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(57) ABSTRACT 

A method of tracking a target includes receiving an observed 
depth image of the target from a source and analyzing the 
observed depth image With a prior-trained collection of 
known poses to ?nd an exemplar pose that represents an 
observed pose of the target. The method further includes 
rasterizing a model of the target into a synthesized depth 
image having a rasterized pose and adjusting the rasterized 
pose of the model into a model-?tting pose based, at least in 
part, on differences between the observed depth image and 
the synthesized depth image. Either the exemplar pose or the 
model-?tting pose is then selected to represent the target. 
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VISUAL TARGET TRACKING USING MODEL 
FITTING AND EXEMPLAR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Patent Application No. 61/148,892, ?led Jan. 30, 2009, the 
entire contents of Which are hereby incorporated herein by 
reference for all purposes. 

BACKGROUND 

[0002] Many computer games and other computer vision 
applications utiliZe complicated controls to alloW users to 
manipulate game characters or other aspects of an applica 
tion. Such controls can be dif?cult to learn, thus creating a 
barrier to entry for many games or other applications. Fur 
thermore, such controls may be very different from the actual 
game actions or other application actions for Which they are 
used. For example, a game control that causes a game char 
acter to sWing a baseball bat may not at all resemble the actual 
motion of sWinging a baseball bat. 

SUMMARY 

[0003] This Summary is provided to introduce a selection 
of concepts in a simpli?ed form that are further described 
beloW in the Detailed Description. This Summary is not 
intended to identify key features or essential features of the 
claimed subject matter, nor is it intended to be used to limit 
the scope of the claimed subject matter. Furthermore, the 
claimed subject matter is not limited to implementations that 
solve any or all disadvantages noted in any part of this dis 
closure. 
[0004] Various embodiments related to visual target track 
ing are discussed herein. One disclosed approach includes 
tracking a target by receiving an observed depth image of the 
target from a source and obtaining a posed model of the target. 
The posed model is rasteriZed into a synthesiZed depth image. 
The pose of the model is then adjusted based, at least in part, 
on differences betWeen the observed depth image and the 
synthesiZed depth image. This approach may be referred to as 
model ?tting. 
[0005] Another disclosed embodiment includes receiving 
an observed depth image of the target from a source and 
analyZing the observed depth image to determine the likely 
joint locations of the target as Well as the relative con?dence 
that such joint locations are accurate. This approach may be 
referred to as exemplar (i.e., it ?nds a pose by example). The 
exemplar method focuses on matching poses of a target (e. g., 
human) against a prior-trained collection of knoWn poses. 
[0006] Model ?tting and/or exemplar may be facilitated by 
body scanning and/or background removal. Body scanning 
includes receiving one or more frames of observed depth 
images from a source. The scene of each observed depth 
image may be scanned to ?nd one or more human targets in a 
pose from Which the basic siZe and shape of the human 
target(s) can be con?dently deduced. This approach may be 
referred to as body scanning. 
[0007] Background removal includes using one of several 
possible different methodologies for identifying those por 
tions of a scene that does not include a human target, so that 
those portions of the scene may be ignored, thereby reducing 
computational expense. One background removal approach 
de?nes a sphere, or other geometric shape, using extremities 
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(e.g., head, feet, hands, etc.) of the target to set the siZe and 
position of the sphere. Observed depth values Within the 
sphere and/ or a buffer, are considered in subsequent process 
ing steps, While observed depth values outside of the sphere 
may be at least temporarily ignored as being part of the 
background and not part of the target. 
[0008] Model ?tting, exemplar, body scanning, and/or 
background removal may be used in a cooperative analysis 
pipeline. In such approaches, body scanning may be used to 
deduce a general siZe and shape of a target and to select a 
model that has such a siZe and shape. Either exemplar or body 
?tting may then be used to ?nd a pose of the model that 
accurately represents the pose of the target. A relative con? 
dence of a pose found by exemplar may be judged to deter 
mine Whether a pose found by exemplar or a pose computed 
by model ?tting should be used. Background removal can be 
utiliZed in conjunction With exemplar and/or model ?tting to 
accurately classify a target and body parts of the target. Back 
ground removal also can be utiliZed as an optimization during 
this process. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1A shoWs an embodiment of an exemplary 
target recognition, analysis, and tracking system tracking a 
game player playing a boxing game. 
[0010] FIG. 1B shoWs the game player of FIG. 1A throWing 
a punch that is tracked and interpreted as a game control that 
causes a player avatar to throW a punch in game space. 
[0011] FIG. 2 schematically shoWs a computing system in 
accordance With an embodiment of the present disclosure. 
[0012] FIG. 3 shoWs an exemplary body model used to 
represent a human target. 
[0013] FIG. 4 shoWs a substantially frontal vieW of an 
exemplary skeletal model used to represent a human target. 
[0014] FIG. 5 shoWs a skeWed vieW of an exemplary skel 
etal model used to represent a human target. 
[0015] FIG. 6 shoWs an exemplary mesh model used to 
represent a human target. 
[0016] FIG. 7 shoWs a How diagram of an example method 
of visually tracking a target. 
[0017] FIG. 8 shoWs an exemplary observed depth image. 
[0018] FIG. 9 shoWs an exemplary synthesiZed depth 
image. 
[0019] FIG. 10 schematically shoWs some of the pixels 
making up a synthesiZed depth image. 
[0020] FIG. 11A schematically shoWs the application of a 
force to a force-receiving location of a model. 
[0021] FIG. 11B schematically shoWs a result of applying 
the force to the force-receiving location of the model of FIG. 
11A. 
[0022] FIG. 12A shoWs a player avatar rendered from the 
model of FIG. 11A. 
[0023] FIG. 12B shoWs a player avatar rendered from the 
model of FIG. 11B. 
[0024] FIG. 13 shoWs an example process How ofa target 
tracking method that uses exemplar and model ?tting. 
[0025] FIG. 14 shoWs another example process How of a 
target tracking method that uses exemplar and model ?tting. 

DETAILED DESCRIPTION 

[0026] The present disclosure is directed to target recogni 
tion, analysis, and tracking. In particular, the use of a depth 
camera or other source for acquiring depth information for 
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one or more targets is disclosed. Such depth information may 
then be used to e?iciently and accurately model and track the 
one or more targets, as described in detail below. The target 
recognition, analysis, and tracking described herein provides 
a robust platform in Which one or more targets can be consis 
tently tracked at a relatively fast frame rate, even When the 
target(s) move into poses that have been considered dif?cult 
to analyZe using other approaches (e.g., When tWo or more 
targets partially overlap and/or occlude one another; When a 
portion of a target self-occludes another portion of the same 
target, When a target changes its topographical appearance 
(e. g., a human touching his or her head), etc.). 
[0027] FIG. 1A shoWs a nonlimiting example of a target 
recognition, analysis, and tracking system 10. In particular, 
FIG. 1A shoWs a computer gaming system 12 that may be 
used to play a variety of different games, play one or more 
different media types, and/ or control or manipulate non-game 
applications. FIG. 1A also shoWs a display 14 in the form of 
a high-de?nition television, or HDTV 16, Which may be used 
to present game visuals to game players, such as game player 
18. Furthermore, FIG. 1A shoWs a capture device in the form 
of a depth camera 20, Which may be used to visually monitor 
one or more game players, such as game player 18. The 
example shoWn in FIG. 1A is nonlimiting. As described 
beloW With reference to FIG. 2, a variety of different types of 
target recognition, analysis, and tracking systems may be 
used Without departing from the scope of this disclosure. 
[0028] A target recognition, analysis, and tracking system 
may be used to recogniZe, analyZe, and/or track one or more 
targets, such as game player 18. FIG. 1A shoWs a scenario in 
Which game player 18 is tracked using depth camera 20 so 
that the movements of game player 18 may be interpreted by 
gaming system 12 as controls that can be used to affect the 
game being executed by gaming system 12. In other Words, 
game player 18 may use his movements to control the game. 
The movements of game player 18 may be interpreted as 
virtually any type of game control. 
[0029] The example scenario illustrated in FIG. 1A shoWs 
game player 18 playing a boxing game that is being executed 
by gaming system 12. The gaming system uses HDTV 16 to 
visually present a boxing opponent 22 to game player 18. 
Furthermore, the gaming system uses HDTV 16 to visually 
present a player avatar 24 that gaming player 18 controls With 
his movements. As shoWn in FIG. 1B, game player 18 can 
throW a punch in physical space as an instruction for player 
avatar 24 to throW a punch in game space. Gaming system 12 
and depth camera 20 can be used to recogniZe and analyZe the 
punch of game player 18 in physical space so that the punch 
can be interpreted as a game control that causes player avatar 
24 to throW a punch in game space. For example, FIG. 1B 
shoWs HDTV 16 visually presenting player avatar 24 throW 
ing a punch that strikes boxing opponent 22 responsive to 
game player 18 throWing a punch in physical space. 
[0030] Other movements by game player 18 may be inter 
preted as other controls, such as controls to bob, Weave, 
shuf?e, block, jab, or throW a variety of different poWer 
punches. Furthermore, some movements may be interpreted 
into controls that serve purposes other than controlling player 
avatar 24. For example, the player may use movements to end, 
pause, or save a game, select a level, vieW high scores, com 
municate With a friend, etc. 

[003 1] In some embodiments, a target may include a human 
and an object. In such embodiments, for example, a player of 
an electronic game may be holding an object, such that the 
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motions of the player and the object are utiliZed to adjust 
and/or control parameters of the electronic game. For 
example, the motion of a player holding a racket may be 
tracked and utiliZed for controlling an on-screen racket in an 
electronic sports game. In another example, the motion of a 
player holding an object may be tracked and utiliZed for 
controlling an on-screen Weapon in an electronic combat 

game. 
[0032] Target recognition, analysis, and tracking systems 
may be used to interpret target movements as operating sys 
tem and/or application controls that are outside the realm of 
gaming. Virtually any controllable aspect of an operating 
system and/ or application, such as the boxing game shoWn in 
FIGS. 1A and 1B, may be controlled by movements of a 
target, such as game player 18. The illustrated boxing sce 
nario is provided as an example, but is not meant to be limiting 
in any Way. To the contrary, the illustrated scenario is intended 
to demonstrate a general concept, Which may be applied to a 
variety of different applications Without departing from the 
scope of this disclosure. 
[0033] The methods and processes described herein may be 
tied to a variety of different types of computing systems. 
FIGS. 1A and 1B shoW a nonlimiting example in the form of 
gaming system 12, HDTV 16, and depth camera 20. As 
another, more general, example, FIG. 2 schematically shoWs 
a computing system 40 that may perform one or more of the 
target recognition, tracking, and analysis methods and pro 
cesses described herein. Computing system 40 may take a 
variety of different forms, including, but not limited to, gam 
ing consoles, personal computing gaming systems, military 
tracking and/ or targeting systems, and character acquisition 
systems offering green-screen or motion-capture functional 
ity, among others. 
[0034] Computing system 40 may include a logic sub 
system 42, a data-holding subsystem 44, a display subsystem 
46, and/or a capture device 48. The computing system may 
optionally include components not shoWn in FIG. 2, and/or 
some components shoWn in FIG. 2 may be peripheral com 
ponents that are not integrated into the computing system. 
[0035] Logic subsystem 42 may include one or more physi 
cal devices con?gured to execute one or more instructions. 
For example, the logic subsystem may be con?gured to 
execute one or more instructions that are part of one or more 

programs, routines, objects, components, data structures, or 
other logical constructs. Such instructions may be imple 
mented to perform a task, implement a data type, transform 
the state of one or more devices, or otherWise arrive at a 
desired result. The logic subsystem may include one or more 
processors that are con?gured to execute softWare instruc 
tions. Additionally or alternatively, the logic subsystem may 
include one or more hardWare or ?rmware logic machines 
con?gured to execute hardWare or ?rmware instructions. The 
logic subsystem may optionally include individual compo 
nents that are distributed throughout tWo or more devices, 
Which may be remotely located in some embodiments. 

[0036] Data-holding subsystem 44 may include one or 
more physical devices con?gured to hold data and/or instruc 
tions executable by the logic subsystem to implement the 
herein described methods and processes. When such methods 
and processes are implemented, the state of data-holding 
subsystem 44 may be transformed (e.g., to hold different 
data). Data-holding subsystem 44 may include removable 
media and/or built-in devices. Data-holding subsystem 44 
may include optical memory devices, semiconductor 
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memory devices (e.g., RAM, EEPROM, ?ash, etc.), and/or 
magnetic memory devices, among others. Data-holding sub 
system 44 may include devices With one or more of the 

following characteristics: volatile, nonvolatile, dynamic, 
static, read/Write, read-only, random access, sequential 
access, location addressable, ?le addressable, and content 
addressable. In some embodiments, logic subsystem 42 and 
data-holding subsystem 44 may be integrated into one or 
more common devices, such as an application speci?c inte 
grated circuit or a system on a chip. 

[0037] FIG. 2 also shoWs an aspect of the data-holding 
subsystem in the form of computer-readable removable 
media 50, Which may be used to store and/or transfer data 
and/or instructions executable to implement the herein 
described methods and processes. 

[0038] Display subsystem 46 may be used to present a 
visual representation of data held by data-holding subsystem 
44. As the herein described methods and processes change the 
data held by the data-holding subsystem, and thus transform 
the state of the data-holding subsystem, the state of display 
subsystem 46 may likeWise be transformed to visually repre 
sent changes in the underlying data. As a nonlimiting 
example, the target recognition, tracking, and analysis 
described herein may be re?ected via display subsystem 46 in 
the form of a game character that changes poses in game 
space responsive to the movements of a game player in physi 
cal space. Display subsystem 46 may include one or more 
display devices utilizing virtually any type of technology. 
Such display devices may be combined With logic subsystem 
42 and/or data-holding subsystem 44 in a shared enclosure, or 
such display devices may be peripheral display devices, as 
shoWn in FIGS. 1A and 1B. 

[0039] Computing system 40 further includes a capture 
device 48 con?gured to obtain depth images of one or more 
targets. Capture device 48 may be con?gured to capture video 
With depth information via any suitable technique (e.g., time 
of-?ight, structuredlight, stereo image, etc.).As such, capture 
device 48 may include a depth camera, a video camera, stereo 
cameras, and/ or other suitable capture devices. 

[0040] For example, in time-of-?ight analysis, the capture 
device 48 may emit infrared light to the target and may then 
use sensors to detect the backscattered light from the surface 
of the target. In some cases, pulsed infrared light may be used, 
Wherein the time betWeen an outgoing light pulse and a cor 
responding incoming light pulse may be measured and used 
to determine a physical distance from the capture device to a 
particular location on the target. In some cases, the phase of 
the outgoing light Wave may be compared to the phase of the 
incoming light Wave to determine a phase shift, and the phase 
shift may be used to determine a physical distance from the 
capture device to a particular location on the target. 

[0041] In another example, time-of-?ight analysis may be 
used to indirectly determine a physical distance from the 
capture device to a particular location on the target by ana 
lyZing the intensity of the re?ected beam of light over time, 
via a technique such as shuttered light pulse imaging. 
[0042] In another example, structured light analysis may be 
utiliZed by capture device 48 to capture depth information. In 
such an analysis, patterned light (i.e., light displayed as a 
knoWn pattern such as grid pattern or a stripe pattern) may be 
projected onto the target. Upon striking the surface of the 
target, the pattern may become deformed in response, and this 
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deformation of the pattern may be studied to determine a 
physical distance from the capture device to a particular loca 
tion on the target. 
[0043] In another example, the capture device may include 
tWo or more physically separated cameras that vieW a target 
from different angles, to obtain visual stereo data. In such 
cases, the visual stereo data may be resolved to generate a 
depth image. 
[0044] In other embodiments, capture device 48 may utiliZe 
other technologies to measure and/or calculate depth values. 
Additionally, capture device 48 may organiZe the calculated 
depth information into “Z layers,” i.e., layers perpendicular to 
a Z axis extending from the depth camera along its line of 
sight to the vieWer. 
[0045] In some embodiments, tWo or more different cam 
eras may be incorporated into an integrated capture device. 
For example, a depth camera and a video camera (e.g., RGB 
video camera) may be incorporated into a common capture 
device. In some embodiments, tWo or more separate capture 
devices may be cooperatively used. For example, a depth 
camera and a separate video camera may be used. When a 
video camera is used, it may be used to provide target tracking 
data, con?rmation data for error correction of target tracking, 
image capture, face recognition, high-precision tracking of 
?ngers (or other small features), light sensing, and/or other 
functions. 
[0046] It is to be understood that at least some target analy 
sis and tracking operations may be executed by a logic 
machine of one or more capture devices. A capture device 
may include one or more onboard processing units con?gured 
to perform one or more target analysis and/ or tracking func 
tions. A capture device may include ?rmWare to facilitate 
updating such onboard processing logic. 
[0047] Computing system 40 may optionally include one or 
more input devices, such as controller 52 and controller 54. 
Input devices may be used to control operation of the com 
puting system. In the context of a game, input devices, such as 
controller 52 and/or controller 54 can be used to control 
aspects of a game not controlled via the target recognition, 
tracking, and analysis methods and procedures described 
herein. In some embodiments, input devices such as control 
ler 52 and/ or controller 54 may include one or more of accel 

erometers, gyroscopes, infrared target/sensor systems, etc., 
Which may be used to measure movement of the controllers in 
physical space. In some embodiments, the computing system 
may optionally include and/or utiliZe input gloves, key 
boards, mice, track pads, trackballs, touch screens, buttons, 
sWitches, dials, and/ or other input devices. As Will be appre 
ciated, target recognition, tracking, and analysis may be used 
to control or augment aspects of a game, or other application, 
conventionally controlled by an input device, such as a game 
controller. In some embodiments, the target tracking 
described herein can be used as a complete replacement to 
other forms of user input, While in other embodiments such 
target tracking can be used to complement one or more other 
forms of user input. 
[0048] Computing system 40 may be con?gured to perform 
the target tracking methods described herein. HoWever, it 
shouldbe understoodthat computing system 40 is provided as 
a nonlimiting example of a device that may perform such 
target tracking. Other devices are Within the scope of this 
disclosure. 
[0049] Computing system 40, or another suitable device, 
may be con?gured to represent each target With a model. As 
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described in more detail below, information derived from 
such a model can be compared to information obtained from 
a capture device, such as a depth camera, so that the funda 
mental proportions or shape of the model, as Well as its 
current pose, can be adjusted to more accurately represent the 
modeled target. The model may be represented by one or 
more polygonal meshes, by a set of mathematical primitives, 
and/ or via other suitable machine representations of the mod 
eled target. 
[0050] FIG. 3 shoWs a nonlimiting visual representation of 
an example body model 70. Body model 70 is a machine 
representation of a modeled target (e. g., game player 18 from 
FIGS. 1A and 1B). The body model may include one or more 
data structures that include a set of variables that collectively 
de?ne the modeled target in the language of a game or other 
application/operating system. 
[0051] A model of a target can be variously con?gured 
Without departing from the scope of this disclosure. In some 
examples, a model may include one or more data structures 
that represent a target as a three-dimensional model compris 
ing rigid and/ or deformable shapes, or body parts. Each body 
part may be characteriZed as a mathematical primitive, 
examples of Which include, but are not limited to, spheres, 
anisotropically-scaled spheres, cylinders, anisotropic cylin 
ders, smooth cylinders, boxes, beveled boxes, prisms, and the 
like. 
[0052] For example, body model 70 of FIG. 3 includes 
body parts bp1 through bp14, each of Which represents a 
different portion of the modeled target. Each body part is a 
three-dimensional shape. For example, bp3 is a rectangular 
prism that represents the left hand of a modeled target, and 
bp5 is an octagonal prism that represents the left upper-arm of 
the modeled target. Body model 70 is exemplary in that a 
body model may contain any number of body parts, each of 
Which may be any machine-understandable representation of 
the corresponding part of the modeled target. 
[0053] A model including tWo or more body parts may also 
include one or more joints. Each joint may alloW one or more 
body parts to move relative to one or more other body parts. 
For example, a model representing a human target may 
include a plurality of rigid and/or deformable body parts, 
Wherein some body parts may represent a corresponding ana 
tomical body part of the human target. Further, each body part 
of the model may comprise one or more structural members 
(i.e., “bones”), With joints located at the intersection of adja 
cent bones. It is to be understood that some bones may cor 
respond to anatomical bones in a human target and/ or some 
bones may not have corresponding anatomical bones in the 
human target. 
[0054] The bones and joints may collectively make up a 
skeletal model, Which may be a constituent element of the 
model. The skeletal model may include one or more skeletal 
members for each body part and a joint betWeen adjacent 
skeletal members. Exemplary skeletal model 80 and exem 
plary skeletal model 82 are shoWn in FIGS. 4 and 5, respec 
tively. FIG. 4 shoWs a skeletal model 80 as vieWed from the 
front, With joints j1 through j33. FIG. 5 shoWs a skeletal 
model 82 as vieWed from a skeWed vieW, also With joints j1 
through j33. Skeletal model 82 further includes roll joints j34 
through j47, Where each roll joint may be utiliZed to track 
axial roll angles. For example, an axial roll angle may be used 
to de?ne a rotational orientation of a limb relative to its parent 
limb and/or the torso. For example, if a skeletal model is 
illustrating an axial rotation of an arm, roll joint j40 may be 
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used to indicate the direction the associated Wrist is pointing 
(e.g., palm facing up). Thus, Whereas joints can receive forces 
and adjust the skeletal model, as described beloW, roll joints 
may instead be constructed and utiliZed to track axial roll 
angles. More generally, by examining an orientation of a limb 
relative to its parent limb and/ or the torso, an axial roll angle 
may be determined. For example, if examining a loWer leg, 
the orientation of the loWer leg relative to the associated upper 
leg and hips may be examined in order to determine an axial 
roll angle. 
[0055] As described above, some models may include a 
skeleton and/ or body parts that serve as a machine represen 
tation of a modeled target. In some embodiments, a model 
may alternatively or additionally include a Wireframe mesh, 
Which may include hierarchies of rigid polygonal meshes, 
one or more deformable meshes, or any combination of the 
tWo. As a nonlimiting example, FIG. 6 shoWs a model 90 
including a plurality of triangles (e. g., triangle 92) arranged in 
a mesh that de?nes the shape of the body model. Such a mesh 
may include bending limits at each polygonal edge. When a 
mesh is used, the number of triangles, and/or other polygons, 
that collectively constitute the mesh can be selected to 
achieve a desired balance betWeen quality and computational 
expense. More triangles may provide higher quality and/or 
more accurate models, While feWer triangles may be less 
computationally demanding. A body model including a 
polygonal mesh need not include a skeleton, although it may 
in some embodiments. 

[0056] The above described body part models, skeletal 
models, and polygonal meshes are nonlimiting example types 
of models that may be used as machine representations of a 
modeled target. Other models are also Within the scope of this 
disclosure. For example, some models may include patches, 
non-uniform rational B-splines, subdivision surfaces, or 
other high-order surfaces. A model may also include surface 
textures and/or other information to more accurately repre 
sent clothing, hair, and/ or other aspects of a modeled target. A 
model may optionally include information pertaining to a 
current pose, one or more past poses, and/or model physics. It 
is to be understood that any model that can be posed and then 
rasteriZed to (or otherWise rendered to or expressed by) a 
synthesiZed depth image, is compatible With the herein 
described target recognition, analysis, and tracking. 
[0057] As mentioned above, a model serves as a represen 
tation of a target, such as game player 18 in FIGS. 1A and 1B. 
As the target moves in physical space, information from a 
capture device, such as depth camera 20 in FIGS. 1A and 1B, 
can be used to adjust a pose and/ or the fundamental siZe/ shape 
of the model so that it more accurately represents the target. 
As an example, a model ?tting approach may apply one or 
more forces to one or more force-receiving aspects of the 
model to adjust the model into a pose that more closely 
corresponds to the pose of the target in physical space. 
Depending on the type of model that is being used, the force 
may be applied to a joint, a centroid of a body part, a vertex of 
a triangle, or any other suitable force-receiving aspect of the 
model. Furthermore, in some embodiments, tWo or more 
different calculations may be used When determining the 
direction and/or magnitude of the force. As described in more 
detail beloW, differences betWeen an observed image of the 
target, as retrieved by a capture device, and a rasteriZed (i.e., 
synthesiZed) image of the model may be used to determine the 
forces that are applied to the model in order to adjust the body 
into a different pose. 
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[0058] FIG. 7 shows a How diagram of an example method 
100 of tracking a target using a model (e.g., body model 70 of 
FIG. 3) and a model ?tting approach. In some embodiments, 
the target may be a human, and the human may be one of tWo 
or more targets being tracked. As such, in some embodiments, 
method 100 may be executed by a computing system (e.g., 
gaming system 12 shoWn in FIG. 1 and/or computing system 
40 shoWn in FIG. 2) to track one or more players interacting 
With an electronic game being played on the computing sys 
tem. As introduced above, tracking of the players alloWs 
physical movements of those players to act as a real-time user 
interface that adjusts and/or controls parameters of the elec 
tronic game. For example, the tracked motions of a player 
may be used to move an on-screen character or avatar in an 

electronic role-playing game. In another example, the tracked 
motions of a player may be used to control an on-screen 
vehicle in an electronic racing game. In yet another example, 
the tracked motions of a player may be used to control the 
building or organiZation of objects in a virtual environment. 
[0059] At 102, method 100 includes receiving an observed 
depth image of the target from a source. In some embodi 
ments, the source may be a depth camera con?gured to obtain 
depth information about the target via a suitable technique 
such as time-of-?ight analysis, structured light analysis, ste 
reo vision analysis, or other suitable techniques. The 
observed depth image may include a plurality of observed 
pixels, Where each observed pixel has an observed depth 
value. The observed depth value includes depth information 
of the target as vieWed from the source. FIG. 8 shoWs a visual 
representation of an exemplary observed depth image 140. As 
shoWn, observed depth image 140 captures an exemplary 
observed pose of a person (e.g., game player 18) standing 
With his arms raised. 

[0060] As shoWn at 104 of FIG. 7, upon receiving the 
observed depth image, method 100 may optionally include 
doWnsampling the observed depth image to a loWer process 
ing resolution. DoWnsampling to a loWer processing resolu 
tion may alloW the observed depth image to be more easily 
utiliZed and/or more quickly processed With less computing 
overhead. 

[0061] As shoWn at 106, upon receiving the observed depth 
image, method 100 may optionally include removing non 
player background elements from the observed depth image. 
Removing such background elements may include separating 
various regions of the observed depth image into background 
regions and regions occupied by the image of the target. 
Background regions can be removed from the image or iden 
ti?ed so that they can be ignored during one or more subse 
quent processing steps. Virtually any background removal 
technique may be used, and information from tracking (and 
from the previous frame) can optionally be used to assist and 
improve the quality of background-removal. As one nonlim 
iting example, a sphere, other geometric shape, and/ or buffer, 
may be de?ned around a target using extremities of the target 
(e. g., head, feet, hands, etc.) to set the siZe and position of the 
sphere. Observed depth values Within the sphere and/or a 
buffer, are considered in subsequent processing steps, While 
observed depth values outside of the sphere may be at least 
temporarily ignored as being part of the background and not 
part of the target. 
[0062] As shoWn at 108, upon receiving the observed depth 
image, method 100 may optionally include removing and/or 
smoothing one or more high-variance and/or noisy depth 
values from the observed depth image. Such high-variance 
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and/or noisy depth values in the observed depth image may 
result from a number of different sources, such as random 
and/or systematic errors occurring during the image captur 
ing process, defects and/ or aberrations resulting from the 
capture device, etc. Since such high-variance and/or noisy 
depth values may be artifacts of the image capturing process, 
including these values in any future analysis of the image may 
skeW results and/or sloW calculations. Thus, removal of such 
values may provide better data integrity for future calcula 
tions. 
[0063] Other depth values may also be ?ltered. For 
example, the accuracy of groWth operations described beloW 
With reference to step 118 may be enhanced by selectively 
removing pixels satisfying one or more removal criteria. For 
instance, if a depth value is halfWay betWeen a hand and the 
torso that the hand is occluding, removing this pixel can 
prevent groWth operations from spilling from one body part 
onto another during subsequent processing steps. 
[0064] As shoWn at 110, method 100 may optionally 
include ?lling in and/or reconstructing portions of missing 
and/or removed depth information. Such back?lling may be 
accomplished by averaging nearest neighbors, ?ltering, and/ 
or any other suitable method. 

[0065] As shoWn at 112 of FIG. 7, method 100 may include 
obtaining and/or re?ning a posed model of the target (e.g., 
body model 70 of FIG. 3). As described above, the model may 
include one or more polygonal meshes, one or more math 

ematical primitives, one or more high-order surfaces, and/or 
other features used to provide a machine representation of the 
target. Furthermore, the model may exist as an instance of one 
or more data structures existing on a computing system. 

[0066] As indicated at 11211, one or more body scans can be 
used to ?nd a suitable model. According to an example 
embodiment, portions of the depth image may be ?ood ?lled 
and compared to one or more patterns to determine Whether 
the target(s) may be human target(s). As an example, a model 
may be selected by one or more algorithms that are con?gured 
to analyZe a depth image and identify, at a coarse level, Where 
the target(s) of interest (e.g., human(s)) are located and/or the 
siZe of such target(s). If one or more of the targets in the depth 
image includes a human target, the human target may be 
systematically scanned to identify likely body parts and/or 
joints. A model of the human target may then be generated 
based on the scan. For example, the relative length of different 
skeletal members and/or the siZe/volume of different body 
parts may be determined. In some embodiments, the model 
may be obtained from a database and/or other program 
including one or more models. This type of body scanning 
may be performed over one or more frames. 

[0067] As indicated at 112b, exemplar pose determination 
algorithms can be used to obtain an exemplar pose of the 
model during an initial iteration or Whenever it is believed that 
the algorithm can select a pose more accurate than the pose 
calculated/obtained during a previous time step (e.g., via a 
previous model ?tting or exemplar pose determination). The 
exemplar method focuses on matching poses of a target (e. g., 
human) against a prior-trained collection of knoWn poses. 
The exemplar approach can ?nd an exemplar pose Without 
any prior context (i.e., knoWledge of the prior frame is not 
needed). 
[0068] In some embodiments, the exemplar algorithms 
may utiliZe one or more decision trees to analyZe each pixel of 
interest in an observed depth image. Such analysis can ?nd a 
best-guess of the body part for that pixel and the con?dence 
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that the best-guess is correct. At each node of the decision 
tree, an observed depth value comparison betWeen tWo pixels 
is made, and, depending on the result of the comparison, a 
subsequent depth value comparison betWeen tWo other pixels 
is made at the child node of the decision tree. The result of 
such comparisons at each node determines the pixels that are 
to be compared at the next node. The terminal nodes of each 
decision tree result in a body part classi?cation and associated 
con?dence in the classi?cation. The relative joint positions of 
the model and associated con?dences in joint position may be 
determined in this Way. 
[0069] In some embodiments, subsequent decision trees 
may be used to iteratively re?ne the best-guess of the body 
part for each pixel and the con?dence that the best-guess is 
correct. For example, once the pixels have been classi?ed 
With the ?rst classi?er tree (based on neighboring depth val 
ues), a re?ning classi?cation may be performed to classify 
each pixel by using a second decision tree that looks at the 
previous classi?ed pixels and/or depth values. A third pass 
may also be used to further re?ne the classi?cation of the 
current pixel by looking at the previous classi?ed pixels and/ 
or depth values. It is to be understood that virtually any 
number of iterations may be performed, With feWer iterations 
resulting in less computational expense and more iterations 
potentially offering more accurate classi?cations and/or con 
?dences. 
[0070] The decision trees may be constructed during a 
training mode in Which a sample of knoWn models in knoWn 
poses are analyZed to determine the questions (i.e., tests) that 
can be asked at each node of the decision trees in order to 
produce accurate pixel classi?cations. 
[0071] In some embodiments of method 100, the model 
may be a posed model obtained from a previous time step, as 
indicated at 1120. For example, if method 100 is performed 
continuously, a posed model resulting from a previous itera 
tion of method 100, corresponding to a previous time step, 
may be obtained. 
[0072] Even if a model from a previous time step is avail 
able, a model obtained from an exemplar algorithm or data 
base may be chosen over a model obtained from the model 
?tting approach. For example, a model from exemplar may be 
used after a certain number of frames, if the target has 
changed poses by more than a predetermined threshold, if the 
model obtained via exemplar is judged to be more accurate 
than the model obtained via model ?tting, if a con?dence in 
the model obtained via exemplar is above a predetermined 
threshold, and/ or according to other criteria. This is described 
further With reference to FIGS. 13 and 14. 

[0073] In some embodiments, additional analysis may be 
performed in order to establish a relative con?dence in a pose. 
For example, a hand-identifying algorithm may be used to 
determine the position of a human target’s hands. The hand 
position of a model obtained via exemplar and the hand 
position of a model obtained via model ?tting may be com 
pared to the hand position obtained via the hand-identifying 
algorithm. This determination can be used to bias the selec 
tion of the pose obtained via exemplar or the pose obtained via 
model ?tting. For example, if hand position from the hand 
identifying algorithm closely matches hand position from 
model ?tting but not hand position from exemplar, selection 
may be biased toWard the model obtained via model ?tting. 
[0074] In other embodiments, the model, or portions 
thereof, may be synthesiZed. For example, if the target’s body 
core (torso, midsection, and hips) are represented by a 
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deformable polygonal model, that model may be originally 
constructed using the contents of an observed depth image, 
Where the outline of the target in the image (i.e., the silhou 
ette) may be used to shape the mesh in the X andY dimen 
sions. Additionally, in such an approach, the observed depth 
value(s) in that area of the observed depth image may be used 
to “mold” the mesh in the XY direction, as Well as in the Z 
direction, of the model to more favorably represent the tar 
get’s body shape. 
[0075] Method 100 may further include representing any 
clothing appearing on the target using a suitable approach. 
Such a suitable approach may include adding to the model 
auxiliary geometry in the form of primitives or polygonal 
meshes, and optionally adjusting the auxiliary geometry 
based on poses to re?ect gravity, cloth simulation, etc. Such 
an approach may facilitate molding the models into more 
realistic representations of the targets. 
[0076] As shoWn at 114, method 100 may optionally com 
prise applying a momentum algorithm to the model. Because 
the momentum of various parts of a target may predict change 
in an image sequence, such an algorithm may assist in obtain 
ing the pose of the model. The momentum algorithm may use 
a trajectory of each of the joints or vertices of a model over a 
?xed number of a plurality of previous frames to assist in 
obtaining the model. 
[0077] In some embodiments, knoWledge that different 
portions of a target can move a limited distance in a time 
frame (e.g., 1/30th or 1/60th ofa second) can be used as a con 
straint in obtaining a model. Such a constraint may be used to 
rule out certain poses When a prior frame is knoWn. 
[0078] At 116 of FIG. 7, method 100 may also include 
rasteriZing the model into a synthesiZed depth image having a 
rasteriZed pose. RasteriZation alloWs the model described by 
mathematical primitives, polygonal meshes, or other objects 
to be converted into a synthesiZed depth image described by 
a plurality of pixels. 
[0079] RasteriZing may be carried out using one or more 
different techniques and/ or algorithms. For example, raster 
iZing the model may include projecting a representation of the 
model onto a tWo-dimensional plane. In the case of a model 
including a plurality of body-part shapes (e.g., body model 70 
of FIG. 3), rasteriZing may include projecting and rasteriZing 
the collection of body-part shapes onto a tWo-dimensional 
plane. For each pixel in the tWo dimensional plane onto Which 
the model is projected, various different types of information 
may be stored. 
[0080] FIG. 9 shoWs a visual representation 150 of an 
exemplary synthesiZed depth image corresponding to body 
model 70 of FIG. 3. FIG. 10 shoWs a pixel matrix 160 ofa 
portion of the same synthesiZed depth image. As indicated at 
170, each synthesiZed pixel in the synthesiZed depth image 
may include a synthesiZed depth value. The synthesiZed 
depth value for a given synthesiZed pixel may be the depth 
value from the corresponding part of the model that is repre 
sented by that synthesiZed pixel, as determined during raster 
iZation. In other Words, if a portion of a forearm body part 
(e.g., forearm body part bp4 of FIG. 3) is projected onto a 
tWo-dimensional plane, a corresponding synthesiZed pixel 
(e.g., synthesiZed pixel 162 of FIG. 10) may be given a syn 
thesiZed depth value (e.g., synthesiZed depth value 164 of 
FIG. 10) equal to the depth value of that portion of the forearm 
body part. In the illustrated example, synthesiZed pixel 162 
has a synthesiZed depth value of 382 cm. LikeWise, if a 
neighboring hand body part (e.g., hand body part bp3 ofFIG. 


















