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SPATIALIZED AUDIO OUTPUT BASED ON 
PREDICTED POSITION DATA 

I. FIELD 

The present disclosure is generally related to devices and 
methods that generate a spatialized audio output. 

II. DESCRIPTION OF RELATED ART 
10 

Advances in technology have resulted in smaller and 
more powerful computing devices. For example, a variety of 
portable personal computing devices, including wireless 
telephones such as mobile and smart phones, tablets and 
laptop computers are small, lightweight, and easily carried 15 

by users. These devices can communicate voice and data 
packets over wireless networks. Further, many such devices 
incorporate additional functionality such as a digital still 
camera, a digital video camera, a digital recorder, and an 
audio file player. Also, such devices can process executable 20 

instructions, including software applications, such as a web 
browser application, that can be used to access the Internet. 
As such, these devices can include significant computing 
and networking capabilities. 

Spatialized audio rendering systems may output sounds 25 

that enable user perception of a three-dimensional audio 
space. For example, a user may be wearing headphones or 
a virtual reality (VR) head mounted display (HMD), and 
movement (e.g., translational or rotational movement) of the 
user (e.g., of the user's head) may cause a perceived 30 

direction or distance of a sound to change. Performing 
spatialized audio processing may take a discemable amount 
of time, resulting in audio latency. If the audio latency is too 
large, the change in the perceived direction or distance to the 
sound may lag behind the movement of the user, which may 35 

be noticeable to the user. Additionally, performing spatial­
ized audio processing may use substantial processing 
resources. Such processing resources may not be available 
in at least some electronic devices ( e.g., some mobile 
phones), thereby limiting spatialized audio processing func- 40 

tionality of such devices. 

III. SUMMARY 

2 
The instructions further cause the processor generate an 
output spatialized audio signal based on the predicted posi­
tion data. 

Other aspects, advantages, and features of the present 
disclosure will become apparent after review of the entire 
application, including the following sections: Brief Descrip­
tion of the Drawings, Detailed Description, and the Claims. 

IV. BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. lA is a block diagram of a first implementation of an 
audio processing device configured to generate an output 
spatialized audio signal based on predicted position data; 

FIG. 1B is a block diagram of a second implementation of 
an audio processing device configured to generate an output 
spatialized audio signal based on predicted position data; 

FIG. lC is a block diagram of a third implementation of 
an audio processing device configured to generate an output 
spatialized audio signal based on predicted position data; 

FIG. 2 is a block diagram of an illustrative implementa­
tion of an audio processing device that includes or is coupled 
to a head mounted display of a virtual reality system; 

FIG. 3 is a block diagram of an illustrative implementa­
tion of an audio processing device that includes or is coupled 
to a speaker array; 

FIG. 4 is a block diagram of an illustrative implementa­
tion of an audio processing device configured to perform 
audio spatialization using predicted position data; 

FIG. 5 is a flow chart that illustrates a particular method 
of audio processing; 

FIG. 6 is a flow chart that illustrates a particular method 
of generating an output spatialized audio signal based on 
predicted position data; and 

FIG. 7 is a block diagram of a wireless device that is 
operable to perform operations in accordance with the 
systems and methods of FIGS. lA-C and 2-6. 

V. DETAILED DESCRIPTION 

Particular aspects of the present disclosure are described 
below with reference to the drawings. In the description, 
common features are designated by common reference num­
bers throughout the drawings. As used herein, various ter­
minology is used for the purpose of describing particular 

In a particular aspect, an audio processing device includes 
a position predictor configured to determine predicted posi­
tion data based on position data. The audio processing 
device further includes a processor configured to generate an 
output spatialized audio signal based on the predicted posi­
tion data. 

45 implementations only and is not intended to be limiting. For 
example, the singular forms "a," "an," and "the" are 
intended to include the plural forms as well, unless the 
context clearly indicates otherwise. It may be further under­
stood that the terms "comprises" and "comprising" may be 

In a particular aspect, a method of audio processing 
includes receiving, at a processor, position data from one or 
more sensors. The method includes determining, at the 
processor, predicted position data based on the position data. 
The method further includes generating, at the processor, an 
output spatialized audio signal based on the predicted posi­
tion data. 

In a particular aspect, an apparatus includes means for 
determining predicted position data based on position data. 
The apparatus further includes means for generating an 
output spatialized audio signal based on the predicted posi­
tion data. 

50 used interchangeably with "includes" or "including." Addi­
tionally, it will be understood that the term "wherein" may 
be used interchangeably with "where." As used herein, 
"exemplary" may indicate an example, an implementation, 
and/or an aspect, and should not be construed as limiting or 

55 as indicating a preference or a preferred implementation. As 
used herein, an ordinal term (e.g., "first," "second," "third," 
etc.) used to modify an element, such as a structure, a 
component, an operation, etc., does not by itself indicate any 
priority or order of the element with respect to another 

60 element, but rather merely distinguishes the element from 
another element having a same name (but for use of the 
ordinal term). As used herein, the term "set" refers to a 
grouping of one or more elements, and the term "plurality" In a particular aspect, a non-transitory computer readable 

medium stores instructions that, when executed by a pro­
cessor, cause the processor to receive position data from one 65 

or more sensors. The instructions cause the processor to 
determine predicted position data based on the position data. 

refers to multiple elements. 
Systems, devices, and methods for generating spatialized 

audio signals based on predicted position data are disclosed. 
Position data may indicate a position of the audio device or 
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a head mounted display (HMD) of a VR system. As another 
example, the audio processing device may receive position 
data from one or more cameras or other optical sensors that 
track a position and orientation of a user. As another 
example, the audio processing device may receive position 
data from a controller of a VR system, a gesture capture 
device, a motion capture device, or some other means of 
control for a VR system or an AR system. In a particular 
implementation, the audio processing device is coupled to 

a pos1t10n of a user. The audio processing device may 
determine predicted position data that indicates a predicted 
position of the audio device (or the user) at a particular (e.g., 
future) time based on the position data. For example, the 
audio processing device may store historical position data, 
and the position data and the historical position data may be 
analyzed to determine a velocity, an estimated trajectory, or 
another indication of a predicted movement path. The pre­
dicted position data may indicate a predicted position along 
the predicted movement path (e.g., the trajectory) at a 
particular time. The particular time may be selected to 
account for a latency ( e.g., a delay) associated with process­
ing spatialized audio signals. 

10 the audio device. For example, the audio processing device 
may be a mobile telephone that is communicatively coupled 
to the audio device ( e.g., the HMD, a headset, a speaker 
array, etc.). In another particular implementation, the audio 
processing device is integrated within the audio device. For To illustrate, the audio processing device may provide 

spatialized audio signals to an audio device that generates 
audio outputs (e.g., auditory sounds) for a user. In a par­
ticular implementation, the audio processing device may be 
integrated in a virtual reality (VR) system or augmented 
reality (AR) system. The audio outputs may be three­
dimensional (3D) audio outputs that enable a user to per- 20 

ceive a direction or a distance of sounds in a 3D audio space 
relative to a location of a user, either in a game ( or other 
virtual reality environment) or in reality. For example, if the 
user is playing a game and a car drives to the left of the user 

15 example, the audio processing device may include a pro­
cessor that is integrated within the audio device (e.g., the 
HMD, the headset, the speaker array etc.) and that is 
configured to perform one or more operations described 
herein. 

in the game, the audio output enables the user to perceive a 25 

sound of a car as coming from the user's left side. If the user 
turns to the right in the game such that the car is behind the 
user, the audio processing device processes the spatialized 
audio signal to cause the audio output to change such that the 
user experiences the sound of the car as coming from behind 30 

the user. However, a latency (e.g., a delay) associated with 
processing the spatialized audio signal may cause a change 
in the audio output to lag behind a change in the user's 
position or orientation, which may be noticeable to the user. 

To prevent or reduce a likelihood of an audio output from 35 

lagging behind the user's movement, the audio processing 
device may generate an output spatialized audio signal based 
on the predicted position data instead of based on the 
position data ( e.g., data indicative of a "current," "actual," or 
"real time" position of the user). To illustrate, the audio 40 

processing device may estimate that the latency is approxi­
mately 10 milliseconds (ms), and in response, the audio 
processing device may determine predicted position data 
indicating a predicted position of the user (e.g., a prediction 
of where the user, or user's head will be 10 ms into the 45 

future). The audio processing device may process the spa­
tialized audio signal based on the predicted position data to 
cause the spatialized audio signal to change a perceived 
direction or distance of a sound to correspond to the pre­
dicted position data. As a particular, non-limiting example, 50 

the audio processing device may generate a rotation matrix 
based on the predicted position data and the audio process­
ing device may apply the rotation matrix to the spatialized 
audio signal to generate an output spatialized audio signal. 
Thus, when processing of the spatialized audio signal is 55 

complete (e.g., after the latency), the output spatialized 
audio signal is in synch with the position and orientation of 
the user, which may prevent or reduce a likelihood of the 
audio from lagging and improve a user's experience. 

To further illustrate, an audio processing device may 60 

receive position data from one or more sensors that are 
configured to track the position and orientation of a user ( or 
of an audio device worn by the user), or to track the position 
and orientation of the user in a virtual environment. For 
example, the audio processing device may receive position 65 

data from one or more location sensors, one or more motion 
sensors, or a combination thereof, that are integrated within 

In some implementations, the audio processing device 
may determine predicted position data based on the current 
position data, the historical position data, or both. For 
example, the audio processing device may analyze current 
position data and the historical position data to determine a 
predicted trajectory of a user (or user's head), and the 
predicted position data may indicate a position at a particular 
time along the predicted trajectory. The predicted trajectory 
may be determined based on a velocity, based on an accel­
eration, using Kalman filtering, using particle filtering, or 
using other methods. As described above, the particular time 
may be determined based on a latency associated with 
processing spatialized audio signals at the audio processing 
device. The audio device may process a spatialized audio 
signal ( e.g., by generating an applying a rotation matrix and 
performing binauralization, as a particular example) to cause 
a perceived direction or distance of a sound to change based 
on the predicted position data such that, when the processing 
is complete (e.g., after the latency), the perceived direction 
or distance of the sound will correspond to, or by in synch 
with, the position and orientation of the user (in the VR 
world or in reality). Thus, changes to perceived directions or 
distances of sounds may more closely track the user's 
movements (in the VR world or in reality), which may 
improve user experience. 

In another implementation, the audio processing device 
may store multiple predicted trajectories corresponding to 
movement of the user (in the VR world or in reality) during 
presentation of a particular spatialized audio signal. Addi­
tionally or alternatively, the audio processing device may 
access at least one other device ( e.g., via a wireless interface 
or other network interface) that stores predicted trajectory 
data and spatialized audio signals. For example, the audio 
device may receive a data stream that includes predicted 
trajectory data, spatialized audio signals, or both, from 
another device, such as a server. The audio processing 
device may select a stored predicted trajectory that most 
closely matches the estimated trajectory, and the audio 
processing device may access a processed spatialized audio 
signal corresponding to the stored predicted trajectory. The 
processed spatialized audio signal may be used to initiate an 
audio output at the audio device. In such implementations, 
where the processed audio signals are pre-processed and 
stored (e.g., at a memory), the audio processing device may 
provide a spatialized audio output experience without pro­
cessing spatialized audio signals in real time. Additionally, 
in some implementations, the audio processing device may 
determine whether available processing resources are suffi-
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cient for real time processing (e.g., based on the predicted 
position data) or whether an output is to be generated based 
on pre-processed spatialized audio signals, and may switch 
between real time and pre-processed modes based on chang­
ing conditions at the audio processing device. 

Referring to FIG. lA, a first implementation of an audio 
processing device is shown and generally designated 100. 
The audio processing device 100 is configured to generate 

6 
gestures, movements or changes in pressure on a touch pad, 
or other forms of user input to control the VR system ( or the 
AR system). 

In another particular implementation, the audio device 
102 may include a headset (e.g., a pair of headphones). The 
sound output by the headset may change based on move­
ment of the user (e.g., movement of the user's head). For 
example, the user may be listening to a concert and may 
perceive a flute to be playing to the left. If the user turns to an output spatialized audio signal based on predicted posi­

tion data. The audio processing device 100 includes an audio 
device 102, one or more sensors 103, a position predictor 
104, and a processor 106. In a particular implementation 
illustrated in FIG. lA, the position predictor 104 is external 
to and distinct from the sensors 103 and the processor 106. 

10 the left, the sound may change such that the user perceives 
the flute to be playing from in front of the user. Thus, sound 
output by the audio device 102 may change based on a 
position of the audio device 102, an orientation of the audio 
device 102, or both. In some implementations, the position 

15 (and orientation) of the audio device 102 may correspond to 
a position (and orientation) of the user's head. For example, 
because the user wears the HMD (or the headset) on their 
head, the position (and orientation) of the audio device 102 

In another particular implementation, the position predictor 
104 may be included in the sensors 103, as further described 
with reference to FIG. 1B. In another particular implemen­
tation, the position predictor 104 may be included in the 
processor 106, as further described with reference to FIG. 20 

lC. 

represents the position (and orientation) of the user's head. 
In another particular implementation, the audio device 

102 may include one or more speakers arranged as a speaker 
array. The one or more speakers may include one or more 
audio amplifiers and one or more audio filters configured to 
implement beamforming to direct audio waves ( e.g., audio 

The audio device 102 may include one or more devices 
that are configured to output auditory sound to a user. For 
example, the audio device 102 may include a transducer (or 
multiple transducers). As described further herein, spatial­
ized audio signals may be rendered using three-dimensional 
(3D) rendering techniques to cause the audio device 102 to 
output the auditory sounds. As a non-limiting example, 
spatialized audio signals may be rendered using higher order 
ambisonics (HOA) techniques. Due to the 3D rendering, a 
user may perceive the auditory sound as being in 3D, which 
may enable the user to perceive direction, distance, or both 

25 outputs) in particular directions. In this implementation, the 
audio device 102 ( e.g., the audio filters) may be configured 
to direct the audio outputs in particular directions based on 
spatialized audio signals. Thus, a user listening to audio 
content via the speaker array may be able to perceive 

of one or more sound sources corresponding to the auditory 
sound. For example, a user may perceive a sound of a door 
opening to their right (but not to their left) for an auditory 
sound of an opening door. 

30 changes in a direction or distance of a sound source based on 
movement of the user (e.g., the user's head) due to the 
beamforming. In some implementations, to enable the beam­
forming, the audio device 102 may receive control data in 
addition to spatialized audio signals. The control data may 

35 be used by the audio filters to perform the beamforming 

In a particular implementation, the audio device 102 
includes (or is integrated within) a head mounted display 
(HMD) of a virtual reality (VR) system or an augmented 
reality (AR) system. For example, the HMD may include 40 

headphones for playing audio in addition to a display screen 
for displaying visual information. The VR system ( or the AR 
system) may be configured to display media content, such as 
movies, and to provide interactive content, such as video 
games, presentations, virtual meetings, etc. The visuals and 45 

the audio output by the virtual reality system may change 
based on movement of the user ( e.g., movement of the user's 
head). For example, if a user rotates his or her head to the 
side, the visuals output by the virtual reality system may 
change to represent a view of the side, and the audio output 50 

by the virtual reality system may change such that sounds 
that previously were perceived as emanating from the side 
appear to emanate from a forward direction after the rota­
tion. Additionally or alternatively, the sensors 103 may be 
included or integrated in a control interface (e.g., a control- 55 

!er) between the user and the VR system ( or the AR system). 
For example, the VR system ( or the AR system) may include 
a hand-held controller configured to receive user inputs, and 
position, orientation, and movement of a user within a 
virtual environment may be determined based on the user 60 

input. As an example, the user may use a joystick, a control 
pad, a tablet computer, a mouse, or another peripheral device 
to enter control the user's movements through a virtual 
environment presented by the VR system ( or the AR sys­
tem). The sensors 103 may also include one or more touch 65 

sensors, gesture sensors, voice sensors, or other sensor 
devices, and the user input may include voice commands, 

operations. 
The one or more sensors 103 may be configured to 

determine sensor data 110, which may correspond to posi­
tion data. For example, the one or more sensors 103 may 
include an accelerometer, a gyro sensor, an orientation 
sensor, a linear position sensor, a proximity sensor, a motion 
sensor, an angular position sensor, a global positioning 
system (GPS) sensor, an ultrasound sensor, or any other 
sensor(s) capable of determining a translational position 
(e.g., a location in a coordinate space, such as x-y-z coor­
dinates), an orientation (e.g., pitch, yaw, and roll angles, as 
further described with reference to FIG. 2), or both. The 
sensor data 110 may thus include coordinate data 120, 
orientation data 122, or both. 

In some implementations, the one or more sensors 103 are 
integrated within the audio device 102. For example, the 
audio device 102 may include the HMD of the virtual reality 
system, the HMD having multiple sensors configured to 
determine a location and an orientation of the audio device 
102, and by extension, the user. In other implementations, 
the one or more sensors 103 may be separate from (e.g., 
external to) the audio device 102. For example, the one or 
more sensors 103 may include one or more optical sensors, 
such as cameras, that are configured to determine a position 
and an orientation of the user. The one or more optical 
sensors may be configured to track a location of the user, 
movement of the user, or both. In some implementations, the 
movement and orientation may be limited to movement and 
orientation of the user's head. In other implementations, the 
movement and orientation of the user may include move­
ment and orientation of the user's torso, the user as a whole, 
or other measurements. The one or more optical sensors may 
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be configured to output the sensor data 110 that is indicative 
of the position and the orientation of the user. In other 
implementations, the sensors 103 may be integrated in a 
control interface associated with the audio device 102, and 
the sensor data 110 may indicate a position of the user in a 
virtual environment (or an augmented reality environment). 
Thus, as used herein, "position data" may refer to a position 
of the user (or the audio device 102) in the "real world," or 
a position of the user in a virtual environment or augmented 
reality environment. 

The position predictor 104 is configured to generate 
predicted position data 112 based on position data, such as 
the sensor data 110. In a particular implementation, the 
position predictor 104 is configured to store historical posi­
tion data and to determine the predicted position data 112 
based on the historical position data and the sensor data 110. 
For example, the position predictor 104 may compare a 
position, an orientation, or both indicated by the sensor data 
110 to one or more previous positions and orientations 
indicated by the historical position data to determine a 
predicted trajectory of the user. To illustrate, different mea­
sured positions or orientations ( or both) may be interpolated 
to determine a predicted position or a predicted orientation 
(or both). The position predictor 104 may determine a 
predicted position of the user (or the audio device 102) using 
the predicted trajectory ( e.g., the predicted position may be 
a position along the predicted trajectory that is associated 
with a particular time). Additionally or alternatively, the 
position predictor 104 may determine a velocity of the audio 
device 102 (or the user), an acceleration of the audio device 
102 (or the user), or both based on sensor data 110 and the 
historical position data. The predicted position may be 
determined based on the velocity, the acceleration, or both, 
and the predicted position may be indicated by the predicted 
position data 112. For example, the predicted position data 
112 may indicate predicted coordinates, predicted orienta­
tion measurements, other information indicative of the pre­
dicted position, or a combination thereof. 

The position predictor 104 may be configured to provide 
the predicted position data 112 to the processor 106. The 
processor 106 may include one or more processors or 
processing units, a digital signal processor (DSP), an appli­
cation specific integrated circuit (ASIC), a field program­
mable gate array (FPGA), or a combination thereof. In some 
examples, the processor 106 may be configured to execute 
one or more computer-readable instructions to perform the 
operations described herein. For example, the processor may 
be coupled to a memory or another non-transitory computer 
readable medium that stores instructions that are executable 
by the processor. Alternatively, or in addition, one or more 
operations described herein may be performed using hard­
ware, such as dedicated circuitry. 

The processor 106 may be configured to generate an 
output spatialized audio signal 114 based on the predicted 
position data 112. The output spatialized audio signal 114 
may include a spatialized audio signal that has been modi­
fied or selected based on the predicted position data 112. The 
output spatialized audio signal 114 may be provided to the 
audio device 102 for use in generating an audio output (e.g., 

8 
function (HRTF) filtering, binaural room impulse response 
(BRIR) filtering, object-based 3D audio processing, chan­
nel-based surround sound processing, other 3D audio ren­
dering operations, or a combination thereof. Additionally, in 
some implementations, post-processing such as amplifica­
tion, impedance matching, additional filtering, digital-to­
analog conversion, or a combination thereof, may be per­
formed prior to using the 3D output audio signal to generate 
an audio output at the audio device 102. In a particular 

10 implementation, the output spatialized audio signal 114 is a 
HOA signal. 

In some implementations, the audio processing device 
may receive spatialized audio signals for processing from at 
least one other device. For example, the audio processing 

15 device 100 may include a wireless interface (or other net­
work interface) that is configured to send data to and receive 
data from at least one other device, and the at least one other 
device may store the spatialized audio signals. To illustrate, 
the audio processing device 100 may receive one or more 

20 data streams from another device, such as a server, via the 
wireless interface. The one or more data streams may 
include spatialized audio signals, other data used to process 
the spatialized audio signals (as further described with 
reference to FIG. 2), or both. Additionally or alternatively, 

25 the audio processing device 100 may include a memory that 
stores the spatialized audio signals, the other data (e.g., 
predicted trajectory data), or both. 

In a particular implementation, the processor 106 may be 
configured to process spatialized audio signals in "real time" 

30 ( or near real time). Real time ( or near real time) processing 
refers to processing a spatialized audio signal to modify the 
spatialized audio signal during playback of the spatialized 
audio signal such that the spatialized audio signal is per­
ceived to be in synch with user movement. The processor 

35 106 may be configured to process an input spatialized audio 
signal based on the predicted position data 112 to generate 
the output spatialized audio signal 114. To illustrate, if the 
user's head moves or rotates, or if the user moves or rotates 
in the virtual environment, the processor 106 modifies the 

40 input spatialized audio file such that a perceived direction or 
distance of one or more sound sources in a 3D space is 
modified based on the movement. As non-limiting 
examples, of a sound source may be a character speaking in 
a movie, an instrument playing in a concert, a person 

45 speaking during a teleconference, a vehicle making noise in 
a virtual reality video game, or any other source of sound 
corresponding to the input spatialized audio signal. 

The processor 106 may be configured to determine a 
rotation based on the predicted position data 112, and the 

50 rotation may be applied to the input spatialized audio signal 
to generate the output spatialized audio signal 114. In a 
particular implementation, the rotation may correspond to a 
rotation matrix, and the processor 106 may determine and 
apply a rotation matrix to the input spatialized audio signal 

55 to generate the output spatialized audio signal 114. The 
rotation matrix is further described with reference to FIG. 4. 

an auditory sound). In a particular implementation, the 60 

processor 106 (or an additional component of the audio 
processing device 100) may be configured to perform 3D 
sound rendering to generate a 3D output audio signal, and 
the 3D output audio signal may be used to generate the audio 
output at the audio device 102. Performing 3D sound 65 

rendering may include performing binauralization, higher 
order ambisonic (HOA) processing, head-related transfer 

In another particular implementation, the processor 106 may 
be configured to determine one or more vectors based on the 
predicted position data 112 and to apply the one or more 
vectors to the input spatialized audio signal to apply the 
rotation. In another particular implementation, the processor 
106 may be configured to determine a data set based on the 
predicted position data 112 and to apply one or more 
elements of the data set to the input spatialized audio signal 
to apply the rotation. In another particular implementation, 
the processor 106 may be configured to retrieve one or more 
values from a lookup table, a database, or another storage 
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location, based on an azimuth and an elevation, or other 
information indicated by the predicted position data 112. 
The processor 106 may be further configured to apply the 
one or more values to the input spatialized audio signal to 
apply the rotation. 

10 
the predicted trajectory. To illustrate, if the new user is a 
child, the child's movements may result in selecting a 
pre-processed "for children" spatialized audio signal rather 
than a pre-processed "for adults" spatialized audio signal. 
The processor 106 may use the retrieved spatialized audio 
signal as the output spatialized audio signal 114. In this 
manner, the processor 106 is able to provide 3D audio 
functionality while eliminating or reducing lag and without 
having to process spatialized audio signals in real time. This 

Because processing (e.g., generating and applying the 
rotation matrix, performing additional rendering steps, or 
both) the input spatialized audio signal may be a complex 
and resource-intensive process for the processor 106, 
latency may be introduced. For example, a latency of 10 ms 
may be associated with processing the input spatialized 
audio signal to generate the output spatialized audio signal. 
Illustrative examples of determining audio processing 
latency are further described with reference to FIG. 4. Thus, 
a change in the audio output ( e.g., a change in a perceived 
direction or distance of a sound) may lag behind a user's 
movements by the amount of the latency, which may lead to 
synchronization issues that are noticeable to the user. 

10 may enable processors or devices having less computational 
resources (such as some processors in mobile devices, as a 
non-limiting example) to provide 3D audio functionality that 
would otherwise be too computationally intensive. Selecting 
processed audio signals based on predicted trajectories is 

15 further described with reference to FIG. 2. 

To avoid ( or reduce) synchronization issues and lag time, 
the processor 106 may be configured to generate the output 20 

spatialized audio signal 114 based on the predicted position 
data 112. For example, instead of processing the input 
spatialized signal based on position data indicative of a 
current position, the processor 106 may process the input 
spatialized audio signal based on predicted position data 25 

indicative of a predicted position at a future time. The future 
time may be selected to compensate for the latency. For 
example, if the latency is 10 ms, the processor 106 may 
process the input spatialized audio signal based on a pre­
dicted position corresponding to 10 ms in the future such 30 

that, if the predicted position is correct, the sound output at 
the future time matches the position and orientation of the 
audio device 102 (or the user) at that future time. Thus, by 
generating the output spatialized audio signal 114 based on 
the predicted position data 112, lag between a user's move- 35 

ments and a change in perception of a direction or distance 
of a sound may be eliminated ( or reduced). In some imple­
mentations, the processor 106 may periodically compare the 
predicted position data 112 to subsequent position data to 
refine equations or algorithms used to generate the predicted 40 

position data 112, or to confirm that previously predicted 
positions are accurate within designated tolerances. 

In another particular implementation, the processor 106 
may not process spatialized audio signals in real time. 
Instead, an input spatialized audio signal may be pre- 45 

processed one or more times, and the processed spatialized 
audio signals may be stored at a memory. Each processed 
spatialized audio signal may correspond to a trajectory. For 
example, a trajectory of the audio device 102 (or the user) 
may be measured during presentation of the input spatialized 50 

audio signal, and the input spatialized audio signal may be 
processed based on the trajectory to generate a processed 
spatialized audio signal. To illustrate, the input spatialized 
audio signal may correspond to a movie, the head move­
ments of multiple users may be tracked while the users 55 

watch the movie, and each user's movement may be con­
verted into a trajectory. Due to differences in head size, 
relative interest in movie subject matter, etc. different tra­
jectories may be determined for adults vs. children, etc. Each 
of the trajectories may be used to pre-process and store a 60 

spatialized audio signal. Then, when a new user watches the 
movie, the processor 106 may be configured to determine a 
predicted trajectory based on the predicted position data 112 
of the new user. After determining the predicted trajectory, 
the processor 106 may access (e.g., by retrieving from the 65 

memory) a pre-processed spatialized audio signal associated 
with a trajectory that substantially matches ( or is closest to) 

Additionally, in a particular implementation, the proces­
sor 106 may be configured to determine whether to perform 
real time audio processing or to use processed audio signals 
based on available processing resources. Such determination 
is further described with reference to FIG. 2. 

In a particular implementation, one or more components 
of the audio processing device 100 may be included in or 
integrated in a vehicle. As an illustrative example, a seat 
inside an automobile may be equipped with multiple speak­
ers ( e.g., the audio device 102), and a display unit within the 
automobile may be configured to execute a VR game ( or AR 
game). A user seated in the automobile may interact with the 
VR game ( or AR game) using a user interface device, such 
as a handheld controller, that includes the sensors 103. The 
position predictor 104 and the processor 106 may be incor­
porated in an electronic component of the vehicle. As the 
user interacts with and move through a virtual environment 
associated with the VR game, sounds output by the speakers 
in the seat may be modified to enable user perception of 
changes in directionality or distances of sounds. To prevent 
changes in the sounds from lagging behind changes in the 
user's position or orientation in the virtual world, output 
spatialized audio signals may be generated based on pre­
dicted position data, as described above. In other implemen­
tations, spatialized audio signals may be processed for 3D 
audio applications, teleconference applications, multimedia 
applications, or other applications. 

In another particular implementation, one or more com­
ponents of the audio processing device may be included in 
or integrated in a "drone" ( e.g., an unmanned vehicle, such 
as a remote-controlled vehicle or an autonomous vehicle). 
As a non-limiting example, the drone may be an unmarmed 
aerial vehicle (UAV). To illustrate, a drone may include the 
sensor 103 and may be configured to detect a position and 
an orientation of the user, for example using one or more 
cameras or other optical sensors. As another example, the 
drone may include a microphone array that is configured to 
capture 3D sound for use during spatialized audio process­
ing, as described herein. 

Although the position predictor 104 and the processor 106 
are described as separate components, in another particular 
implementation, the position predictor 104 may be part of 
the processor 106. For example, the processor 106 may 
include circuitry configured to perform the operations of the 
position predictor 104. Alternatively, the processor 106 may 
be configured to execute instructions to perform the opera­
tions of the position predictor 104. In a particular imple­
mentation, the position predictor 104 and the processor 106 
may be integrated within a mobile device, such as a mobile 
telephone, a tablet computer, a laptop computer, a comput­
erized watch ( or other wearable device), a PDA, or a 
combination thereof, and the mobile device may be com-
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municatively coupled to the audio device 102, such as a 
HMD, a headset, or another audio device. In this implemen­
tation, the mobile device may be configured to provide audio 
processing for the audio device 102, and the audio device 
102 may be configured only to generate audio output(s) 
based on audio signal(s). 

12 
In the implementation illustrated in FIG. lB, the sensors 

103 include the position predictor 104. For example, the 
sensors 103 may include a sensor block or a sensor system 
that includes circuitry, such as the position predictor 104, 
that is configured to perform operations other than generat­
ing the sensor data 110. As another example, the sensors 103 
(e.g., the sensor block or sensor system) may include a 
processor that is configured to perform the operations of the 
position predictor 104. 

In a particular implementation, the sensors 103 may 
include a sensor memory 130. The sensor memory 130 may 
be configured to store data generated by the sensors 103, 
such as the sensor data 110 ( e.g., the coordinate data 120 and 
the orientation data 122). The data may be accessible to the 
position predictor 104 for performing one or more opera­
tions, such as determining the predicted position data 112. 

During operation, the sensors 103 may determine (e.g., 
measure) the sensor data 110, as described with reference to 
FIG. lA. In a particular implementation, the sensor data 110 
may be stored ( e.g., at the sensor memory 130). The position 
predictor 104 may determine the predicted position data 112 
based on the sensor data 110 (and historical position data), 
as further described with reference to FIG. lA. The position 
predictor 104 may provide the predicted position data 112 to 

During operation, the user may turn on the audio device 
102 and initiate playback of a particular audio file (or may 
stream content via a network). The one or more sensors 103 
may generate the sensor data 110 and provide (e.g., transmit) 10 

the sensor data 110 to the position predictor 104. The sensor 
data 110 may include the coordinate data 120 and the 
orientation data 122. In some implementations, the audio 
device 102 may be worn on the user's head, and thus the 
sensor data 110 may represent the user's head. In other 15 

implementations, the audio device 102 is stable or fixed 
(e.g., the audio device is a speaker array) and the sensors 103 
track the position and orientation of the user. In some 
examples, the sensor data 110 may indicate a translation 
position (e.g., x-y-z coordinates) and orientation (e.g., pitch, 20 

roll, and yaw) of the audio device 102, the user, or the user's 
head as the user reacts to presentation of the audio file or 
content. Additionally or alternatively, the sensor data 110 
may indicate the position and orientation of the user in a 
virtual environment (or an AR environment). 

The position predictor 104 may generate the predicted 
position data 112 based on the sensor data 110. For example, 
the position predictor 104 may predict a position of the audio 
device 102 (or the user) at a future time based on the sensor 
data 110 (e.g., the position data). The processor 106 may 30 

generate the output spatialized audio signal 114 based on the 
predicted position data 112, and may provide the output 
spatialized audio signal 114 (after 3D rendering and post­
processing) to the audio device 102 for use in generating an 
audio output ( e.g., an auditory sound). In various implemen- 35 

tations, as described herein, determining the predicted posi­
tion data 112 and generating the output spatialized audio 
signal 114 may involve accessing historical data, performing 
real time or near real time computations, determine a closest 

25 the processor 106. The processor 106 may receive the 
predicted position data 112 and generate the output spatial­
ized audio signal 114 based on the predicted position data 
112, as further described with reference to FIG. lA. 

a previously computed trajectory, retrieving a previously 40 

computed spatialized audio signal, applying a rotation, etc. 
The audio output at the audio device 102 may enable a user 
to perceive a change in a direction or distance of a sound 
source due to the user's movements or predicted movements 
(in the real world or in the virtual or AR environment). 45 

Additionally or alternatively, the output spatialized audio 
signal 114 may be stored at a memory for subsequent 
retrieval and playback. 

The audio processing device 100 of FIG. lA may thus 
compensate for a delay (e.g., a latency) associated with 50 

generating spatialized audio signals by generating the output 
spatialized audio signal 114 based on the predicted position 
data 112. Because the processor 106 generates the output 
spatialized audio signal 114 based on the predicted position 
data 112 (e.g., data indicative of a position of the audio 55 

device 102 or the user at a future time) instead of position 
data indicative of a current position of the audio device 102 

The audio processing device 150 of FIG. lB may thus 
compensate for a delay (e.g., a latency) associated with 
generating spatialized audio signals by generating the output 
spatialized audio signal 114 based on the predicted position 
data 112. Because the processor 106 generates the output 
spatialized audio signal 114 based on the predicted position 
data 112 ( e.g., data indicative of a position of the audio 
device 102 or the user at a future time) instead of position 
data indicative of a current position of the audio device 102 
or the user, the latency is compensated for and a user may 
not perceive a lag between his or her movement and a 
corresponding change in a spatialized audio output. Because 
the position predictor 104 is included in the sensors 103 in 
the implementation illustrated in FIG. lB, an amount of 
operations performed at the processor 106 may be reduced 
as compared to other audio processing devices that process 
spatialized audio signals. 

Referring to FIG. lC, a third implementation of an audio 
processing device is shown and generally designated 160. 
The audio processing device 160 is configured to generate 
an output spatialized audio signal based on predicted posi­
tion data. The audio processing device 160 includes the 
audio device 102, the one or more sensors 103, and the 
processor 106. 

In the implementation illustrated in FIG. lC, the proces­
sor 106 includes the position predictor 104. For example, the 
processor 106 may include circuitry or other hardware that 
is configured to perform operations described with reference 
to the position predictor 104. As another example, the 
processor 106 may execute one or more instructions stored 
on a non-transitory computer readable medium that cause 

or the user, the latency is compensated for and a user may 
not perceive a lag between his or her movement and a 
corresponding change in a spatialized audio output. 60 the processor 106 to perform the operations of the position 

predictor 104. Referring to FIG. lB, a second implementation of an 
audio processing device is shown and generally designated 
150. The audio processing device 150 is configured to 
generate an output spatialized audio signal based on pre­
dicted position data. The audio processing device 150 65 

includes the audio device 102, the one or more sensors 103, 
and the processor 106. 

During operation, the sensors 103 may determine (e.g., 
measure) the sensor data 110, as described with reference to 
FIG. lA. The processor 106 may receive the sensor data 110 
from the sensors 103. The position predictor 104 (e.g., the 
processor 106) may determine the predicted position data 
112 based on the sensor data 110 (and historical position 
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data), as further described with reference to FIG. lA. For 
example, the processor 106 may perform one or more 
operations to determine the predicted position data 112. In a 
particular implementation, the processor 106 may cause the 
predicted position data 112 to be stored (e.g., in a memory 
accessible to the processor 106). Additionally, the processor 
106 may generate the output spatialized audio signal 114 
based on the predicted position data 112, as further described 
with reference to FIG. lA. 

14 
implementation, the position predictor 104, the processor 
106, the memory 240, or a combination thereof, may be 
integrated within the mobile device. In another alternate 
implementation, the audio device 102 may be a speaker 
array, as described with reference to FIGS. lA-C, and the 
sensor data 110 may be provided by sensors that are separate 
from the speaker array ( or that are configured to track the 
position and the orientation of the user, not the audio device 
102). 

The position predictor 104 includes arithmetic circuitry 
202, filtering circuitry 208, and a memory 220. The proces­
sor 106 includes a resource analyzer 260 and one or more 
audio buffers 262. Although illustrated as separate (e.g., 
distinct) components, in other implementations the memory 

15 220 and the memory 240 may be a single memory that is 
accessible to both the position predictor 104 and the pro­
cessor 106. Additionally or alternatively, although the 
memory 220 is illustrated as integrated within ( or on the 
same chip as) the position predictor 104 and the memory 240 

The audio processing device 160 of FIG. lC may thus 10 

compensate for a delay (e.g., a latency) associated with 
generating spatialized audio signals by generating the output 
spatialized audio signal 114 based on the predicted position 
data 112. Because the processor 106 generates the output 
spatialized audio signal 114 based on the predicted position 
data 112 (e.g., data indicative of a position of the audio 
device 102 or the user at a future time) instead of position 
data indicative of a current position of the audio device 102 
or the user, the latency is compensated for and a user may 
not perceive a lag between his or her movement and a 
corresponding change in a spatialized audio output. Because 
the position predictor 104 is included in the processor 106 in 
the implementation illustrated in FIG. lC, an amount of 
components in the audio processing device 160 may be 
reduced as compared to other audio processing devices that 25 

process spatialized audio signals. 

20 is illustrated as a separate device from the processor 106, in 
other implementations, the memory 220 may be a separate 
device from the position predictor 104, the memory 240 may 
be integrated within (or on the same chip as) the processor 
106. 

In the above description, various functions performed by 
the audio processing device 100 of FIG. lA, the audio 
processing device 150 of FIG. lB, and the audio processing 
device 160 of FIG. lC are described as being performed by 30 

certain components. However, this division of components 
is for illustration only. In an alternate implementation, a 
function performed by a particular component may instead 

The memory 220 may be configured to store historical 
position data 222, latency data 224, user response data 226, 
first predicted trajectory data 228, second predicted trajec­
tory data 230, and user-interest analysis data 232. The 
historical position data 222 may represent previous sensor 
data received from the audio device 102 (e.g., from the one 
or more sensors 103). The latency data 224 may indicate a 
latency associated with processing spatialized audio signals 
at the processor 106. In a particular implementation, the 
position predictor 104 is configured to determine the latency 
data 224 by performing one or more measurements of 
operations of the processor 106. In an alternate implemen-
tation, the processor 106 determines the latency data 224 and 
provides the latency data 224 to the position predictor 104. 
The user response data 226 may indicate responses of the 
user, or other users, to presentation of one or more spatial­
ized audio signals. For example, the user response data 226 
may indicate a trajectory of the audio device 102 (e.g., of the 
user's head) during a previous presentation of a particular 
spatialized audio signal. The user-interest analysis data 232 

45 may indicate interest levels of the user associated with 
presentations of related or similar spatialized audio signals. 
For example, the user-interest analysis data 232 may indi­
cate a likelihood of a user to turn away from a loud sound, 

be divided amongst multiple components. Moreover, in an 
alternate implementation, two or more components of FIGS. 35 

lA-C may be integrated into a single component. For 
example, the position predictor 104 and the processor 106 
may be integrated in a single component. Alternatively, the 
audio device 102, the position predictor 104, and the pro­
cessor 106 may be integrated in a single component. Each 40 

component illustrated in FIGS. lA-C may be implemented 
using hardware ( e.g., a field-programmable gate array 
(FPGA) device, an application-specific integrated circuit 
(ASIC), a DSP, a controller, etc.), software ( e.g., instructions 
executable by a processor), or a combination thereof. 

Referring to FIG. 2, an illustrative implementation of an 
audio processing device that includes or is coupled to a 
HMD of a virtual reality system is shown and generally 
designated 200. The audio processing device 200 includes 
the audio device 102, the position predictor 104, the pro- 50 

cessor 106, a memory 240, and a wireless interface 270. In 
FIG. 2, the audio device 102 is illustrated as a HMD of a 
virtual reality system. In other implementations, the audio 
device 102 may be a headset or another device capable of 
outputting 3D rendered audio signals. Although the position 55 

predictor 104, the processor 106, and the memory 240 are 
illustrated as being separate from the audio device 102, in 
other implementations, the position predictor 104, the pro­
cessor 106, the memory 240, or a combination thereof, may 
be integrated within the audio device 102. For example, the 60 

position predictor 104, the processor 106, and the memory 
240 may be integrated within the virtual reality system. 
Alternatively, the audio device 102 may be a headset, and 
the illustrated HMD may be a pair of virtual reality goggles 
that are communicatively coupleable to a mobile device, 65 

such as a mobile telephone or tablet computer, that is 
configured to provide visual and audio outputs. In this 

or to turn toward a particular sound ( e.g., a sound of a car 
starting, a sound of an explosion, etc.) during presentation of 
a spatialized audio signal. Additionally or alternatively, the 
user-interest analysis data 232 may indicate interest levels of 
the user to various topics. For example, the user-interest 
analysis data 232 may indicate that the user prefers listening 
to concerts rather than viewing movies, that the user prefers 
watching action movies rather than documentaries, or that 
the user prefers educational virtual reality content rather 
than sports games, as non-limiting examples. 

The memory 220 may also store a plurality of predicted 
trajectory data, such as the first predicted trajectory data 228 
and the second predicted trajectory data 230, which may be 
used by the position predictor 104 (or the processor 106) to 
select processed spatialized audio signals for retrieval from 
the memory 240, as further described herein. Additionally or 
alternatively, the predicted trajectory data 228, 230 may be 
received (e.g., accessed) from at least one other device. To 
illustrate, the audio processing device 200 may be config-
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ured to receive one or more streams ( e.g., data streams, 
media streams, etc.) from at least one device, such as a 
server, via the wireless interface 270. As non-limiting 
examples, the at least one device may include a multimedia 
server, a cloud-based storage device, or another mobile 
device that is accessible via wireless communications. The 
processor 106 may be configured to send a request for 
predicted trajectory data, processed spatialized audio sig­
nals, or both, to the at least one other device via the wireless 
interface 270, and the audio processing device 200 may 
receive at least one data stream from the at least one device 
responsive to sending the request. 

As described with reference to FIGS. lA-C, the position 
predictor 104 may be configured to determine the predicted 
position data 112 based on the sensor data 110. The sensor 
data 110 may include the coordinate data 120 and the 
orientation data 122 of FIGS. lA-C. As illustrated in FIG. 2, 
the coordinate data 120 may include x-y-z coordinates ( e.g., 
translational position data) that indicate a translational posi­
tion of the user (or the audio device 102). In some examples, 
the translational position of the user may be relative to a 
fixed origin, such as the center of a room or a virtual reality 
environment, the position of the user when playback of a file 
or streaming of content began, etc. Additionally, the orien­
tation data 122 may include angles of roll, pitch, and yaw, 
which indicate orientation of the user ( or the audio device 
102) with respect to the coordinate planes. In some 
examples, the orientation angles may be relative to a fixed 
origin, such as the origin of a gyro sensor. Thus, in at least 
some implementations, the sensor data includes six mea­
surements (e.g., an x coordinate value, a y coordinate value, 
a z coordinate value, a roll angle, a pitch angle, and a yaw 
angle). In other implementations, one or more of the six 
measurements are not included in the sensor data 110, or the 
sensor data 110 includes additional measurements, such as 
movement, angular momentum, velocity, acceleration, or 
others. In other implementations, the sensor data 110 indi­
cates a position of the user in a virtual environment or an AR 
environment. For example, a control interface may be 
coupled to the VR system, and the control interface may 
include sensors that generate the sensor data based on user 
inputs. The user inputs may include pressing a button or pad 
on a hand-held controller, a voice input, a touch input, a 
gesture input, or another kind of user input. 

In some examples, the predicted position data 112 may be 
determined further based on the historical position data 222, 
where the historical position data 222 corresponds to pre­
vious movements by the user wearing the illustrated HMD, 
previous movements by other users, or both. The position 
predictor 104 may include the arithmetic circuitry 202 that 

16 
the velocity 204, the acceleration 206, or both may be 
determined by the one or more sensors 103 and may be 
provided to the position predictor 104 ( e.g., as part of the 
sensor data 110). The predicted position data 112 may be 
determined based on the velocity 204, the acceleration 206, 
or both. As one example, the velocity 204 may be multiplied 
by the latency data 224 to determine a predicted movement, 
and the predicted movement may be applied to a current 
position (indicated by the sensor data 110) to determine a 

10 predicted position indicated by the predicted position data 
112. 

In some implementations, the position predictor 104 may 
use the filtering circuitry 208 to determine the predicted 
position data 112. In a particular implementation, the filter-

15 ing circuitry 208 includes a Kalman filter 210, and the 
Kalman filter 210 is applied to the sensor data 110 (e.g., the 
current position) to determine the predicted position data 
112. In another particular implementation, the velocity 204 
may be used as an additional input to the Kalman filter 210. 

20 In other implementations, the filtering circuitry 208 may 
include particle filter(s) or a particle filter tracker. The 
particle filter may determine one or more predicted trajec­
tories based on the sensor data 110, and the one or more 
predicted trajectories may be indicated by the predicted 

25 position data 112. For each of the one or more predicted 
trajectories, the processor 106 may generate (or retrieve) a 
spatialized audio signal, and the output spatialized audio 
signal 114 may be selected as the spatialized audio signal 
corresponding to trajectory that is closest to a position at the 

30 time the spatialized audio signals are finished being pro­
cessed. 

As described with reference to FIGS. lA-C, the position 
predictor 104 may be configured to determine a predicted 
trajectory based on the sensor data 110. The predicted 

35 trajectory may be based on an analysis of the user response 
data 226, the user-interest analysis data 232, or both, and the 
sensor data 110. To illustrate, the position predictor 104 may 
determine multiple predicted trajectories, such as predicted 
trajectories indicated by the first predicted trajectory data 

40 228 and the second predicted trajectory data 230. The 
predicted trajectories may be determined based on the user 
response data 226. For example, the user response data 226 
may include position data or orientation data that is tempo­
rally synchronized to indicate responses ( e.g., movements) 

45 of the user during other presentations of a spatialized audio 
signal, and the multiple predicted trajectories may be deter­
mined based on the responses. Additionally or alternatively, 
the predicted trajectories may be determined based on the 
user-interest analysis data 232. For example, the position 

50 predictor 104 may access the user-interest analysis data 232 
to determine that a particular sound in a spatialized audio 
signal will be of interest to the user, and the position 
predictor 104 may determine one or more predicted trajec-

is configured to perform one or more mathematical opera­
tions to determine the predicted position data 112. For 
example, the arithmetic circuitry 202 may include one or 
more adders, multipliers, logic gates, shifters, or other 
circuitry to enable the position predictor 104 to perform 55 

computations to determine the predicted position data 112. 

tories based on this analysis. 
The predicted trajectory data 228, 230 may be generated 

prior to playback of a particular spatialized audio file and 
may be accessed during the playback to determine the 
predicted trajectory. For example, the position predictor 104 
may determine a predicted trajectory by comparing the 

As a particular example, the position predictor 104 may use 
the arithmetic circuitry 202 to perform one or more com­
putations to compare the sensor data 110 to the historical 
position data 222. A difference between the sensor data 110 
and the historical position data 222 may be used to estimate 
a predicted position at a future time ( e.g., the predicted 
position data 112). 

Additionally, the arithmetic circuitry 202 may be config­
ured to perform operations to determine a velocity 204, an 
acceleration 206, or both, based on the sensor data 110 and 
the historical position data 222. In other implementations, 

60 sensor data 110 and the historical position data 222 to the 
stored predicted trajectory data (or to predicted trajectory 
data accessed via the wireless interface 270) to determine 
which predicted trajectory most closely matches the sensor 
data 110 and the historical position data 222. The closest 

65 matching predicted trajectory stored at the memory 220 ( or 
accessed via the wireless interface 270) may be selected as 
the predicted trajectory to be indicated by the predicted 
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position data 112. For example, in response to determining 
that the first predicted trajectory data 228 is the closest 
match to the sensor data 110 and the historical position data 
222, the position predictor 104 may output the first predicted 
trajectory data 228 (indicating the first predicted trajectory) 

18 
user, the spatialized audio files may be stored as part of other 
content (e.g., movies, video games, etc.) that is stored by a 
user or as part of an automatic update. 

The predicted position data 112 may indicate the pre­
dicted trajectory, and the processor 106 may access the 
memory 240 and retrieve a processed spatialized audio 
signal that corresponds to the predicted trajectory. For 
example, in response to determining that the first predicted 
trajectory (that is associated with the first processed spatial-

as the predicted position data 112. In another particular 
implementation, the sensor data 110 and the historical posi­
tion data 222 may be insufficient to determine a predicted 
trajectory, and the position predictor 104 may output trajec­
tory data corresponding to a most likely trajectory that is 
determined based on the user response data 226, the user­
interest analysis data 232, or both. 

The processor 106 may be configured to receive the 
predicted position data 112 and to generate the output 
spatialized audio signal 114 based on the predicted position 
data 112, as described with reference to FIGS. lA-C. In a 
particular implementation, the processor 106 is configured 

10 ized audio signal 242) corresponds to the predicted trajec­
tory that is indicated by the predicted position data 112, the 
processor 106 may retrieve the first processed spatialized 
audio signal 242 from the memory 240 and may use the first 
processed spatialized audio signal as the output spatialized 

15 audio signal 114. To further illustrate, frames of the first 
processed spatialized audio signal 242 may be retrieved 
from the memory 240 and stored in the audio buffers 262, 
and the frames may be provided from the audio buffers 262 
to the audio device 102 as the output spatialized audio signal 

to process an input spatialized audio signal 246 based on the 
predicted position data 112 to generate the output spatialized 
audio signal 114. To illustrate, the processor 106 may 
generate a rotation (e.g., rotation data) based on the pre­
dicted position data 112. In a particular implementation, the 
rotation may be indicated by a rotation matrix, as further 
described with reference to FIG. 4. The processor 106 may 
apply the rotation to the input spatialized audio signal 246 to 25 

"rotate" the input spatialized audio signal 246 such that a 
perceived direction or distance of one or more sounds 
changes based on the predicted position data 112. In other 
implementations, other processing may be performed to 
generate ( e.g., determine) and apply the rotation. In other 30 

implementations, the processor 106 may perform channel­
based audio processing, object-based audio processing, or 
other audio processing (such as vector based amplitude 
panning (VBAP), as a non-limiting example) to modify the 
input spatialized audio signal 246 such that a perceived 35 

direction or distance of one or more sounds changes based 

20 114. 

on the predicted position data 112. The processor 106 may 
be configured to store processed frames of the input spa­
tialized audio signal 246 in the audio buffers 262, and to 
provide the processed frames from the audio buffers 262 to 40 

the audio device 102 as the output spatialized audio signal 
114. 

In another particular implementation, the processor 106 
may be configured to determine a predicted trajectory based 

In another particular implementation, the position predic­
tor 104 may update the predicted position data 112 to 
indicate a different predicted trajectory based on changes in 
the sensor data 110 (e.g., the position data). To illustrate, at 
time t0, the predicted position data 112 may indicate a first 
predicted trajectory based on the sensor data 110. At time tl, 
the position predictor 104 may determine that sensor data 
associated with time t1 indicates that a second predicted 
trajectory is the closest match to a current user trajectory. At 
time tl, the position predictor 104 may provide ( e.g., trans­
mit) second predicted position data to the processor 106. The 
second predicted position data may indicate the second 
predicted trajectory. In response to receiving the second 
predicted position data that indicates the second predicted 
trajectory, the processor 106 may retrieve the second pro­
cessed spatialized audio signal 244 that corresponds to the 
second predicted trajectory. 

At time t0, the processor 106 may store frames of the first 
processed spatialized audio signal 242 in the audio buffers 
262 and the frames may be provided from the audio buffers 
262 to the audio device 102 as the output spatialized audio 
signal 114. At time tl, in response to receiving the second 
predicted position data, the processor 106 may begin storing 
frames from the first processed spatialized audio signal 242 

45 and the second processed spatialized audio signal 244 in the 
audio buffers 262. Output data corresponding to the frames 
from the two processed spatialized audio signals may be 
stored in the audio buffers 262 based on a fading factor 252 
stored at the memory 240, according to the following 

on the predicted position data 112 and to retrieve, from the 
memory 240, a processed spatialized audio signal that 
corresponds to the predicted trajectory. To illustrate, the 
memory 240 may be configured to store a plurality of 
processed spatialized audio signals based on a plurality of 
predicted trajectories. For example, the memory 240 may 
store a first processed spatialized audio signal 242 that is 
based on a first predicted trajectory and a second processed 
spatialized audio signal 244 that is based on a second 
predicted trajectory. The processed spatialized audio signals 
may be generated prior to receiving a request for playback 55 

of spatialized audio signals. For example, the processed 
audio signals may be stored at the memory 240 during an 
initial setup process of the audio processing device 200, 
during an update of the audio processing device 200, or 
during a time when processing resources are available to 60 

generate and store the processed spatialized audio files. As 
additional examples, the processed spatialized audio files 
may be requested from another device (e.g., a server) 
periodically or as-needed, the spatialized audio files may be 
received via one or more data streams received via the 65 

wireless interface 270 and stored at the memory 240, the 
spatialized audio files may be downloaded or stored by a 

50 equation: 

Output data~a*L1Rl+(l-a)*L2R2 Equation 1 

where a represents the fading factor, LlRl represents a 
stream corresponding to a first processed spatialized audio 
signal (e.g., the first processed spatialized audio signal 242), 
and L2R2 represents a stream corresponding to a second 
processed spatialized audio signal ( e.g., the second pro­
cessed spatialized audio signal 244). The fading factor 252 
a may be a fade-in/fade-out function that transitions from 0 
to 1 during a transition time. In a particular implementation, 
the fading factor 252 corresponds to a linear function. In 
another particular implementation, the fading factor 252 
corresponds to a non-linear function. The transition time 
may be determined based on a tradeoff between system 
responsiveness ( e.g., how quickly the system should change 
audio streams based on user movement) and audio smooth­
ness (e.g., avoiding outputting audible audio artifacts). The 
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transition time may be on the order of tens of milliseconds. 
In a particular implementation, the transition time is 10 ms. 

In another particular implementation, transitions between 
two processed spatialized audio signals may be limited to 
times when the corresponding predicted trajectories overlap. 
For example, if the first predicted trajectory and the second 
predicted trajectory overlap at time t2, the processor 106 
may switch from storing frames of the first processed 
spatialized audio signal 242 in the audio buffers 262 to 
storing frames of the second processed spatialized audio 
signal 244 in the audio buffers 262 at time t2. Limiting 
transitions between different processed spatialized audio 
signals to times when the predicted trajectories overlap may 
reduce audio artifacts caused by differences between the 
processed spatialized audio signals. 

In another particular implementation, the processor 106 
may be configured to pan between two processed spatialized 
audio signals to achieve a closer match to a position of the 
audio device 102 (or the user). In this implementation, the 
position predictor 104 may provide the predicted position 
data 112 indicating multiple closest matching predicted 
trajectories. For example, in response to determining that the 
first predicted trajectory and the second predicted trajectory 
are the closest matches to the sensor data 110, the position 
predictor 104 may include the first predicted trajectory data 
228 and the second predicted trajectory data 230 in the 
predicted position data 112. In response to the predicted 
position data 112 including the first predicted trajectory data 
228 and the second predicted trajectory data 230, the pro­
cessor 106 may retrieve the first processed spatialized audio 
signal 242 (corresponding to the first predicted trajectory) 
and the second processed spatialized audio signal 244 ( cor­
responding to the second predicted trajectory) from the 
memory 240. 

Output data corresponding to the frames from the two 
processed spatialized audio signals may be stored in the 
audio buffers 262 based on a panning factor 250 stored at the 
memory 240, according to the following equation: 

20 
the resource analyzer 260 may be configured to compare 
available resources to one or more thresholds 248 stored at 
the memory 240. The threshold(s) 248 may be represented 
in terms of processor utilization, available memory, battery 
charge level, etc. The threshold(s) 248 may be fixed or may 
be adjustable (e.g., based on user input, based on program­
ming by a vendor of the HMD, etc.). In response to 
determining that the available resources exceed the thresh­
old(s) 248 (e.g., based on the comparison), the resource 

10 analyzer 260 may determine that the audio processing 
device 200 ( e.g., the position predictor 104 and the processor 
106) is to process spatialized audio signals in real time (or 
near real time). Accordingly, the resource analyzer 260 may 
generate a first control signal that causes the processor 106 

15 to process spatialized audio signals, such as the input 
spatialized audio signal 246, to generate the output spatial­
ized audio signal 114. In response to determining that the 
available resources fail to exceed ( e.g., are less than or equal 
to) the threshold( s) 248, the resource analyzer 260 may 

20 determine that the audio processing device 200 ( e.g., the 
position predictor 104 and the processor 106) is to use 
processed spatialized audio signals stored at the memory 
240 instead of processing spatialized audio signals in real 
time. Accordingly, the resource analyzer 260 may generate 

25 a second control signal that causes the processor 106 to 
retrieve processed spatialized audio signals stored at the 
memory 240 based on the predicted position data 112. In 
some implementations, the resource analyzer 260 may be 
configured to periodically perform the determination as the 

30 available processing resources may change at different 
times. In other implementations, the processor 106 does not 
include the resource analyzer 260, and the audio processing 
device 200 does not switch between operating modes (e.g., 
between processing spatialized audio signals in real time or 

35 retrieving processed spatialized audio signals stored at the 
memory 240). 

During operation, the position predictor 104 receives the 

Output data~b*L1Rl+(l-b)*L2R2 Equation 2 
40 

sensor data 110 from the sensors 103. The sensor data 110 
indicates a position and an orientation of the audio device 
102 (e.g., of the user's head). Additionally or alternatively, 
the sensor data 110 indicates a position and an orientation of where b represents the panning factor, LlRl represents a 

stream corresponding to a first processed spatialized audio 
signal (e.g., the first processed spatialized audio signal 242), 
and L2R2 represents a stream corresponding to a second 
processed spatialized audio signal ( e.g., the second pro­
cessed spatialized audio signal 244). The panning factor 250 
may be defined by the following equation: 

b~l(P(t)-Pl)I/IP1-P21 Equation 3 

where P(t) represents a current position (based on the sensor 
data 110), Pl represents a corresponding positions from the 
first predicted trajectory, and P2 represents a corresponding 
predicted trajectory from the second predicted trajectory. 
Thus, audio frames from multiple spatialized audio signals 
may be stored in the audio buffers 262 based on the panning 
factor 250, and the audio frames may be provided from the 
audio buffers 262 to the audio device 102 as the output 
spatialized audio signal 114. 

In a particular implementation, the processor 106 includes 
the resource analyzer 260. The resource analyzer 260 may 
be configured to analyze available processing resources to 
determine an operating mode of the audio processing device 
200. For example, based on available processing resources, 
the resource analyzer may determine whether the processor 
106 processes spatialized audio signals in real time (or near 
real time) or whether the processor 106 retrieves processed 
spatialized audio signals from the memory 240. To illustrate, 

the user in a virtual or AR environment. The position 
predictor 104 determines the predicted position data 112 
based on the sensor data 110. For example, the arithmetic 

45 circuitry 202 may perform one or more operations to deter­
mine the predicted position data 112. The predicted position 
data 112 may be provided to the processor 106, and the 
processor 106 may generate the output spatialized audio 
signal 114 based on the predicted position data 112. The 

50 output spatialized audio signal 114 may be provided to the 
audio device 102 to initiate an audio output at the audio 
device 102. Additionally or alternatively, the output spatial­
ized audio signal 114 may be stored at the memory 240. 

In a particular implementation, the processor 106 may 
55 process the input spatialized audio signal 246 based on the 

predicted position data 112 to generate the output spatialized 
audio signal 114. In another particular implementation, the 
processor 106 may retrieve a processed spatialized audio 
signal from the memory 240 based on a predicted trajectory 

60 indicated by the predicted position data 112. In another 
particular implementation, the operation mode of the audio 
processing device 200 ( e.g., whether a spatialized audio 
signal is processed in real time or whether a processed 
spatialized audio signal is retrieved from the memory 240) 

65 may be determined by the resource analyzer 260 by com­
paring available processing resources to the threshold(s) 
248. 
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The audio processing device 200 of FIG. 2 may thus 
compensate for a delay (e.g., a latency) associated with 
generating spatialized audio signals by generating the output 
spatialized audio signal 114 based on the predicted position 
data 112. Because the processor 106 generates the output 
spatialized audio signal 114 based on the predicted position 
data 112 (e.g., data indicative of a position of the audio 
device 102 or the user at a future time) instead of position 
data indicative of a current position of the audio device 102 
or the user, the latency is compensated for and a user does 
not experience a lag between his or her movement and a 
corresponding change in a spatialized audio output. Addi­
tionally, if available computing resources are insufficient 
(e.g., less than or equal to the threshold(s) 248), the proces­
sor 106 may retrieve processed spatialized audio signals 
from the memory 240 instead of processing spatialized 
audio signals in real time. Using pre-processed spatialized 
audio signals may reduce a load on the processor 106 as 
compared to processing spatialized audio signals in real time 
while continuing to approximate spatialized audio output for 
an individual user's movements. 

In the above description, various functions performed by 
the audio processing device 200 of FIG. 2 are described as 
being performed by certain components. However, this 
division of components is for illustration only. In an alter­
nate implementation, a function performed by a particular 
component may instead be divided amongst multiple com­
ponents. Moreover, in an alternate implementation, two or 
more components of FIG. 2 may be integrated into a single 
component. For example, the position predictor 104, the 
processor 106, and the memory 240 may be integrated in a 
single component. Alternatively, the audio device 102, the 
position predictor 104, the processor 106, and the memory 
240 may be integrated in a single component. Each com­
ponent illustrated in FIG. 2 may be implemented using 
hardware (e.g., a field-programmable gate array (FPGA) 
device, an application-specific integrated circuit (ASIC), a 
DSP, a controller, etc.), software (e.g., instructions execut­
able by a processor), or a combination thereof. 

22 
waves, that are directed in particular directions) based on the 
output spatialized audio signal 114. For example, the audio 
device 102 may include one or more audio amplifiers and 
one or more audio filters configured to implement beam­
forming to direct audio waves (e.g., audio outputs) in 
particular directions. In this implementation, the audio 
device 102 ( e.g., the audio filters) may be configured to 
direct the audio output ( e.g., the audio waves) in particular 
directions based on spatialized audio signals. In some imple-

10 mentations, the processor 106 may be further configured to 
generate control signals 302 to enable the audio device 102 
(e.g., the speaker array) to perform the beamforming. For 
example, the control signals 302 may include one or more 
filter coefficients used by the audio filters of the audio device 

15 102 to perform the beamforming. 
The audio processing device 300 of FIG. 3 may compen­

sate for a delay (e.g., a latency) associated with generating 
spatialized audio signals by generating the output spatialized 
audio signal 114 based on the predicted position data 112. 

20 Additionally, the audio processing device 300 may enable a 
speaker array (e.g., the audio device 102) to perform beam­
forming to output the output spatialized audio signal 114. 
Thus, the techniques of the present disclosure may improve 
a spatialized audio listening experience associated with 

25 binaural headphone output as well as multi-channel speaker 
output. 

In the above description, various functions performed by 
the audio processing device 300 of FIG. 3 are described as 
being performed by certain components. However, this 

30 division of components is for illustration only. In an alter­
nate implementation, a function performed by a particular 
component may instead be divided amongst multiple com­
ponents. Moreover, in an alternate implementation, two or 
more components of FIG. 3 may be integrated into a single 

35 component. For example, the position predictor 104, the 
processor 106, and the memory 240 may be integrated in a 
single component. Alternatively, the audio device 102, the 
position predictor 104, the processor 106, and the memory 
240 may be integrated in a single component. Each com-

40 ponent illustrated in FIG. 3 may be implemented using 
hardware (e.g., a field-programmable gate array (FPGA) 
device, an application-specific integrated circuit (ASIC), a 
DSP, a controller, etc.), software (e.g., instructions execut-

Referring to FIG. 3, an illustrative implementation of an 
audio processing device that includes or is coupled to a 
speaker array is shown and generally designated 300. The 
audio processing device 300 includes the audio device 102, 
the sensors 103, the position predictor 104, the processor 
106, the memory 240, and the wireless interface 270. In the 45 

implementation illustrated in FIG. 3, the audio device 102 
includes a speaker array, and the sensors 103 are separate 
from the audio device 102 and configured to determine a 
position and an orientation of the user. For example, the 
sensors 103 may include a camera or other optical device 
configured to determine the position and the orientation of 
the user. In another particular implementation, the sensors 
103 may be other movement sensors, such as position 
sensors, accelerometers, orientation sensors, etc., that are 
worn by ( e.g., coupled to) the user. In another particular 
implementation, the sensors 103 may be integrated within a 
user interface device, and the sensor data 110 may indicate 

able by a processor), or a combination thereof. 
Referring to FIG. 4, an illustrative implementation of an 

audio processing device configured to perform audio spa­
tialization using predicted position data is shown and gen­
erally designated 400. The audio processing device 400 
includes the position predictor 104, a quaternion generator 

50 404, audio spatialization circuitry 410, and a digital-to­
analog converter (DAC) 418, with respective inputs and 
outputs coupled as shown. The audio spatialization circuitry 
410 includes a rotation matrix generator 412, a rotation 
matrix applier 414, and a binauralizor 416, with respective 

55 inputs and outputs coupled as shown. 
The position predictor 104 may be configured to deter­

mine predicted position data, such as the predicted position 
data 112 of FIGS. lA-C, 2 and 3. The quaternion generator 
404 may be configured to receive the predicted position data 

a position and an orientation of the user in a virtual or AR 
environment. 

The audio processing device 300 may be configured to 
operate similarly to the audio processing device 200 of FIG. 
2. For example, the position predictor 104 may determine 
the predicted position data 112 based on the sensor data 110, 
and the processor 106 may generate the output spatialized 
audio signal 114 based on the predicted position data 112. 
The audio device 102 may be configured to perform beam­
forming (e.g., to generate audio outputs 304, such as audio 

60 from the position predictor 104 and to generate quaternion 
data based on the predicted position data. The quaternion 
data may represent predicted position data in a quaternion 
format. In some implementations, the quaternion data may 
indicate an azimuth, an elevation, and a flip associated with 

65 the predicted position data. Alternatively, the quaternion 
data may be used to determine the azimuth, the elevation, 
and the flip using known equations. 
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The rotation matrix generator 412 may be configured to 
receive the quaternion data from the quaternion generator 
404 and to generate a rotation matrix based on the quater­
nion data. Although FIG. 4 illustrates that the rotation matrix 
generator 412 receives the azimuth, the elevation, and the 
flip individually, such illustration is for convenience and is 
not to be considered limiting. In some implementations, a 
portion of the audio spatialization circuitry 410 may receive 
the quaternion data and generate the azimuth, the elevation, 
and the flip. Alternatively, the rotation matrix generator 412 10 

may receive the quaternion data and may generate the 
azimuth, the elevation, and the flip. Generating the rotation 
matrix may include converting the quaternion data to spheri-
cal or Cartesian coordinates, rotating the coordinates, apply­
ing Eigen microphone (mic) weights, applying higher order 15 

ambisonic (HOA) ordering, and inverting coordinates. 
The rotation matrix applier 414 may be configured to 

receive the rotation matrix from the rotation matrix genera-
tor 412. The rotation matrix applier 414 may be further 
configured to apply the rotation matrix to a fourth order 20 

HOA audio signal 420 to generate audio data. Applying the 
rotation matrix to the fourth order HOA audio signal 420 
may cause a perceived direction or distance of a sound ( or 
sound source) to change. In other implementations, the HOA 
audio signal may be lower than or higher than the fourth 25 

order. Applying the rotation matrix may include multiplying 
the rotation matrix by a vector of samples of the fourth order 
HOA audio signal 420. In some implementations, applying 
the rotation matrix, or performing addition processing, also 
accounts for changes in position. For example, x-y-z coor- 30 

dinate data may be weighted to compensate for changes in 
position. 

24 
be included, such as a filter coefficient generator that gen­
erates filter coefficients for use in performing beamforming. 

The DAC 418 may be configured to receive the digital 
spatialized audio signal ( e.g., the output of the binauralizor 
416) and to convert the digital spatialized audio signal to an 
analog spatialized audio signal. The analog spatialized audio 
signal may be stored at the memory 240 or may be provided 
to the audio device 102 to generate an audio output, as 
described with reference to FIGS. lA-C, 2, and 3. The 
digital spatialized audio signal (e.g., the output of the 
binauralizor 416) may also be provided to a feedback input 
of the audio spatialization circuitry 410. 

As described with reference to FIGS. lA-C, position 
predictor 104 determines the predicted position data corre­
sponding to a future time (e.g., a particular amount of time). 
The future time is selected to account for an estimated audio 
playback latency (e.g., a delay) associated with processing 
spatialized audio signals, and the predicted position data is 
corresponds to the future time. The latency may include or 
account for latency that is associated with using at least the 
audio spatialization circuitry 410 (e.g., the rotation matrix 
generator 412, the rotation matrix applier 414, and the 
binauralizor 416) and the DAC 418. In other implementa­
tions, the latency may also include or account for a latency 
that is associated with the quaternion generator 404. The 
position predictor 104 may determine the latency (or the 
latency may be provided to the position predictor 104, such 
as by the processor 106 of FIGS. lA-C, 2, and 3), and the 
latency may select the future time such that a difference 
between the future time and a current time is equal to the 
latency. As an illustrative non-limiting example, the latency 
may be determined using an internal timer of an audio 
processing device while the audio processing device pro­
cesses test data. As another illustrative non-limiting 

The rotation matrix generator 412 and the rotation matrix 
applier 414 may be optional. In other implementations, the 
audio spatialization circuitry 410 may include other com­
ponents configured to apply a rotation to a spatialized audio 
signal. For example, the audio spatialization circuitry 410 
may include a vector generator, a vector applier, a rotation 
data set generator, a rotation data set applier, or other 
circuitry or hardware configured to determine rotation data 
(e.g., one or more vectors, one or more elements of a data 
set, one or more elements from a lookup table or database, 
etc.) and to apply the rotation data to input spatialized audio 
signals, such as the fourth order HOA audio signal 420, to 
perform audio spatialization processing. 

35 example, data indicating the latency may be determined 
during manufacture/testing of an audio processing device 
and may be available for retrieval during operation (e.g., 
from an Internet database, from read-only memory at the 
device, etc.). Thus, the position predictor 104 may determine 

The binauralizor 416 may be configured to perform 
binauralization on the audio data based on a binaural room 
impulse response (BRIR) 422 and a decoder matrix 424 to 
generate a digital spatialized audio signal. Performing bin­
auralization may include convolving the audio data ( e.g., the 
rotated audio samples) with BRIRs ( or head related transfer 
functions (HRTFs)) and decoder matrices. In a particular 
implementation where the audio device 102 is a headset or 
a HMD of a virtual reality system, binauralization may 
include generating a decoder matrix for each ear ( e.g., a left 
decoder matrix and a right decoder matrix) based on the 
decoder matrix 424, applying the BRIR 422 to the left 
decoder matrix and the right decoder matrix to generate 
BRIR decoder matrices, performing fast Fourier transforms 
(FFTs) on the BRIR decoder matrices, applying the FFT 
BRIR decoder matrices to the audio data (e.g., the rotated 
audio samples generated by the rotation matrix applier 414), 
performing overlapping addition of the decoded samples, 
and summing the results over multiple channels. In other 
implementations, the binauralizor 416 is not included, such 
as implementations associated with speaker arrays. Addi­
tionally or alternatively, one or more other components may 

40 predicted position data for a time sufficiently far in the future 
to account for the latency. In this manner, a user of the audio 
processing device 400 may not experience a lag between a 
movement of the user's head (or an audio device) and a 

45 

change in a perceived direction or distance of a sound. 
FIG. 4 illustrates a particular implementation of an audio 

processing device that is configured to process HOA signals 
using binauralization. However, in other implementations, 
other types of audio processing may be performed based on 
the predicted position data. As a particular example, the 

50 audio processing device may be configured to process 
object-based 3D audio (e.g., audio having audio sources 
represented as individual objects with 3D coordinates and 
directivity). The audio processing device may be configured 
to re-compute object position(s) in a coordinate system 

55 based on the predicted position data prior to performing 
binauralization ( e.g., convolving audio samples with BRIRs 
or HRTFs ). As another example, the audio processing device 
may be configured to process channel-based surround sound 
audio signals, such as 5.1 channel audio content, 7.1 channel 

60 audio content, 11.1 channel audio content, and 77.1.4 chan­
nel audio content. The audio processing device may be 
configured to treat each speaker as an audio object, and to 
perform object-based audio processing for each speaker 
prior to performing binauralization. As another example, the 

65 audio processing device may be configured to render HOA 
audio content to a channel-based format (e.g., 7.1 channel 
audio content or 11.1 channel audio content, as non-limiting 
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examples), and the rendered signals may be processed as 
channel-based surround sound audio signals. 

In the above description, various functions performed by 
the audio processing device 400 of FIG. 4 are described as 
being performed by certain components. However, this 
division of components is for illustration only. In an alter­
nate implementation, a function performed by a particular 
component may instead be divided amongst multiple com­
ponents. Moreover, in an alternate implementation, two or 
more components of FIG. 4 may be integrated into a single 10 

component. Each component illustrated in FIG. 4 may be 
implemented using hardware (e.g., a field-programmable 
gate array (FPGA) device, an application-specific integrated 
circuit (ASIC), a DSP, a controller, etc.), software (e.g., 
instructions executable by a processor), or a combination 15 

thereof. 

26 
The method 600 includes receiving, at a processor, posi­

tion data from one or more sensors, at 602. For example, 
with reference to FIG. lA, the position predictor 104 may 
receive the sensor data 110 (e.g., position data) from the 
sensors 103. In some implementations, the position predictor 
may be integrated within the processor. The position data 
may represent a position of a head of a user, an orientation 
of a head, or both. For example, one or more sensors may be 
integrated in an audio device ( e.g., a headset or a HMD of 
a virtual reality system) that is worn on the head of the user, 
and the one or more sensors may determine the position and 
orientation of the audio device, which represents the posi­
tion and orientation of the user's head. In another particular 
implementation, the position data represents a position of a 
user within a virtual environment, and the position data is 
received from a controller of a virtual reality (VR) system. 

FIG. 5 illustrates a method 500 of audio processing. The 
method 500 may be performed at the audio processing 
device 100 of FIGS. lA-C, the audio processing device 200 

The method 600 includes determining, at the processor, 
predicted position data based on the position data, at 604. 
For example, with reference to FIGS. lA-C, the position 

20 predictor 104 may determine the predicted position data 112 
based on the sensor data 110. 

of FIG. 2, the audio processing device 300 of FIG. 3, or the 
audio processing device 400 of FIG. 4. The method 500 
includes receiving an input spatialized audio signal, at 502. 
For example, the processor 106 may receive the input 
spatialized audio signal 246 from the memory 240. The 
method 500 includes determining a position of a user ( or an 25 

audio device), at 504, and estimating a latency associated 
with processing spatialized audio signals, at 506. For 
example, a predicted position of a user may be indicated by 
the sensor data 110 generated by the one or more sensors 
103, and the latency associated with processing spatialized 30 

audio signals may be estimated by the position predictor 104 
(or the processor 106). 

The method 500 includes determining a predicted position 

The method 600 further includes generating, at the pro-
cessor, an output spatialized audio signal based on the 
predicted position data, at 606. For example, with reference 
to FIGS. lA-C, the processor 106 may generate the output 
spatialized audio signal 114 based on the predicted position 
data 112. 

In a particular implementation, the method 600 includes 
determining, at the processor, an estimated latency associ­
ated with generating spatialized audio signals. The position 
data may correspond to a first time, the predicted position 

of the user based on the position and the latency, at 508. For 
example, the position predictor 104 may determine the 35 

predicted position data 112 based on the sensor data 110. The 
predicted position data 112 may indicate a predicted position 

data may correspond to a second time, and a difference 
between the first time and the second time may be equal to 
the estimated latency. Estimating the latency and generating 
the predicted position data for a time corresponding to the 
estimated latency may prevent a change in an audio output 
from lagging behind a movement ( e.g., of an audio device or 
a user) that causes the change. of the user ( or the audio device 102) at a future time, and the 

future time may be selected such that a difference between 
the future time and a current time is equal to the latency. The 40 

method 500 includes generating an output spatialized audio 
signal based on the input spatialized audio signal and the 
predicted position, at 510. For example, the processor 106 
may generate the output spatialized audio signal 114 by 
processing the input spatialized audio signal 246 based on 45 

the predicted position data 112, as further described with 
reference to FIG. 2. 

In another particular implementation, the method 600 
includes generating a rotation based on the predicted posi­
tion data and applying the rotation to an input spatialized 
audio signal to generate the output spatialized audio signal. 
For example, the rotation may include or correspond to the 
rotation matrix generated by the rotation matrix generator 
412 of FIG. 4. Alternatively, the rotation may include or 
correspond to other data, such as one or more vectors, one 
or more values retrieved from a lookup table, or other data 
indicative of a rotation. In a particular implementation, generating the output 

spatialized signal includes rotating and repositioning sound 
sources in an audio space, at 512, binauralizing audio, at 
514, filling an output buffer, at 516, and performing digital 
to analog conversion, at 518. The latency may correspond to 
a duration of one or more of the steps 512-518. The method 
500 further includes initiating generation of an auditory 
output based on the output spatialized audio signal or storing 
the output spatialized audio signal at a memory, at 520. For 
example, the processor 106 may provide the output spatial­
ized audio signal 114 to the audio device 102 to initiate an 
audio output at the audio device 102. Additionally or alter­
natively, the processor 106 may store the output spatialized 
audio signal 114 at the memory 240. 

Referring to FIG. 6, a flow chart of a particular illustrative 
implementation of a method of generating an output spa­
tialized audio signal based on predicted position data is 
shown and generally designated 600. The method 600 may 
be performed by the processor 106 of FIGS. lA-C, 2, and 3 
and the audio processing device 400 of FIG. 4. 

In another particular implementation, the method 600 
50 includes determining, at the processor, a first predicted 

trajectory based on the predicted position data. The first 
predicted trajectory may correspond to a presentation of an 
input spatialized audio signal to a user. For example, the first 
predicted trajectory may be indicated by the first predicted 

55 trajectory data 228 of FIG. 2. The method 600 further 
includes retrieving, from a memory, a first processed spa­
tialized audio signal corresponding to the first predicted 
trajectory. For example, the first processed spatialized audio 
signal may be the first processed spatialized audio signal 242 

60 of FIG. 2. The output spatialized audio signal may include 
the first processed spatialized audio signal. 

In another particular implementation, the method 600 
includes determining, at the processor, a first predicted 
trajectory and a second predicted trajectory based on the 

65 position data. The first predicted trajectory may correspond 
to a first presentation of an input spatialized audio signal to 
a user. The second predicted trajectory may correspond to a 
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second presentation of the input spatialized audio signal to 
the user. For example, the first predicted trajectory may be 
indicated by the first predicted trajectory data 228 of FIG. 2, 
and the second predicted trajectory may be indicated by the 
second predicted trajectory data 230 of FIG. 2. The method 
600 further includes retrieving, from a memory, a first 
processed spatialized audio signal corresponding to the first 
predicted trajectory and a second processed spatialized 
audio signal corresponding to the second predicted trajec­
tory. For example, the first processed spatialized audio 
signal may be the first processed spatialized audio signal 242 
of FIG. 2, and the second processed spatialized audio signal 
may be the second processed spatialized audio signal 244 of 
FIG. 2. A first portion of the output spatialized audio signal 
may include the first processed spatialized audio signal, and 
a second portion of the output spatialized audio signal may 
include the second processed spatialized audio signal. The 
first processed spatialized audio signal and the second 
processed spatialized audio signal may be generated prior to 
receiving the position data. 

In a particular implementation, the device 700 includes a 
processor 710, such as a central processing unit (CPU) or a 
digital signal processor (DSP), coupled to a memory 732. 
The processor 710 may include or correspond to the pro­
cessor 106 of FIGS. lA-C, 2, and 3. The processor 710 may 
include the position predictor 104 of FIGS. lA-C, and 2-4. 
For example, the processor 710 may include a component 
(e.g., circuitry, a FPGA, an ASIC, etc.) that includes the 
position predictor 104. 

10 The memory 732 includes instructions 768 (e.g., execut-
able instructions) such as computer-readable instructions or 
processor-readable instructions. The instructions 768 may 
include one or more instructions that are executable by a 

15 
computer, such as the processor 710. In some implementa­
tions, the memory 732 also includes the predicted position 
data 112 and the output spatialized audio signal 114 of FIGS. 
lA-C, 2, and 3. To illustrate, the position predictor 104 may 
be configured to receive sensor data (e.g., position data) and 

20 to generate the predicted position data 112 based on the 
sensor data. The processor 710 may be configured to gen­
erate the output spatialized audio signal 114 based on the 
predicted position data 112, as described with reference to 

The method 600 may also include buffering a first set of 
audio frames based on the first processed spatialized audio 
signal, buffering a second set of audio frames based on the 
first processed spatialized audio signal, the second processed 25 

spatialized audio signal, and a fading factor, and buffering a 
third set of audio frames based on the second processed 
spatialized audio signal. For example, the fading factor may 
include the fading factor 252 of FIG. 2. The method 600 may 
also include buffering a set of audio frames based on the first 30 

processed spatialized audio signal, a second processed spa­
tialized audio signal, and a panning factor. The panning 
factor may indicate a ratio of frames based on the first 
processed spatialized audio signal to frames based on the 
second processed audio signal. For example, the panning 
factor may include the panning factor 250 of FIG. 2. 

In another particular implementation, the method 600 
includes comparing, at the processor, available resources to 
one or more thresholds and processing an input spatialized 
audio signal based on the predicted position data to generate 
the output spatialized audio signal in response to determin­
ing that the available resources exceed the one or more 
thresholds. For example, the resource analyzer 260 of FIG. 
2 may compare available resources to the threshold(s) 248. 
In another particular implementation, the method 600 
includes comparing, at the processor, available resources to 
one or more threshold(s) and retrieving a processed audio 
signal from a memory based on the predicted position data 

FIGS. lA-C, 2, and 3. 
FIG. 7 also illustrates a display controller 726 that is 

coupled to the processor 710 and to a display 728. A 
coder/decoder (CODEC) 734 may also be coupled to the 
processor 710. A speaker 736 and a microphone 738 may be 
coupled to the CODEC 734. 

FIG. 7 also illustrates that a wireless interface 740, such 
as a wireless controller, and a transceiver 746 may be 
coupled to the processor 710 and to an antenna 742, such 
that wireless data received via the antenna 742, the trans­
ceiver 746, and the wireless interface 740 may be provided 

35 to the processor 710. In some implementations, the proces­
sor 710, the display controller 726, the memory 732, the 
CODEC 734, the wireless interface 740, and the transceiver 
746 are included in a system-in-package or system-on-chip 
device 722. In some implementations, an input device 730 

40 and a power supply 744 are coupled to the system-on-chip 
device 722. Moreover, in a particular implementation, as 
illustrated in FIG. 7, the display 728, the input device 730, 
the speaker 736, the microphone 738, the antenna 742, and 
the power supply 744 are external to the system-on-chip 

45 device 722. In a particular implementation, each of the 
display 728, the input device 730, the speaker 736, the 
microphone 738, the antenna 742, and the power supply 744 
may be coupled to a component of the system-on-chip 

in response to determining that the available resources fail to 
exceed the one or more thresholds. For example, one of the 50 

first processed spatialized audio signal 242 or the second 
processed spatialized audio signal 244 may be retrieved in 
response to available resources failing to exceed the thresh­
old(s) 248. 

device 722, such as an interface or a controller. 
The device 700 may include a headset, a mobile commu-

nication device, a smart phone, a cellular phone, a laptop 
computer, a computer, a tablet, a personal digital assistant, 
a display device, a television, a gaming console, a music 
player, a radio, a digital video player, a digital video disc 

The method 600 compensates for a delay (e.g., a latency) 
associated with generating spatialized audio signals by gen­
erating output spatialized audio signals based on predicted 
position data instead of based on current position data. In 
this manner, a change in a perceived direction or distance of 

55 (DVD) player, a tuner, a camera, a navigation device, a 
vehicle, a component of a vehicle, or any combination 
thereof. 

a sound does not lag behind a movement of a user ( or an 60 

audio device) due to audio processing latency, which may 
enhance a user experience. 

Referring to FIG. 7, a block diagram of a particular 
illustrative implementation of a device ( e.g., a wireless 
communication device) is depicted and generally designated 65 

700. In various implementations, the device 700 may have 
more or fewer components than illustrated in FIG. 7. 

In an illustrative implementation, the memory 732 
includes or stores the instructions 768 ( e.g., executable 
instructions), such as computer-readable instructions or pro­
cessor-readable instructions. For example, the memory 732 
may include or correspond to a non-transitory computer 
readable medium storing the instructions 768. The instruc­
tions 768 may include one or more instructions that are 
executable by a computer, such as the processor 710. The 
instructions 768 may cause the processor 710 to perform the 
method 500 of FIG. 5 or the method 600 of FIG. 6. 
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In a particular implementation, the instructions 768, when 
executed by the processor 710, may cause the processor 710 

30 

to receive position data from one or more sensors. For 
example, the processor 710 may be configured to wirelessly 
communicate via the antenna 742 with one or more sensors 
(e.g., the sensors 103 of FIGS. lA-C, 2, and 3) to receive 
sensor data. The instructions 768 may cause the processor 
710 to determine the predicted position data 112 based on 
the position data, as described with reference to FIGS. lA-C 
and 2. The instructions 768 may further cause the processor 10 

710 to generate the output spatialized audio signal 114 based 

monitor, a television, a tuner, a radio, a satellite radio, a 
music player, a digital music player, a portable music player, 
a video player, a digital video player, a digital video disc 
(DVD) player, a portable digital video player, a satellite, a 
vehicle, a component integrated within a vehicle, any other 
device that includes a processor or that stores or retrieves 
data or computer instructions, or a combination thereof. As 
another illustrative, non-limiting example, the system or the 
apparatus may include remote units, such as hand-held 
personal communication systems (PCS) units, portable data 
units such as global positioning system (GPS) enabled 
devices, meter reading equipment, or any other device that 
includes a processor or that stores or retrieves data or 

on the predicted position data 112. In a particular imple­
mentation, the processor 710 may generate the output spa­
tialized audio signal 114 by processing an input spatialized 
audio signal in real time (or near real time) based on the 15 

predicted position data 112. In another particular implemen­
tation, the processor 710 may retrieve a processed spatial­
ized audio signal from the memory 732 based on the 
predicted position data 112. The instructions 768 may fur­
ther cause the processor 710 to initiate an audio output at an 20 

audio device based on the output spatialized audio signal 
114. 

computer instructions, or any combination thereof. 
Although one or more of FIGS. lA-C and 2-7 may 

illustrate systems, apparatuses, and/or methods according to 
the teachings of the disclosure, the disclosure is not limited 
to these illustrated systems, apparatuses, and/or methods. 
One or more functions or components of any of FIGS. lA-C 
and 2-7 as illustrated or described herein may be combined 
with one or more other portions of another of FIGS. lA-C 
and 2-7. Accordingly, no single implementation described 
herein should be construed as limiting and implementations 

In conjunction with the described aspects, a first apparatus 
includes means for determining predicted position data 
based on position data. The means for determining may 
include or correspond to the position predictor 104 of FIGS. 
lA-C, 2-4, and 7, one or more other structures or circuits 
configured to determine predicted position data based on 
position data, or any combination thereof. 

The first apparatus further includes means for generating 
an output spatialized audio signal based on the predicted 
position data. The means for generating may include or 
correspond to the processor 106 of FIGS. lA-C, 2, and 3, the 
processor 710 of FIG. 7, one or more other structures or 
circuits configured to generate the output spatialized audio 
signal based on the predicted position data, or any combi­
nation thereof. 

In a particular implementation, the first apparatus further 
includes means for processing higher order ambisonic 
(HOA) signals. For example, the means for processing may 
include the processor 106 of FIGS. lA-C, 2, and 3, the audio 
spatialization circuitry 410 of FIG. 4, the processor 710 of 
FIG. 7, one or more other structures or circuits configured to 
process the HOA signals, or any combination thereof. In 
another particular implementation, the first apparatus further 
includes means for determining, based on available 
resources, whether to generate the output spatialized audio 
signal based on an input spatialized audio signal in real-time 

25 of the disclosure may be suitably combined without depart­
ing form the teachings of the disclosure. As an example, the 
method 600 of FIG. 6 may be performed by the processor 
106 of FIGS. lA-C and 2, or the processor 710 of FIG. 7. 
Additionally, one or more operations described with refer-

30 ence to FIGS. 5 and 6 may be optional, may be performed 
at least partially concurrently, and/or may be performed in a 
different order than shown or described. 

Those of skill would further appreciate that the various 

35 
illustrative logical blocks, configurations, modules, circuits, 
and algorithm steps described in connection with the imple­
mentations disclosed herein may be implemented as elec­
tronic hardware, computer software executed by a processor, 
or combinations of both. Various illustrative components, 

40 blocks, configurations, modules, circuits, and steps have 
been described above generally in terms of their function­
ality. Whether such functionality is implemented as hard­
ware or processor executable instructions depends upon the 
particular application and design constraints imposed on the 

45 overall system. Skilled artisans may implement the 
described functionality in varying ways for each particular 
application, but such implementation decisions should not 
be interpreted as causing a departure from the scope of the 
present disclosure. 

The steps of a method or algorithm described in connec-
tion with the disclosure herein may be implemented directly 
in hardware, in a software module executed by a processor, 
or in a combination of the two. A software module may 
reside in random access memory (RAM), flash memory, 

or based on a pre-processed spatialized audio signal. For 
example, the means for determining whether to generate the 50 

output spatialized signal may include the processor 106 of 
FIGS. lA-C, 2, and 3, the resource analyzer 260 of FIGS. 
2-3, the processor 710 of FIG. 7, one or more other struc­
tures or circuits configured to determine, based on the 
available resources, whether to generate the output spatial­
ized audio signal based on the input spatialized audio signal 

55 read-only memory (ROM), programmable read-only 
memory (PROM), erasable programmable read-only 
memory (EPROM), electrically erasable programmable 
read-only memory (EEPROM), registers, hard disk, a 
removable disk, a compact disc read-only memory (CD-

in real-time or based on the pre-processed spatialized audio 
signal, or any combination thereof. 

One or more of the disclosed aspects may be implemented 
in a system or an apparatus, such as the device 700, that may 
include a communications device, a fixed location data unit, 
a mobile location data unit, a mobile phone, a cellular phone, 
a satellite phone, a computer, a tablet, a portable computer, 
a display device, a media player, or a desktop computer. 
Alternatively or additionally, the device 700 may include a 
set top box, an entertainment unit, a navigation device, a 
personal digital assistant (PDA), a monitor, a computer 

60 ROM), or any other form of non-transient storage medium 
known in the art. An exemplary storage medium is coupled 
to the processor such that the processor can read information 
from, and write information to, the storage medium. In the 
alternative, the storage medium may be integral to the 

65 processor. The processor and the storage medium may reside 
in an application-specific integrated circuit (ASIC). The 
ASIC may reside in a computing device or a user terminal. 
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In the alternative, the processor and the storage medium may 
reside as discrete components in a computing device or user 
terminal. 

The previous description is provided to enable a person 
skilled in the art to make or use the disclosed implementa­
tions. Various modifications to these implementations will 

32 
second predicted orientation, or both, associated with a 
fourth time that is subsequent to the third time. 

10. The device of claim 9, further comprising a trans­
ceiver coupled to the processor and configured to: 

wirelessly transmit an indication of at least the second 
predicted translational position to a second device; and 

receive an updated spatialized audio signal from the 
second device, the received updated spatialized audio 
signal corresponding to a translated 3D sound field that 
is based on the indication. 

be readily apparent to those skilled in the art, and the 
principles defined herein may be applied to other implemen­
tations without departing from the scope of the disclosure. 
Thus, the present disclosure is not intended to be limited to 10 

the implementations shown herein but is to be accorded the 
widest scope possible consistent with the principles and 
novel features as defined by the following claims. 

11. The device of claim 10, wherein the updated spatial­
ized audio signal is selected, based on the second predicted 
position data, from among multiple stored 3D audio signals 

15 
corresponding to different positions of a playback device. 

What is claimed is: 
1. A device comprising: 
a memory configured to store instructions; and 
a processor coupled to the memory, the processor con­

figured to: 

12. The device of claim 10, wherein the processor is 
further configured to, prior to playback of the updated 
spatialized audio signal received from the second device, 
adjust the updated spatialized audio signal based on a second receive position data, the position data indicating a 

translational position, an orientation, or both associ­
ated with a headset that includes the processor at a 
first time; 

20 updated translational position, a second updated orientation, 
or both, for the fourth time. 

determine predicted position data based on the position 
data, the predicted position data indicating a pre­
dicted translational position, a predicted orientation, 25 

or both, that is associated with the headset at a 
second time that is subsequent to the first time and 
that is based on an estimated latency associated with 
processing an input spatialized audio signal that 
includes a multi-channel representation of a three- 30 

dimensional (3D) sound field; 
apply, to the input spatialized audio signal, a rotation to 

adjust an orientation of the 3D sound field based on 
the predicted orientation and a binauralization to 
generate a binaural audio signal; and 

output the binaural audio signal to transducers of the 
headset for playback. 

35 

2. The device of claim 1, wherein the processor is 
configured to apply the rotation via processing of the multi­
channel representation of the 3D sound field based on a 40 

rotation operation. 
3. The device of claim 1, wherein the processor is further 

configured to apply a translation to the 3D sound field based 
on the predicted translational position. 

4. The device of claim 1, further comprising the trans- 45 

ducers coupled to the processor. 
5. The device of claim 4, further comprising a display 

coupled to the processor. 
6. The device of claim 5, wherein the transducers are 

configured to generate audio associated with a virtual reality 50 

or augmented reality application, and wherein the display is 
configured to display visual information associated with the 
virtual reality or augmented reality application. 

7. The device of claim 1, further comprising one or more 
sensors coupled to the processor and configured to provide 55 

the position data to the processor. 
8. The device of claim 7, further comprising a camera 

coupled to the processor. 
9. The device of claim 1, wherein the processor is further 

configured to: 
receive second position data, the second position data 

indicating an updated translational position, an updated 
orientation, or both, that is associated with the headset 
at a third time; and 

60 

determine second predicted position data based on the 65 

second position data, the second predicted position data 
indicating a second predicted translational position, a 

13. The device of claim 1, wherein the multi-channel 
representation of the 3D sound field corresponds to ambi­
sonics data. 

14. A method comprising: 
receiving, at a processor, position data indicating a trans­

lational position, an orientation, or both, associated 
with a headset that includes the processor at a first time; 

determining, at the processor, predicted position data 
based on the position data, the predicted position data 
indicating a predicted translational position, a predicted 
orientation, or both, that is associated with the headset 
at a second time that is subsequent to the first time and 
that is based on an estimated latency associated with 
processing an input spatialized audio signal that 
includes a multi-channel representation of a three-
dimensional (3D) sound field; 

applying, at the processor, a rotation to the input spatial­
ized audio signal to adjust an orientation of the 3D 
sound field based on the predicted orientation and a 
binauralization to generate a binaural audio signal; and 

outputting the binaural audio signal to transducers of the 
headset for playback. 

15. The method of claim 14, further comprising: 
receiving second position data, the second position data 

indicating an updated translational position, an updated 
orientation, or both, that is associated with the headset 
at a third time; 

determining second predicted position data based on the 
second position data, the second predicted position data 
indicating a second predicted translational position, a 
second predicted orientation, or both, associated with a 
fourth time that is subsequent to the third time; 

wirelessly transmitting an indication of at least the second 
predicted translational position to a second device; and 

receiving an updated spatialized audio signal from the 
second device, the received updated spatialized audio 
signal corresponding to a translated 3D sound field that 
is based on the indication. 

16. The method of claim 15, wherein the updated spa-
tialized audio signal is selected, based on the second pre­
dicted position data, from among multiple stored 3D audio 
signals corresponding to different positions of a playback 
device. 

17. The method of claim 14, wherein the multi-channel 
representation of the 3D sound field corresponds to ambi­
sonics data. 
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18. A device comprising: 
a memory configured to store instructions; and 
a processor coupled to the memory, the processor con­

figured to: 
obtain predicted position data indicating a predicted 

translational position, a predicted orientation, or 
both, that is associated with a remote device and that 
is based on an estimated latency associated with 
processing an input spatialized audio signal that 
includes a multi-channel representation of a three- 10 

dimensional (3D) sound field; 
perform one or more modifications to the input spa­

tialized audio signal to generate an output audio 
signal, the one or more modifications including a 
translation to adjust a position of the 3D sound field 
based on the predicted translational position; and 

initiate wireless transmission of the output audio signal 
to the remote device. 

15 

19. The device of claim 18, wherein the remote device 
includes a headset. 

20 

20. The device of claim 18, wherein the one or more 
modifications further include a rotation to adjust an orien­
tation of the 3D sound field based on the predicted orien­
tation. 

21. The device of claim 20, wherein the processor is 
configured to perform the rotation via processing of the 
multi-channel representation of the 3D sound field based on 
a rotation operation. 

25 

22. The device of claim 20, wherein the one or more 30 
modifications further include a binauralization. 

23. The device of claim 18, further comprising a trans­
ceiver configured to receive position data, the position data 
indicating a translational position, an orientation, or both, 
that is associated with the remote device at a first time. 

24. The device of claim 23, wherein the processor is 
35 

coupled to the transceiver and is further configured to 
determine the predicted position data based on the position 
data, the predicted position data indicating the predicted 
translational position, the predicted orientation or both 
wherein the predicted position data is based on a s~cond tim~ 

40 

that is subsequent to the first time and that is based on the 
estimated latency. 

25. The device of claim 18, wherein the processor is 
further configured to: 

obtain second predicted position data indicating a second 
predicted translational position, a second predicted 

45 

34 
orientation, or both, and associated with the remote 
device at a third time that is subsequent to the second 
time; and 

select, based on the second predicted position data, an 
updated output audio signal from among multiple 
stored 3D audio signals corresponding to different 
positions of a playback device. 

26. The device of claim 18, wherein the multi-channel 
representation of the 3D sound field corresponds to ambi­
sonics data. 

27. A method comprising: 
obtaining, at a processor, predicted position data indicat­

ing a predicted translational position, a predicted ori­
entation, or both, that is associated with a remote 
device and that is based on an estimated latency asso­
ciated with processing an input spatialized audio signal 
that includes a multi-channel representation of a three­
dimensional (3D) sound field; 

performing, at the processor, one or more modifications to 
the input spatialized audio signal to generate an output 
audio signal, the one or more modifications including a 
translation to adjust a position of the 3D sound field 
based on the predicted translational position; and 

initiating wireless transmission of the output audio signal 
to the remote device. 

28. The method of claim 27, further comprising receiving 
position data, the position data indicating a translational 
position, an orientation, or both, that is associated with the 
remote device at a first time. 

29. The method of claim 28, wherein obtaining the 
predicted position data includes determining the predicted 
position data based on the position data, and wherein the 
predicted position data is based on a second time that is 
subsequent to the first time. 

30. The method of claim 29, further comprising: 
obtaining second predicted position data indicating a 

second predicted translational position, a second pre­
dicted orientation, or both, and associated with the 
remote device at a third time that is subsequent to the 
second time; and 

selecting, based on the second predicted position data, an 
updated output audio signal from among multiple 
stored 3D audio signals corresponding to different 
positions of a playback device; and 

initiating wireless transmission of the updated output 
audio signal to the remote device. 

* * * * * 
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