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1
SYSTEM AND METHOD FOR
HIGH-PRECISION 3-DIMENSIONAL AUDIO
FOR AUGMENTED REALITY

BACKGROUND

It is well known that humans have the ability to recognize
the source of a sound using their ears even without any visual
cues. Humans estimate the location of a source by taking cues
derived from one ear, and by comparing cues received at both
ears (difference cues or binaural cues). Among the difference
cues are time differences of arrival and intensity differences.
The monaural cues come from the interaction between the
sound source and the human anatomy, in which the original
source sound is modified before it enters the ear canal for
processing by the auditory system.

In a real-world situation the sound actually emanates from
a particular location. It can be desirable to enable the listener
to perceive that sound produced by audio-speakers appears to
come from a particular location in 3-dimensional space. One
possible technique involves having the user wear “head-
phones,” also referred to as a “headset.” That is, one audio-
speaker is placed over or near each ear. This technique may
employ creating an audio signal using a “head-related trans-
fer function” (HRTF) to create the illusion that sound is
originating from a location in 3D space. Herein, an audio
signal that creates the illusion that sound is coming from a
location in 3D space is referred to as a 3D audio signal.

An HRTF may be defined based on the difference between
a sound in free air and the sound as it arrives at the eardrum.
The HRTF describes how a given sound wave input (param-
eterized as frequency and source location) is filtered by the
diffraction and reflection properties of the head and pinna,
before the sound reaches the eardrum and inner ear. An HRTF
may be closely related to the shape of a person’s head and
physical characteristics of their ears. Therefore, the HRTF
can vary significantly from one human to the next. Thus,
while HRTF’s may be used to help create a 3D audio signal,
challenges remain in tailoring the HRTF to each user.

One possible use of 3D audio is in augmented reality sce-
narios. Augmented reality may be defined as using some
computer generated technique to augment a real world situ-
ation. Augmented reality, as well as other 3D applications,
requires accurate 3-D audio. For example, a user should be
able to accurately localize a sound as coming from a virtual
sound source.

While techniques for 3D audio may exist, improvements
are desired. As already noted, one improvement is to provide
an accurate HRTF for the user. However, other improvements
are also desired. A 3D audio signal should be accurate, con-
sumer friendly, cost effective, and compatible with existing
audio systems.

SUMMARY

Techniques are provided for providing 3D audio. The 3D
audio may be used in augmented reality, but that is not
required. Techniques disclosed herein are accurate, cost
effective, user friendly, and compatible with existing audio
systems. Techniques may use one or more sensors to collect
real world data describing the environment (e.g., room) that a
listener is in, as well as the listener’s location in the room. A
realistic 3D audio signal may be generated based on the data
collected from the sensors. One option is to use sensors to
collect data that describes physical characteristics of the lis-
tener (e.g., head and pinna shape and size) in order to deter-
mine a suitable HRTF for that listener.
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One embodiment includes a method comprising determin-
ing physical characteristics of a room based on sensor data,
determining a location of a listener in the room, and deter-
mining a 3D audio signal based on the physical characteris-
tics of the room and the location of the listener in the room.

One embodiment includes an apparatus comprising one or
more sensors, a processor, and a computer readable storage
medium. The computer readable storage medium has instruc-
tions stored thereon which, when executed on the processor,
cause the processor to collect data pertaining to an environ-
ment and a listener using the sensors. The processor deter-
mines physical characteristics of the environment and a loca-
tion of a listener in the environment based on the sensor data.
The processor determines different components ofa 3D audio
signal based on the physical characteristics of the environ-
ment and the location of the listener in the environment. The
processor applies a head related transfer function (HRTF) for
the listener to each of the components of the 3D audio signal,
and provides the 3D audio signal.

One embodiment includes a method for providing a 3D
audio signal. The method may include collecting sensor data
that may include depth information. Physical parameters of a
listener are determined based on the depth information. A
head related transfer function (HRTF) may be determined
based on a library of HRTFs—this determining may be on the
physical parameters of the listener. Sensor data that includes
depth information pertaining to a room may be collected.
Physical parameters of the room may be determined based on
that depth information. A location of the listener may be
determined in the room. Sound paths between a virtual sound
source and the listener may be determined based on the physi-
cal parameters of the room and the location of the listener in
the room. Based on the physical parameters of the room, a
component of a 3D audio signal may be determined for each
of'the sound paths. The HRTF for the listener may be applied
to each of the components of the 3D audio signal, and the 3D
audio signal may be provided.

This summary is provided to introduce a selection of con-
cepts in a simplified form that are further described below in
the 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.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an example embodiment of a motion capture
system.

FIG. 2 depicts an example block diagram of the motion
capture system of FIG. 1.

FIG. 3 is a flowchart of one embodiment of a process of
providing a 3D audio signal.

FIG. 4A depicts a flow diagram of a process of determining
a model of a room.

FIG. 4B depicts a flowchart of one embodiment of a pro-
cess of building a room model based on virtual characteristics
and real characteristics.

FIG. 5A is a flowchart of one embodiment of a process of
determining audio components for a 3D audio signal.

FIG. 5B depicts a top view of a room to illustrate possible
sound paths in 2-dimensions.

FIG. 6 depicts a flow diagram of a process of determining
a listeners’ location and rotation in the room.

FIG. 7 depicts one embodiment of a process of determining
an HRTF for a particular listener.
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FIG. 8 depicts a flowchart of one embodiment of a process
of selecting an HRTF for a listener based on detailed charac-
teristics that were previously collected.

FIG. 9 is a flowchart depicting one embodiment of a pro-
cess of modifying the room model based on such data.

FIG. 10 depicts a block diagram of one embodiment of
generating a 3D audio signal.

FIG. 11 depicts an example block diagram of a computing
environment that may be used in the motion capture system of
FIG. 1.

FIG. 12 depicts another example block diagram of'a com-
puting environment that may be used in the motion capture
system of FIG. 1.

DETAILED DESCRIPTION

Techniques are provided for providing 3D audio. The 3D
audio may be used to augment reality, but other uses are
possible. Techniques disclosed herein are accurate, cost
effective, user friendly, and compatible with existing audio
systems. A 3D audio signal may be generated based on sensor
data collected from the actual room in which the listener is
located and the actual position of the listener in the room. The
audio signal may represent a “virtual sound” that represents a
sound coming from some specific location in 3D space. This
location might represent some object being displayed on a
video screen, or even a real physical object in the listener’s
room. In some embodiments, the 3D audio signal is provided
to the listener through a set of headphones. The 3D audio
signal may include a number of components that are deter-
mined based on the collected sensor data and the listener’s
location. For example, locations of walls and furniture may be
determined from the sensor data. A number of (virtual) sound
paths between a virtual sound source and the listener may also
be determined. The sensor data may be used to estimate
materials in the room, such that the effect that those materials
would have on sound as it travels along the paths can be
determined. In some embodiments, sensor data may be ana-
lyzed to determine physical characteristics of the listener
such that a suitable HRTF may be determined from a library
of HRTFs. The HRTF for the listener may be applied to the
different components of the 3D audio signal. Other details are
discussed below.

In some embodiments, generating a 3D audio signal is used
in a motion capture system. Therefore, an example motion
capture system will be described. However, it will be under-
stood that technology described herein is not limited to a
motion capture system. FIG. 1 depicts an example of a motion
capture and 3D audio system 10 in which a person in a room
(or other environment) interacts with an application. The
motion capture and 3D audio system 10 includes a display
196, a depth camera system 20, and a computing environment
or apparatus 12. The depth camera system 20 may include an
image camera component 22 having a light transmitter 24,
light sensor 25, and a red-green-blue (RGB) camera 28. In
one embodiment, the light transmitter 24 emits a collimated
light beam. Examples of collimated light include, but are not
limited to, Infrared (IR) and laser. In one embodiment, the
light transmitter 24 is an LED. Light that reflects off from the
listener 8, objects 33, walls 35, etc. in the field of view 6 is
detected by the light sensor 25. In some embodiments, the
system 10 uses this information to determine how to generate
a 3D audio signal. Other information describing the room,
such as RGB information (discussed below) may be used to
determine how to generate the 3D audio signal.

A user, also referred to as a listener, stands in a field of view
6 of the depth camera system 20. The listener 8 is wearing
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headphones 27 through which the 3D audio sound may be
provided. In this example, the headphones 27 include two
audio speakers 37, one of which is worn over or next to each
ear. The system 10 may provide the 3D audio signal, which
drives the audio speakers 37. The 3D audio signal may be
provided using a wireless or wireline connection. In some
embodiment, the system 10 provides the 3D audio signal to
another component, such as a high fidelity stereo system,
HDTYV, etc.

To the listener 8, the sound in the 3D audio signal may
appear to be originating from some virtual sound source 29.
As one example, the virtual sound source 29a could be an
object being displayed on the display 196. However, the vir-
tual sound source 29a could correspond to some real object
295 in the room. For example, the user might be instructed to
place a gnome on a desk in front of them, wherein the system
10 may make it seem to the user that the gnome is talking to
them (as a result of the 3D audio played through the head-
phones 27). The virtual sound source 29 might even seem to
originate from outside of the room.

In some embodiments, the user “wears” one or more
microphones 31, which may be used by the system 10 to
determine acoustic properties of the room to provide a more
realistic 3D audio signal. In this example, the microphones 31
are located on the headphones 27, but the user could “wear”
the microphones 31 in another location. In some embodi-
ments, the user “wears” one or more inertial sensors 38,
which may be used by the system 10 to determine location
and rotation of the listener 8. In this example, the inertial
sensor 38 is located on the user’s head but the user could
“wear” the inertial sensor 38 in another location. For
example, the inertial sensor 38 could be integrated into the
headphones 27. In some embodiments, the user 8 may carry a
camera, which may be used to provide the system 10 with
depth and/or RGB information similar to that generated by
the depth camera system 20.

Lines 2 and 4 denote a boundary of the field of view 6. A
Cartesian world coordinate system may be defined which
includes a z-axis which extends along the focal length of the
depth camera system 20, e.g., horizontally, a y-axis which
extends vertically, and an x-axis which extends laterally and
horizontally. Note that the perspective of the drawing is modi-
fied as a simplification, as the display 196 extends vertically
in the y-axis direction and the z-axis extends out from the
depth camera system 20, perpendicular to the y-axis and the
x-axis, and parallel to a ground surface on which the user
stands.

Generally, the motion capture system 10 is used to recog-
nize, analyze, and/or track an object. The computing environ-
ment 12 can include a computer, a gaming system or console,
or the like, as well as hardware components and/or software
components to execute applications.

The depth camera system 20 may include a camera which
is used to visually monitor one or more objects 8, such as the
user, such that gestures and/or movements performed by the
user may be captured, analyzed, and tracked to perform one or
more controls or actions within an application, such as select-
ing a menu item in a user interface (UI).

The motion capture system 10 may be connected to an
audiovisual device such as the display 196, e.g., a television,
amonitor, a high-definition television (HDTV), or the like, or
even a projection on a wall or other surface, that provides a
visual and audio output to the user. An audio output can also
be provided via a separate device. Note that the 3D audio
signal is typically provided through the headphones 27. To
drive the display, the computing environment 12 may include
a video adapter such as a graphics card and/or an audio
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adapter such as a sound card that provides audiovisual signals
associated with an application. The display 196 may be con-
nected to the computing environment 12 via, for example, an
S-Video cable, a coaxial cable, an HDMI cable, a DVI cable,
a VGA cable, or the like.

FIG. 2 depicts an example block diagram of the motion
capture and 3D audio system 10 of FIG. 1. The system 10
includes a depth camera system 20 and a computing environ-
ment 12. In this embodiment, the computing environment 12
has 3D audio generation 195. The computing environment 12
inputs depth information and RGB information from the
depth camera system 20 and outputs a 3D audio signal to the
audio amplifier 197. The audio amplifier 197 might be part of
a separate device such as an HDTYV, stereo system, etc. The
3D audio generation 195 may be implemented by executing
instructions on the processor 192. Note that hardware
executed implementations, as well as mixed software/hard-
ware implementations, are also possible.

The depth camera system 20 may be configured to generate
a depth image that may include depth values. The depth
camera system 20 may organize the depth image into “Z
layers,” or layers that may be perpendicular to a Z-axis
extending from the depth camera system 20 along its line of
sight. The depth image may include a two-dimensional (2-D)
pixel area of the captured scene, where each pixel in the 2-D
pixel area has an associated depth value which represents
either a linear distance from the image camera component 22
(radial distance) or the Z component of the 3D location
viewed by the pixel (perpendicular distance).

The image camera component 22 may include a light trans-
mitter 24 and one or more light sensors 25 to capture intensity
of light that reflect off from objects in the field of view. For
example, depth camera system 20 may use the light transmit-
ter 24 to emit light onto the physical space and use light sensor
25 to detect the reflected light from the surface of one or more
objects in the physical space. In some embodiments, depth
values are determined based on the intensity of light. For
example, over time more and more photons reach a given
pixel. After a collection period, the intensity of light at each
pixel is sampled. The depth values in the depth image may be
determined based on the intensity of light at each pixel. In
some embodiments, the light transmitter 24 transmits pulsed
infrared light. In some embodiments, the light is modulated at
desired frequency.

The red-green-blue (RGB) camera 28 may be used to cap-
ture a visible light image. The depth camera system 20 may
further include a microphone 30 which includes, e.g., a trans-
ducer or sensor that receives and converts sound waves into an
electrical signal. Additionally, the microphone 30 may be
used to receive audio signals such as sounds that are provided
by a person to control an application that is run by the com-
puting environment 12. The audio signals can include vocal
sounds of the person such as spoken words, whistling, shouts
and other utterances as well as non-vocal sounds such as
clapping hands or stomping feet. In some embodiments, the
microphone 30 is a microphone array, which may have any
number of microphones running together. As noted in FIG. 1,
there may also be one or more microphones 31 worn by the
user 8. The output of those microphones 31 may be provided
to computing environment 12 for use by 3D audio generation
195. If desired, the output of microphone 30 could also be
used by 3D audio generation 195.

The depth camera system 20 may include a processor 32
that is in communication with the image camera component
22. The processor 32 may include a standardized processor, a
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specialized processor, a microprocessor, or the like that may
execute instructions including, for example, instructions for
generating a 3D audio signal.

The depth camera system 20 may further include a memory
component 34 that may store instructions that are executed by
the processor 32, as well as storing images or frames of
images captured by the RGB camera, or any other suitable
information, images, or the like. According to an example
embodiment, the memory component 34 may include ran-
dom access memory (RAM), read only memory (ROM),
cache, flash memory, a hard disk, or any other suitable tan-
gible computer readable storage component. The memory
component 34 may be a separate component in communica-
tion with the image capture component 22 and the processor
32 via a bus 21. According to another embodiment, the
memory component 34 may be integrated into the processor
32 and/or the image capture component 22.

The depth camera system 20 may be in communication
with the computing environment 12 via a communication link
36. The communication link 36 may be a wired and/or a
wireless connection. According to one embodiment, the com-
puting environment 12 may provide a clock signal to the
depth camera system 20 via the communication link 36 that
indicates when to capture image data from the physical space
which is in the field of view of the depth camera system 20.

Additionally, the depth camera system 20 may provide the
depth information and images captured by the RGB camera
28 to the computing environment 12 via the communication
link 36. The computing environment 12 may then use the
depth information, and captured images to control an appli-
cation. For example, as shown in FIG. 2, the computing
environment 12 may include a gestures library 190, such as a
collection of gesture filters, each having information concern-
ing a gesture that may be performed (as the user moves). For
example, a gesture filter can be provided for various hand
gestures, such as swiping or flinging of the hands. By com-
paring a detected motion to each filter, a specified gesture or
movement which is performed by a person can be identified.
An extent to which the movement is performed can also be
determined.

The computing environment may also include a processor
192 for executing instructions which are stored in a memory
194 to provide audio-video output signals to the display
device 196 and to achieve other functionality.

FIG. 3 is a flowchart of one embodiment of a process 300
of providing a 3D audio signal. Process 300 may be imple-
mented within system 10, but a different system could be
used. In step 301, sensor data is collected. The sensor data
could include, but is not limited to, depth information, RGB
data, and audio data. For example, the depth camera system
20 could be used to collect light that it transmitted (using light
transmitter 24) with light sensor 25. The RGB camera 28
could also be used. In one embodiment, one or more micro-
phones 31 worn by the user 8 are used to collect sensor data.
The microphone 30 in the depth camera system 20 might also
be used. In one embodiment, the user 8 holds a camera and
moves it around to collect sensor data about the room. This
data could include depth information and RGB data.

In step 302, physical characteristics of the room or other
environment in which the listener is present are determined
based on the sensor data. The sensor data can be used to
determine information such as where the walls and various
objects are located. Also, the sensor data might be used to
estimate materials in the room. For example, the sensor data
might be used to determine whether the floor is hardwood or
carpeted.
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In step 304, the listener’s location in the room is deter-
mined. In one embodiment, the listener’s location is deter-
mined using sensor data. For example, the sensor data col-
lected in step 302 might be used to determine the listener’s
location.

In step 306, a 3D audio signal is determined based on the
listener’s location in the room and one or more of the physical
characteristics of the room. As one example, a number of
sound paths between a virtual sound source and the listener
can be determined. Furthermore, the physical characteristics
of the room can be factored in. As one example, a sound
reflecting off from a hardwood floor will be different than a
sound reflecting from a carpet. Therefore, this may be fac-
tored in for a sound path having such a path. In some embodi-
ments, an HRTF for the listener is applied to form the 3D
audio signal. In some embodiments, the HRTF for the listener
is determined based on sensor determined characteristics. For
example, the sensors in the image camera component 20 may
capture depth and/or RGB data. There may be a library of
HRTFs from which a suitable one is selected (or otherwise
determined) based on a matching process.

In step 308, the 3D audio signal is provided. For example,
the 3D audio signal is provided to an audio amplifier 197,
which is used to drive the headphones 27. Note that process
300 may repeat by collecting more sensor data (step 301),
re-determine physical characteristics of room (step 302), re-
determining the listener’s location (step 304), etc. However, it
is not required that all steps be repeated continuously. For
example, process 300 might re-determine the room charac-
teristics at any desired interval. Certain information might be
expected to remain the same (e.g., locations of walls). How-
ever, other room information, such as locations of objects
might change over time. Since the listener’s location might
change quite frequently, it might be carefully tracked.

FIG. 4A depicts a flow diagram of one embodiment of a
process 400 of determining a model of the room. Process 400
may be used in steps, 301 302 and 306 of process 300. For
example, the model may be built from sensor data collected in
step 301 and used to determine the audio components in step
306. In step 402, a depth image of one or more objects in the
room is generated. In one embodiment, the depth image is
formed by the depth camera system 20 transmitting an IR
beam into a field of view and collecting the reflected data at
one or more image sensors. Then, the sensor datais processed
to determine depth values (e.g., distances to various objects).
Note that since the field of view may be limited, the depth
camera system 20 may adjust the field of view and repeat to
collect additional depth information. In some embodiments,
the image camera component 22 is controlled by a motor that
allows the field of view to be moved to capture a fuller picture
of'the room. As noted above, the user 8§ may hold a camera and
use it to scan the room to collect depth data.

In step 404, an RGB image of one or more objects in the
room is generated. In one embodiment, the RGB image is
formed by the depth camera system 20 using the red-green-
blue (RGB) camera 28. As noted above, the user 8 may hold
a camera and use it to scan the room to collect RGB data. As
with the depth image, the RGB image may be formed from
more than one data collection step. Steps 402 and 404 are one
embodiment of step 301.

In step 406, physical dimensions of the room and objects in
the room are determined. The physical location of objects
may also be determined. This information may be based on
the data collected in steps 402 and 404. In some embodi-
ments, the physical dimensions are extrapolated based on the
collected data. As noted, the depth camera system 20 might
not collect data for the entire room. For example, referring to
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FIG. 1, the field of view might not capture the entire walls 35.
In such a case, one option is to extrapolate the collected data
to estimate a location of the wall 35 for regions in which there
is no data. Step 406 is one embodiment of step 302.

In step 408, an estimate is made of materials of the objects
in the room. As one example, an estimate is made of the
material of various pieces of furniture, the walls, ceiling,
floors, etc. In some embodiments, the depth information is
used to assist in this determination. For example, the depth
information might be used to determine whether a floor is
smooth (and possibly hardwood or tiled) or rough (possibly
carpeted). The RGB information may also be used. Note that
it is not required that the actual material be estimated,
although that is one option. A reason for estimating the mate-
rial is to be able to determine how the material will affect
sound. Therefore, any parameter that can be used to deter-
mine how the material will affect reflection of sound off from
the object can be determined and stored.

In step 410, a model of the room is constructed based onthe
physical dimensions and materials determined in step 406
and 408. Later, a 3D audio signal may be generated based on
this room model. For example, the model may be used in step
306 of process 300. Therefore, the actual reality of the user’s
room may be augmented with the 3D audio signal. Steps 406,
408, and 410 are one embodiment of step 302.

FIG. 4B depicts one embodiment of a process 450 of build-
ing a room model based on virtual characteristics and real
characteristics. As one example, the process 450 might be
used to make it seem to the listener that their room is trans-
formed in some way. For example, if the user is playing a
video game in which the user is imagining that they are in a
prison cell, then the process 450 can be used to build a room
model with characteristics of a prison cell. This model may
use some of the actual characteristic of the user’s room, such
as size and location of objects. However, instead of using
actual materials of the real objects, virtual characteristics may
be used. For example, instead of an actual thick carpet, a
cement floor could be modeled. Thus, the reality of the lis-
tener’s room may be augmented by a 3D audio signal based
on this model.

In step 452, physical dimensions and locations of objects in
the actual room are accessed. These characteristics may have
already been determined using process 400. However, the
actual room characteristics could be re-determined, if
desired.

In step 454, characteristics of a virtual environment are
determined. For example, a software application that imple-
ments a virtual game may provide parameters that define the
virtual environment. In the present example, the application
may provide parameters describing virtual materials for
walls, floors, ceilings, etc. Note that the parameters could be
determined in another manner.

In step 456, the virtual characteristics are applied to the
actual room characteristics. Thus, instead of determining that
the user’s actual floor is carpeted and determining how sound
will be affected by carpeting, the user’s floor is modeled as
being cement. Then, a determination may be made how
cement will affect sound reflections. If desired, various
objects in the room could have virtual characteristics applied
to them. For example, a sofa could have the characteristics of
stone applied to it if it is desired to have the sofa simulate a
bolder.

In step 458, a model of the user’s room is constructed based
on the information from step 456. This model may be used
when generating a 3D audio signal. For example, this model
could be used in step 306 of process 300 of FIG. 3. Note that
actual objects in the user’s room (furniture, walls, ceiling,
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etc.) may be used in determining the model. Therefore, the
reality of the user’s actual room may be augmented by the 3D
audio signal.

FIG. 5A is a flowchart of one embodiment of a process 500
of determining components for a 3D audio signal. Process
500 is one embodiment of step 306 of process 300. In step
502, the location of a virtual sound source 29 is determined.
For example, if a user is interacting with a virtual world
depicted on a display 196, then the virtual sound source 29
could be some object being displayed in that virtual world.
However, the virtual sound source 29 could be an actual or
virtual object in the user’s room. For example, the user could
place an object at a desired location in the room. Then, the
system could identify the location of the object. As specific
example, the system could instruct the user to place an object
where the user’s wants it. In response, the user might place a
gnome on a desk. The system then determines the location of
the object by, for example, using the depth camera system. As
discussed earlier, the system may track the physical location
of'the user. Therefore, the system is able to determine that the
user has placed the gnome on the desk, by tracking the user’s
movements. Other techniques could be used for the system to
determine the actual location of the virtual sound source 29.
The virtual sound source 29 could even be outside of the
room. For example, system could make it seem that someone
is knocking on a door or talking from the other side of a door.

In step 504, sound paths between the virtual sound source
29 and the listener 8 are determined. This may include deter-
mining a direct path and one or more indirect paths. Step 504
may be based on the room information that was determined in
step 302 of process 300. FIG. 5B depicts a top view of a room
to illustrate possible sound paths in 2-dimensions. Note that
the system 10 may determine the sound paths in 3-dimen-
sions; however 2-dimensions are used to simply explanation.
Prior to step 504, the system may determine the location of
the listener 8 and other objects 33 in the room. As one
example, the other object 33 might be a sofa. The sound paths
include a direct sound path and two indirect sound paths, in
this example. One indirect sound path is a first order path that
includes sound reflection from one object. A second order
path that includes reflections from two objects is also
depicted. In this example, object 33 blocks a potential first
order path (indicated by dashed arrow to object 33). Paths of
third order and higher may also be determined. Note that
reflections off from objects other than walls may be consid-
ered. The particular view of FIG. 5B does not depict reflection
of'sound off from the floor and ceiling, but those sound paths
may be considered also.

In step 506, a component of the 3D audio signal is deter-
mined for each sound path. These different components may
be joined to form the 3D audio signal. The information about
materials in the room may be used in step 506. For example,
if it was determined that there is a closed window along the
first order path, the effect of the sound reflecting off from
glass may be factored in. On the other hand, it might be
determined that the window is presently open, in which case
that first order path might be removed from consideration. As
another example, the blinds might be closed, in which case
the effect that the blinds have on sound traveling on the first
order path is considered. As noted earlier, the information
about the room may be updated at any desired interval. There-
fore, while the user is interacting, the 3D audio that is gener-
ated might change due to circumstances such as the user
opening the window, closing the blinds, etc.

In step 508, an HRTF for the listener is applied to each
audio component. Further details of determine a suitable
HRTF for the listener are discussed below. After applying the
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HRTF to each audio component, the components may be put
together to generate the 3D audio signal. Note that other
processing may be performed prior to outputting the 3D audio
signal.

FIG. 6 depicts a flow diagram of a process 600 of deter-
mining a listener’s location and rotation in the room. For
example, process 600 might be used to determine which way
the user’s head is rotated. Process 600 is one embodiment of
step 304 of process 300. Note that process 600 does not
necessarily include collecting information for determining a
suitable HRTF for the listener 8. That information might be
collected on a more limited basis, as described below. The
example method may be implemented using, for example, the
depth camera system 20. The user 8 may be scanned to gen-
erate a model such as a skeletal model, a mesh human model,
or any other suitable representation of a person. The model
may then be used with the room information to determine the
user’s location in the room. The user’s rotation (e.g., which
way the user’s head is oriented) may also be determined from
the model.

According to one embodiment, at step 602, depth informa-
tion is received, e.g., from the depth camera system. The
depth image may be down-sampled to a lower processing
resolution so that it can be more easily used and processed
with less computing overhead. Additionally, one or more
high-variance and/or noisy depth values may be removed
and/or smoothed from the depth image; portions of missing
and/or removed depth information may be filled in and/or
reconstructed; and/or any other suitable processing may be
performed on the received depth information may such that
the depth information may used to generate a model such as a
skeletal model.

Atdecision step 604, a determination is made as to whether
the depth image includes a human target. This can include
flood filling a target or object in the depth image comparing
the target or object to a pattern to determine whether the depth
image includes a human target. For example, various depth
values of pixels in a selected area or point of the depth image
may be compared to determine edges that may define targets
or objects as described above. The likely Z values of the Z
layers may be flood filled based on the determined edges. For
example, the pixels associated with the determined edges and
the pixels of the area within the edges may be associated with
each other to define a target or an object in the capture area
that may be compared with a pattern, which will be described
in more detail below.

If decision step 604 is true, step 606 is performed. If deci-
sion step 604 is false, additional depth information is received
at step 602.

The pattern to which each target or object is compared may
include one or more data structures having a set of variables
that collectively define a typical body of a human. Informa-
tion associated with the pixels of, for example, a human target
and a non-human target in the field of view, may be compared
with the variables to identify a human target. In one embodi-
ment, each of the variables in the set may be weighted based
onabody part. For example, various body parts such as a head
and/or shoulders in the pattern may have weight value asso-
ciated therewith that may be greater than other body parts
such as a leg. According to one embodiment, the weight
values may be used when comparing a target with the vari-
ables to determine whether and which of the targets may be
human. For example, matches between the variables and the
target that have larger weight values may yield a greater
likelihood of the target being human than matches with
smaller weight values.
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Step 606 includes scanning the human target for body
parts. The human target may be scanned to provide measure-
ments such as length, width, or the like associated with one or
more body parts of a person to provide an accurate model of
the person. In an example embodiment, the human target may
be isolated and a bitmask of the human target may be created
to scan for one or more body parts. The bitmask may be
created by, for example, flood filling the human target such
that the human target may be separated from other targets or
objects in the capture area elements. The bitmask may then be
analyzed for one or more body parts to generate a model such
as a skeletal model, a mesh human model, or the like of the
human target.

Step 608 includes generating a model of the human target.
In one embodiment, measurement values determined by the
scanned bitmask may be used to define one or more joints in
a skeletal model. The one or more joints are used to define one
or more bones that correspond to a body part of a human.
Generally, each body part may be characterized as a math-
ematical vector defining joints and bones of the skeletal
model. Body parts can move relative to one another at the
joints. The model may include information that describes the
rotation of the user’s head such that the orientation of the
user’s ears is known.

In step 610, inertial sensors on the user collect data. In one
embodiment, at least one inertial sensor is located on the
user’s head to allow tracking of the user’s head.

At step 611, the model is tracked by updating the person’s
location several times per second. As the user moves in the
physical space, information from the depth camera system is
used to adjust the skeletal model such that the skeletal model
represents a person. The data from the inertial sensors may
also be used to track the user. In particular, one or more forces
may be applied to one or more force-receiving aspects of the
skeletal model to adjust the skeletal model into a pose that
more closely corresponds to the pose of the human target in
physical space. Generally, any known technique for tracking
movements of one or more persons can be used.

In step 612, the user’s location in the room is determined
based on tracking the model. In step 614, the rotation of the
user’s head is determined based on tracking the model. Pro-
cess 600 may continue to track the user such that the location
and rotation may be updated.

In some embodiments, the HRTF for the listener 8 is deter-
mined from a library of HRTFs based on physical character-
istics of the listener 8. These physical characteristics may be
determined based in input from sensors, such as depth infor-
mation and RGB information. FIG. 7 depicts one embodi-
ment of a process 700 of determining an HRTF for a particular
listener 8. This HRTF may be used in step 306 of process 300
or step 508 of process 500. Note that the HRTF may be
determined at any time. As one example, the HRTF is deter-
mined once for the user and stored for use again and again. Of
course, it is possible to revise the HRTF (e.g., select new
HRTF).

In step 702, the system 10 instructs the user 8 to assume a
certain position or posture. For example, the system instructs
the user to look to the left. In step 704, the system 10 collects
data with the user in that position. For example, the depth
camera system 20 is used to collect depth information (with
sensor 25) and RGB information (with sensor 28). In step
706, the system determines whether the data is valid. For
example, if the system was expecting data for a right ear, then
the system determines whether the data matches what is
expected for a right ear. If not, step 702 may be repeated such
that the user is again instructed to assume the correct posture.
If the data is valid (step 706 is yes), then the system deter-
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mines whether there are more positions/postures for the user
to assume. Over the next iterations the user might be asked to
look straight ahead, look right, etc. Data could be collected
for a wide variety of positions.

When suitable data is collected, the process 700 goes on to
step 710 to determine a HRTF for the user 8 in step 710. In
some embodiments, there is a library of HRTFs from which to
select. These HRTFs may be associated to various physical
characteristics of users. Examples include, but are not limited
to, head size and width, pinna characteristics, body size. For
example, a specific HRTF may be associated with specific
measurements related to head size and pinna. The measure-
ments might be a range or a single value. For example, one
measurement might be head width, which could be expressed
in terms of a single value or a range. The system may then
select an HRTF for the user by matching the user’s physical
characteristics to the physical characteristics associated with
the HRTFs in the library. Any technique may be used to
determine a best match. In one embodiment, the system inter-
polates to determine the HRTF for the user. For example, the
user’s measurements may be between the measurements for
two HRTFs, in which case the HRTF for the user may be
determined by interpolating the parameters for the two
HRTFs.

Next, the system may perform additional steps to verify
that this HRTF determination is good, and perhaps select a
better HRTF for this listener. In step 712, the system plays a
3D audio signal for the user. This may be played through a
headset being worn by the user. The user may be asked to
point to the apparent source of the 3D audio signal, in step
714. In one embodiment, the process is made into a game
where the user is asked to shoot at the sound. For example, the
system plays a duck sound without any visuals. In step 716,
the system determines the location to which the user is point-
ing. Step 716 may include using the depth camera system to
collect depth information. The system might also ask the user
for voice input, which the system could recognize using
speech recognition. Steps 712-716 may be repeated for other
sounds, until it is determined in step 717 that sufficient data is
collected.

In step 718, the system determines how effective the HRTF
was. For example, the system determines how accurately the
user was able to locate the virtual sounds. In one embodiment,
if the user hit the source of the sound (e.g., the user shot the
duck), then the system displays the duck on the display 196.
The system then determines whether a different HRTF should
be determined for this user. If so, the new HRTF is determined
by returning to step 710. The process 700 may repeat steps
712-718 until a satisfactory HRTF is found.

In step 722, an HRTF is stored for the user. Note that this is
not necessarily the last HRTF that was tested in process 700.
That is, the system may determine that one of the HRTF's that
were tested earlier in the process 700 might be the best. Also
note that more than one HRTF could be stored for a given user.
For example, process 700 could be repeated for the user
wearing glasses and not wearing glasses, with one HRTF
stored for each case.

As noted, the process of determining detailed characteris-
tics of the listener 8 such that an HRTF may be stored for the
user might be done infrequently—perhaps only once. FIG. 8
depicts a flowchart of one embodiment of a process 800 of
selecting an HRTF for a listener 8 based on detailed charac-
teristics that were previously collected. For example, process
700 may be performed once prior to process 800. However,
process 800 might be performed many times. In step 802, the
listener 8 is identified using biometric information. Note that
this information is not the same information collected during
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process 700. However, it is possible that there might be some
overlap of information. Collecting biometric information
may include collecting depth information and RGB informa-
tion. In one embodiment, the system is able to recognize the
listener based on, for example, facial recognition.

In step 804, a suitable HRTF is selected for the user iden-
tified in step 802. In one embodiment, an HRTF that was
stored for the user in process 700 is selected. In another
embodiment, the detailed user characteristics were stored in
process 700. Then, in process 800 the HRTF may be selected
based on the stored detailed user characteristics. If desired,
these stored detailed user characteristics may be augmented
by information that is presently collected. For example, the
user might be wearing a hat at this time. Thus, the system
might select a different HRTF than if the user did not wear a
hat during process 700.

As noted above, the user might wear one or more micro-
phones that can collect acoustic data about the room. FI1G. 9 is
a flowchart depicting one embodiment of a process 900 of
modifying the room model based on such data. As one
example, process 400 might have been performed at least
once to determine a room model based on a depth image
and/or an RGB image. Then, process 900 may be used to
modify that room model.

In step 902, sound is played through loudspeakers located
in the room that the listener is in. This step may be performed
at anytime to help refine the model of the room. In optional
step 904, the user is instructed to walk around the room as the
sound is being played. The user is not necessarily told spe-
cifically where to walk. On the other hand, the user might be
instructed to walk around the room to different locations;
however, this is not required. Note that step 904 is optional. In
one embodiment, rather than instructing the user that they
should move around the room, it is simply assumed that the
user will move around as a part of normal game play or other
interaction. In step 906, data from one or more microphones
31 worn by the user is collected while the sound is being
played. The user could wear these microphones 31 near their
ears, but that is not required. In step 908, the user’s location is
determined and correlated with the data collected from the
microphones 31. One option is to use depth information and
RGB information to locate the user. In step 910, room acous-
tical properties are determined based on the data collected in
step 906, as correlated to the user’s location in step 908. In
step 912, the room model is updated based on the acoustic
properties determined in step 910.

As noted, process 400 may be performed as often as
desired. Therefore, one option is build the room model using
process 400. Then, the room model may be updated using
process 900. Next, the room model may be updated (or cre-
ated anew) using process 400 again one or more times.
Another option is to combine process 900 with process 400.
For example, the initial room model that is generated may be
based on use of both process 400 and 900.

FIG. 10 depicts a block diagram of one embodiment of
generating a 3D audio signal. The block diagram provides
additional details for one embodiment of process 300. Sound
source 1002 represents the virtual sound upon which the 3D
audio signal is to be based. For example, the sound source
might be digital data of a dog barking (recorded or computer
generated). In general, the sound source 1002 is processed
along several paths—a direct path and several reflective
paths. One example of these paths was provided in FIG. 5B.
For the direct path, the sound source 1002 is processed by
applying gain and filters 1006; then an HRTF 1008 for the
listener is applied. For the indirect paths, first an azimuth and
elevation are calculated 1004 for each reflection path. Then,
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the processing is similar as described for the direct path. The
results may be summed prior to applying estimated reverb tail
1010 to produce the final 3D audio signal, which may be
played through headphones 1012.

The diagram of FIG. 10 depicts that sensor input may be
used for various reasons. Sensor input may be used to calcu-
late the user’s position and rotation, as depicted in box 1020.
Sensor input may be used to build a room model, as well as to
estimate room materials, as depicted in box 1030. Finally,
sensor input may be used to determine user characteristics,
such as pinna and head characteristics, as depicted in box
1040. These user characteristics may be used to determine a
HRTF for the user. Note that the HRTF for the user is not
required to be one from the library. For example, interpolation
could be used to form the HRTF from two or more HRTFs in
the library.

The sensor input for box 1020 (used to calculate user
position) may include, but is not limited to, depth informa-
tion, RGB information, and inertial data (from inertial sensor
on user). The sensor input for box 1030 (used to determine
room model) may include, but is not limited to, depth infor-
mation, RGB information, and acoustic data (e.g., from
microphones worn by user). The sensor input for box 1040
(used to determine HRTF) may include, but is not limited to,
depth information and RGB information.

In order to calculate the azimuth and elevation of the reflec-
tions, data from box 1020 and 1030 may be used. Similarity,
the gain and filters may use the data from box 1020 and 1030.
Note that the sensor data may be updated at any time. For
example, the user might be moving such that the sensor data
that captures user location changes quite frequently. These
changes may be fed into, for example, the azimuth and eleva-
tion calculations 1004 such that the 3D audio signal is con-
stantly being updated for the changing user position. Simi-
larly, the change in user position may be fed, in real time, to
the gain and filters 1006. In some embodiments, the HRTF for
the user is not updated in real time. However, updating the
HRTF for the user in real time is one option.

The reverb tail that is added near the end of generating the
3D audio signal may be based on the room model and esti-
mate of the materials. Therefore, box 1030 may be an input to
estimating the reverb tail 1010. In one embodiment, the sys-
tem stores a library of reverb tails that are correlated to factors
such as room sizes and materials. The system is able to select
one of the reverb tails based on the room model. The system
may also interpolate between two stored reverb tails. Thus, by
selecting a stored reverb tail, computation time is saved.

FIG. 11 depicts an example block diagram of a computing
environment that may be used to generate 3D audio signals.
The computing environment can be used in the motion cap-
ture system of FIG. 1. The computing environment such as the
computing environment 12 described above may include a
multimedia console 100, such as a gaming console.

The console 100 may receive inputs from the depth camera
system 20 of FIG. 2. The console 100 may also receive input
from microphones 31 and inertial sensors 38, which may both
be worn by the user. The console 100 may output a 3D audio
signal to the audio amplifier 197.

The multimedia console 100 has a central processing unit
(CPU)101havingalevel 1 cache 102, alevel 2 cache 104, and
aflashROM (Read Only Memory) 106. The level 1 cache 102
and a level 2 cache 104 temporarily store data and hence
reduce the number of memory access cycles, thereby improv-
ing processing speed and throughput. The CPU 101 may be
provided having more than one core, and thus, additional
level 1 and level 2 caches 102 and 104. The memory 106 such
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as flash ROM may store executable code that is loaded during
an initial phase of a boot process when the multimedia con-
sole 100 is powered on.

A graphics processing unit (GPU) 108 and a video
encoder/video codec (coder/decoder) 114 form a video pro-
cessing pipeline for high speed and high resolution graphics
processing. Data is carried from the graphics processing unit
108 to the video encoder/video codec 114 via abus. The video
processing pipeline outputs data to an A/V (audio/video) port
140 for transmission to a television or other display. A
memory controller 110 is connected to the GPU 108 to facili-
tate processor access to various types of memory 112, such as
RAM (Random Access Memory). The A/V port 140 may be
connected to display 196.

The multimedia console 100 includes an I/O controller
120, a system management controller 122, an audio process-
ing unit 123, a network interface 124, a first USB host con-
troller 126, a second USB controller 128 and a front panel I/O
subassembly 130 that may be implemented on a module 118.
The USB controllers 126 and 128 serve as hosts for peripheral
controllers 142(1)-142(2), a wireless adapter 148, and an
external memory device 146 (e.g., flash memory, external
CD/DVD ROM drive, removable media, etc.). The network
interface (NW IF) 124 and/or wireless adapter 148 provide
access to a network (e.g., the Internet, home network, etc.)
and may be any of a wide variety of various wired or wireless
adapter components including an Ethernet card, a modem, a
Bluetooth module, a cable modem, and the like.

System memory 143 is provided to store application data
that is loaded during the boot process. A media drive 144 is
provided and may comprise a DVD/CD drive, hard drive, or
other removable media drive. The media drive 144 may be
internal or external to the multimedia console 100. Applica-
tion data may be accessed via the media drive 144 for execu-
tion, playback, etc. by the multimedia console 100. The media
drive 144 is connected to the I/O controller 120 via a bus, such
as a Serial ATA bus or other high speed connection.

The system management controller 122 provides a variety
of service functions related to assuring availability of the
multimedia console 100. The audio processing unit 123 and
an audio codec 132 form a corresponding audio processing
pipeline with high fidelity and stereo processing. Audio data
is carried between the audio processing unit 123 and the audio
codec 132 via a communication link. The audio processing
pipeline outputs data to the A/V port 140 for reproduction by
an external audio player or device having audio capabilities.
In some embodiments, the 3D audio signal is provided
through the A/V port 140, but the 3D audio signal coiled be
provided over a different connection.

The front panel /O subassembly 130 supports the func-
tionality of the power button 150 and the eject button 152, as
well as any LEDs (light emitting diodes) or other indicators
exposed on the outer surface of the multimedia console 100.
A system power supply module 136 provides power to the
components of the multimedia console 100. A fan 138 cools
the circuitry within the multimedia console 100.

The CPU 101, GPU 108, memory controller 110, and
various other components within the multimedia console 100
are interconnected via one or more buses, including serial and
parallel buses, a memory bus, a peripheral bus, and a proces-
sor or local bus using any of a variety of bus architectures.

When the multimedia console 100 is powered on, applica-
tion data may be loaded from the system memory 143 into
memory 112 and/or caches 102, 104 and executed on the CPU
101. The application may present a graphical user interface
that provides a consistent user experience when navigating to
different media types available on the multimedia console
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100. In operation, applications and/or other media contained
within the media drive 144 may be launched or played from
the media drive 144 to provide additional functionalities to
the multimedia console 100.

The multimedia console 100 may be operated as a standa-
lone system by connecting the system to a television or other
display. In this standalone mode, the multimedia console 100
allows one or more users to interact with the system, watch
movies, or listen to music. However, with the integration of
broadband connectivity made available through the network
interface 124 or the wireless adapter 148, the multimedia
console 100 may further be operated as a participant in a
larger network community.

When the multimedia console 100 is powered on, a speci-
fied amount of hardware resources are reserved for system
use by the multimedia console operating system. These
resources may include a reservation of memory (e.g., 16 MB),
CPU and GPU cycles (e.g., 5%), networking bandwidth (e.g.,
8 kbs), etc. Because these resources are reserved at system
boot time, the reserved resources do not exist from the appli-
cation’s view.

In particular, the memory reservation may be large enough
to contain the launch kernel, concurrent system applications
and drivers. The CPU reservation is may be constant such that
if the reserved CPU usage is not used by the system applica-
tions, an idle thread will consume any unused cycles.

With regard to the GPU reservation, lightweight messages
generated by the system applications (e.g., popups) are dis-
played by using a GPU interrupt to schedule code to render
popup into an overlay. The amount of memory for an overlay
may depend on the overlay area size and the overlay may
scale with screen resolution. Where a full user interface is
used by the concurrent system application, it is preferable to
use a resolution independent of application resolution. A
scaler may be used to set this resolution such that the need to
change frequency and cause a TV resynch is eliminated.

After the multimedia console 100 boots and system
resources are reserved, concurrent system applications
execute to provide system functionalities. The system func-
tionalities are encapsulated in a set of system applications that
execute within the reserved system resources described
above. The operating system kernel identifies threads that are
system application threads versus gaming application
threads. The system applications may be scheduled to run on
the CPU 101 at predetermined times and intervals in order to
provide a consistent system resource view to the application.
The scheduling is to minimize cache disruption for the gam-
ing application running on the console.

When a concurrent system application requires audio,
audio processing is scheduled asynchronously to the gaming
application due to time sensitivity. A multimedia console
application manager (described below) controls the gaming
application audio level (e.g., mute, attenuate) when system
applications are active.

Input devices (e.g., controllers 142(1) and 142(2)) are
shared by gaming applications and system applications. The
input devices are not reserved resources, but are to be
switched between system applications and the gaming appli-
cation such that each will have a focus of the device. The
application manager may control the switching of input
stream, without knowledge the gaming application’s knowl-
edge and a driver maintains state information regarding focus
switches.

FIG. 12 depicts another example block diagram of a com-
puting environment that may be used to provide a 3D audio
signal. The computing environment may receive inputs from
the depth camera system 20 of FIG. 2. The computing envi-
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ronment may also receive input from microphones 31 and
inertial sensors 38, which may both be worn by the user. The
computing environment may output a 3D audio signal to the
headphones 27.

The computing environment 220 comprises a computer
241, which typically includes a variety of tangible computer
readable storage media. This can be any available media that
can be accessed by computer 241 and includes both volatile
and nonvolatile media, removable and non-removable media.
The system memory 222 includes computer storage media in
the form of volatile and/or nonvolatile memory such as read
only memory (ROM) 223 and random access memory
(RAM) 260. A basic input/output system 224 (BIOS), con-
taining the basic routines that help to transfer information
between elements within computer 241, such as during start-
up, is typically stored in ROM 223. RAM 260 typically con-
tains data and/or program modules that are immediately
accessible to and/or presently being operated on by process-
ing unit 259. A graphics interface 231 communicates with a
GPU 229. By way of example, and not limitation, FIG. 12
depicts operating system 225, application programs 226,
other program modules 227, and program data 228.

The computer 241 may also include other removable/non-
removable, volatile/nonvolatile computer storage media, e.g.,
a hard disk drive 238 that reads from or writes to non-remov-
able, nonvolatile magnetic media, a magnetic disk drive 239
that reads from or writes to a removable, nonvolatile magnetic
disk 254, and an optical disk drive 240 that reads from or
writes to a removable, nonvolatile optical disk 253 such as a
CD ROM or other optical media. Other removable/non-re-
movable, volatile/nonvolatile tangible computer readable
storage media that can be used in the exemplary operating
environment include, but are not limited to, magnetic tape
cassettes, flash memory cards, digital versatile disks, digital
video tape, solid state RAM, solid state ROM, and the like.
The hard disk drive 238 is typically connected to the system
bus 221 through an non-removable memory interface such as
interface 234, and magnetic disk drive 239 and optical disk
drive 240 are typically connected to the system bus 221 by a
removable memory interface, such as interface 235.

The drives and their associated computer storage media
discussed above and depicted in FIG. 12, provide storage of
computer readable instructions, data structures, program
modules and other data for the computer 241. For example,
hard disk drive 238 is depicted as storing operating system
258, application programs 257, other program modules 256,
and program data 255. Note that these components can either
be the same as or different from operating system 225, appli-
cation programs 226, other program modules 227, and pro-
gram data 228. Operating system 258, application programs
257, other program modules 256, and program data 255 are
given different numbers here to depict that, at a minimum,
they are different copies. A user may enter commands and
information into the computer 241 through input devices such
as a keyboard 251 and pointing device 252, commonly
referred to as a mouse, trackball or touch pad. Other input
devices (not shown) may include a microphone, joystick,
game pad, satellite dish, scanner, or the like. These and other
input devices are often connected to the processing unit 259
through a user input interface 236 that is coupled to the
system bus, but may be connected by other interface and bus
structures, such as a parallel port, game port or a universal
serial bus (USB). The depth camera system 20 of FIG. 2,
including camera 28, may define additional input devices. A
display 196 is also connected to the system bus 221 via an
interface, such as a video interface 232. In addition to the
monitor, computers may also include other peripheral output
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devices such as headphones 27 and printer 243, which may be
connected through a output peripheral interface 233.

The computer 241 may operate in a networked environ-
ment using logical connections to one or more remote com-
puters, such as a remote computer 246. The remote computer
246 may be a personal computer, a server, a router, a network
PC, a peer device or other common network node, and typi-
cally includes many or all of the elements described above
relative to the computer 241, although only a memory storage
device 247 has been depicted in FIG. 12. The logical connec-
tions include a local area network (LAN) 245 and a wide area
network (WAN) 249, but may also include other networks.
Such networking environments are commonplace in offices,
enterprise-wide computer networks, intranets and the Inter-
net.

When used in a LAN networking environment, the com-
puter 241 is connected to the LAN 245 through a network
interface or adapter 237. When used in a WAN networking
environment, the computer 241 typically includes a modem
250 or other means for establishing communications over the
WAN 249, such as the Internet. The modem 250, which may
be internal or external, may be connected to the system bus
221 via the user input interface 236, or other appropriate
mechanism. In a networked environment, program modules
depicted relative to the computer 241, or portions thereof,
may be stored in the remote memory storage device. By way
of'example, and not limitation, FIG. 12 depicts remote appli-
cation programs 248 as residing on memory device 247. It
will be appreciated that the network connections shown are
exemplary and other means of establishing a communications
link between the computers may be used.

The foregoing detailed description of the technology
herein has been presented for purposes of illustration and
description. It is not intended to be exhaustive or to limit the
technology to the precise form disclosed. Many modifications
and variations are possible in light of the above teaching. The
described embodiments were chosen to best explain the prin-
ciples of the technology and its practical application to
thereby enable others skilled in the art to best utilize the
technology in various embodiments and with various modi-
fications as are suited to the particular use contemplated. It is
intended that the scope of the technology be defined by the
claims appended hereto.

We claim:

1. A method comprising:

collecting sensor data pertaining to aroom and a position of
a listener in the room, the sensor data includes depth
information pertaining to an ear of the listener;

determining real physical characteristics of the room based
on the sensor data;

determining virtual physical characteristics of a virtual
environment;

applying the virtual physical characteristics to the real
physical characteristics of the room;

building a model of the room that includes the virtual
physical characteristics applied to the real physical char-
acteristics of the room, including replacing real physical
characteristics of a real object in the room with virtual
physical characteristics of a virtual object from the vir-
tual environment;

determining a location of the listener in the room based on
the sensor data;

determining physical characteristics of the ear of the lis-
tener from the depth information pertaining to the ear of
the listener;
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determining a head related transfer function (HRTF) for
the listener from a library of HRTFs based on the physi-
cal characteristics of the ear of the listener; and

determining a 3D audio signal based on the model of the
room that includes the virtual physical characteristics
applied to the real physical characteristics of the room,
the location of the listener in the room, and the HRTF for
the listener, determining the 3D audio signal based on
the model of the room that includes the virtual physical
characteristics applied to the real physical characteris-
tics of the room includes determining how the virtual
physical characteristics of the virtual object will affect
sound reflections.

2. The method of claim 1, wherein the determining a 3D
audio signal includes:

determining a plurality of sound paths between a virtual

sound source and each ear of the listener based on the
physical characteristics of the room and the location of
the listener in the room.

3. The method of claim 2, wherein the determining the 3D
audio signal includes:

determining a plurality of components of the 3D audio

signal, a component is determined for each of the plu-
rality of sound paths; and

applying the head related transfer function (HRTF) for the

listener to each of the plurality of components.

4. The method of claim 1, further comprising estimating
materials of objects in the room based on the sensor data, the
determining a 3D audio signal is further based on an effect
that the materials will have on sound.

5. The method of claim 1, wherein the collecting sensor
data includes:

collecting image sensor data; and

the determining the location of the listener in the room

includes determining the position and a rotation of the
listener in the room based on the image sensor data.

6. The method of claim 5, wherein the determining the
location of the listener in the room includes tracking the
listener’s position in the room.

7. The method of claim 1, further comprising:

storing the physical characteristics of the ear of the listener

at a first time;

identifying the listener based on biometric information at a

second time that is later than the first time, the biometric
information is other than the physical characteristics of
the ear of the listener; and

selecting the HRTF from the library based on the stored

physical characteristics for the ear of the identified lis-
tener.

8. The method of claim 1, wherein the sensor data includes
sensor data from one or more microphones on the listener.

9. An apparatus, comprising:

one or more sensors that collect depth information pertain-

ing to a pinna of a listener; and

aprocessor coupled to the one or more sensors, the proces-

sor collects sensor data pertaining to an environment and
the listener using the one or more sensors; the processor
determines physical dimensions and locations of real
objects in the environment based on the collected sensor
data; the processor accesses virtual physical character-
istics of a virtual environment from a software applica-
tion; the processor applies the virtual physical charac-
teristics to the physical dimensions and locations of the
real objects to build a model; the processor determines a
location of the listener in the environment based on the
collected sensor data; the processor determines physical
characteristics of the pinna of the listener from the depth
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information; the processor determines a plurality of
components for a 3D audio signal based on the model
including the virtual physical characteristics that were
applied to the physical dimensions and locations of the
real objects in the environment and the location of the
listener in the environment, including determining how
the virtual physical characteristics that were applied to
the physical dimensions and locations of the real objects
will affect sound reflections; the processor accesses a
library of head related transfer functions (HRTFs) and
selects an HRTF for the listener based on the physical
characteristics of the pinna of the listener; the processor
applies the selected HRTF for the listener to each of the
plurality of components; and the processor provides the
3D audio signal.

10. The apparatus of claim 9, wherein the processor esti-
mates materials of objects in the environment based on the
collected sensor data; and the processor modifies the compo-
nents of the 3D audio signal based on a predicted effect that
the materials will have on sound.

11. The apparatus of claim 9, wherein the processor deter-
mines a position and a rotation of the listener in the environ-
ment based on collected sensor data, the one or more sensors
includes a depth sensor.

12. The apparatus of claim 9, wherein the processor: stores
either the selected HRTF or the physical characteristics of the
pinna of'the listener at a first time; the processor identifies the
listener based on biometric information at a second time that
is later than the first time, the biometric information is other
than the physical characteristics of the pinna of the listener;
and the processor either accesses the stored HRTF or deter-
mines an HRTF from the library based on the stored physical
characteristics of the pinna for the identified listener.

13. The apparatus of claim 9, wherein the processor deter-
mines a plurality of sound paths between a virtual sound
source and the listener based on the data that describes physi-
cal characteristics of the environment and the location of the
listener in the environment, the processor determines one of
the components of the audio signal for each of the plurality of
sound paths.

14. A method for providing a 3D audio signal, comprising:

collecting sensor data that includes depth information per-

taining to head shape and pinna characteristics of an ear
of a listener, that includes depth information pertaining
to a room, and that identifies a location of the listener in
the room;

determining physical parameters of the ear of the listener

based on the depth information pertaining to the ear of
the listener;

determining a head related transfer function (HRTF) for

the listener based on a library of HRTF's, determining the
HRTF is based on the determined physical parameters of
the ear of the listener and the head shape;

determining real physical parameters of the room based on

the depth information pertaining to the room, including
locations and physical dimensions of real objects in the
room;

determining the location of the listener in the room based

on the sensor data;

determining a plurality of sound paths between a virtual

sound source and the listener based on the real physical
parameters of the room and the location of the listener in
the room;

determining virtual physical characteristics of a virtual

environment associated with a video game;

applying the virtual physical characteristics to the loca-

tions and physical dimensions of the real objects of the
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room, including replacing a first real object of the real
objects in the room with a virtual object from the video
game;
building a model of the room that includes the virtual
physical characteristics applied to the locations and
physical dimensions of the real objects, including
replacing real physical parameters of the first real object
with virtual physical characteristics of the virtual object;

determining a component of a 3D audio signal for each of
the plurality of sound paths, the determining is based on
the physical parameters of the room and the model of the
room, determining a component of the 3D audio signal
for a first of the sound paths includes determining how
the virtual physical characteristics of the virtual object
will affect sound reflections;

applying the HRTF for the listener to each of the compo-

nents of the 3D audio signal; and

providing the 3D audio signal.

15. The method of claim 14, further comprising determin-
ing a reverb tail to apply to the 3D audio signal based on
selecting at least one reverb tail from a library of stored reverb
tails, the selecting is based on the physical parameters of the
room.

20

22

16. The method of claim 14, further comprising estimating

materials of objects in the room based on the depth informa-
tion pertaining to the room and/or RGB information pertain-

ing to the room, the determining a component of the 3D audio
signal is based on a predicted effect that materials on a given
sound path will have on sound.

17. The method of claim 14, wherein the determining a

head related transfer function (HRTF) includes:

playing a virtual 3D sound for the listener while applying a
first HRTF from the library, the first HRTF is selected
based on the physical parameters of the ear of the lis-
tener;

instructing the listener to indicate an apparent source of the
virtual sound;

analyzing effectiveness of the first HRTF; and

repeating the playing, the instructing, and the analyzing for
one or more additional HRTFs from the library that are

selected based on the physical parameters of the ear of
the listener.
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