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REAL-TIME GOAL SPACE STEERING FOR
DATA-DRIVEN CHARACTER ANIMATION

BACKGROUND OF THE INVENTION
Field of the Invention

[0001] The present invention generally relates to computer software. More
specifically, the present invention relates to a rendering application configured for
steering an animated character, in real-time, toward a goal location where the
character’'s motion is blended from a set of motion clips that form a data-driven

motion space.
Description of the Related Art

[0002] The term rendering tool refers to a broad variety of computer-based tools
used by architects, engineers, animators, video game designers, and other
graphics and design professionals. Rendering is the process of generating an
image from a model by means of computer programs. A rendering application may
be used to render three-dimensional (3D) characters. These 3D characters may be

animated by the rendering application.

[0003] A common feature of rendering applications is the ability to generate frames
of an animation sequence in real-time. For example, the motion of a video-game
character moving from one location in a graphics scene to another may be
generated on the fly based on a game player’s interaction with the game. To
create a motion sequence, users of a rendering application typically begin with one
or more motion clips from which the motion sequence is created. Often, motion
clips are created using a motion capture system. Typically, a motion capture actor
wears markers near each joint to identify the motion by the positions or angles
between the markers. The markers are then tracked to sub-millimeter positions.
Motion capture computer software records the positions, angles, velocities,
accelerations, and impulses, providing an accurate digital representation of the

motion.

[0004] Similarly, many game products include goal-driven characters that are not
controlled directly by the player of the game. In the video game industry, these are
called “non-player characters” or “NPCs”. The most popular games (sports, role-
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playing, strategy, and first person shooters) make heavy use of NPCs to provide
the key action elements in the game. Prior art techniques for controlling a non-
player character’'s motion relied on a network of discrete motion clips with
connected transitions that linearly blend from one clip into another clip. Motion
transitions generated using this approach suffer from “motion artifacts” that cause
the appearance of sliding, jumping, skipping, or other changes that look unnatural.

[0005] Creating realistic renderings of animated characters in real-time has proven
to be challenging. Prior art techniques for controlling the motion of an NPC rely on
a network of discrete motion clips with connected transitions that linearly blend
from one clip into another clip. However, this approach often results in motion
transitions that suffer from “motion artifacts” which cause the appearance of sliding,

jumping, skipping, or other changes that look unnatural.

[0006] Creating game character motion that is engaging to game players and that
appears realistic has proven to be difficult. Before this can happen, a game player
must be able to see the character motion as being “alive” or “correct” without the
mechanical motion artifacts that jar a player out of context. This problem of
implausible motion is particularly apparent in animation sequences that show

periodic motions, such as walking, running, or swimming.

[0007] Accordingly, there remains the need in the art for a technique for generating
realistic animation sequences using real-time, goal space steering for data-driven

character animation.
SUMMARY OF THE INVENTION

[0008] One embodiment of the invention provides a method for generating real-time
goal space steering for data-driven character animation. A goal space table of
sparse samplings of possible future locations is computed, indexed by the starting
blend value and frame. A steer space is computed as a function of the current
blend value and frame, interpolated from the nearest indices of the table lookup in
the goal space. The steer space is then transformed to local coordinates of a
character’s position at the current frame. The closest steer space samples to the
line connecting the character’s position with the goal are selected. The blending
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values of the two selected steer space samples are interpolated to compute the
final blending value which is applied to steer the character towards the goal.

[0009] Thus, advantageously, embodiments of the invention allow users to
generate a realistic rendering of a character moving towards a goal in real-time.
Further, embodiments of the invention may use a looping motion space for
continuous goal-directed movement. Embodiments of the invention simplify both
the design process and work required to create and modify renderings of real-time

goal space steering for data-driven character animation.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is block diagram illustrating components of a rendering application
used in real-time goal space steering for data-driven character animation,

according to one embodiment of the invention.

[0011] FIG. 2 is a flow chart illustrating a method for real-time goal space steering
for rendering a character in an animation clip, according to one embodiment of the

invention.

[0012] FIG. 3 illustrates a motion space that includes seven motion clips of a

skeletal figure, according to one embodiment of the invention.

[0013] FIG. 4 illustrates a part of a goal space generated at a point in time given a
starting blending, according to one embodiment of the invention.

[0014] FIG. 5 illustrates an example portion of a goal space generated from a
starting frame given a range of beginning blend values, according to one

embodiment of the invention.

[0015] FIG. 6 illustrates a character, a goal, and an oriented steer space, according

to one embodiment of the invention.

[0016] FIG. 7 illustrates a character, a goal, and an oriented steer space, according

to one embodiment of the invention.

[0017] FIG. 8 illustrates a character, a goal, and an oriented steer space, according

to one embodiment of the invention.
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[0018] FIG. 9 illustrates a character, a goal, and an oriented steer space, according

to one embodiment of the invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0019] Embodiments of the invention provide a rendering application configured to
generate an animation sequence or clip using goal space steering for data-driven
character animation. Generally, a goal is a target to which a character object
depicted in an animation sequence desires to move. The goal can be either
stationary or moving. The rendering application may generate an animation clip by
rendering the character object, frame-by-frame, engaging in some form motion.
For example, a human character may be rendered to appear to be walking,
running, or jogging. In one embodiment, the motion is rendered from a set of

motion clips that define a motion space.

[0020] Animation frames may be generated as a weighted blending of two or more
motion clips included in the motion space. The rendering application may be
configured to create animation sequences that steer the motion of a character
object toward the goal. Periodically, the rendering application may identify an
appropriate blending weight to steer the character towards the goal. By changing
the blending weight, the rate and direction at which the character appears to turn
while frames are rendered may be controlled. Further, in one embodiment, the
motion clips may be part of a looping motion space, where a single rendering pass
through the motion space generates an animation of the character performing a
limited number of motion cycles (e.g., the human character taking four steps). The
motion space is constructed so that the beginning and ending frames of the
animation sequence generated by the rendering pass are substantially identical,
allowing multiple passes through the motion space to be rendered without creating

unrealistic visual artifacts.

[0021] FIG. 1 is block diagram illustrating components of a rendering application
used in real-time goal space steering for data-driven character animation,
according to one embodiment of the invention. The components illustrated in
system 100 may include computer software applications executing on existing
computer systems, e.g., desktop computers, server computers, laptop computers,
tablet computers, video game consoles, and the like. The software applications
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described herein, however, are not limited to any particular computing system and
may be adapted to take advantage of new computing systems as they become
available.

[0022] Additionally, the components illustrated in system 100 may be implemented
as software applications that execute on a single computer system or on distributed
systems communicating over computer networks such as local area networks or
large, wide area networks, such as the Internet. For example, a graphical user
interface 110 may include a software program executing on a client computer
system at one physical location communicating with rendering application 105 at
another physical location. Also, in one embodiment, rendering application 105 and
graphical user interface 110 may be provided as an application program (or
programs) stored on computer readable media such as a CD-ROM, DVD-ROM,
flash memory module, or other tangible storage media.

[0023] As shown, the system 100 includes, without limitation, rendering application
105, graphical user interface 110, character object 120, user input devices 130,
and a display device 125. Those skilled in the art will recognize, however, that the
components shown in FIG. 1 are simplified to highlight aspects of the present
invention and that a typical rendering application 105 and GUI interface 110 may
include a broad variety of additional tools and features used to compose and
manage character object 120. Rendering application 105 may be configured to
allow users interacting with GUI interface 110 to compose character object 120.
Accordingly, rendering application 105 and GUI interface 110 may include
programmed routines or instructions allowing users to create, edit, load, and save
character objects 120. Typically, user input devices 130 include a mouse pointing
device, a keyboard, or joystick or video game controller and display device 125 is a
CRT or LCD display.

[0024] lllustratively, character object 120 includes motion clips 124 and registration
curves 122. Motion clips 124 may be pre-defined motion clips created using a
motion capture system. Alternatively, users of the rendering application 105 may
create new motion clips 124 manually, e.g., by creating a sequence of frames one
at a time. Motion clip 124 may include a sequence of frames of geometrical
primitives such as points, lines, curves, and polygons that, collectively, depict

character object 120 performing some form of motion. For example, motion clips
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124 may include a sequence of frames that depict a wire-frame skeleton of human
engaging in a walking motion. When a rendered animation clip is generated from
motion clips 124, texture mapping may be used to give character object 120 a life-
like appearance. As is known, texture mapping is a method of adding detail,
surface texture, or color to a computer-generated graphic or model.

[0025] Registration curves 122 may be used to define the relationship between the
frames of a first motion clip 124 and corresponding frames of a second motion clip
124 within a motion space. As is known, registration curve 122 provides a data
structure specifying the relationships involving the timing, local coordinate frame,
and constraints between frames in the first motion clip 124 and corresponding
frames in the second motion clip 124. Registration curve 122 may be used to
expand the range of motions that can be automatically blended from motion clips
124 to generate a rendered animation clip without requiring manual intervention.
For example, one motion clip 124 may show a walking character turning 30
degrees to the right and a second motion clip 124 may show the character turning
gradually 30 degrees to the left.

[0026] Registration curve 122 created for such a first and second motion clip 124
may be used in rendering animation frames blended from frames of the first and
second motion clips 124. Further, depending on how frames from motion clips 124
are blended, the resulting animation sequence may show the character walking
anywhere within the motion space between the two motion clips 124. That is, the
resulting animation clip may show the character walking while gradually turning
anywhere from one extreme (30 degrees right) to the other (30 degrees to the left),
or to anywhere in between. Collectively, the range of blending available to render
animation frames of character object 120 using motion clips 124 is referred to as a
motion space. For additional examples related to the use of registration curves in
computer graphics, see Kovar, L., and Gleicher, M. “Flexible automatic motion
blending with registration curves.” In Proceedings of ACM
SIGGRAPH/Eurographics Symposium on Computer Animation (2003),
incorporated by reference herein in its entirety.

[0027] Graphical user interface 110 provides tools used to manipulate character
object 120. As shown, graphical user interface 110 includes motion clip processing

tools 111, texture mapping tools 113, animated character motion editing tools 115,
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looping motion space generation tools 117, and goal space steering tools 119.
Those skilled in the art will recognize, however, that the tools of GUI interface 110
shown in FIG. 1 are simplified to highlight aspects of the present invention and that
a typical rendering application 105 and GUI interface 110 may include a broad
variety of additional tools and features used to compose and manipulate an
animated character object 120.

[0028] In one embodiment, motion clip processing tools 111 may provide GUI
elements that allow a user to modify motion clips 124. Motion clip processing tools
111 may allow the user to define and modify physical, display, and meta properties
of an animation clip 124 to be used and stored in a character object 120. As
stated, motion clips 124 may provide a sequence of frames showing the character
depicted by character object 120 performing some form of motion. Texture
mapping tools 113 may allow a user to add detail, surface texture, or color to
character object 120. For example, texture mapping tools 113 may allow a user to
texture map a set of polygons to appear as a human character wearing a soccer
uniform with hair, skin tone, and other appropriate features.

[0029] Animated character motion editing tools 115 may be used to manipulate
motion clips 124 of character object 120. In the simplest example, a user may play
the motion clip to view the motion of character object 120. In such a case, motion
of character object 120 is simply the motion of motion clip 124. Alternatively, a
user may wish to create a blended motion using two or more motion clips 120. In
one embodiment, animated character motion editing tools 115 may be used to
generate registration curve 122 between two motion clips 124. Once registered to
one another, animated character motion editing tools 115 may be used to create a
blended animation clip from motion clips 124. In one embodiment, a rendered
animation clip may be generated in real-time. That is, the animation clip may be
rendered from motion clips 124, where individual frames of the rendered animation
sequence are blended together at a rate that allows blended frames to be
presented as an ongoing animation. For example, a rendered animation clip may
be generated in real-time to show a character in a video game walking or running
from one location to another. In such a case, the direction and rate of turn (and
hence the rate of blending between motion clips 124) may be controlled using goal

space steering tools 119.
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[0030] In one embodiment, looping motion space generation tools 117 may allow a
user to generate an animation clip of character object 120 that extends the motion
of character object 120 indefinitely. Each motion clip 124, and hence a looping
motion space that includes motion clip 124, has a finite length. Thus, if a user
generates an animation clip by blending the frames of two motion clips 124, the
resulting sequence also has a finite length. In many applications that involve
character animation, however, it is desirable to have character motion for an
extended period of time. In many applications that involve character animation,
especially NPC animation, it is desirable to have character motion for an extended
period of time. This is often the case in video games where a character is
constantly moving. Accordingly, embodiments of the invention provide a looping
motion space that may be used to render character object 120 performing an
arbitrary number of motion cycles, particularly periodic locomotion of character
object 120, such as a human character, walking, jogging, or running, etc

[0031] In one embodiment, a rendering application 105 may include goal space
steering tools 119. A goal is a target to which a character desires to move. The
goal can be either stationary or moving. Goal space steering tools 119 may vary
the blending weight in a looping motion space to continuously turn a character in
real-time towards a stationary (or moving) goal. That is, during rendering, goal
space steering tools 119 may control the motion of character object 120 by
determining the appropriate blending weights to use to generate frames of the
rendered animation sequence. Due to the irregular curvature of blended motion
clip paths, the relationship between blending weight and direction is not analytically
computable. This is because each footstep taken by a motion captured performer
(or a hand animated character) is not exactly along a circular arc, and the variation
in path due to lateral shifts in balance and differences in stride length tend to create
irregular deviations in path direction. Of course, these kinds are natural
irregularities in motion are desirable since precise repetition would be perceived as
being “robotic.” In short, motion data cannot be described by a closed-form
parametric equation that gives motion direction as a function of blending weight.
Therefore, given the irregularity of the motion data, the general problem is to
determine, for each frame of the rendered animation clip, the correct blending

weight coefficients needed to steer a character toward a desired goal location.
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[0032] In one embodiment, goal space steering tools 119 may compute a “goal
space.” The goal space may include samples of possible future locations of the
character object based on different starting frames in the motion space and on
different starting blending weights. A motion space may be parameterized as a
function of the current frame of the motion space and the current blending
coefficients. Further, a future position of the character in the motion space may be
a function of current position of the character, a current frame, a current blending
weight, and a goal ending blending weight. For example, consider a looping
motion space that includes a character walking through four steps with a turning
range that allows the rendered character to appear to walk with a curve turning
from 30 degrees to the right to 30 degrees to the left. The goal space could be
computed for the character at each point in the looping motion space when the
character’s heel strikes the ground. And for each such point, a set of possible
future positions of the character, some number of frames in the future, may be
determined for a number of starting and ending blending weights. A visual
example of such a goal space is shown in FIGs. 4 and 5.

[0033] FIG. 2 is a flow chart illustrating a method 200 for real-time goal space
steering for rendering a character in an animation clip, according to one
embodiment of the invention. Persons skilled in the art will understand that even
though the method is described in conjunction with the systems of FIG. 1, any
system configured to perform the steps of the method illustrated in FIG. 2, in any
order, is within the scope of the present invention. Further, persons skilled in the
art will understand that the steps of the method described in FIG. 2 are only one

embodiment of the present invention.

[0034] As shown, method 200 begins at step 202, where the rendering application
may compute a goal space for a character depicted within a given motion space.
As stated, the goal space may store possible future locations of the character
based on a number of different “starting frames” (e.g., frames where a walking
character’s heel strikes the ground). The goal space may be stored in a table
structure as a sparse distribution of samples. Such a goal space table may be
indexed by a beginning blending weight and frame sequence number. For each
“starting” frame, the goal space table may store a number of ending locations of the
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character that would result some number of frames in the future, based on different
beginning and final blending weights.

[0035] For example, assume the goal space is defined to include “X” starting
frames with “Y” beginning blend values and “Z” final blend values for a future
ending time that is “F” frames in the future for each of the “X” starting frames. In
such a case, the total number of future locations in the goal space is equal to X * Y
* Z. For a looping motion space of a walking character where each loop has X = 6
footsteps, the starting fames could correspond with the heel strikes of each of the
six footsteps. For each footstep, the goal space table could include Z = 25 different
final blending weights future locations for Y = 13 different starting blending weights.
This results in a goal space with a total number of 6 * 25 * 13 = 1950 future

positions, 325 for each of the 6 starting frames.

[0036] When the goal space table is computed, both the starting and final blending
weights may span the full range of blending weights in the motion space. In one
embodiment, during rendering, however, the blending weight may only be allowed
to change by a fixed rate per frame, say 0.1 units. By constraining the rate of
change in the blending value from any one frame to the next, the quality of the
resulting animation sequence is improved as large changes in the blending weight
may lead to rendered frames with visual artifacts where the character object

appears to suddenly change direction in an unrealistic manner.

[0037] In one embodiment, the goal space table may be used during rendering to
steer a character object towards a given goal position. Steps 204-208 illustrate a
sequence of method steps that may be performed during rendering for each of the
“X” “starting” frames represented in the goal space. Continuing with the example,
above, the rendering application may calculate a blending value at each of the X=6
heel strike frames during rendering, (i.e., for each frame where the goal space
includes a future position lookup). Note, however, each time a new blending value
is determined it may take some time before frames are actually blended using that
value. Instead, once determined, the rendering application may transition from a

then current blending value to a new one over some number of frames.

[0038] At step 204, the rendering application may compute a “steer space” as a

function of the current blend value and current frame. In one embodiment, the
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steer space may include a set of future locations of the character, determined from
an interpolation of future positions in the goal space specified for the two “Y”
beginning blending values that are closest to the actual current blending value
being used to render animation frames. Continuing with the example, above, at a
given heel strike frame, the rendering application selects a subset of the goal space
that corresponds with that frame in the looped cycle. That is, if the goal space
includes six “starting” frames, then the rendering application identifies which of the
six footsteps is currently being processed. Additionally, the rendering application
may further narrow the subset to the two closest Y = 13 beginning blend values
that are closest to the current blending value. This results in two “fans” of Z = 25
future locations, one fan for each of the two “Y” beginning blend values. The
rendering application may then interpolate the Z = 25 future locations in each of the
two fans based on its weighted relative proximity to the then current blend value.
The resulting interpolated 25 future positions represent the steer space for the
character. Visual examples of a steer space are shown in FIGs 6-9.

[0039] In one embodiment, the interpolation may be performed using polar
coordinates as the steer space is used in turning angle control. In an alternative
embodiment, one of the “Y” beginning blend values (one fan) is selected rather
than interpolating between the two closest “Y” beginning blend values (two fans).
Generally, the positions in the steer space represent the future locations that may
be reached by the character, based on the current actual position, actual blending
value, and changes to the blending value. Thus, in the present example, the steer
space equals Z = 25 interpolated locations with each location corresponding to a
different final blend value that spans from 0.0 (turning to the right) to 1.0 (turning to
the left).

[0040] At step 206, the rendering application transforms the character positions in
the steer space to local coordinates of the character position in the animation clip
being rendered. That is, the steer space may represent the future positions in a
coordinate system rooted on the character, and at step 206, these coordinates are
transformed into the world space of a graphics scene. In one embodiment, the
rendering application may compare the character’s root position coordinate space
with the character’s starting position at the same heel-strike frame used to compute

the goal subspace. A transform matrix may be then computed that aligns a goal
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location with the current character location. Applying the inverse of this matrix to
the goal location may also be used to align the desired goal location with the steer
space. Once transformed and aligned to the world space coordinates of a graphics
scene, the future character positions included in the steer space may be compared
against the desired goal location.

[0041] At step 208, the rendering application may determine which steer space
samples are closest to the desired goal position. In one embodiment, the rendering
application could simply find the two values closest to the goal using a linear
distance calculation. Alternatively, as the steer space is used to change the turning
direction of the character object, the rendering application could select the goal
location(s) in the steer space that are closest to a line between the current

character root location and the desired goal location.

[0042] At step 210, the blending coefficients of the closest steer space samples
computed at step 208 are combined to compute the final blending coefficients. In
one embodiment, a k-nearest neighbor average may be computed using two steer
space samples. Alternatively, if only one steer space sample is used at step 208,
the final blending coefficients may be the same as those in the computed “closest”
steer space sample. The k-nearest-neighbor algorithm may be used to compute
the weighted blends of the selected closest future locations in the steer space.
With only k=2 locations, this calculation reduces to a simple linear interpolation

based on relative proximity.

[0043] FIG. 3 illustrates a motion space that includes seven motion clips of a
skeletal figure, according to one embodiment of the invention. As shown, clip 302
illustrates the skeletal figure walking at an angle turning to the right. Clip 314
illustrates the skeletal figure walking at an angle to turning the left. Clips 304, 306,
308, 310, 312 illustrate the skeletal figure while turning at different rates between
the extremes of clips 302, 314. In one embodiment, the rendering application may
use a registration curve to blend frames from clips 302 through 314 to create a
rendering of the skeletal figure walking through this motion space. Generally, the
path of the rendered character is bound by motion space created by motion clips
302 through 314.

12
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[0044] FIG. 4 illustrates an example portion of a goal space generated from a
starting frame, given a starting blending value, according to one embodiment of the
invention. In this case, the starting frame corresponds to one of the X = 6 frames
where a heel of a character 402 strikes the ground and one of the Y=13 beginning
blend values. A fan 404 shows the possible future locations of character 402,
based on this starting frame and beginning blend value. That is, fan 404 shows
each of the “Z=25" future positions for character 402 from the goal space computed
for this motion space for the particular X and Y values. Each possible future
location depends on a different final blending value. lllustratively, the future
locations are shown in FIG. 4 using a “+” symbol inside a circle. The distance from
character 402 to any point in fan 404 is based on pre-defined number of frames F
in the future. For this example assume fan 404 represents the position of character
402 where F = 40 frames in the future from the given “starting” frame. A path 406
shows the path that character 402 takes for one of the sampled final blending
weights in the goal space.

[0045] FIG. 5 illustrates an example portion of a goal space generated from a
starting frame given a range of beginning blend values, according to one
embodiment of the invention. Like FIG. 4, FIG. 5 corresponds to one of the X =6
frames where a heel of a character 500 strikes the ground. Each fan of the goal
space is represented by a set of symbols based on one of the Y = 13 beginning
blend values. Thus, each fan represents a set of Z = 25 ending blend value for a
given starting blending value. In this example, future positions are shown for each
of the Y = 13 different starting blend values, so there are 13 differently symbol-
coded “fans” of future locations. Each differently symbol-coded fan depicts the Z =
25 possible future locations that character 500 can reach in F = 40 frames, given a
different beginning blend value.

[0046] For example, if the beginning blend value caused a character 500 to steer
as far to the left as possible (from the perspective of character 500), then a fan 502
(symbolized by empty circles) represents Z=25 the future positions for character
500. The fan symbolized by empty circles 502 has a right-most possible future
location at a point near the middle of the motion space. This occurs because
character 500 cannot reach the right-most side of the motion space within a

distance of F = 40 frames. This is done to maintain a realistic rendering. If a
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character could reach any point in the motion space within F = 40 frames, that
would cause the character to have an unnatural rotation when turning towards an
extreme side of the motion space. Similarly, a fan 504 (symbolized by strike-
through squares) represents the Z = 25 possible future locations of character 500 if
the beginning blend value caused character 500 to turn sharply to the right. Like
fan 502, fan 504 does not extend to the other extreme side of the motion space.
Each other fan of symbols in this goal space represents a set of possible future
positions of character 500 based on a different one of the Y=13 beginning blend

values.

[0047] FIG. 6 illustrates a character 602, a goal 604, and an oriented steer space
606, according to one embodiment of the invention. Assume for this example that
character 602 is being steered toward goal 604 by rendering character 602 using a
looping motion space. Steer space 606 is shown as a fan of points representing
different possible future locations of character 602. Each point may represent an
interpolated location between two goal space fans (e.g., two of the symbol-coded
fans shown in FIG. 5). That is, steer space 606 may represent an interpolation of
the two fans in the goal subspace which have a beginning blend value that is
closest to the current actual blend value being used to render character 602.
Alternatively, the points in steer space 606 may represent a fan of the goal
subspace with a beginning blending value that is closest to the actual current blend
value being used to render character 602. In this example, of the Z = 25 possible
future locations in steer space 606, boxes 608+, represent the two that are the
closest to a line 612, connecting character 602 and goal 604. In one embodiment,
the blending coefficients corresponding to boxes 6084, are interpolated to
determine a new final blending value to use in rendering character 602.
Alternatively, the blending value corresponding to the single point in steer space
606 closest to line 612 (e.g., box 6082) may be used. In yet another embodiment,
the point in steer space 606 closest to goal 604 may be used as a basis for
computing a final blending weight. In either case, such a blending value may be
used until the next “starting” frame is reached, i.e., until a frame is reached where
the goal space table includes a future position lookup, at which time the blending

value may be recomputed.
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[0048] FIG. 7 illustrates a character 702, a goal 704, and an oriented steer space
706, according to one embodiment of the invention. As shown, character 702 is
running towards goal 704. In this example, a curve 708 represents a path that
character 702 has traversed during previously rendered frames. Also, a curve 710
represents movement of a goal position 704. Assume that character 702 has
reached the next X = 6 “starting frame” for which goal space data is available.
Accordingly, steer space 706 has been computed based on the current “starting”
frame and relevant fans of the goal space. Character 702 may be steered towards
goal 704 by interpolating a new blending weight based on the two possible future
locations in steer space 706 that are nearest to the line connecting character 702
and goal 704, represented by boxes 712,.,. Like the previous blending value, the

new blending value may be used until the next “starting” frame is reached.

[0049] FIG. 8 illustrates a character 806, a goal 802, and an oriented steer space
808 at a later moment in time, according to one embodiment of the invention. A
curve 812 represents a path that character 806 has traversed during previously
rendered frames, i.e., using the blending value computed in FIG. 7. As shown,
goal 802 has sharply changed the direction in which it is moving at point 804.
Character 806 reacts to this new goal location by turning to the left and moving
toward goal 802. As described, character 806 may be steered by changing the
blending value used to render character 806 as it moves through a motion space.
In this example, steer space 808 is not well aligned with goal 802 (i.e., the best
blending values are not found in the center of the steer space). This occurs as the
points in steer space 808 are computed from the two starting blend values in the
goal space closest to the character’s current blend value, as described above in
conjunction with method 200 of FIG. 2. For this reason, points 810;., of steer
space 808 are used to interpolate the new blending value, as points 81042 are
closest to a line between position of character 806 and goal 802. Specifically,
points 8104., are the two future locations at the left-most side of steer space 808,
representing the point furthest to the left that character 806 can reach in the
number of frames between the current frame and the frame represented by the
future locations of the steer space 808.

[0050] FIG. 9 illustrates a character 906, a goal 902, and an oriented steer space

908 at yet a later moment in time, according to one embodiment of the invention. A
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curve 904 represents a path that character 906 has traversed during previously
rendered frames, i.e., using the blending value computed in FIG. 7 and 8. When
compared to steer space 808 of FIG. 8, steer space 908 is more aligned with goal
902, i.e., the center of steer space 908 is relatively in line with goal 902. This
occurs because character 906 has turned to follow the movement of goal 902 and
can now head in a relatively straight forward direction to reach goal 902. As
shown, two points 9104, are used to interpolate a new blending value for rendering
character 906. As character 906 has turned towards goal 902 during previously
rendered frames, e.g., based on the blending value computed in FIG. 8, points
91012 are located relatively near the center of steer space 908.

[0051] As described, embodiments of the invention allow users to generate real-
time goal space steering for data-driven character animation. A goal space table of
sparse samplings of possible future locations is computed, indexed by the starting
blend value and frame. A steer space is computed as a function of the current
blend value and frame, interpolated from the nearest indices of the table lookup in
the goal space. The steer space is then transformed to local coordinates of a
character’s position at the current frame. The closest steer space samples to a line
connecting the character’s position with the goal are selected. The blending values
of the two selected steer space samples are interpolated to compute the final
blending used to render subsequent animation frames of the character.

[0052] While the foregoing written description of the invention enables one of
ordinary skill to make and use what is considered presently to be the best mode
thereof, those of ordinary skill will understand and appreciate the existence of
variations, combinations, and equivalents of the specific exemplary embodiment
and method herein. The invention should therefore not be limited by the above
described embodiment and method, but by all embodiments and methods within
the scope and spirit of the invention as claimed.
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WHAT IS CLAIMED IS:

1. A method of rendering frames of an animation sequence using a plurality of
motion clips included in a motion space, wherein each of the plurality of motion clips
depicts a character performing a sequence of motion, the method comprising:
generating a goal space, wherein the goal space includes, for at least one
starting frame, a plurality of possible future locations of the character
computed from a plurality of beginning blending values and the at least
one starting frame;
while rendering a frame of the animation sequence based on a first blending
value at the at least one starting frame, determining that a next frame to
be rendered corresponds to the least one starting frame; and
generating a second blending value by:
determining, from the goal space, a plurality of possible future locations
of the character in a steer space that includes at least two of the
possible future locations of the character in the goal space,
wherein the plurality of possible future locations of the character
in the steer space are selected based upon which beginning
blending values in the plurality of beginning blending values are
closest to the first blending value,
transforming the plurality of possible future locations of the character in
the steer space to a local coordinate space of a graphics scene,
and
determining, from the plurality of possible future locations of the
character in the steer space and a goal location, the second
blending value to use in rendering subsequent frames of the

animation sequence.

2. The method of claim 1, wherein the second blending value is interpolated from
at least two of the plurality of future locations of the character in the steer space.

3. The method of claim 2, wherein the at least two of the plurality of future
locations of the character used to interpolate the second blending value are the two
future locations in the steer space closest to a line formed by connecting the
character and the goal location.
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4. The method of claim 1, wherein the second blending value is computed by
selecting a blending value associated with the possible future location of the character
in the steer space that is closet to a line formed by connecting the character and the
goal location.

5. The method of claim 1, wherein the second blending value is computed by
selecting a blending value associated with the possible future location of the character
in the steer space that is a shortest distance from the goal location.

6. The method of claim 1, wherein determining the steer space comprises:
identifying at least two beginning blending values in the goal space that are
closest to the first blending value; and
determining the plurality of possible future locations of the character in a steer
space by interpolating positions of the character specified in the goal
space for the at least two beginning blending values.

7. The method of claim 1, wherein determining the steer space comprises:
identifying a beginning blending value in the goal space closest to the first
blending value; and
selecting a plurality of future positions in the goal space for the identified
beginning blending value.

8. The method of claim 1, wherein the motion space is a looping motion space,
wherein each of the motion clips depicts a looping motion of the character performing
an equal number of motion cycles, and wherein first frames across each of the motion
clips are synchronized so that the motion cycles across each of the plurality of motion
clips are in phase with one another.

9. The method of claim 1, further comprising texture mapping the character

depicted in the frames of the rendered animation sequence.

10.  The method of claim 1, wherein the first blending value is incrementally
changed to the second blending value by a specified amount for each successively

rendered frame of the animation sequence.

11. A computer-readable storage medium storing instructions that when executed

by a processor cause the processor to render frames of an animation sequence using
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a plurality of motion clips included in a motion space, wherein each of the plurality of
motion clips depicts a character performing a sequence of motion, by performing the
steps of:
generating a goal space, wherein the goal space includes, for at least one
starting frame, a plurality of possible future locations of the character
computed from a plurality of beginning blending values and the at least
one starting frame;
while rendering a frame of the animation sequence based on a first blending
value at the at least one starting frame, determining that a next frame to
be rendered corresponds to the least one starting frame; and
generating a second blending value by:
determining, from the goal space, a plurality of possible future locations
of the character in a steer space that includes at least two of the
possible future locations of the character in the goal space,
wherein the plurality of possible future locations of the character
in the steer space are selected based upon which beginning
blending values in the plurality of beginning blending values are
closest to the first blending value,
transforming the plurality of possible future locations of the character in
the steer space to a local coordinate space of a graphics scene,
and
determining, from the plurality of possible future locations of the
character in the steer space and a goal location, the second
blending value to use in rendering subsequent frames of the

animation sequence.

12.  The computer-readable storage medium of claim 11, wherein the second
blending value is interpolated from at least two of the plurality of future locations of the
character in the steer space.

13.  The computer-readable storage medium of claim 12, wherein the at least two
of the plurality of future locations of the character used to interpolate the second
blending value are the two future locations in the steer space closest to a line formed
by connecting the character and the goal location.
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14.  The computer-readable storage medium of claim 11, wherein the second
blending value is computed by selecting a blending value associated with the possible
future location of the character in the steer space that is closet to a line formed by

connecting the character and the goal location.

15.  The computer-readable storage medium of claim 11, wherein the second
blending value is computed by selecting a blending value associated with the possible
future location of the character in the steer space that is a shortest distance from the

goal location.

16.  The computer-readable storage medium of claim 11, wherein determining the
steer space comprises:
identifying at least two beginning blending values in the goal space that are
closest to the first blending value; and
determining the plurality of possible future locations of the character in a steer
space by interpolating positions of the character specified in the goal

space for the at least two beginning blending values.

17.  The computer-readable storage medium of claim 11, wherein determining the
steer space comprises:
identifying a beginning blending value in the goal space closest to the first
blending value; and
selecting a plurality of future positions in the goal space for the identified

beginning blending value.

18.  The computer-readable storage medium of claim 11, wherein the motion space
is a looping motion space, wherein each of the motion clips depicts a looping motion
of the character performing an equal number of motion cycles, and wherein first
frames across each of the motion clips are synchronized so that the motion cycles

across each of the plurality of motion clips are in phase with one another.

19.  The computer-readable storage medium of claim 11, wherein the steps further
comprise texture mapping the character depicted in the frames of the rendered

animation sequence.
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20. The computer-readable storage medium of claim 11, wherein the first blending
value is incrementally changed to the second blending value by a specified amount

for each successively rendered frame of the animation sequence.

21. A method of rendering frames of an animation sequence, the method
comprising:
selecting a plurality of motion clips to include in a motion space, wherein each
of the plurality of motion clips depicts a character performing a
sequence of motion; and
invoking a rendering tool configured to:
generate a goal space, wherein the goal space includes, for at least one
starting frame, a plurality of possible future locations of the
character computed from a plurality of beginning blending values
and the at least one starting frame,
while rendering a frame of the animation sequence based on a first
blend value at the at least one starting frame, determining that a
next frame to be rendered corresponds to the least one starting
frame, and
generate a second blending value by:
determining, from the goal space, a plurality of possible future
locations of the character in a steer space that includes at
least two of the possible future locations of the character in
the goal space, wherein the plurality of possible future
locations of the character in the steer space are selected
based upon which beginning blending values in the
plurality of beginning blending values are closest to the
first blending value,
transforming the plurality of possible future locations of the
character in the steer space to a local coordinate space of
a graphics scene, and
determining, from the plurality of possible future locations of the
character in the steer space and a goal location, the
second blending value to use in rendering subsequent

frames of the animation sequence.
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22. The method of claim 21, wherein the second blending value is interpolated
from at least two of the plurality of future locations of the character in the steer space.

23. The method of claim 22, wherein the at least two of the plurality of future
locations of the character used to interpolate the second blending value are the two
future locations in the steer space closest to a line formed by connecting the
character and the goal location.

24. The method of claim 21, wherein the second blending value is computed by
selecting a blending value associated with the possible future location of the character
in the steer space that is closet to a line formed by connecting the character and the
goal location.

25. The method of claim 21, wherein the second blending value is computed by
selecting a blending value associated with the possible future location of the character
in the steer space that is a shortest distance from the goal location.

26. The method of claim 21, wherein determining the steer space comprises:
identifying at least two beginning blending values in the goal space that are
closest to the first blending value; and
determining the plurality of possible future locations of the character in a steer
space by interpolating positions of the character specified in the goal
space for the at least two beginning blending values.

27. The method of claim 21, wherein determining the steer space comprises:
identifying a beginning blending value in the goal space closest to the first
blending value; and
selecting a plurality of future positions in the goal space for the identified
beginning blending value.

28. The method of claim 21, wherein the motion space is a looping motion space,

wherein each of the motion clips depicts a looping motion of the character performing
an equal number of motion cycles, and wherein first frames across each of the motion
clips are synchronized so that the motion cycles across each of the plurality of motion

clips are in phase with one another.
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29. The method of claim 21, wherein the rendering tool is further configured to
texture mapping the character depicted in the frames of the rendered animation

sequence.

30. The method of claim 21, wherein the first blending value is incrementally
changed to the second blending value by a specified amount for each successively

rendered frame of the animation sequence.
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