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EFFICIENT RENDERING OF VIRTUAL SOUNDFIELDS
REFERENCE TORELATED APPLICATIONS

{6081] This application claims benefit of U.S. Provisional Patent Application No.

62/684,093, filed on June 12, 2018, which is hereby incorporated by reference in its entirety.
FIELD

{6002] This disclosure relates in general to spatial andio rendering and associated systems.
More specification, this disclosure relates to systems and methods for increasing the

efficiency of virtual speaker-based spatial audio systems.
BACKGROUND

{6003] Virtual environments are ubiquitous in computing environments, finding use in video
games (in which a virtual environment may represent a game world); maps (in which a
virtual environment may represent terrain to be navigated); simulations (n which a virtual
cnvironment may simulate a real environment); digital storytelling (in which virtual
characters may interact with cach other in a virtual environment); and many other
applications. Modern computer users are generally comfortable perceiving, and interacting
with, virtual environments. However, users” experiences with virtual environments can be
limited by the technology for presenting virtual environments. For example, conventional
displays {e.g., 2 display screens) and audio systems (e.g., fixed speakers) may be unable to
realize a virtual environment in ways that creaie a comapelling, realistic, and immersive

cxperience.

{6004} Virtual reality ("VR”), augmented reality {("AR"), mixed reality ("MR”), and related
technologies (collectively, “XR™) share an ability to present, to a user of an XR syster,
sensory information corresponding to a virtual environment represented by data ina
computer system. Such systems can offer a uniquely heightened sense of immersion and

realism by combining virtual visual and audio cues with real sights and sounds. Accordingly,
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it can be desirable to present digital sounds to a user of an XR system in such a way that the
sounds seem to be occurring — naturally, and consistently with the aser’s expectations of the
sound —- in the user’s real environment. Generally speaking, users expect that virtual sounds
will take on the acoustic propertics of the real environment in which they are heard. For
instance, a user of an XR system in a large concert hall will expect the virtual sounds of the
XR system to have large, cavernous sonic qualitics; conversely, a user in a small apartment
will expect the sounds to be more dampened, close, and imumediate. Additionally, users

cxpect that virtual sounds will be presented without delays.

{6005] Ambisonics and non-ambisonics, among other techniques, may be used to generate
spatial audic. For a large number of sound source objects, ambisonics or non-ambisonics
may be an efficient way of rendering spatial audio because of its design and architecture.
This may especially be the case whexn reflections are modelled. Ambisonics and non-
ambisonics multi-channel based spatial audio systems may render the audio signals through
several steps. Example steps can include a per-source encode step, a fixed overhead
soundticld decode step, and/or a fixed speaker virtualization step. One or more hardware

components may perform the steps.

{0086] In a first method for rendering the audio signals, each sound source can have its own
pair of finite tmpulse response (FIR) filters. In sach systems, a perceived position of a sound
is changed by changing filter coctticients of FIR filters. In some embodiments, each sound
may usc a plurality {c.g.. two pairs) of FIR filters. Each pair may use two filters (i.c., four
FIR filters). As sounds move around the virtoal environment, the FIR filters can be

crossfaded. In some embodiments, four FIR filters may be used for each sound.

{6087] In a second method for rendering the audio signals, virtual speaker panning may be
implemented using a fixed number of virtual speakers. Each sound source may be panned
across the fixed virtual speakers. In some embodiments, a plurality (e.g., two) FIR filters
may be used for each virtual speaker. The virtual speaker panning may be efficient for

certain applications and may use a negligible amount of computation resources.
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{6008] In some embodiments, a certain method may have increased efficiency compared to
the other method depending on the number of sounds playing concurrently. For example, 30
sounds may be playing concurrently. If four FIR filters are used for each sound source, then
120 FIR filters (30 sound sources x 4 FIR filters per sound source = 120 FIR filters) may be
required for the first method. If 2 FIR filters are used for each virtual speaker, then only 32
FIR filters may be required for the second method (16 virtual speakers x 2 FIR filters per

virtual speaker = 32 FIR filters).

{0089] As another example, only one sound may be playing. The first method may require
only four FIR filters (1 sound source x 4 FIR filters per sound source = 4 FIR filters), while
the second method may require 32 FIR filters {16 virtual speakers x 2 FIR filters per virtual

speaker = 32 FIR filters).

[0010] As illustrated through the above examples, the first method may be beneficial for a
small number of sounds, and the second method may be beneficial for a large number of
sounds. Accordingly, an audio system and method that increased the efficiency based on the

number of sound sources at a given fime may be desired.
BRIEF SUMMARY

{6011] An audio system and method of rendering audio signals that uses modified virtual
speaker panning is disclosed. The audio system may inchude a fixed number F of virtoal
speakers, and the modified virtual speaker panning may dynamically select and use a subset P
of the fixed virtual speakers. Each sound source may be panned across the subset P of virtual
speakers. In some embodiments, a plurality {e.g., two) of FIR filters may be used for each
virtual speaker of the subset P. The subset P of virtual speakers may be selected based one or
more factors, such as proximity to & sound source. The subset P of virtual speakers may be

referred to as active speakers.

{6012] The modified virtual speaker panning method can be compared to the above disclosed

first and second methods by way of example. H three sounds are playing concurrently and

3
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the audio system has 16 fixed virtual speakers, the first method may require 12 FIR filters (3
sound sources x 4 FIR filters per sound sowree = 12 FIR filters), and the second method may
require 32 FIR filters (16 virtual speakers x 2 FIR filters per virtual speaker = 32 FIR filters).
The modified virtual speaker panning method, on the other hand, may dynamically select
three virtual speakers to be active virtual speakers as part of the subset P. The modified
virtual speaker panning method may require six FIR filters, two FIR filters for each active

virtual speaker (3 virtual speakers x 2 FIR filters = 6 FIR filters).
BRIEF DESCRIPTION OF THE DRAWINGS
{6013] FIG. 1 illustrates an example wearable system, according to some embodiments.

[6014] FIG. 2 Hustrates an example handheld controller that can be used in conjunction with

an example wearable system, according fo some embodiments.

{0015] FIG. 3 illustrates an exarapic auxiliary unit that can be used in conjunction with an

cxample wearable system, according to some embodiments.

{0016] FIG. 4 illustrates an example functional block diagram for an example wearable

system, according to some embodiments.

{6017] FIG. 3A illustrates a block diagram of an example spatial audio system, according to

some embodiments.

{6018] FIG. 58 illustrates a flow of an example method for operating the system of FIG. 54,

according to some embodiments.

{6019] FIG. 3C illustrates a flow of an example method for operating an example

decoder/virtualizer, according to some embodiments.

{0026] FIG. 6 iHlustrates an example configuration of a sound source and speakers, according

to some embodiments.
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{6021] FIG. 7A illustrates a block diagram of an example decoder/virtualizer including a

plurality of detectors, according to some embodiments.

{6022] FIG. 78 illustrates a flow of an example method for operating the decoder/virtualizer

of FIG. 7A, according to some embodiments.

[6023] FIG. 8A illustrates a block diagram of an example decoder/virtualizer, according to

some embodiments.

{0024 FIG. 8B illustrates a flow of an example method for operating the decoder/virtualizer

of FIG. 8A, according to some embodiments.

{6025] FiG. 9 illustrates an example configuration of a sound source and speakers, according

to some embodiments.

{0026] FIG. 10A iHlustrates a block diagram of an example decoder/virtualizer used in a

system including active speakers, according o some emhodiments.

{6027] FIG. 10B illustrates a flow of an example method for operating the decoder/virtualizer

of FIG. 10A, according to some embodiments.
DETAILED DESCRIPTION

{6028] In the following description of examples, reference is made to the accompanying
drawings which form a part hereof, and in which it is shown by way of illustration specific
examples that can be practiced. It is to be understood that other examples can be used and

structural changes can be made without departing from the scope of the disclosed examples.
{0029] EXAMPLE WEARABLE SYSTEM

{6036¢] FIG. 1 illustrates an example wearable head device 100 configured to be worn on the
head of a user. Wearable bead device 100 may be part of a broader wearable systero that

comprises one or more components, such as a head device (e.g.. wearable head device 100}, a
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handheld controller (c.g., handheld controller 200 described below), and/or an awxiliary unit
(e.g., auxiliary unit 300 described below). In some examples, wearable head device 100 can
be used for virtual reality, augmented reality, or mixed reality systems or applications.
Wearable head device 100 can comprise one or more displays, such as displays 110A and
110B (which may comprise left and right ransmissive displays, and associated components
for coupling light from the displays to the user’s eyes, such as orthogonal pupil expansion
(OPE) grating sets 112A/112B and exit pupil expansion (EPE) grating scis 114A/114B); left
and right acoustic structures, such as speakers 120A and 1208 (which may be mounted on
temple arms 122A and 1228, and positioned adjacent to the user’s left and right cars,
respectively); one or more sensors such as infrared sensors, accelerometers, (GPS units,
inertial measurement units (IMUe.g. IMU 126}, acoustic sensors {e.g., microphone 150);
orthogonal coil clectromagnetic receivers (e.g., receiver 127 shown mounted to the left
temple arm 122A); left and right cameras (e.g., depth (time-of-flight) cameras 130A and
1308} oriented away from the user; and left and right eye cameras oriented toward the user
(e.g., for detecting the user’s eye movements)(e.g., eye cameras 128 and 128B). However,
wearable head device 10{ can incorporate any suitable display technology, and any suitable
number, type, or combination of sensors or other components without departing from the
scope of the invention. In some examples, wearable head device 100 may incorporate one or
more microphones 150 configured to detect audio signals generated by the user’s voice; such
microphones may be positioned in a wearable head device adjacent to the user’s mouth. In
some examples, wearable head device 100 may incorporate networking features (e.g., Wi-Fi
capability) to communicate with other devices and systems, including other wearable
systems. Wearable head device 100 may further include components such as a battery, a
Processor, a2 mMemoty, a storage unit, or various input devices {¢.g., buttons, touchpads); or
may be coupled to a handheld controller {e.g., handheld controller 200) or an auxiliary unit
(e.g., auxiliary unit 300) that comprises one or more such components. In some examples,
sensors may be configured to output a sct of coordinates of the head-mounted unit relative to
the user’s environment, and may provide input to a processor performing a Simultaneous

Localization and Mapping (SLAM) procedure and/or a visual odometry algorithm. In some



WO 2019/241345 PCT/US2019/036710

examples, wearable bead device 100 may be coupled to a bandbeld controller 200, and/or an

auxiltary unit 300, as described further below.

{6031] FIG. 2 illustrates an examplie mobile bandheld controller component 200 of an
example wearable system. In some examples, handheld controller 200 may be in wired or
wircless communication with wearable head device 100 and/or auxiliary unit 300 described
below. In some examples, handheld controller 200 includes a handle portion 220 to be held
by a user, and one or more buttons 240 disposed along a top swrface 210, In some examples,
handheld controller 200 may be configured for use as an optical {racking target; for example,
a sensor (e.g., a camera or other optical sensor) of wearable head device 100 can be
configured to detect a posttion and/or orientation of handheld controller 200 — which may,
by extension, indicate a position and/or orientation of the hand of a user holding handheld
controtler 200. In some examples, handheld controller 200 may include 2 processor, a
memory, 4 storage unit, a display, or one or roore input devices, such as described above. In
some examples, handheld controller 200 includes one or move sensors {(e.g., any of the
sensors ot tracking components described above with respect to wearable head device 100).
In some examples, sensors can detect a position or orientation of handheld controller 200
relative to wearable head device 100 or to another component of a wearable systern. In some
examples, sensors may be positioned in handle portion 220 of handheld controller 200, and/or
may be mechanically coupled to the handheld controller.  Handheld controller 200 can be
configured to provide one or more output signals, corresponding, for example, to a presse
state of the buttons 240; or a position, oricntation, and/or motion of the handheld controller
200 (e.g., via an IMU). Such output signals may be used as input to a processor of wearable
head device 100, to auxiliary unit 300, or to another coroponent of a wearable systern. In
some examples, handheld controller 200 can include one or more microphones to detect
sounds (c.g., a user’s speech, environmental sounds}, and in some cases provide a signal
corresponding to the detected sound to a processor (e.g., a processor of wearable head device

100).
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{6032] FIG. 3 illustrates an example anxiliary unit 300 of an example wearable system. in
some examples, auxiliary unit 300 may be in wired or wireless communication with wearable
head device 106 and/or handheld controller 200. The auxiliary unit 300 can include a battery
to provide encrgy to operate one or more components of a wearable system, such as wearable
head device 100 and/or handheld controller 200 (including displays, sensors, acoustic
structures, processors, microphones, and/or other components of wearable head device 100 or
handheld controller 200). In some exampies, auxiliary untt 300 may include a processor, a
memory, a storage unit, a display, one or more input devices, and/or one or more sensors,
such as described above. In some examples, auxiliary unit 300 includes a clip 310 for
attaching the auxiliary unit to a user {e.g., a belt worn by the user}. An advantage of using
auxiliary vnit 300 to house one or more components of a wearable systern 1s that doing so
may allow large or heavy components to be carried on a user’s waist, chest, or back — which
are relatively well-suited to support large and heavy objects — rather than mounted to the
uscr’s head (c.g., if houscd in wearable head device 100) or carried by the user’s hand (¢.g., if
housed in handheld controller 200). This may be particularly advantageous for relatively

heavy or bulky components, such as batieries.

{0033] FIG. 4 shows an example functional block diagram that may comrespond to an
example wearable system 400, such as may include example wearable head device 100,
handheld controller 200, and auxtliary unit 300 described above. In some examples, the
earable system 400 could be used for virtual reality, augmented reality, or mixed reality
applications. As shown in FIG. 4, wearable system 400 can include an example handheld
controlier 4008, referred fo here as a “totem” {and which may comrespond to handheld
controller 200 described above); the bandbeld controller 400B can include a totem-to-
headgear six degree of freedom (6DOF) totem subsystem 404A. Wearable system 400 can
also include example wearable head device 400A (which may correspond to wearable
headgear device 100 described above); the wearable head device 400A includes a totem-to-
headgear 6DOF headgear subsystem 404B8. In the example, the 6DOF totem subsystem
404 A and the 6DOF headgear subsystem 404B cooperate to determine six coordinates (g.2.,

offsets in three translation directions and rotation along three axes) of the handheld controller
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4008 relative to the wearable head device 400A. The six degrees of freedom may be
expressed relative to a coordinate system of the wearable head device 400A. The three
translation offsets may be expressed as X, Y, and Z offsets in such a coordinate system, as a
translation matrix, or as some other representation. The rotation degrees of freedom may be
expressed as sequence of yaw, pitch, and roll rotations; as vectors; as a rotation matrix; as a
quaternion; or as some other representation. In some examples, one or more depth cameras
444 (andfor one or more non-depth cameras) included in the wearable head device 400A;
and/or one or more optical targets (e.g., buttons 240 of handheld controller 200 as described
above, or dedicated optical targets included in the handheld controlier) can be used for 6DOF
tracking. In some examples, the handheld controller 400B can include a camera, as described
above; and the headgear 400A can include an optical target for optical tracking in conjunction
with the camera. In some examples, the wearable head device 400A and the handheld
controller 4008 cach include a set of three orthogonally oriented solenoids which are used to
wirclessly send and receive three distinguishable signals. By measuring the relative
magnitude of the three distinguishable signals received in cach of the coils used for receiving,
the 6DOF of the handheld controller 4008 relative to the wearable head device 400A may be
determined. In some examples, SDOF totem subsystem 404 A can include an Inertial
Measurement Unit (IMU) that is useful to provide tmproved accuracy and/or more timely

information on rapid movements of the handheld controlier 400B.

{6034] In some examples involving augmented reality or mixed reality applications, it may
be desirable to transform coordinates from a local coordinate space (e.£., a coordinate space
fixed refative to wearable head device 400A) to an inertial coordinate space, o1 to an
environmental coordinate space. For instance, such transformations may be necessary for a
display of wearable head device 400A to present a virtual object at an expected position and
orientation relative to the real environment (e.g., a virtual person sitting in a real chair, facing
forward, regardless of the position and orientation of wearable head device 400A), rather than
at a fixed position and orientation on the display {(e.g., at the same position in the display of
wearable head device 400A). This can maintain an tllusion that the virtual object exists in the

real environment {and does not, for example, appear positioned unnaturally in the real

9
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environment as the wearable head device 400A shifis and rotates). In some examples, a
compensatory transformation between coordinate spaces can be determined by processing
imagery from the depth cameras 444 (e.g., using a Simultaneous Localization and Mapping
(SLAM) and/or visual edometry procedure) in order to determine the transformation of the
wearable head device 400A relative to an inertial or environmental coordinate system. In the
example shown in FIG. 4, the depth cameras 444 can be coupled to a SLAM/visual odometry
block 406 and can provide imagery to block 406. The SLAM/visual odometry block 406
implementation can include a processor configured to process this tmagery and determine a
position and orientation of the user’s head, which can then be used to identify a
transformation between a head coordinate space and a real coordinate space. Similarly, in
some exampies, an additional source of information on the vser’s head pose and location is
obtained from an IMU 409 of wearable head device 400A. Information from the IMU 408
can be integrated with information from the SLAM/visual odometry block 406 to provide
improved accuracy and/or more timely information on rapid adjustments of the user’s head

pose and position.

{0035] In some examples, the depth cameras 444 can supply 3D imagery to a hand gesture
tracker 411, which may be implemented in a processor of wearable head device 400A. The
hand gesture tracker 411 can identify a user’s hand gestures, for example, by matching 3D
imagery received from the depth cameras 444 to stored patterns representing hand gestures.

Other suitable techniques of identifying a vser’s hand gestures will be apparent.

{6036] In some examples, one or more processors 416 may be configured to receive data
from headgear subsystern 4048, the IMU 409, the SLAM/visual odometry block 406, depth
cameras 444, a microphone (not shown); and/or the hand gesture tracker 411. The processor
416 can also send and veceive control signals from the 6DOF totem systern 404A. The
processor 416 may be coupled to the 6DOF totem system 404A wirelessly, sach as in
ecxamples where the handheld controller 400B is untethered. Processor 416 may further
communicate with additional components, such as an audio-visual content memory 418, a

Graphical Processing Unit (GPU) 420, and/or a Digital Signal Processor (B3P) audio

10
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spatializer 422, The DSP audio spatializer 422 may be coupled to a Head Related Transfer
Fanction (HRTF) memory 425. The GPU 420 can include a left channel output coupled to
the left source of imagewise modulated light 424 and a right channel output coupled to the
right source of imagewise modulated light 426. GPU 420 can output sterecscopic image data
to the sources of imagewise modulated light 424, 426. The DSP audio spaualizer 422 can
cutput audio to a left speaker 412 and/or a right speaker 414. The DSP audio spatializer 422
can receive input from processor 416 indicating a direction vector from a user to a virtual
sound source {(which may be moved by the user, e.g., via the handheld controller 4008).
Based on the direction vector, the DSP audio spatializer 422 can determine a corresponding
HRTF {c.g., by accessing a HRTF, or by interpolating multiple HRTEs). The DSP audio
spatializer 422 can then apply the determined HRTF to an audio signal, such as an audio
signal corresponding to a virtual sound generated by a virtual object. This can enhance the
believability and realism of the virtual sound, by incorporating the relative position and
orientation of the user relative to the virtual sound in the mixed reality environment — that is,
by presenting a virtual sound that matches a user’s expectations of what that virtual sound

would sound like if it were a real sound in a real environment.

{6037] In some examples, such as shown in FIG. 4, one or more of processor 416, GPU 420,
ISP audio spatializer 422, HRTF memory 4235, and audio/visual content memory 418 may be
included in an auxiliary unit 400C (which may correspond to auxiliary unit 300 described
above). The auxiliary unit 400C may include a battery 427 to power its components and/or to
supply power to wearable head device 400A and/or handheld controlier 4008. Including
such components in an auxiliary unit, which can be mounted to a user’s waist, can limit the
size and weight of wearable head device 400A, which can in turn reduce fatigue of a user’s

head and neck.

[6038] While FIG. 4 presents elements corresponding to various components of an example
wearable system 400, various other suitable arrangements of these components will become
apparent to those skilled in the art. For example, elements presented in FIG. 4 as being

associated with auxiliary unit 400C could instead be associated with wearable head device

11
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400A or handbeld controller 400B. Furtherroore, some wearable systems may forgo entirely
a handheld controller 4008 or auxiliary unit 400C. Such changes and modifications are to be

understood as being included within the scope of the disclosed exarples.
{0039] MIXED REALITY ENVIRONMENT

[0040] Like all people, a user of a mixed reality system exists in a real environment — that
is, a three-dimensional portion of the “real world,” and all of its contents, that arc perceptible
by the user. For example, a user perceives a real environment using one’s ordinary human
senses — sight, sound, touch, taste, smell — and interacts with the real environroent by
moving onc’s own body in the real environment. Locations in a real environment can be
described as conrdinates in a coordinate space; for example, a coordinate can comprise
latitude, longitude, and elevation with respect to sea level; distances in three orthogonal
dimensions from a reference point; or other suitable values. Likewise, a vector can describe a

quantity having a direction and a magnitude in the coordinate space.

{0041] A computing device can maintain, for example. in a memory associated with the
device, a representation of a virtual environment. As used herein, a virtual environment is a
computational representation of a three-dimensional space. A virtual environment can
inchude represeuntations of any object, action, signal, parameter, coordinate, vector, or other
characteristic associated with that space. In some examples, circuitry (e.g., a processor) of a
computing device can maintain and update a state of a virtual environment; that is, a
processor can determine at a first time, based on data associated with the virtual environment
and/or input provided by a user, a state of the virtual environment at a second time. For
instance, if an object in the virtual environment is located at a first coordinate at time, and has
certain programmed physical parameters (e.g., mass, coefficient of friction); and an input
received from user indicates that a force should be applied to the object in a direction vector;
the processor can apply laws of Kinermatics to determine a location of the object at time using
basic mechanics. The processor can use any suitable information known about the virtual
environment, and/or any suitable input, to determine a state of the virtual environment at a

time. In maintaining and updating a state of a virtual environment, the processor can cxecute
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any suitable software, including software velating to the creation and deletion of virtual
objects in the virtual environment; software {e.g., scripts} for defining behavior of virtual
objects or characters in the virtual environment; software for defining the behavior of signals
(e.g.. audio signals) in the virtual environment; software for creating and updating parameters
associated with the virtual environment; software for generatng audio signals in the virtual
environment; software for handling input and output; software for implementing network
operations; software for applying asset data (e.g., antmation data to move a virtual object

over time); or many other possibilities.

{6042] Output devices, such as a display or a speaker, can present any or all aspects of a
virtual environment (o a user. For example, a virtual envivonment may include virtual objects
{(which may include representations of inanimate objects; people; animals; lights; etc.) that
may be presented to a user. A processor can determine a view of the virual environment {for
cxample, corresponding to a “camera” with an origin coordinate, a view axis, and a frustumy);
and render, to a display, a viewable scene of the virtual environment corresponding to that
view. Any suitable rendering technology may be used for this purpose. In some examples,
the viewable scene may include only some virtual objects in the virtual environment, and
exclude certain other virtual objects. Similarly. a virtual environment may include audio
aspects that may be presenied to a user as one of more audio signals. For instance, a virtual
object in the virtual environment may generate a sound originating from a location coordinate
of the object (e.g., a virtual character may speak or cause a sound effect); or the virtual
cnvironment may be associated with musical cues or ambient sounds that may or may not be
associated with a particular location. A processor can determine an audio signal
corresponding to a “listener” coordinate — for mstance, an audio signal corresponding to a
composite of sounds in the virtoal environment, and mixed and processed o simulate an
audio signal that would be heard by a listener at the listener coordinate — and present the

audio signal to a user via one or more speakers.

{0043] Because a virtual environment exists only as a computational structure, a user cannot

directly perceive a virtual environment using one’s ordinary senses. Instead, a user can
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perceive a virtual environment only indirectly, as presented to the user, for example by a
display, speakers, haptic output devices, etc. Similarly, a user cannot directly touch,
manipulate, or otherwisc interact with a virtual environment; but can provide input data, via
input devices or sensors, to a processor that can use the device or sensor data to update the
virtual environment. For example, a camera sensor can provide optical data indicating that a
user is frying to move an object in a virtual environment, and a processor can usc that data to

cause the object to respond accordingly in the virtual environment.
{0044] DIGITAL REVERBERATION AND ENVIRONMENTAL AUDIO PROCESSING

{0045] A XR system can present audio signals that appear, to a user, to originate at a sound
source with an origin coordinate, and travel in a dircction of an orientation vector in the
system. The user may perceive these audio signals as if they were real audio signals
originating from the origin coordinate of the sound sowrce and raveling along the orientation

Vector.

{0046] In some cases, audio signals may be considered virtual in that they correspond to
computational signals in a virtoal environment, and do not necessarily correspond to real
sounds in the real environment. However, virtual audio signals can be presented to a user as
real audio signals detectable by the human ear, for example, as gencrated via speakers 120A

and 1208 of wearable head device 100 in FIG. 1.

{60471 Advantages to the below disclosed embodiments inchude reduced network bandwidth,
reduced power consumption, reduced computational complexity, and reduced computational
delays. These advantages may be particularly significant to mobile systems, including
wearable systems, where processing resources, networking resources, baticry capacity, and

physical size and heft are often at a premium.

{0048] In an environment as dynamic as AR, the system may be continuously rendering
audio signals. Rendering avdio signals using all of the virtual speakers may especially lead
high computational power, a large amount of processing, high network bandwidth, high

¥
&
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power consumption, and the like. Thus, using modified virtual speaker panning to
dynamically select and use a subset set of the fixed virtual speakers based one or more factors

may be desired.
{6049] EXAMPLE SPATIAL AUDIO SYSTEM

[0030] FIG. 5A illustrates a block diagram of an example spatial audio system, according to
some embodiments. FIG. 5B illustrates a flow of an example method for operating the

system of FIG. 5A.

{0051] The spatial audio system 500 may include a spatial modeler 310, an infernal spatial
representation 530, and a decoder/virtualizer 340A. The spatial modeler 510 may include a
direct path portion 512, one or more reflections portions 520 {optional), and a spatial encoder
526. The spatial modeler 510 may be configured to model 2 virual environment. The direct
path portion 512 moay include a divect source 514, and optionally, a Doppler 516. The direct
source 514 may be configured to provide an audio signal (step 552 of process 550). The
Doppler 516 may receive a signal from the direct source 514 and may be configurad to
introduce a Doppler effect into its input signal (step 354}, For example, the Doppler 516 may
change the pitch of the sound source {¢.g., pitch shifting) to change relative to the motion of

the sound source, the user of the system, or both.

{0052] The reflections portions 520 may include a sound reflector 522, an optional Doppler
516, and a delay 524. The sound reflector 522 may be configured to introduce reflections in
its signal (stcp 556). The reflections introduced may be representative of one or more
properties of the environment. The Doppler 516 tn a reflections portion 520 may receive a
signal from the sound reflector 522 and may be configured to introduce a Doppler effect into
its input signal (step 558). The delay 524 may receive a signal from the Doppler 516 and

may be configured to introduce a delay (step S60).

{0053] The spatial encoder 526 may receive signals from the direct path portion 512 and the

reflections portion{s) 520. In some embodiments, the signal from the direct path portion 512
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to the spatial encoder 526 may be the output signal from the Doppler 516 of the direct path
portion 512, In some embodiments, the signal{s) from the reflections portion(s) 520 to the
spatial encoder 526 may be the output signal(s) from the delay(s) 524 of the reflections

portion(s} 320.

{6054] The spatial encoder 526 may include one or more M-way Pans 528. In some
embodiments, each input received by the spatial encoder 526 may be associated with a
unigue M-way Pan 528, “Panning” may refer to distributing a signal across multiple
speakers, multiple locations, or both. The M-way pan 528 may be configured to distribute its
input signal across multiple number of virtual speakers (step 562). For example, an M-way
pan 528 can distribute its input signal acvoss all M virtual speakers. For example, as shown
in the FIG. SA, M may be equal to four, and each M-way pan 528 may be configured to
distribute its input signal across four virtual speakers. Although the figure illustrates a
system having four virtual speakers, examples of the disclosure can include any number of

virtual speakers.

{0055] As one example, a car system may include left and right speakers. The sound in such
system may be panned between left and right speakers in a car by splitting the sound into
two, one for cach speaker. The scaling volume of each speaker may be set according to the

configuration of two speakers, and the result may sent to the left and right speakers.

{6056] As another example, a strround sound system may inclade a plarality of speakers,
such as six speakers. The sound i such system may be panned as stereo among the six
speakers. The sound may be split into six (instead of two, as in the car system example), the
scaling volurne of each speaker may be set according to the configuration of six speakers, and

the result may be sent to the six speakers.

{0057] For example, a first M-way pan 328 may receive the output of the Doppler 516 of the
direct path 512, and the other M-way pans 528 may receive the outputs of the reflections

portions 520. Each M-way pan 5328 can split its input signal so that it may be distributed
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across multiple outputs. As such, each M-way pan 528 may have a greater number of outputs

than inputs.

{0058] The spatial modeler 510 may output signals to the internal spatial representation 5330
(step 364). In some embodiments, the output(s) from the spatial modeler 5190 can include the
output of cach M-way pan 528, The internal spatial representation 530 may be counfigured to
represent the spatial configuration of the virtual environment (step 566). One example
representation can include representing the relative location of the user, the sound source(s),
and the virtual speaker(s). In some embodiments, the internal spatial representation 330 may
output one or mote signals representative of the headpose rotation, the beadpose translation,
soundfield decode, one or more head-related transfer functions (HRTES), or a combination
thereof, of the user of the system 500. In some embodiments, the internal spatial
representation 530 may be a represeuntation of a non-ambisonics multi-channel based system,
an ambisonics/wavefield based system, or the like. One example ambisonics/wavefield based

system can be a high order ambisonics (HOA).

{0059] The internal spatial representation 530 may output ifs signals 552 to the
decoder/virtualizer 540A (step 568). The decoder/virtualizer 540 may decode its input
signals and introduce virtualized sounds into the signals (step 570). Step 570 can include a
phurality of substeps and is discussed i1 more detail below. The system then outputs the
signals from the decoder/virtualizer 540 (step 580} as the left signal 5021, which may be
output to the left speaker, and the right signal 502R, which may be output to the right

speaker.

{6068] The system 500 may include any number of differcnt types of a decoder/virtualizer
540. One example decoder/virtualizer 540A is shown in FIG. SA. Other example

decoder/virtualizers 540 are discussed below.

{0061] The decoder/virtualizer 540A may include a rotated/translated representation 542, a
soundfield decoder 544, one or more HRTFs 546, and one or more combiners 348, FIG. 5C

illustrates a flow of an example method for operating an exarople decoder/virtualizer, which
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may be referred to as step 370-1. The rotated/translated representation 542 may receive
signal(s) from the internal spatial representation 530 and may be configured to introduce
representations of the movements associated with the audio signals. For example, the
movements can be of the sound source(s), the user, or both (step 572). The rotated/translated
representation 542 can output signail{s) to the soundfield decoder 544. The soundfield
decoder 544 may receive signal(s} from the rotated/translated representation 542 and may be

configured to decode the signals (step 574). Each HRTF 5346 may receive signal(s) from the
soundfield decoder 544. Each HRTF 546 may be configured to determine a HRTF
corresponding to its input signal and apply it to the signal (step 576). The one or more
HRTFs 546 may be referred to collectively as a speaker virtualizer. In some embodiments,
the HRTF 546 may be configured for finite impulse response (FIR) filtering. Each combiner

548 may receive and combine signal(s) from the HRTEF(s) 546 (step 578).

{6062] In some embodiments, the decoder/virtualizer 540A may represent a “baseling”
processing overhead. The baseline processing overhead may be complex, involving matrix

calculations and long FIR filters to apply HR'TF processing for each virtual speaker,

{0063] The outputs from the combiners 548 may be the output signals form the system 500.
In some embodiments, the output signals 502 from the system 500 may be audio signals for

the left and right speakers (e.g., speakers 120A and 120B of FIG. 1).

{6064] In some instances, when the nomber of sound sources for play back is large, the
spatial audio system of FIG. 5A may be beneficial. However, in some instances, when the
nurober of sound sources for play back is small, the spatial audio system of FIG. 5A may not
he beneficial. it may be desirable to utilize efficiencies of non-ambisonics raulti-channel
based spatial audio systems or ambisonics-based spatial audio systems, such as systemn 500 of
FIG. 5A. in a way that is efficient for situations when the number of sound sources for play

back is small.

{0065] There may be ways to improve the efficiencies of spatializing using soundficld

synthesis and decoding. A first way may be through low energy speaker detection and
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culling. In low energy speaker detection and culling, if the energy output of a virtual speaker
channel of a non-ambisonics mulii-channel based spatial audio system or
ambisonics/soundficld channel of an ambisonics based spatial audio system is less than a
predetermined threshold, processing of the signals from the virtual speaker channel is not
performed. In some embodiments, the system may determine whether an output of a given
virtual speaker is above a predetermined threshold, for example, before the sound field
decoding ts performed on the signals from that given virtaal speaker. Low energy speaker

detection and culling is discussed 1n more detail helow.

{6066] A second way for improving the efficiency of spatializing using soundfield synthesis
and decoding can be source geometry-based virtual speaker culling. In source geometry-
based virtual-speaker culling, the decoder/virtualizer processing can be selectively disabled.
The selective disablement {or selective enablement) can be based on the location(s) of the
sound source(s) relative to the user/listener. Source geometry-based virtual speaker culling is

discussed in more detail below.

{0067] A third way may be to combine the low energy speaker detection and culling

technique with the source-virtual speaker coupling technique.

{0068] A spatial modeler 510 may have a compute complexity that may represent the number
of operations needed to process the audio signals. The compute complexity may be
proportional to M multiplied by N, where M may be equal to the number of sound sources
(including direct sources and optional reflections) and N may be equal to the number of
channels needed to represent an amshisonic soundfield. In some embodiments, N may equal

1o (O+1)%, where O is the order of ambisonics used.

{6069] A decoder/virtualizer 540 may have a compute complexity proportional to nVS,
where nV S ts a number of virtual speakers. The compute power of each speaker may be high
and may generally consist of a pair of FIR filters typically implemented with fast Fourier
transform (FFT) or inverse FFT (IFFT), both of which may be computationally expensive

PYOCCSSEs.
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{0070] EXAMPLE LOW ENERGY OQUTPUT DETECTION AND CULLING METHOD

{6071] In some embodiments, some virtual speakers may have little or not signal input
energy; for example, when the spatial audio system has a small number of sound sources.
Speaker virtualization processing may be computationally expensive {e.g., CPU intensive)
process. For example, if there is a sound source located at zero degrees azimuth (¢.g.,
directly in front of a user), there may be little or no cnergy in the signals from the virtual
speakers located between 90 degrees and 270 degrees azimuth (e.g., behind the user). The
low energy signals may not have a significant effect on the perceived location of a sound
souree, so it may be coroputationally inefficient to perform speaker virtualization processing
on the low energy signals and/or to determine the characteristics of the corresponding virtual

speaker.

{6072] To lessen computation resources reguired, the system employing low energy output
detection and culling method can include detectors located between the soundfield decoder
and a HRTF. Alternatively, the detectors may be located between the multi-channel output
and a HRTF. The detectors may be configured to detect one or more encrgy levels associated

with one or more audio signals from one or more virtual speakers.

{0073] If the encrgy level of a signal coming from a virtual speaker Va is less than an energy
threshold a, the signal may be considered a low energy signal. In accordance with the
detected energy level associated with the audio signal being less than the energy threshold o,

the HRTF block and its processing of the low energy signal may be bypassed.

[6074] The determination of the energy levels of a signal may use any namber of techniques.
For example, a RMS algorithm may be applicd to a signal routed to a virtual speaker to
measure its cnergy. “Attack” and “release” times similar to those used by times similar to
those by traditional audio compressors may be used to keep a speaker’s signal from abruptly

“popping” in and out.
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{6075] FIG. 6 illustrates an example configaration of a sound source and speakers, according
to some embodiments. System 600 may include a sound source 620 and a plurality of
speakers. The plurality of speakers 622 may include one or more active virtual speakers
622 A and one or more inactive virtual speakers 6228, An active virtual speaker 622A may
be one whose signal is processed by a HRTF 546 at a given time. An inactive virtual speaker
622B may be onc whose signal not need to be processed by a HRTF 346 because, e.g., its
signal was already processed at a previous time, or because the syster determines that signal
from the virtual speaker 6228 does not need processing. M can refer to the number of sound
sources playing, and N can refer to the miraber of virtual speakers in the system. Although
the figure illustrates a single sound source, cxamples of the disclosure can include any
number of sound sources. Although the figure ilustrates eight sound sources, examples of

the disclosure can include any munber of sources, such as 16 (N = 16}

{0076] As one example, system 600 can include a single (M = 1) sound source 620 and 8
virtual speakers 622, as shown in the figure. At a given instance, most of energy may be
output across ouly three virtual speakers. That is, the system 600 may bave three active
virtual speakers at a first time. For example, the virtual speakers 622A-1, 622A-2, and 622-3
may be active virtual speakers. In some embodiments, the active virtual speakers 622A may
be those closest to the sound source 620. Additionally, the system 600 may include five
inactive virtual speakers 6228, The system 600 may be determine that the cnergy level from
cach of the five inactive virtual speakers is less than an energy threshold, and in accordance
with such determination, may bypass the HRTF processing of the signals from the five

inactive virtual speakers 6228.

{0077] The systern 600 may also determine that the energy level from each of the active
virtual speakers is not less than the energy threshold, and in accordance with such
determination, may perform HRTF processing of the signals from the three active virtual

speakers 622A.

{0078] The systern 600 may output two signals, one for the right speaker and one for the left

speakers, such as right signal 502R and left signal 53021, as shown in FIG. SA. The reduction
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in number of HRTF operations due to bypassing the HRTF processing may be equal to the
number of inactive virtual speakers multiplied by the number of signals output from the
system. In the example of FIG. 6, since the HRTF processing of the five signals are
bypassed, 10 (five inactive virtual speakers x two output signals) HRTF operations may be

saved.

{00791 As another example, if the system includes 16 virtual speakers, where 13 are inactive
virtual speakers, the number of HRTT operations saved may be equal to 26 (16 virtual

speakers x two output signals).

{03080] FIG. 7A illustrates a block diagraim of an example decoder/virtualizer including a
plurality of detectors, according to some embodiments. FIG. 78 illustrates a flow of an
example rmethod for operating the decoder/virtualizer of FIG. 7A, according to some
embodiments. In some embodiments, the decoder/virtualizer 540B may be inciuded in
system 500, instead of decoder/virtualizer 540A (shown in FIG. 5A), as discussed below.

The step 570-2 may be included in the process 550, instead of step 570-1 (shown in FIG. 5C).

{6081] The decoder/virtualizer 5408 can inchude a votated/iranslated representation 542,
soundfield decoder 544, one or move detectors 710, one or more switches 712, one or more
HRTFs 546, and one or more combiners 548. The decodet/virtualizer 540B can receive
signal(s) 552 from the internal spatial representation 330 (as shown in FIG. 5A). The
rotated/translated representation 342 may receive signals from the internal spatial
representation 530 and may be configured to introduce representations of the moverments of
the sound source(s), the user, or both (step 772). The rotated/translated representation 542
can output signal(s) to the soundfield decoder 544. The soundficld decoder 544 can receive
signals from the rotated/translated representation 542 and may be configured to decode the

signals {step 774). The soundficld decoder 544 can output signals to the detector(s} 710.

{0082] The detector(s} 710 may recetve a signal from the soundfield decoder 544 and may be
configured to determine the energy level of its input signal (step 776). Each detector 710

may be coupled to a unique switch 712, {f the energy level of the input signal (from the



WO 2019/241345 PCT/US2019/036710

soundfield decoder 544) is greater than or equal to the energy threshold (step 778), then the
switch 712 can close the loop thereby routing its input signal {(from the detector 718) to the
HRTF 546 that the switch is coupled to (step 780). Each HRTF determines a corresponding

HRTF and applics it to the signal (step 782).

{6083] If the energy level of the input signal is less than the energy threshold, then the switch
712 can open such that its input signal (from the detector 710} s not coupled to the

corresponding HRTF 346. Thus, the corresponding HRTF 546 may be bypassed (step 784).

{6084] The signals from the HRTF{s) 546 can be output to the combiners 548 (step 786).
The combiners 548 can be configured to combine {e.g., add, aggregate, etc.) the signals from
the HRTH(s) 346, Those signals that bypassed a HRTF 546 may not be combined by the
combiners 548. The outputs from the combiners 548 may be the output signals form the
system 500. In some embodiments, the output signals 502 from the system 500 may be audio

signals for the left and right speakers (e.g., speakers 120A and 120B of FIG. 1},

{0085] In some embodiments, cach detector 710 can be coupled to a unigue signal
corresponding to a virtual speaker. In this manner, the processing of each virtual speaker 622
can be independently performed (i.c., the processing of one speaker, such as 622A-1, can

occur without affecting the processing of another speaker, such as 6228).

{0086] In some embodiments, the type of decoder/virtualizer 540 may depend on the namber
of sound sources. For example, if the number of sound sources is less than or equal to a
predetermined sound source threshold, then the decoder/virtualizer 5408 of FIG. 7A may he
included in the system 500. In sach instance, the signals from the soundfield decoder 544

may be input to the detector(s) 710.

{0087] If the namber of sound sources is greater than the predetermined sound source
threshold, then the decoder/virtualizer 340A of FIG. SA may be included in the system. In

such instance, the signals from the soundfield decoder 544 may be input to the HRTFs 546.
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{6088] In some embodiments, the system may include a decoder/virtualizer 540 that may
select whether to execute or to bypass the detectors and its energy level detection. FIG. 8A
illustrates a block diagram of an example decoder/virtualizer, according to some
cmbodiments. FIG. 8B illustrates a flow of an example method for operating the
decoder/virtualizer of FIG. 8A, according to some embodiments. In some embodiments, the
decoder/virtualizer 540C may be included in system 500, instead of decoder/virtualizer 540A
(shown in FIG. 5A) and decoder/virtualizer 540B (shown in FIG. 7A). The step 570-3 may

be included in the process 550, instead of step 570-1 {(shown 10 FIG. 5C).

{6089] The decoder/virtualizer 540C can include a rotated/translated representation 542,
soundficld decoder 544, one or more detectors 710, one or more first switches 712, one or
more HRTFs 546, and one or more combiners 548, similar to the decoder/virtualizer 5408,
discussed above. Steps 872, 874, and 882 may be correspondingly similar to steps 772, 774,

and 782, discussed above.

[80980] The decoderfvirtualizer 540C may also include a second switch 814, The second
switch 814 can be configured to open or close a first loop from the soundfield decoder 544 to
the detector(s) 710 and the first switch{cs) 712. Additionally or alternatively, the second
swiich 814 can be configured to open or close a second loop from the system 300 bypassing
the detector(s} 710 and first switch(es) 712. In some embodiments, the second switch 814
may be a two-way switch configured to select between passing the signals directly to the

detectors 710 (the first loop) or divectly to the HRTFs 546 (the sccond loop).

{6091] For example, the system can determine whether the number of sound sources is
greater than or equal to a predetermined sound source threshold (step §76). If the number of
sound sources is greater than or equal to a predetermined sound source threshold, then the
second switch 814 can close the second loop and cause the signals from the soundfield
decoder 544 1o bhe pass directly to the HRTFs 346 (step 878). Each HRTF 546 then
determines a corresponding HRTF and applies it to the signal (step 880). When the number
of sound sources is greater in number, the likelihood of the signals having low energy levels

may be reduced.
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{6092] I, on the other hand, the number of sound sources is less than a predetermined sound
source threshold, then the signals are more likely to have low energy levels, so the second
switch 814 can close the first loop and cause the signals from the soundficld decoder 544 to
pass directly to the detector(s) 710 (step 882). The detector(s) 710 may receive a signal from
the soundfield decoder 544 and may be configured to determine the energy level of its input
signal (step §84). If the energy level of the input signal (from the soundficld decoder 544) is
greater than or equal to the energy threshold (step 886), then the switch 712 can close the
loop thereby routing its input signal (from the detector 710) to the HRTF 546 that the switch
is coupled to (step 888). If the energy level of the input signal is less than the energy
threshold, then the switch 712 can open such that its input signal (from the detector 71(0) is
not coupled to the corresponding HRTF 546, causing the BRTF 546 to be bypassed (step
&90).

{6093] The signals from the HRTH(s) 546 can be output to the combiners 548 (step 892).

{6094] fn some embodiments, the one or more energy threshold detection may be active
responsive to encrgy. In some embodiments, the one or more energy threshold detection may
bie active responsive to amplitude, may be subject to traditional attack, releasc times, and the

fike.
{0095] EXAMPLE SOURCE GEOMETRY-BASED SPEAKER CULLING METHOD

{0096] Source geometry-based virtual speaker culling can be another method to reduce CPU
consumption. In some embodiments, source geometry-based virtual speaker culling can
include selectively disabling the decoder/virtualizer processing {e.g., decoder/virtualizer
540A of FIG. SA, decoder/virtualizer 540B of FIG. 7A, decoder/virtualizer 540C of FIG. A,
etc.). In some embodiments, the selective disablement {or selective enablement) can be based
on the location{s) of the sound source(s) relative to the user/listener. In some embodiments,
the selective disablement of the decoder/virtualizer processing can include bypassing all of

the processing blocks of the decoder/virtualizer,
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{6097] With source geometry-based virtnal speaker culling, the ambisonic output can be
calcujated. If the ambisonic output requires a significant amount of energy to be decoded,
then it may be beneficial to use a simpler method (that requires less CPU consumption) such
as a real-time cnergy detection method. Additionally, in some cmbodiments, the real-time

energy detection method can perform a calculation less freguently.

{6098] FIG. 9 illustrates an example configaration of a sound source and speakers, according
to some embodiments. System 900 may include a sound source 920 and a plurality of
speakers. Compared to the system 600 of FIG. 6, the sound source 920 may be located at a
second position, which may be different from first position of the sound source 620 of FIG. 6.
The plurality of speakers 922 may include one or more active virtual speakers 922A, one or
more inactive virtual speakers 922B. and one or more inactive virtual speakers 922C. The
active virtual speakers 922 A and the inactive virtual speakers 9228 may be correspondingly
sirpilar to the active virtual speakers 622 A and the inactive virtual speakers 6228 of FIG. 6,

respectively.

{0099] The inactive virtual speakers 922C may differ from the inactive virtual speakers 9228
in that virtual speakers 922C may have been active at a first time, but its signal is being
processed at a second time (e.g., the ring out period). In the example of FIG. 9, the sound
source 920 may have moved from a first position (e.g., close to virtual speaker 922C)to a
second position {e.g., not close to virmal speaker 922). Due to the movement of the sound
source, the two virtual speakers may no longer have sound sources mixing into them at the
second time. Due to filter processing of the two virtual speakers, the two virtual speakers
may need to be active for a following frame {(e.g., the second time) to properly complete the

filter processing.

{00104] In some embodiments, the system may include a decoder/virtalizer 540 in a
systern that uses active virtual speakers. FIG. 10A illustrates a block diagram of an example
decoder/virtualizer used in a system including active speakers, according to some
embodiments. FIG. 10B illustrates a flow of an example metheod for operating the

decoder/virtualizer of FIG. 10A, according to some embodiments. In some ecmbodiments, the
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decoder/virtualizer 540D may be included in system 500, instead of decoder/virtualizer 540A
(shown in FIG. 5A), decoder/virtualizer 340B (shown in FIG. 7A), and decoder/virtualizer
5340C (shown in FIG. 8A). The step 570-4 may be included in the process 550, instead of
step 570-1 (shown in FIG. 5C), step 570-2 (shown in FIG. 7B), and step 570-3 (shown in
FIG. 8B).

{60161} The decoder/virtualizer 540C can inchide a soundfield decoder 544 one or
more HRTTs 546, and one or more combiners 548, similar to the decoder/virtualizer 540B
and decoder/virtualizer 540C, discussed above. Steps 1672, 1076, 1078, and 1080 may be

correspondingly stmilar to steps 872, 874, and 782, discussed above.

{60102} The decoder/virtualizer 540D may also inchude a rotated/translated
representation 1042 and a soundfield decode determination 1044, The rotated/translated
representation 1042 may receive signal(s) from the internal spatial representation 530 and

s

may be configured to introduce representations of the moverents of the sound source(s), the
user, or both (step 1072). The representations of the moovement may also take into consider
the azimuth/elevation of the sound source 920. The rotated/translated representation 542 can

cutput signal(s) to the soundfield decoder determination 1044.

{00103} The soundficld decoder determination 1044 may receive signal{s) from the
rotated/iranslated representation 10472 and may be configured to determine which signals
have “noticeable” output and pass those signals to the soundficld decoder 544 (step 1074). A
noticeable output may be an output that would affect a perceived sound. For example, a
noticeable output can be an audio signal that has an amplitude greater than or equal to a
predetermined amplitude threshold. The soundfield decoder 544 may receive signal(s) from
the soundficld decoder determination 1044 having noticeable output and may be configured
to decode the signals (step 1076). In some cmbodiments, the soundficld decoder 1044 may
receive signals from the soundficld decoder determination 1044 that have noticeable output.
Each HRTF 546 may receive signal(s) from the soundficld decoder 544. Fach HRTE 546
may be configured to determine a HRTF corresponding to its input signal and apply it to the

signal (step 1078}, The one or more HRTHs 546 may be referved to collectively as a speaker
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virtualizer. Each combiner 348 may reccive and combine signal(s) from the HRTE(s) 546

{step 1080).

[00104] in some embodiments, those audio signals that do not have a noticeable output
(e.g., has an amplitude less than the predetermined amplitude threshold) may not be passed to
the soundficid decoder 544. Thus, the soundficid decoder 544 and the HRTFs 546 on the

audio signals not having a noticeable output may be bypassed.

[00105] The example source geometry-based speaker culling method can designate
virtual speakers as being active virtual speakers based on the position (e.g., X, Y, Z location)
of the sound source. The location of the sound source may be representative of the location
of a source object. The system may determine the location of each sound source and
determine which virtual speaker(s) are located close to the respective sound source. In some
cembodiments, the determination of which virtual speakers are located close to the sound
source may be performed at, ¢.g., the beginning of every video frame (on a video-frame rate
based approach). The video-frame rate based approach may require less computation than

other approaches such as the sample-rate based approach.

[00106] A sound source may contribute significantly to a particular virtual speaker
based on, for example, the video-frame rate based approach calculation and an ambisonic
decode formula. As discussed above, a virtual speaker that contributes little 1o no energy if
decoded may have the corresponding ambisonic decode and HRTF processing of the decoded
ambisonics channel bypassed. In some embodiments, the system may disable any processing

block that is bypassed.
{00107} Example pscudo-code for executing the designation method can be:

For =ach sound scurce, S and decode channel n

Enablein] |= f{sourcePosition Vector3, sourceCrientation
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Vector3, ListenerPosition Vector3,
ListenerOrient

a
VirtualSpeakerPosition{n] Vector3}.

Ambisonic/Soundfield example
For each Ambiscnic Decode Channel
If {(Enable[n]) |

AmbisonicDecods {(n}

Vir
VI

ot

ualis

{1
N
D
j}

1}

Multichannel Example

g

)

or each Channel

{

-

If {(Enable[n]) |

Virtualize (n)
I
{00108} With respect to the above pseudo-code, the variable sourcePosition may refer
to a position of a sound source, sourceOrientation may refer to an orientation of the sound
source, ListenerPosition may refer to a position of a user/listener, ListenerOrientation may
refer to an orientation of the user/listener, VirtualSpeakerPosition may refer to a position of a
virtual speaker, AmbisonicDecode may refer to a function that performs ambisonic decoding,

and Virtualize may refer to a function that does virtualization.

{00109} With respect to the above pseudo-code, for each sound source S and decode
channel n, the decode channel n may be enabled based on one or more factors such as the
position of the sound source S, the orientation of the sound source 5, the position of the
uscr/listener, the orientation of the uscr/listener, and the position of the virtual speaker. Still
referring to the above pscudo-code, for cach ambisonic decode channel, if the channel is
enabled, then the system may execute the AmbisonicDecode function and the Virtualize

function.
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{00110] The pseudo-code may be enhanced by providing a “ring out” period for each
virtual speaker. For example, if a sowree has moved in position during a video frame, it may
be determined that a virtual speaker may no longer have any sound sources mixing into it.
However, due to filter processing of the virtual speaker, that virtual speaker may need to be

an active speaker for a following frame to properly complete the filter processing.

{00111} Examples of the disclosure can include using all active sound sources to
determine which decoded soundfield outputs have a “noticeable” output (e.g., an output that
would affect a perceived soundficld). Arabisonics or non-ambisonics multi-channel outputs
that would affect the perceived soundficld may be decoded. Further, in some embodiments,
only HRTEs 546 corresponding to those detected outputs are processed. There may be
significant CPU savings for synthetically generated ambisonic soundfield or non-ambisonic
multi-channel rendering where a number of the sound sources are small, or are numerous but

near each other.

{00112} EXAMPLE METHOD COMBINATION OF THE SOURCE GEOMETRY-
BASED VIRTUAL SPEAKER CULLING METHOD AND THE LOW ENERGY QUTPUT
PETECTION AND CULLING METHOCD

{00113} In some embodiments, source geometry-based virtual speaker culling and low
cnergy output detection and culling may both be used sequentially to further reduce CPU
consuraption. As described above, source geometry-based virtual speaker culling may
include, for example, selectively disabling virtual speaker processing based on, e.g., locations
of sound sources relative to a userflistener. Low energy output detection and culling may
include, for exaraple, placing a signal energy/level detector between soundfield decoding or
multi-channel output and HRTF processing. The output/result of the source geometry-based

virtual speaker culling may be input to the low energy output detection and culling.

{00114} With respect to the systems and methods described above, elements of the
systems and methods can be implemented by one or more computer processors (e.g., CPUS or

DSPs) as appropriate. The disclosure is not limited to any particular configuration of
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computer hardware, inchiding computer processors, used to implement these elements. In
some cases, multiple computer systems can be employed to implement the systems and
methods described above. For example, a first computer processor {e€.g., a processor of a
wearable device coupled to a microphone) can be utilized to receive input microphone
signals, and perform initial processing of those signals {e.g., signal conditioning and/or
segmentation, such as described above). A second (and perhaps more computationally
powerful) processor can then be utilized to perform more computationally intensive
processing, such as determining probability values associated with speech segments of those
signals. Another computer device, such as a cloud server, can host a speech recognition
cngine, to which input signals are ultimately provided. OUther suitable configurations will be

apparent and are within the scope of the disclosure.

{00115} Altbough the disclosed examples bave been fully described with reference o
the accompanying drawings, it is to be noted that various changes and modifications will
become apparent to those skilled in the art. For example, elements of one or more
implementations may be combined, deleted, modified, or supplemented to form further
implementations. Such changes and modifications are to be understood as being included

within the scope of the disclosed examples as defined by the appended claims.
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CLAIMS

1. A method of spatially rendering audio signals, the method comprising:

modeling a virtual environment using a spatial modeler;

distributing signals from the spatial modeler across multiple virtual speakers using a
spatial encoder;

representing a spatial configuration of the virtual environment using an internal
spatial representation;

decoding signals from the internal spatial representation using a decoder/virtualizer;

introducing virtualized sounds into the decoded signals using a decoder/virtualizer;

selectively bypassing one or more processing blocks in the decoder/virtualizer
associated with inactive virtual speakers;

combining signals from the decoder/virtualizer; and

outputting the combined signals as the audio signals.

2. The method of claim 1, further comprising:

determining energy levels associated with the signals from a soundfield decoder; and

determining whether each of the detected energy levels is less than an encrgy
threshold,

wherein the selective bypass of the one or more processing blocks includes bypassing
soundticld decoder in accordance with the determination that the detected energy level of at
least one of the virtual speakers is less than the energy threshold,

wherein the soundfield decoder is included in the decoder/virtualizer.

3. The method of claim 2, further comprising:

in accordance with the determination that the detected energy level of at least one of
the virtual speakers is not less than the energy threshold, performing HRTF processing of the

corresponding signal from the soundfield decoder.
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4. The method of claim 1, further comprising:

determining whether a number of sound sources is greater than or equal to a
predetermined sound source threshold,

wherein the selective bypass of the one or more processing blocks includes bypassing
a plurality of detectors and divectly passing signals from a soundfield decoder to a plurality of
HRTF blocks when the number of sound sources is greater than or equal to the predetermined
sound source threshold,

wherein the plurality of detectors and the plurality of HRTF blocks are included in the

decoder/virtualizer.

5. The method of claim 4, further comprising:
in accordance with the determination that the number of sound sources is not greater
than or equal to the predetermined sound source threshold, directly passing signals from the

soundficld decoder to the plurality of detectors.

6. The method of claim i, further comprising:
determining a location of cach sound source; and
determining which of the multiple virtual speakers are located close to the respective

sound source.

7. The method of claim 6, wherein the determination of which of the multiple
virtual speakers are located close to the respective sound source is performed at every video

frame.

8. The method of claim 6, wherein the selective bypass of the one or more
processing blocks in the decoder/virtualizer includes bypassing all of the one or more
processing blocks in the decoder/virtualizer associated with at least one speaker not located

close to the respective sound source.
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9. The method of claim 1, further comprising:

introducing representations of movements associated with the audio signals using a
rotated/translated representation; and

determining whether an amoplitude of signals from the rotated/translated
representation is greater than or equal to a predetermined amplitude threshold,

wherein the selective bypass of the one or more processing blocks in the
decoder/virtualizer inchudes bypassing a soundfield decoder and a plurality of HRTF blocks
when the amplitude of the signals from the rotated/translated representation is not greater
than or equal to the predetermined amplitude threshold,

wherein the soundficld decoder and the plurality of HRTF blocks are included in the

decoder/virtoalizer.

10 The method of claim 9, turther comprising:

in accordance with the determination that the amplitude of the signals from the
rotated/translated representation is greater than or equal to the predetermined amplitude
threshold:

decoding signals from the rotated/translated representation, and

determining and applying head related transfer functions (HRTFs) to the decoded

signals.

11. The method of claim 1, wherein the multiple virtual speakers include the
inactive virtual speakers and active virtual speakers at a first time, wherein at least one of the
active virtual speakers at the first time is designated as inactive at a second time while signals

are being processed.

12. A system comprising:
a wearable head device configured to provide andio signals to a user; and
circuitry configured to spatially render the audio signals, wherein the circuitry

includes:
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a spatial modeler configured to model a virtual environment;
a spatial encoder configured to distribute signals from the spatial modeler
across multiple virtual speakers;
an internal spatial representation configured to represent a spatial
configuration of the virtual envivonment; and
a decoder/virtualizer configured to decode signals from the internal spatial
representation and infroduce virtualized sounds into the decoded signals, wherein the
decoder/virtualizer includes:
a rotated/translated representation configured to introduce
representations of movements associated with the audio signals;
a soundfield decoder can be configured to decode signals from the
rotated/translated representation;
a plurality of head related transfer function (HRTF) blocks configured
to determine and apply corresponding HRTFs to its input signals; and
a plurality of combiners configured to combine signals from the

phirality of HRTF blocks and output the audio signals.

13. The system of claim 12, further comprising:

a plurality of detectors configured to receive signals from the soundfield decoder and
determine encrgy levels associated with the signals from the soundfield decoder; and

a plurality of first switches configured to pass the signals from the soundfield decoder
to the plurality of HRTF blocks when the determined cnergy levels is not less than an energy

threshold.

14. The system of clairn 13, further comprising:
a sccond switch contfigured to:
receive the signals from the soundfield decoder, and
selectively pass the signals from the soundfield decoder divectly to the

phurality of detectors or the plurality of HRTF blocks.
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15. The system of claim 12, further comprising:
a soundfield decode determination configured to:

determine whether an amplitude of a signal from the rotated/translated
representation is greater than a predetermined amplitude threshold, and

in accordance with the determination that the amplitude of the signal from the
rotated/translated representation is greater than the predetermined amplitude
threshold, pass the signal from the rotated translated representation to the soundfield

decoder.

36



WO 2019/241345 PCT/US2019/036710
1/15

FIG. 1



WO 2019/241345 PCT/US2019/036710
2/18

FIG. 2




WO 2019/241345 PCT/US2019/036710
3/15

FIG. 3




PCT/US2019/036710

WO 2019/241345

4/15

v Old

0k
7

J00F INOED j LINR AEYTIXNY
g1 L INGINGD WASIAQIONY | NEI: ~
mmﬂi\m A0 mhz 480 | _
A IS 00V S0 ] 4055300
mmd m a_ & A& & i/!mg
I
Tl N8 N9
2 i
f ¥
NOL 0N OGN a3yl w
N Kﬂﬁw;:ﬁ\wéﬁﬂ@ HYAO0YH
mm_\ dOYI 20 TSINEOWI 0 § ONVH N
J0MN0S LHOM I0NN0S LT | [ASLAR0CD 50p
¥ TSNS ™90
4| ¥ | _
S EMEETENERIE] AT [ VR NALSASHNS
I A H1dA0 L ENE
S HOY f = VS LT ] 5 % - 40094
7 I0YEH w 7 o dV3H 9 N210)
/ oy
w0h S TI0HIND?
(TEHONH
RILSASHNS
AL |
w1 40098Y30
a1 L03HOLAZL0L

o/
[



WO 2019/241345 PCT/US2019/036710
5/18

System

Intermal spatiel representation
5%

A

Decoderfvirtulizer
SA0A - 5
A < ( Soundield decodsr 3’ o

HRTF | {HRTF | EHRTF HRIF
~ Ll 1] L (@) SU0R Rightsgnel
A (=50 Leftsignal
~
HRIF o
Combingrs

FIG. 5A



PCT/US2019/036710

WO 2019/241345

6/15

dg Ol

808D 8L} 10 SJo¥eadS 8L O} SIZRNLIARDOAD 8u) wiol Sieuls sydine wajshs 8
05— A3 U} 10 SIeXests 3 wa 0 U] LU0 SRUDIS SINCING WeISAS 8|
o ZIMLIA 9NDOAUI pUB w_gmw 11 S8D00AD JAZENLIAUAD0oAD &Y |
e IZIBMYIAIS0003D 3G} 0} Spubis Spn M UoeIUasaidal piieds puis)
0 UOREINGyU00 [eNeds 8U) Siuaselda UojeIasaIda (erjeds jeuiaiur 8y
1
yG—" 10} sjpubis sydine Jaspow eds &y
296" ndut Sy sanquisip e Ay yop3
091 i
UGS aU} Ul oays
joc—"1  saiddog e ssonpoiu Jaiddog
20— SJpuBis 8y} Ui ae Jaiddog] 2 sonponu sieddog sy}
publs opne
0~ iR Oipng U} Ui SUKAYIS! SSORDOL! 10138181 DUNOS 266~"1 e sepinoid 80inos pall

3.



PCT/US2019/036710

WO 2019/241345

7/15

OGOl

[ o
P
(K

54 HH auj ey m_mgm_w oll} SUiGUICS SIBUIGWICO gy |

ufis 8

[ i

&=

101y Saydde o

<&
e

SIUSLIBA0W BU) S)USsaIdal LONEUaSaIde) DaIBISUBL)DaIBION




WO 2019/241345 PCT/US2019/036710
8/15




PCT/US2019/036710

WO 2019/241345

9/15

V., 9ld

SIUIQOY
avs

eUBIS 87705 ~=

leuis 1By 006 =

i
i......
o
L.
!._.
X
Jo oy
<
ey
[ X




PCT/US2019/036710

d/ 9l

4| HH 80} L0l SIPUDIS U] BLIGLIOD SIBUIGWXI B
)

<,
X3
[t

e

10/15

WO 2019/241345

pessedAq 3q ) sa5n
feuls indu sy Jo jene) ABeua eu) SaUILLBIED J0WeISD Y0BT k. _ o)
S[eudls au) Sepacep 18poap PIRIPUR0S ., |
i 2]
pUBIS 8} Ul SJUBWAAOW AU} SJUBSAITRI UOIRIUSSAIGa) DA ISURLDRIRIOY 204G
JBUDIS 8l ul Sjus U} Sueseital UOle] pejefsues Delel ~7), Qmm



WO 2019/241345

<

ez

oo™}

ation

e

o
ve

bt

~

Bprase

f vt

adftransiated

)

Rota

11/15

C

t

S

R

5
/

IHRTF

el

virtual

f
[

Decoder

400

5

PCT/US2019/036710




PCT/US2019/036710

WO 2019/241345

12/15

g8 Dl

Qo

1) 1104 SiRUBIS 8L BUIUIOD SIBUICUID 8

g it

o

|
passeaAq g 0} 4 [4H

Bubis a4} )

1 SaIfdde pue 4] MH

Bugui0dsai00 2 SaULLaIaD 41 toes |- U88

068~"1 Bupuodsaiioo ay) sasneo youms oy | 888~
4
U
ggw@ﬁ fBieus ue o) en ? T
m@m _mc% Nl 341 10 1849 \@gm o S|
WLIBIBD J018I8D YR
199~ Jap 10eien Yoeq
S10199180 9L} 0} a0 8] 0] JAPCosD DIBHPUN0S au) oy SiRuBis ay) $95neD 4o

!

i

< g
s §
<D

51 4H 8} 0} AINOJ 8 0} 18P0dBp paypunos &

U} 1) ${euBis 8y 58

N3 oS 84 |

o
4

g SipubIs 941 $9

A

} 5900

g

80 J8ponap piBipuno

%

h@ 3 SE0In0S U%Q

o
(R

&>



WO 2019/241345 PCT/US2019/036710
13/15




PCT/US2019/036710

WO 2019/241345

14/15

[PUDIS 37 7005

ubis 1By oG = ey | |
L N T N T N
il
gm\m 18P00SD DIBYPUNCS w
UoleLHUISe0
0l 30008( PRJpUTOS
- Loneiesad AN
= 2 SUBIpeIEI0y

a0s
J8ZEMIAIAP003]




PCT/US2019/036710

WO 2019/241345

15/15

d0l 9l4

0~ S 4H 84) oy Sipubis au) suigued

(J)

) SIRUIQLI00 Y

ieufis al

1 S8ldde pue 414K

940, "1

Spubis sy

':e
f

3
Y

..f.'.'.'
(/)
G}:

08D J6P00SD DBIPURO

]

501" ndino gjgesy

10U ey Sind)

4pUN0S LI SBUNLISIED LONBUILIIED J3p0osD il

Jounog

i

ieubls sy Ui

Uetlis

A
A

Ol B} Sjussaldal onejuasaidal paje

SUBHDSIEIOY




INTERNATIONAL SEARCH REPORT

International application No.

PCT/US19/36710

A. CLASSIFICATION OF SUBJECT MATTER
IPC - GO6F 3/00, 3/01, 3/16; G10L 19/00; HO4R 5/0

0, 5/02 (2019.01)

CPC - GO6F 3/01; HO4R 5/033; H04S 1/007, 7/00, 7/30, 7/302, 7/303

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

[0096), claim 1, figure 16

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2015/0131824 A1 (NGUYEN, K et al.) 14 May 2015; abstract, figure 3, paragraphs [0050], 1-15
[0064-0066]
A WO 2017/142759 A1 (GOOGLE INC.) 24 August 2017; title, abstract, paragraphs [0039], 1-15
[0043], [00101], {00108], [00120], claim 1
A WO 2018/053047 A1 (MAGIC LEAP, INC.) 22 March 2018; abstract, paragraphs {0065}, [0069], | 1-15

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“D” document cited by the applicant in the international application

“E” earlier application or patent but published on or after the international
filing date

“L” document which ma?]' throw doubts on priority claim(s) or which
is cited to establish Q‘{)ubllcatlon date of another citation or other
special reason (as specified)

“Q” document referring to anoral disclosure, use, exhibition or other means

“P” document published prior to the international filing date but later than
the priority date claimed

“T" later document published after the international filing date or priority
date and not in conflict with the apgh(_:auon but cited to understand
the principle or theory underlying the invention

“X"  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&"” document member of the same patent family

Date of the actual completion of the international search

19 August 2019 (19.08.2019)

Date of mailing of the international search report

105 EP 2019

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Shane Thomas

Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2019)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - wo-search-report

