
needs to be caled only at the beginning of time. Changes
are sent down viaacomm t method, which is potentialy
time consuming and is therefore done only once per frame,

at the end of the character’s behavior update. Asadl runtime
interaction with the scene graph is mediated through avars,
itiscrucia for performance reasons that the application not
sidestep the avar mechanism (Section 5).

A dagree of freedom, or DOF, is the motor system’'sin-
terface to an avar, and adds a locking mechanism necessary
for the motor system to arbitrate control of jointsamong con-
flicting motor skills. Our motor system is patterned after that
described by Blumberg [4]. Since different implementations
of the motor system might have different mechanisms for
dealing with conflicting motor skills, the locking mechanism
was left in the motor system, but the basic abstraction of
the graphics resources was moved into the graphics system’s
avars.

Thejoint-linkmodel organizesall of theavarsfor acharac-
ter’sgeometric model intoahierarchy, to provideinformation
about its current configuration. The joint-link moded can be
gueriedto obtain aworld-to-local or local-to-worldtransform
for any joint inthe character. Whilethisinformationisavail-
able in the scene graph’s structure, using the avars caches
avoids scene graph callswhen thejoint-link model isqueried.
Using thejoint-link model, grabbing functionality can beim-
plemented entirely in the application, rather than requiring
modifications of the scene graph’s structure (Section 4.3).

4 CoreFunctionality

4.1 Kinematic Animation

A graphicssystemfor synthetic charactersmust first and fore-
most support forward kinematic animation. Since most scene
graph APIssupport hierarchical transforms, theimplementa-
tion of kinematic animation in the graphics system requires
only the creation of avars for jointswhich were animated by
the artist beforehand. We deduce which jointsare in use by
examining the content of VRML 2 files which specify the
character’'s motion, allowing us to export animations from
off-the-shelf packages directly into our system.

An artist-generated animation comes into our system as
aseries of keyframes specifying the orientation of each joint.
As the animation plays, the two keyframes closest to the
current time are determined, and an | nt er pol at or object
computes the joint’s state, typically using spherica linear
interpolation[18].

4.2 Mesh Animation

A mesh animationis aset of poses. Each specifies the vertex
positionsfor apiece of geometry and has an associated a pha
value, typically between 0.0 and 1.0. This mechanism can
be used to perform facial animation as described by Perlin
[10]: for example, “0.7 happy, 0.3 sad”. It can also be used
to animate deforming meshes through longer sequences such
asawalk cycle; in this case each a phavalue corresponds to
akeyframe in the animation.



Rather than expose the vertices of the geometrical object
to Java, we crested a MeshAni mclass which allowsthe Java
applicationto set per-keyframeal phavaues. Vertex positions
are interpolated in C+ code, drastically reducing the amount
of datasent from theapplicationto thenative graphicslibrary.
A MeshAni mmight contain keyframes for severa underly-
ing pieces of deforming geometry (for example, the body
and feet of a chicken; see Section 6), and further, contain
several animations for all of these geometries (for example,
walk, hop, and fly.) Each alpha value corresponds to a pose
of al the underlying deforming geometries; note that we re-
quire that all animations loaded into a MeshAni manimate
the same set of geometries. Theaphavaluesfor al of thean-
imationsare concatenated linearly, sothe MeshAni nisvalue
is an array of floating point numbers. A MeshAni mAvar
provides a cache for this array.

In order to make mesh animations appear the same to
the motor system as kinematic animations, we created a
MeshAni m nt er pol at or which keepstrack of therange
of alphavaluesin the underlying MeshAni mcorresponding
toaparticular animation. When theinterpolator’svalueisset
toavalue between 0.0 and 1.0, it determines the two adjacent
keyframes to the current position in the animation and sets
their apha values to blend between the two. We currently
interpolatelinearly between adjacent keyframes for mesh an-
imations, although more sophisticated interpol ation schemes
could be used to provide better results.

4.3 Grabbing

Grabbing conceptually enforces a constraint: one character
grabsanother, attaching the grabbed character tothegrabber’s
end effector. In our system, grabbing isimplemented using
thejoint-link model (Section 3), which providesthelocal-to-
world transform for the end effector. Thisisthen composed
with the grabbed character’s current desired orientation and
an optional offset transform to determine its new position
each frame.

A similar result could be obtained by reparenting the ge-
ometry of the grabbed character in the scene graph, which
would require less per-frame computation. This approach
would, however, expose the scene graph structure to the Java
application, reducing portability. In addition, it would re-
quirethat the geometric structure of the character correspond
directly to the hierarchy in the scene graph. This correspon-
dence does not hold for characters animated entirely with
MeshAni ns, because one piece of geometry (the “skin”)
correspondsto severa pieces of rigid geometry connected by
transformsin a kinematically animated character. We allow
MeshAni manimated characters to grab othersby animating
aset of transforms corresponding to the character’s hierarchy
simultaneously with the deforming mesh. These transforms
contain no geometry, however.

ALIVE [3] implemented grabbing asamotor skill. Push-
ing this functionality down into the graphics system makes
creation of new characters simpler because the default grab-
bing behavior “doestheright thing” with no additional imple-
mentation work. Both grabber and grabbee are notified that
agrab has begun or ended and can make behavior-level deci-
sions on thisinformation, so customization, such as playing
a squirm animation upon being grabbed, isaso possible.

4.4 Collision Detection and Response

Rather than performfull polygon-polygon collision detection,
we chose to use simplified bounding volumes. Our system
currently supports spheres and oriented bounding boxes that
can either be specified by the artist or computed automat-
ically by the graphics system. The bounding volumes are
updated by the application rather than the native graphics
layer to maintain unidirectional dataflow. Collisionresponse
can be turned on and off on a per-character basis, and we
support VRML-style “proximity sensors’ which are collid-
able objects that do not induce a collision response in the
character.

When a collisionis detected between two characters, the
behavior system of each collided character is notified. Char-
acters can thereby react to collisions in more sophisticated
ways than following the simple “no interpenetration” rule
enforced by the graphics system. For example, the housesin
our system wiggle when they are collided against to indicate
that they are live characters with which one can interact.

Support for collision detection in the graphics system,
combined with a link to the behavior system, vastly sim-
plifies behavior system construction. ALIVE, for example,
required behaviorsto beadded to each character for proximity
detection and collision response.

5 Achieving High Performance

5.1 Smart State Management

Asmentionedin Section 1, wemakethefundamental assump-
tion that accessing the scene graph is an expensive operation,
for writes as well as for reads. The application therefore
needs to be clever about where it stores its state to minimize
calls down into the native graphics layer.

The avar mechanism provides caches for al values being
read or written in the scene graph below, with the following
two results: first, redundant writes to a particular avar do
not cause redundant communication with the native graph-
ics layer, since avars are written once per frame when their
conmi t methodiscaled. Second, and moreimportantly, all
“get” calsto the scene graph are avoided at run time. Gets
are especialy expensive because they require the application
and native graphics layer to synchronize. When the native
graphics layer is embedded in the same process as the appli-
cation, aswhen itisused as alibrary, this synchronizationis
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Figure 2. System architecture, indicating links across which
parallel processing can occur.

irrelevant. However, when the native graphicslayer isrunin
parallel, as on amultiprocessor or multi-computer configura-
tion, synchronization is disastrous to performance. To make
the caches work properly, it iscrucia that the application not
Sidestep the avar mechanism and deal with the scene graph
directly.

5.2 Parallelism Support

On a uniprocessor machine a serial implementation of the
native graphics layer is most efficient. However, running the
native graphicslayer in parallel to the application can provide
a significant speed improvement when another processor or
computer isavailable. Unidirectional dataflow at runtimeis
the primary property of the system which makes it amenable
to paralelization. This property came about because of the
nature of the graphics system’sdesign; for example, complex
scene graph reorgani zation and geometry creation at run time
were prohibited. While it may seem that the constraints
imposed by this design were too restrictive, in practice we
found that the system handled d| of the operationswe needed
to build our characters, and the speed improvements aff orded
by aparalld implementation morethan made up for theinitial
adjustment to our interface design from that of amore general
scene graph API.

Our parallelization approach partitions the program into
two distinct pieces: the application (written in Java), and the
graphics (writtenin C+). The strong distinction between the
two isindicated in Figure 2. The application and graphics

class BiDirPipe {

publi c:
virtual bool read(void *dest, int size) = 0;
virtual bool wite(void *dest, int size) = 0;
virtual bool poll() = 0;
virtual void flush() = 0;
virtual void lock() = 0;
virtual void unlock() = 0;

Figure 3. BiDirPipe baseclass.

programs run either in separate processes on the same com-
puter or on two different computers connected by a network.
In both configurationsall of thecommuni cation between Java
and thegraphicsprogramoccursviaasmall nativeclasscalled
aBi Di r Pi pe (Figure 3), whichisimplemented either with
shared memory [17] or a socket [16].

The simple protocol used to communicate between the
Java application and the graphics processissimilar to that in
a Remote Procedure Call [16] mechanism; see Appendix A
for details. All graphics APl methods returning voi d, most
significantly rendering, are done in paralld to the main ap-
plication. The structureis essentially a software pipeline for
the graphics system on top of that aready implemented by
the scene graph API.

An early comparison between seria and parallel bindings
of Cosmo3D on a multiprocessor SGI Onyx2 showed an
increase from 19.2 FPSfor the seria implementationto 31.25
FPS for the parallel, a 50% speed improvement. Note that
this did not require any changes to the underlying graphics
library, but merely changed theinterfacetoit.

6 Resaults

We devel oped an interactive 3D cartoon, “Swamped!” [6, 8],
inwhich the protagonist, K.F. Chicken, thwartsthe raccoon’s
attempts to steal his eggs; see Figure 1 and the color plates.
Swamped! was demonstrated as part of SIGGRAPH 98's
Enhanced Redlities exhibition. The chicken is a directable
character, controlled by the user viaa plush toy instrumented
with sensors, while the raccoon is fully autonomous. The
raccoon is a standard hierarchical model with 43 rotational
joints and a face morphed among six primary facial expres-
sions using mesh animation; the model contains 8000 tri-
angles. The chicken is a combined hierarchical mode and
deformable mesh; its body and feet are animated solely with
mesh animation, while its head and wings are rigid pieces
of geometry which have squash and stretch added with non-
uniformscales. The chicken hasover 600 keyframesfor all of
its body animations (for example, walk, jump, and run), and
contains 3500 triangles. Three houses animated with mesh
animation total roughly 6000 triangles.

Swamped! has been run on a two-processor 400 MHz
Pentium |1 PC using Cosmo3D, on an 8-processor Silicon
Graphics Onyx2 using Performer, and in a hybrid mode in
which the Java applicationrunson aPC, communicating over
100Mbps Ethernet to the Performer-based graphics system
running on the Onyx2. Because the Java just-in-time com-
piler is highly optimized on the PC, the latter is the fastest
configuration: the per-frame behavior and motor system up-
dates take roughly 20 ms, while the writing of the current
frame's graphics commands to a socket takes 10 ms. We
achieve sustained 30 FPS performance because all render-
ing isdonein paralle, no round-trip queries are made to the



graphics system by the Java application at run time, and the
underlying graphicslibrary isfast enoughto keep up withthe
Java application. The limiting factor is the communication
overhead.

7 Conclusion

We have presented a graphics system which is “behavior-
friendly”, designed with synthetic characters in mind. We
have described the criteria which the graphics system must
meet, the structurewhi ch the synthetic character domain sug-
gests, and the advantages, such as unidirectiona data flow,
that structure provides. We have discussed kinematic and
mesh animation, grabbing, and collision detection and re-
sponsein the context of our graphics system, and have shown
how moving higher-level concepts into the graphics layer
simplifies behavior system construction, making new char-
acters easier to design. Finally, we have shown that using
aparald approach it isindeed possible to achieve real-time
3-D graphics performance in a non-trivial Java application.
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voi d Java_graphi cs_Transf ormset Transl ati on(
j obj ect javaTransform
jfloat x, jfloat y, jfloat z) {
Transform *xform =
Ext ract CPl usPl usTr ansf or nFr omJavaTr ansf or n{
javaTransforn;
xform >set Transl ation(x, y, z);

Figure 4. Serial mechanism for glue code, illustrating
the mapping of the set Transl ati on method of a
Tr ansf or mclassfrom Javato C++.
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A Interface Specifics

There are two ways to bind a native C+ library into an in-
terpreted language: a standard, serial method, and our new,
paralel method. Thissection comparesthetwo and describes
thespecifics of our parallel interface. Werestrict our example
to Java and the Java Native Interface [9] for calling C+ code
from Java, athough our method could be applied to any lan-
guage with aforeign functioninterface.

Methods in a Java class can be specified as “native’,
meaning the interpreter will call a C function rather than a
Javamethod. A C+library can be boundinto Javaby cresting
aJava-side wrapper class for each C++ class, which contains
native methods analogous to those in the C++ class. Each
of these native methods turns around and calls the method
on the underlying C+ object. Figure 4 illustratesthe standard
mechanism for this Javato C+ mapping, whichwe usefor our
uniprocessor graphicslibrary binding. There are toolsavail-
able to generate such glue code automaticaly [13, 2], and
all currently available 3D API bindings for interpreted lan-
guages (for example, vy [14], Kahlua[19], and MAM/VRS
[5]) follow this pattern.

To dlow parallel processing of graphics calls, we ex-
plicitly split the C+ graphics layer into its own process,
and manage communication with the Java process with a
Bi Di r Pi pe (Figure 3). All Java cdls to set methods
on graphics objects correspond to a write on this pipe. All
cals to get methods must write the request to the pipe,
flush it, and wait for the graphics process to respond. Asyn-
chronous writes from the graphics process back to Java are
not allowed in our protocol. Figure 5 illustrates the Java
side of thiscommunications mechanism. Inthegraphicspro-
cess, a dispatcher reads the message ID and cdls a function
which reads the rest of the message and calls the appropriate
method (set Tr ansl at i on) on the C++ object. For clarity,
byte swapping macros are not included in this example, but
are required when passing € ementary types such asintsand

typedef enum {
TRANSFORM.SET_TRANSLATI ON,

} déphi csMessagel d;

typedef struct {
/1 For exanple, ‘' TRANSFORMSET_TRANSLATI ON '
int nessagel d;
/'l For the C++ object
void *nativePtr;
/1 New val ues for
/1 the transfornmis translation
float x, vy, z;
} MessageV3f;

voi d Java.-graphi cs_Transf or mset Tr ansl at i on(
j obj ect javaTransform
jfloat x, jfloat y, jfloat z) {
Bi Di r Pi pe *pipe =
Ext ract Bi Di r Pi peFromlavaG aphi csObj ect (
javaTransforn;
MessageV3f nessage;
message. messageld =
(int) TRANSFORMSET_TRANSLATI ON,;
message. nativePtr =
Ext ract CPl usPl usTr ansf or nFr omJavaTr ansf or n{
javaTransforn;
nessage. X = X;
nessage.y = X;
nessage.z = X;
pi pe- >l ock();
pi pe->write(&message, sizeof (nmessage));
pi pe->unl ock();

}

Figure5. A complete example of the Java side of our parallel
processing glue code mechanism. All of the C++ codein the
set Tr ansl at i on method is executed in another process,
in parallel to the Java code which called this native method.

floats between little-endian and big-endian architectures; see
Stevens [16] for details. Our convention, as in many RPC
implementations, is to send only big-endian data over the
pipe.

This parallel glue code structure requires a significant
amount of additional mechanism over the standard seria
structure. In addition, it is best suited for applications which
are cleanly divisibleinto modules which have unidirectional
data flow, and must be accompanied by Java-side caches to
avoid round trip callsto theremote process. Despitetheextra
effort required to implement it, this new glue code structure
provides significant advantages over the seria version. The
ability to distribute the computation and the associated per-
formanceincreaseis primary among these. Debugging of the
graphics process is made easier, since it is not embedded in
the Java process. In addition, graphics calls may be made
in multiple Java threads regardless of whether the underlying
C+ graphics library is thread-safe, since communication is
mediated and serialized by the Bi Di r Pi pe.



