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REVERBERATION FINGERPRINT ESTIMATION

CROSS REFERENCE TO RELATED APPLICATIONS

(031 This Application claims the benefit of ULS. Provisional Application No. 62/926,330,
tiled on October 25, 2019, the entire disclosure of which 1s herein incorporated by reference for

all purposes.

FIELD
{0002 ] This disclosure relates mn general to systems and methods for determining and

processing audio miormation, and in particular to systems and methods for determining and

processing audio information 1 a muxed reality environment.
BACKGROUND

G003 Virtual environments are ubiquitous i computing environments, finding use i 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 (in whach a virtual environment
may simulate a real envivonment); digital storyvtelling (im which virtual characters may mteract
with each other 1n a virtual environiment); 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., 21} display screens} and audio
systems {e.2., fixed speakers) may be unable to realize a virtual environment in ways that create

a compeliing, realisfic, and immersive experience.

3004 | Virtual reality ("VR"), augmented reality ("AR”), mixed reality (“"MR™"), and related
technologies (collectively, “XR”) share an ability to present, {0 a user of an XR system, sensory
wmtormation corresponding to a virtual environment represented by data in a computer system.
This disciosure contemplates a distinction between VR, AR, and MR systems (although some
systems may be categorized as VE 1 one aspect (e.g., a visual aspect), and simuitaneousiy
categorized as AR or MR 1 another aspect (e.g2., an audio aspect}). As used herein, VR systems

present a virtual environment that replaces a user ' s real environment in at ieast one aspect; for
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example, a VR system could present the user with a view of the virtual environment while
surniubianeously obscuring his or her view of the real environrnent, such as with a fight-blocking
head-mounted display. Sumlarly, a VR system could present the user with audio corresponding
to the virtual environment, while sunultaneously blocking {attenuating) audio from the real

environment.

LULESY VR systems may experience vartous drawbacks that result from replacing a user’s
real environment with a virtual environment. Une drawback 1s a feeling of motion sickness that
can arise when a user’s field of view 1n a virtual environment no longer corresponds to the state
of his or her inner ear, which detects one’s balance and orientafton in the real environment {not a
virtial envionment). Sunidarly, users may experience disorientation in VR environments where
their own bodies and himbs (views of which users rely on to feel “grounded” in the real
environment) are not directly visible. Another drawback is the computational burden {e.g.,
storage, processing power) placed on VR systems which must present a full 3D virtual
environment, particularly in real-time apphications that seek to immerse the user in the virtual
environment. Sumlarly, such environments may need to reach a very hgh standard of realism {o
be considered inumersive, as users tend to be sensitive (o even minor imperiections i virtual
environments — any of which can destroy a user’s sense of unmersion 1 the virtual
environment. Further, another drawback of VR systems 1s that such applications of systems
cannot take advantage of the wide range of sensory data in the real envionment, such as the
various sights and sounds that one experiences m the real world., A related drawback 1s that VR
systemns may struggle to create sharved environments 1 which multiple users can inferact, 4as users
that share a physical space 1n the real envionment may not be able to directly see or interact with

cach other 1n a virtual environment.

{0006 ] As used herein, AR systems present a virtual environment that overlaps or overlays
the real envivonment in af least one aspect. For example, an AR system could present the user
with a view of a virtual environment overlaid on the gser’s view of the real environment, such as
with a transmissive head-mounted display that presents a displaved image while allowing light o
pass through the display mto the user’s eve. Simularly, an AR system could present the user with
audio corresponding to the virtual environment, while simultanecusly mixing i audio from the

real environment. Similarly, as used heremn, MR systems present a virtual environment that
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overlaps or overlays the real environment in at least one aspect, as do AR systems, and may
additionally allow that a virtual environment 1n an MR system may mteract with the real
environment i at least one aspect. For example, a virtual character in a virtual environment may
toggle a light switch in the real environment, causing a corresponding hight bulb 1 the real
environment to turn on or oif. As another example, the virtual character may react (such as with
a facial expression) to audio signals i the real environment. By maintanmng presentation of the
real environment, AR and MR systems may avoid some of the atorementioned drawbacks of VR
systerns; for mstance, motion sickness i users 18 reduced because visual cues trom the real
environment (ncloding users’” own bodies) can remain visibie, and such systems need not
present a user with a fully realized 3D environment i order to be iminersive. Further, AR and
MR systems can take advantage of real world sensory mput {e.g., views and sounds of scenery,

objects, and other users) to create new apphications that augment that 1nput.

{07 | it can be desirable tor MK systems to interface with as many human senses as
possibie to create an ynmersive mixed reality environent for a user. Visual displays of virtual
content can be important to a muxed reality expenence, but audio signals can also be valuable in
creating imunersion i the mixed reality environment. Sinlar to visually displaved vutual
content, virtual audio content can also be adapted to sunulate sounds {rom a real environment.
For example, virtual audio content presented 1 a real environment with echoes may also be
rendered as echioing, even though the virtual audio content may not actually be echomyg i the
real environment. This adaptation can help blend virtual content with real content such that a
distinction between the two 18 not obvious or even impercepiibie to an end-user. To effectively
blend virtual audio content with real audio content, it can be desirable to understand acoustic
properties of the real environment so that viatual audio content can simulate the characteristics of

»

real audio content.

BRIEF SUMMARY
G008 Examples of the disclosure describe systems and methods for estimating acoustic
properties of an environment. In an example method, a first audio signal 18 received via 4
microphone of a wearable head device. An envelope of the first audio signal is determined, and
a first reverberation tune 1s estimated based on the envelope of the first audio signal. A

difference between the first reverberation time and a second reverberation tune 18 determimned. A
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change in the environment s determined based on the ditference between the first reverberation
time and the second reverberation ttime. A second audio signal 1s presented via a speaker of a

wearable head device, wherein the second audio signal 18 based on the second reverberation time.
BRIEF DESCRIPTION OF THE DRAWINGS

{O009] FiGs, TA-1C dlostrate an example nuxed reality environment, according to one or

more embodiments of the disclosure.

{3101 FiGs, 2A-2D dlustrate components of an example mixed reality system that can be
used to generate and interact with a mixed reality environment, according to one of more
crnbodiments of the disclosure.

{0011 ] Fi(5. 3A illustrates an exampie mixed reality handheld controller that can be used to

provide 1npuf to a mixed reality environment, according to one or roore embodiunents of the

disclosure.

{O012] FIG. 3B 1dlustrates an example auxaibiary anit that can be used with an exarmple mixed

reality system, according to one or more embodiments of the disclosure.

{O013] FI1G. 4 dlustrates an example functional block diagram for an example mixed reality

system, according to one or more embodunents of the disclosure.

(G014} FI(. 3 illustrates an example of estimating a reverberation fingerprint, according to

one or more embodiments of the disciosure.

{0015] F1(. 6 dlustrates an example of estimating a reverberation time, according £o one or
more embodiments of the disclosure.
{0016] FiG. 7 illustrates an example of estimating a reverberation time, according to one or

rpore embodiments of the disclosure.

DETAILED DESCRIPTION

{0017 ] In the following description of exampics, reference 18 made to the accompanying

drawings which form a part hereof, and m which 1t 18 shown by way of tilustration specific
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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 exampies.

{O018] MIXED REALITY ENVIRONMENT

{OOTY] Like all people, a user of a nuxed reality system exists in a real environment — that
18, 4 three-dimensional portion of the “real world,” and all of its contents, that are perceptibie by
the user. For example, a user percerves a real environment using ong’s ordinary human senses
------ sight, sound, touch, taste, smell — and interacts with the real environment by moving one’'s
owrnt body 1n the real environment. Locations m a real environment can be described as
coordinates i a coordinate space; tor example, a coordinate can comprise latitude, longitude,
and elevation with respect to sea level; distances in three orthogonal dumensions from a reference
point; or other suitable vahues. Likewise, a vector can describe a guantity having a direction and

a magnitude 1n the coordinate space.

{0020 A computing device can maimntain, for example m a memory associated with the
device, a representation of a virtual environment. As used herein, a virtual environment 1s a
computational representation of a three-dimensional space. A virtual environment can mclude
representafions of any object, action, signal, parameter, coordinate, vector, or other charactensuc
associated with that space. in some examples, curcuiiry (€.£.. a processor) of a computing device
can maintain and update a state of a virtual environment; that 1s, a processor can determine at a
tirst time 70, based on data associated with the virtual envuoonment and/or mput provided by a
user, a state of the virtual environment af a second tme ¢/, For mstance, i an object i the

k|

virtial environment 1s located at a first coordinate at time 0, and has certamn programimed

physical parameters (e.g., mass, cocfticient of friction); and an input recetved from user indicates
that a torce should be applied to the object 1n a duection vector; the processor can apply laws of
kinematcs to determine a location of the object at ttme ¢/ using basic mechanics. The processor
can use any suitable mformation known about the virtual environment, and/or any suitable input,
o determine a state of the virtual envivonment at a tiroe 7/, In maintaming and updating a state
of a virtual environment, the processor can execute any suitable software, including software
relating to the creation and deletion of virtual objecis in the virtual environment; soitware {e.g.,
scripts) for defining behavior of virtual objects or characters in the virtual environment; software

tor defining the behavior of signals (e.g., audio signals) m the virtual environment; software for
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creating and updating parameters associated with the virtual environment; soitware for
generating audio signals i the virtual environment; soltware for handhing mput and output;
software for implementing network operations; sottware for applying asset data (e.g., anirnation

data to move a virtual object over time); or many other possibiiities.

{0021 | {(tput devices, such as a display or a speaker, can present anvy or all aspecis of a
virtual environment to a user. For example, a virtual environment may inchide virtual objects
{which may include representations of inanumate objects; people; animals; lights; etc.) that may
be presented (o a user. A processor can determine a view of the virtual environment (for
example, corresponding to a “camera’ with an origin coordinate, a view axis, and a frustum}; and
render, to a display, a viewable scene of the virtual environment corresponding (o that view.
Any suitable rendering technology may be used for this purpose. In some examples, the
viewable scene may inciude only some virtual objects in the virtual environment, and exclude
certamn other virtual objects. Sumtlarly, a virtual environment may imnclude audio aspects that
may be presented o a user as one or more audio signals. For imstance, a virtual object in the
virtual environment may generate a sound originating from a location coordinate of the object
(c.g., a virtual character may speak or cause a sound etiect); or the virtual environment 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 mnstance, an audio signal corresponding to a composite of sounds in the virtual
environment, and mixed and processed to sumulate 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.

{4221 Because a virtual environment exists only as a computational structure, a user cannot
directly perceive a virtual environment using ong’ s ordinary senses. Instead, a user can perceive
a virtual environment only mdirectly, as presented o the user, for exampie by a display,
speakers, haptic output devices, ete. Simularly, a user cannot directly touch, manipulate, or
otherwise interact with a virtual environment; but can provide mput data, via mput devices or
SENSOrS, (0 4 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 18 frying to move an
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object in a virtual environment, and a processor can use that data to cause the object to respond
accordingly mn the virtual environment.

{0023] A muxed reality system can present o the user, for example Using a ransmissive
display and/or one or more speakers (winch may, for example, be mcorporated mto a wearable
head device}, a mixed reality environment ("MRE"} that combines aspects of a real environment
and a virtual environment. In some embodiments, the one or more speakers may be external to
the head-mounted wearable umt. As used heremn, a MRE 18 a simuitaneous representafion of a
real environment and a corresponding virtual environment. In some examples, the
corresponding real and virtual environments share a single coordinate space; in some examples, a
real coordinate space and a corresponding virtual coordinate space are velated to each other by a
transformation matrix (or other sutable representation). Accordingly, a single coordinate (along
with, in some examples, a transtormation matrix) can detine a first location in the real
environment, and also a second, correspondmg, location 1 the virtual environment; and vice
VETHA.

{0024 fn a MRE, a virtual object (¢.g., n a virtual cnvironment assoctated with the MRE)
can correspond to a real object (e.g., in a real environment associated with the MRE). For
mstance, if the real environment of a MRE comprises a real lamp post {a real object) at a location
coordinate, the virtual environment of the MRE may comprise a virtual lamp post {(a virtual
object) at a corresponding location coordinate. As used herein, the real object in combination
with s corresponding virtual object together constitute a “"mixed reality object.” It is not
necessary for a vutual object to perfectly match or align with a corresponding real object. In
sorne examples, a virtual object can be a simplified version of a corresponding veal object. bor
imstance, it a real environment includes a real lamp post, a corresponding virtual object may
comprise a cyhinder of roughly the same height and radius as the real lamp post {retlecting that
lamp posts may be roughly cyhindrical m shape). Sumplitying virtual objects in this manner can
allow computational etficiencies, and can sunphiy calculations to be perforrned on such virtual
objects. Further, in some examples of a MRE, not all real objects in a real environment may be
associated with a corresponding virtual object. Likewise, in some examples of a MRE, not all

virtual objects 1 a virtual environment may be associated with a corresponding real object. That
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18, some virtual objects may solely in a virtual environment of a MRE, without any real-world
counterpart.

{0025] In some examples, virtual objects may have characteristics that differ, sometunes
drastically, from those of corresponding real objects. For mnstance, while a real environmment in a
MRE may comprise a green, two-armed cactus — a prickly inanimate object — a corresponding
virtual object in the MRE may have the characteristics of a green, two-armed virtual character
with human facial features and a surly demeanor. in thas exampie, the virtual object resembles
its corresponding real object in certain characterisucs (color, number of arms); but differs from
the real object in other characteristics (facial features, personality). In this way, virtual objects
nave the potential to represent real objects m a creative, abstract, exaggerated, or fanciiful
manner; or to inpart behaviors {(e.g., human personalities) to otherwise tnammate real objects.
In some examples, virtual objects may be purely fanciul creations with no real-world
counterpart {¢.g., a virtual monster in a virtual envwonment, perhaps at a location corresponding
to an empty space 1n a real environment).

{0026] {ompared to VR systems, which present the user with a virtual environment while
obscuring the real enviromment, a mixed reality system presenting a MRE attords the advantage
that the real environment remams perceptible while the virtual environment 18 presented.
Accordingly, the user of the mixed reality system is able {o use visual and audio cues associated
with the real environment to experience and mteract with the corresponding virtual environment.
As an example, while a user of VR systems may struggle to perceive or interact with a virtual
object displayed in a virtual environment — because, as noted above, a user cannot duectly
perceive or interact with a virtual environment — a user of an MR system may find it intuitive
and natural to interact with a virtual object by seeing, hearing, and touching a corresponding real
object in his or her own real environment. This level of interactivity can heighten a user’ s
teelings of immersion, connection, and engagement with a vurtual environment. Mimilarly, by
stmultanecusly presenting a real environment and a virtual envioronment, mixed reality systems
can reduce negative psychological feelings (e.g., cognitive dissonance) and negative physical
feelmgs (e.g., motion sickness) associated with VR svstems. Mixed reality systems further offer

many possibilities for apphcations that may augment or alter our expenences of the real world.
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{27 | FI1(. 1A tHustrates an example real environment 100 1n which a user 11 uses a
nuxed reahity system f12. Mixed reality system 112 may comprise a display {e.g., a transnussive
display) and one or more speakers, and one or more sensors {(e.g., a camera), for example as
described below. The real environment 100 shown comprises a rectangular room 104A, in
which user 110 1s standing; and real objects 122A (a lamp), 124A (a table), 120A (a sofa), and
128A (a painting). Room 104A further comprises a location coordinate 106, which may be
considered an origin of the real environment 100, As shown m FIG. 1A, an environment/world
coordmate system 108 (comprising an x-axis 108X, a v-axis 108Y, and a z-axis 1087} with s
origin at pomnt 106 (a world coordinate), can detine a coordinate space tor real environment 1.
In some embodiments, the origin pont 106 of the environment/world coordinate system 108 may
correspond o where the mixed reality system 112 was powered on. In some embodiments, the
ortgin pomnt 106 of the environment/world coordinate systern 108 may be reset during operaton.
In some examples, user 110 may be considered a real object in real environment 100 sumlarly,
user 11{Vs body parts {e.g., hands, teet) may be considered real objects in real environment 100,
In some examples, a uscr/listencr/hicad coordinate system 114 (comprising an x-axis 114X, a y-
axis 114Y, and a z-axis 1147) with its origin at pownt 115 {e.g., user/listener/head coordinate) can
define a coordinate space tor the user/listener/head on which the mixed reality system 11218
located. The origin point 115 of the user/listener/head coordinate system 114 may be defined
relative to one or more components of the roixed veality system 112, For example, the ongin
pomnt 115 of the user/listener/head coordinate system 114 may be defined relative to the display
of the mixed reahity system 112 such as during imitial calibration of the mixed reality system 112,
A matrtix (which may mnclude a translation matrix and a (Quaternion matrix or other rotation
matrix), or other suitable representation can characterize a transformation between the
usetr/listener/head coordinate system 114 space and the environment/world coordinate system
38 space. In some embodiments, a left ear coordinate 116 and a right ear coordinate 117 may
be defined relative to the ongin pomt 115 of the user/histener/bead coordinate system 114, A
matrix (which may include a translation matrix and a Quaternion matrix or other rotation
matrix), or other suttable representation can characterize a transformation between the left car
coordmate 116 and the right ear coordmate 117, and user/listener/head coordinate system 114
space. The user/listener/head coordinate system 114 can sumplity the representation of locations

relative to the user’s head, or to a head-mounted device, for example, relative to the
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environment/world coordinate system 108, Using Sunultaneous Localization and Mapping
(SLAM), visual odometry, or other techmques, a transtormation between user coordinate system

I 14 and environment coordinate system 108 can be determined and updated in real-time.

{0028 ] FIG, 1B llustrates an example virtual environment 130 that corresponds to real
environment 100. The virtual environment 130 shown comprises a virtual rectangular room
4B corresponding to real rectangular room 104A; a virtual object 1228 corresponding to real
object 122A; a virtual object 1248 cormresponding to real object 124A; and a virtual object 1268
corresponding to real object 126A. Metadata associated with the virtual objects 1228, 1248,
1268 can include information dertved from the corresponding real objects 122A, 124A, 126A.
Virtual environmment 130 additionally comprises a virtual monster 132, which does not
correspond to any real object n real environment 100, Real object 128A in real environment
OO does not correspond to any virtual object 1o vivtual environment 130, A persistent
coordinate system 133 (comprising an x-axis 133X, a v-axis 133Y, and a z-axis 1337 with 1ts
origin at pomt 134 (persistent coordinate), can define a coordinate space for virtual content. The
origin poinit 134 of the persistent coordmate system 133 may be defined relative/with respect to
one or more real objects, such as the real object 126A. A matrix (which may inchude a
franslatton matrix and a (Quatermon matrix or other rofation matrix), or other suttable
representation can characterize a transformation between the persistent coordinate system 133
space and the environment/world coordinate system 108 space. In some embodiments, each of
the virtual objects 1228, 1248, 1268, and 132 may have theiwr own persistent coordinate point
relative to the origin point 134 of the persistent coordinate system 133, In some emboduments,
there may be mulfiple persistent coordinate systems and each of the virtual objects 1228, 1248,
1268, and 132 may have thew own persistent coordinate point relative 1o one or more persistent

coordinate systems.

{0029 With respect to Fi(s. 1A and 1B, environment/world coordinate system 108 defines a
shared coordinate space for both real environment 100 and virtual environment 130, In the
example shown, the coordinate space has s origin at point 1{6. Further, the coordinate space 18
detined by the same three orthogonal axes (108X, 108Y, 1082). Accordingly, a tirst location in
real environment 100, and a second, corresponding location 1n virtual environment 130, can be

described with respect to the same coordinate space. This simplifies identifyving and displaving

10
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corresponding locations i real and virtual environmenis, because the same coordinates can be
used to identify both locations. However, in some examples, corresponding real and virtaal
environments need not use a shared coordinate space. For mstance, in some examples (not
shown), a matrix {(which may include a transiation matrix and a Quaternion matrix or other
rotation matrix}, or other suifable representation can characterize a transformation between a real

environment coordinate space and a virtual environment coordinate space.

G030} FIG. 1C dlustrates an example MRE 150 that stmultaneously presents aspects of real
environment 100 and virtual environment 130 to user 110 via muxed reality system 112, In the
example shown, MRE 150 sunultaneously presents user 110 with real objects 122A, 124A,
F26A, and 128A from real environment 100 (e.g., via a transnussive porfion of a display of
mixed reality system 112); and virtual objects 1228, 1248, 1268, and 132 trom virtual
environment 130 (e.g., via an active display portion of the display of mixed reality system 112},
As above, origin point 1006 acts as an origin for a coordinate space corresponding to MRE 130,
and coordinate system 108 defines an x-axis, y-axis, and z-axis for the coordinate space.

{0031 ] In the example shown, mixed reality objects comprise corresponding pairs of real
objects and virtual objects (e, 122A71228, 124A/1248, 126A/1268) that occupy corresponding
locations i coordinate space 10&. In some examples, both the real objects and the virtual
objects may be sunultaneousiy visible to user 110, This may be desirable 1, for exampie,
mstances where the virtual object presents mformation designed to augment a view of the
corresponding real object (such as in a musewmn application where a virtual object presents the
missing pieces of an ancient damaged sculpture). {n some cxamples, the virtual objects (1228,
1248, and/or 1268) may be displaved (e.g., via active pixelated occlusion using a pixelated
occlusion shutter) so as to occlude the corresponding real objects (122A, 124A, andior 126A).
This mayv be desirable 1n, for example, instances where the virtual object acts as a visual
replacernent for the corresponding real object (such as i an mteractive storvtelhing application

where an inamimate real object becomes a “living” character).

{3321 in some examples, real objects (e.g., 122A, 124A, 126A) may be associated with
virtual content or helper data that may not necessarily constitute virtual objects. Virtual content
or helper data can facilitate processing or handling of vutual objects in the mixed reality

environment. For example, such virtual content could mclude two-dimensional representations
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of corresponding real objects; custom asset types associated with corresponding real objects; or
statistical data associated with corresponding real objects. Thas information can enable or
tacibitate calculations mvolving a real object without tncuming unmecessary computational

aoverhead.

{0033} in some examples, the presentation described above may also mcorporate audio
aspects. For imstance, in MRE 130, virtual monster 132 could be associated with one or more
audio signals, such as a footstep sound effect that 1s generated as the monster walks around MRE
150, As described turther below, a processor of mixed reality system 112 can compute an audio
signal corresponding to a mixed and processed composite of all such sounds in MRE 15{), and
present the audio signal to user 110 via one or more speakers mcluded 1n mixed reality system

P12 and/or one or more external speakers.
{0034} EXAMPLE MIXED REALITY SYSTEM

[0035] Example muxed reahity system {12 can include a wearable head device (e.g., a
wearable augmented reality or muxed reality head device) comprising a display (which may
comprise lett and right fransmissive displays, which may be near-eve displays, and assaciated
components tor coupling light from the displays 1o the user’s eyes); left and right speakers (e.g.,
posifioned adjacent to the user s left and right ears, respectively); an mertial meassrement unit

e

(MUl e g, mounted to a temple arm of the head device}; an orthogonal cod electromagnetic
receiver (€.g., mounted to the left temple piece); left and right cameras {e.g., depth {(time-ot-
Hight) cameras) oriented away from the user; and left and right eye cameras oriented toward the
user {e.g., for detecting the user’s eye movements). However, a mixed reabity system 12 can
mcorporate any suttable display technology, and any suitable sensors {e.g., optical, infrared,
acoustic, LIDAR, EOG, GPS, magnetic). in addition, mixed reality system 112 may incorporate
networking features {e.g., Wi-Fi capability) to communicate with other devices and systems,
imnciuding other mixed reality systems. Muaxed reality system 112 may turther include a battery
(which may be mounted 1 an auxiiary unit, such as a belt pack designed to be worn around a
user' s waist}), a processor, and a memory. 1The wearable head device of mixed reality system 112
may include tracking components, such as an IMU or other suitable sensors, configured to output

a st of coordinates of the wearable head device relative 1o the gser ' s envigonment. In some

exampies, tracking components may provide input (o 4 processor performing a Stmultaneocus
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Localization and Mapping (SLAM) and/or visual odometry algonthm. In some examples, mixed
reality systern 112 may also include a handheld controlier 300, and/or an avexahary umit 320,

which may be a wearable beltpack, as described turther below.

[ 3036] FiGs. ZA-2D dlustrate components of an example muxed reality system 200 {(which
may correspond o mixed reality system 112} that may be used to present a MRE {(which may
correspond to MRE 150}, or other virtual environment, to a user. FIG. 2A illustrates a
perspective view of a wearable head device 2132 included in example mixed reality system 240,
FIG, 2B illustrates a top view of wearable head device 2102 worn on a user’s head 2202, FIG.
2 illustrates a front view of wearable head device 2102, FiG. 2D lustrates an edge view of
example eveprece 2110 of wearable head device 2102, As shown in FiGs. 2A-2C, the exampie
wearable head device 2102 includes an example left eyvepiece {g.g., a left transparent waveguide
set eyepiece) 2108 and an example right eyepiece {(e.2., a right transparent waveguide set
cyepiece) 2110, Each eyepicce 2108 and 2110 can include transmissive elements through which
a real environmment can be visible, as well as display elements {or presenting a display {e.g., via
imagewise modulated light) overlapping the real environment. In some examples, such display
clements can include surtace diffractive optical elements tor controlling the Hlow of imagewise
mmodulated light. For mstance, the left eyepiece 2108 can inchude a lett incoupling grating set
2112, a left orthogonal pupil expansion (OPE) grating set 2120, and a lett exat {output) pupil
expansion (EPE) grating set 2122, Similarly, the right evepiece 2110 can include a right
uicouphing grating set 2118, a right OPE grating set 2114 and a right EPE grating set 2116,
Imagewise modulated hight can be transferred to a user's eye via the mcoupimg gratings 2112
and 2118, OPEs 2114 and 2120, and EPE 2116 and 2122, Each incoupling grating set 21172,
2118 can be contigured to detlect Light toward its corresponding OPE grating set 2120, 2114,
Fach OPE grating set 2126, 2114 can be designed to incrementally detlect hght down toward s
associated EPE 2122, 2116, thereby horizontally extending an exit pupi being tormed. Each
EPE 2122, 2116 can be configured to incrementally redirect at least a portion of light received
trom 1ts corresponding OPE grating set 2120, 2114 outward to a user evebox position (not
shown) defined behind the evepieces 21038, 2110, vertically extending the exat pupil that is
tormed at the eyebox. Alternatively, in lieu of the mcoupling grating sets 2112 and 2118, OPE

-

grating sets 2114 and 2120, and EPE grating sets 2116 and 2122, the eyepieces 2108 and 2110
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can inciude other arcangements of gratimgs and/or refractive and reflective features for
controiiing the coupling of imagewise moduiated light to the user’s eves.

{00371 In some examples, wearable head device 21072 can include a left temple arm 2130 and
a right temple arm 2132, where the left temple arm 2130 includes a left speaker 2134 and the
right temple arm 2132 mcludes a right speaker 2136, An orthogonal coil electromagnetic
receiver 2138 can be located i the left temple piece, or in another suitable location in the
wearable bead unit 2102, An Inertial Measurement Unit (IMU) 2140 can be located i the night
temnple arm 2132, or in another suitable location n the wearable head device 2102, The wearable
head device 2102 can also include a left depth (e.g., tume-of-flight) camera 2142 and a right
depth camera 2144, The depth cameras 2142, 2144 can be suitably ortented i ditferent

directions so as to together cover a wider field of view.

{00331 In the example shown 1n FiGs. 2ZA-213, a left source of imagewise modulated light
2124 can be optically coupled mto the left eyepiece 2108 through the left mcoupling grating set
2112, and a right source of tmagewise modwlated light 2126 can be optically coupled nto the
right eyvepicce 21 10 through the right incoupling grating set 21158, Sources of imagewise
modulated light 2124, 2126 can mclude, tor example, optical fiber scanners; projectors mcluding
clectronic light modulators such as Digital Light Processing (DLP) chips or Liquid Crystal on
Sthicon (LCod ) modulators; or emissive displays, such as pucro Light Emitting Diode (ulLED) or
micro Organmic Light Bnmtting Diode (WOLED) panels coupled mnto the incoupling grating sets
2112, 2118 using one or more lenses per side. The mmput coupling grating sets 2112, 2118 can
detiect light from the sources of unagewise modulated hight 2124, 2126 o angles above the
critical angle for Total Internal Reflection (TIR) for the evepieces 2108, 2110, The OPE grating
sets 2114, 2120 merementally deflect light propagating by TIR down toward the EPLE grating
sets 2116, 2122, The EPE grating sets 2116, 2122 incrementally couple light toward the user’s
tace, including the pupis of the user s eyes.

{0039] In some examples, as shown in FIG. 2D, cach of the left evepicce 2108 and the right
evepiece 2110 inchides a plurality of waveguides 24U2. For example, each eyepiece 2108, 2110
can inciude multiple mdividual waveguides, each dedicated to a respective color channel (e.¢.,
red, blue and green). In some exampiles, cach eyepicce 2108, 2110 can include nuiltiple sets of

such waveguides, with each set configured to umpart different waveiront curvature to emitted
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light. The waveiront curvature may be convex with respect to the user’s eves, for example o
present a virtual object positioned a distance in front of the user (e.g., by a distance
corresponding to the reciprocal of waveiront curvature). In some examples, EPE grating sets
2116, 2122 can include curved grating grooves to etfect convex wavetront curvature by altering

the Poynting vector of exiting light across each EPE.

{ (403 ] in some cxamples, to create a perception that displayed content is three-dimensional,
stereoscoprcaliy-adjusted left and right eye tmagery can be presented to the user through the
imagewise hight modulators 2124, 2126 and the eyepieces 2108, 2110, The perceived reabism of
a presentation of a three-dimensional virtual object can be enhanced by selecting waveguides
(and thus corresponding the waveiront curvatures) such that the virtual object 1s displaved at a
distance approxumnating a distance mdicated by the stereoscopic lett and right images. This
technique may also reduce motion sickness experienced by some users, which may be caused by
differences between the depth perception cues provided by stercoscopic left and right cve
unagery, and the autonomic accommodation {e.g., object distance-dependent focus) of the

human eve.

{0041 ] FIG, 2D sllustrates an edge-facing view from the top of the night evepiece 2110 of
example wearable head device 2102, As shown in Fi(s. 2D, the plurality of waveguides 242
can nclude a hirst subset of three waveguides 2404 and a second subsct of thrce waveguides
2406. The two subsets of waveguides 2404, 2406 can be difterentiated by different EPE gratings
teaturing different grating line curvatures to impart different wavefront curvatures {o exifing
light. Within each of the subsets of waveguides 2404, 2406 cach waveguide can be used to
couple a different spectral channel (e.g., one of red, green and blue spectral channels) to the
user’'s right eye 2206. (Although not shown i FI(G. 2D, the structure of the lett eyepiece 2108 18

analogous to the structure of the right evepiece 2110.)

(3042 ] FI(. 3A illustrates an example handheld controlier component 300 of a nuxed reality
system 2§}, In some examples, handheld controller 300 inchudes a grip portion 346 and one or
roore buttons 350 disposed along a top surface 348, In some examples, buttons 350 may be
configured for use as an optical tracking target, €.g., for fracking six-degree-of-freedom (6DOF)
motion of the handheld controlier 304, in conjunction with a camera or other optical sensor

{which may be mounted in a head unit (e.g., wearable bead device 2102} of mixed reality system
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2000, In some examples, handheld controlier 300 includes tracking components {(e.g., an IMU or
other suitable sensors) for detecting posifion or orientation, such as position or orentation
relative to wearable head device 2102, In some examples, such tracking components may be
posittoned in a handle of handheld controller 300, and/or may be mechanically coupled to the
handheld controller.  Handhbeld controller 300 can be configured to provide one or more output
stgnals corresponding to one or more of a pressed state of the buttons; or a position, orientation,
and/or motion of the handheld controlier 300 {e.g., via an IMU). duch output signals may be
used as mput to a processor of mixed reality system 200, Such input may correspond to a
posifion, orientation, and/or movement of the handbeld controlier {and, by extension, to a
position, orientation, and/or movement of a hand of a user holding the controller}, Such mput

may also correspond to a user pressing buttons 350,

{0043 FI1(G, 3B idlustrates an example auxiliary unit 320 of a mixed reality system 200, The
auxithiary vt 320 can mclude a battery to provide energy to operate the system 200, and can
mclude a processor for executing programs to operate the system 200. As shown, the example
auxalbiary umit 320 mcludes a clip 2128, such as for attaching the auxaliary umt 320 to a user’s
belt. Uther form factors are suitable for auxiliary unit 320 and will be apparent, including form
factors that do not mvolve mounting the wnt to a gser's belt. In some examples, auxihiary umt
320 18 coupled to the wearable head device 2102 through a multicondunt cable that can mcelude,
tor example, electrical wires and fiber optics. Wireless connections between the auxiliary unit
324} and the wearable head device 2132 can also be used.

{0044] In some examples, mixed reality systemn 200 can include one or more nucrophones to
detect sound and provide corresponding signals to the muxed reality system. In some examples,
a microphone may be attached to, or mtegrated with, wearable head device 2102, and may be
configured to detect a user’'s voice. In some examples, a microphone may be attached to, or
mtegrated with, handheld controlier 300 and/or auxiliary unit 320, Such a nucropbone may be
configured to detect environmental sounds, ambient noise, voices of a user or a third party, or

other sounds.

{3045 FIG. 4 shows an example functional block diagram that may correspond (o an
example mixed reality system, such as mixed reality system 200 described above (which may

correspond to mixed reality system 112 with respect to Fi(s. 1), As shown m FIG. 4, example
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handheld controlier 400B (which may correspond to handheld controller 300 (a “totem™ )}
mcludes a totem-to-wearable head device six degree of freedom (6D0OF) totem subsystem 404A
and example wearable head device 400A (which may correspond to wearable head device 2102)
includes a totem-to-wearable head device 6DOF subsystem 4048, In the example, the 6DOF
totem subsvystem 404 A and the 6DOF subsystem 4048 cooperate to deternune six coordinates
(e.g., offsets 1n three translation divections and rotation along three axes) of the handheld
controller 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 2 offsets in such a coordinate system, 4s a
transiation matrix, or as some other representation. The rotation degrees of freedom may be
expressed as sequence of yaw, pitch and roll rotations, as a rotation matrix, as & quaternion, or as
sorone other representation. In some examples, the wearable head device 400A; one or more
depth cameras 444 (and/or one or more non-depth cameras) included in the wearable head device
4004 and/or one or more optical targets (e.g., buttons 350 of handheld controlier 4308 as
described above, or dedicated optical targets mcluded m the handheld controller 4008 ) can be
used for 6O racking. In some examples, the handheld controller 4U00B can include a camera,
as descnibed above; and the wearable head device 400A can include an optical target for optical
tracking in conjunciion with the camera. in some exampies, the wearable head device 400A and
the handheld controller 400B each include a set of three orthogonally oriented solenoids which
are used to wirelessly send and receive three distinguishable signals. By measuring the relative
magnitude of the three distinguishable signals received in each of the coils used for recetving, the
6O of the wearable head device 400A relative to the handbeid controller 4008 may be
determined. Addifionally, 6DOF totem subsystem 404A can mclude an Inertial Measurement
Unit (IMU)} that 1s useiul to provide improved accuracy and/or more timely information on rapid

movements of the handheld controller 4008,

{0046 | In some examples, it may become necessary to transtorm coordinates from a local
coordmate space {e.g£., 4 coordinate space fixed relative to the wearable head device 400A) to an
mertial coordinate space (e.g.. a coordinate space fixed relative to the real environment}, for
example in order to compensate for the movement of the wearable head device 400A relative to
the coordinate system 103, For instance, such transtormations may be necessary for a display of

the wearable head device 400A to present a virtual object at an expected position and orientation
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relative to the real environment {e.g., a virtual person sitfing in a real chair, facing forward,
regardiess of the wearable bead device's position and onientation), rather than at a fixed position
and orientation on the display (e.g., at the same position in the right lower comer of the display),
to preserve the illusion that the virtual object exists i the real environment {(and does not, for
exaraple, appear positioned unnaturally mn the real environment as the wearable head device
400A shitts and rotates). In some examples, a compensatory transtormation between coordinate
spaces can be determined by processing iimagery from the depth cameras 444 using a SLAM
and/or visual odometry procedure in order to determine the transtormation of the wearable head
device 40UA relative to the coordinate system {08, In the example shown in Fi{. 4, the depth
cameras 444 are coupled to a SLAM/visual odometry block 406 and can provide imagery (o
plock 400, The SLAM/visual odometry block 406 implementation can include a processor
configured {o process this imagery and deternune a position and onentation of the user's head,
which can then be used to Wentity a transtormation between a head coordinate space and another
coordinate space {e.g., an inertial coordinate space ). Sinularly, in some examples, an additional
source of intformation on the user’s head pose and location 1s obtamed from an IMU 409,
Information from the IMU 409 can be integrated with information from the SLAM/visual
odometry block 406 to provide improved accuracy and/or more tumely information on rapid

adjustments of the user s head pose and position.

{0047 | in some examples, the depth cameras 444 can supply 3D umagery to a hand gesture
tracker 411, which may be implemented in a processor of the wearable head device 400A. The
hand gesture fracker 411 can identity a user’s hand gestures, for example by matchimg 3D
imagery recetved from the depth cameras 444 to stored patterns representing hand gestures.

{Uther suttable techniques of wentifving a user's hand gestures will be apparent.

{0048 ] In some examples, one or more processors 416 may be configured to recetve data
trom the wearable head device’s 60K headgear subsystem 4048, the IMU 404, the
SLAM/visual odometry block 406, depth cameras 444, and/or the hand gesture tracker 411, The
processor 416 can also send and receive control signals from the 6DOK totem system 404A. The
processor 416 may be coupled to the GDOK totem system 404 A wirelessly, such as in exampies
where the handheld controller 4008 1s untethered. Processor 416 may further communicate with

additional components, such as an audio-visual content memory 418, a Graphical Processing
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Unit (GPU) 420, and/or a Digital Signal Processor (DSP) audio spatializer 422, The DSP audio
spatiaiizer 422 may be coupled to a Head Related Transter Function (HRTH) memory 423, The
PU 420 can include a lett 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 stereoscopic image data to the sources of imagewise modulated light
424, 426, tor example as described above with respect to FlGs. 2A-2D. The DSP audio
spatializer 422 can output audio to a leit speaker 412 and/or a right speaker 414. The DSFP audio
spatializer 422 can receive mput from processor 419 mdicating a direction vector from a user o a
virtual sound source (which may be moved by the user, e.g., via the handheld confroller 320).
Based on the direction vector, the DISP audio spatializer 4272 can determine a corresponding
HRTE (e.g., by accessing a HRTE, or by mterpolating multiple HRTEs). The DSP audio
spatializer 422 can then apply the deternuned BR'TE to an audio signal, such as an audio signal
corresponding to a virtual sound generated by a virtual object. This can enhance the behievability
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 expectatons of what that virtual sound would sound like if 1t were a

real sound in a real environment.

{3491 In some examples, such as shown i FIG. 4, one or more of processor 416, GPU 420,
DS P audio spatiabizer 422, HR'TEF memory 425, and audio/visual content memory 418 may be
mcluded n an auxithary unit 400C (which may correspond to auxithary unmit 320 described
above). 1The auxibary wmt 4000 may mclude a battery 427 to power its components and/or o
supply power to the wearable head device 400A or handheld controlier 400B. Including such
components in an auxiliary unit, which can be mounted to a user’s waist, can limit the size and
werght of the wearable head device 4U0A, which can m turn reduce fatigue of a user’s head and

neck.

GOS0 While FIG. 4 presents elements corresponding to various components of an example
mixed reality system, various other suitable arrangements of these components will become
apparcnt to those skilled in the art. For example, elements presented in Fi{. 4 as being
associated with auxihiary umt 4000 could instead be associated with the wearable head device

400 A or handheld controlier 4008, Furthermore, some muixed reality systems may forgo entirely

19



WO 2021/081435 PCT/US2020/057203

a handheld controller 400B or auxiliary unit 400C. duch changes and modifications are to be

understood as being included withun the scope of the disclosed examples.

{0051 ] REVERBERATION FINGERPRINT ESTIMATION

{052 ] Presenting vutual audio content to 4 user ¢can be advaniageous in creating an
unmersive augmented/mixed reality experience. An imumersive augmented/mixed reality
experience can further blend real content with virtual content when convincing audio 18
presented in addition to convincing video. Displaying convincing virtual video content {e.g.,
aligned with and/or mseparable from real content) can mchide mapping a real, and sometunes
unknown, environment while simultaneously estimating a MR system s location and orentation
within the real environment to accurately display virtual video content within the real
environment. Displaving convincing virtual video content can further include rendering two sets
of the same virtual video confent from two different perspectives so that a stereosCopic iage
can be presented to a user to simulate three-dimensional virtual video content. Sumlar to
displaying convincing virtual video content, presenfing virtual audio content in a convincing
matter can also include complex analyses of a real environment. For exampie, it can be desirable
to understand acoustic properties of a real environment in which a MR system 18 being used so
that virtual audio content can be rendered in a way that it surnulates real audio content. Acoustic
propertics of a real environment can be used by a MK system (e.g., MR system 112, 200} to
modity a rendering algorithm such that the virtual audio content sounds as if it originated from
of otherwise belongs in the real environment. For example, a MR system used in a room with
hard floormg and exposed walls may produce vutual audio content that sunmics an echo that real
audio content may bave. Playing virtual audio content in 4 static manner 4s 4 gser changes real
environments {which may have ditferent acoustic properues) may detract from an experience’s
ummersion. 1t can be especially beneficial to render virtual audio content {0 mumic
characteristics of real audio content if real audio content and virtual audio content may interact
with each other (e.g., a4 user can speak to a virtual companion, and the virtual compamon may
speak back to the user). To do 50, a MK systemn may determine acoustic characteristics of the
real environment and apply those acoustic characteristics to virtual audio content (e.g., by

altering a rendering algorithm for the virtual audio content). Addittonal detadds may be found in

20



WO 2021/081435 PCT/US2020/057203

U.5. Patent Application No. 16/163,529, the contents of which are hereby tmcorporated in thetr

entirety.
{0053] {Jne parameter that may characterize a real environment’ s acoustic properties can be a

reverberation tumne {(e.g., a 160 tune). A reverberation tune can include a length of tune requured
tor a sound to decay by a certain amount {e.g., by 60 decibels). dound decay can be a result of
sound retiecting off surtaces in a real envivonment (e.g., walls, tloors, tumiture, etc. ) whalst
losing energy due to, for example, geometrnic spreading. A reverberafion time can be influenced
by environmental factors. For example, absorbent surfaces (e.g., cushions} may absorb sound in
addition to geometric spreading, and a reverberation tune may be reduced as a result. In some
embodumnents, it may not be necessary to have miormation about an orginal source to estimate

an environment’'s reverberation fume.

{0054 Another parameter that may characterize a real environment’s acoustic properties can
be areverberation gain. A reverberation gain can mclude a ratio of a sound’s
direct/source/original energy to the sound’s reverberation energy (e.£., encrgy of a reverberation
resulting from the direct/source/original sound) where a listener and the source are substantially

£

co-located (e.g., a user may clap thenr hands, producing a source sound that may be considered
substantially co-located with one or more microphones mounted on a head-wearable MR

system ). For example, an impulse {(e.g., a clap) may have an energy associated with the unpulse,
and the reverberation sound from the impulse may have an energy associated with the
reverberation of the umpulse. The ratio of the original/source energy to the reverberation energy

may be a reverberation gain. A real environment’s reverberation gain may be influenced by, for

example, absorbent surfaces that can absorb sound and thereby reduce a reverberation energy.

{0055 The reverberation time and the reverberation gain can collectively be referred to as a
reverberation fingerprnt. In some embodiments, a reverberation fingerprint can be passed to an
audio rendering algorithim as one or more mwnput parameters, which may allow the audio rendering
algorithm to present virtual audio content with the same or simular characteristics as real audio
content in 4 real environment.

{0056 A rveverberation fingerprint can be useifud because i may characterize a real

environment’s acoustic properties mdependent of a sound source’s position and/or orientation in
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the real environment. For example, a standard interior room with four walls, a floor, and a
cetling may exhubif the same {(or substantially the same) reverberation time and/or reverberation
gain regardiess if a source 1s located at a corner of the room, 1 the center of the room, or along
any of the room’ s walls/fedges. As another example, a sound source directly facing a corner of
the room, the center of the room, or a wall 1n the room may all behave the same (or substantially
the same) according to a real environment' s reverberation fingerprint. A reverberation
fingerprint can also be useiul because 1t may characterize a real environment’s acoustic
properties independent of characteristics of a sound source. For example, a sound source {(¢.g., a
person talking) at a iow frequency, muddle frequency, or mgh frequency may all behave the same
tor substantially the same} according o a real environment’ s reverberation time and/or
reverberation gam. Similarly, an impulse sound source {(e.g., a clap) and a non-mmpulse sound
source may behave the same (or substanfially the same) according to a real envuonment’s
reverberation hingerprint (e.g., reverberation time and/or reverberation gain). As another
example, a loud sound source and a guiet sound source {e.g., i terms of amplitude} may behave
the same {or substantially the same) according to a real environmment’'s reverberation fingerprunt
(e.g., reverberation time and/or reverberation gain). The mdependence of a reverberation
fingerprint from charactenstics and/or location of a sound source can make the reverberation
tingerprint a useful tool to render virtual audio content 1in a computationally efficient manner
(e.g., the rendering algorithm can be the same as long as a user does not change environments,
for example, by moving to a ditferent room). In some embodiments, a reverberation fingerprint
may apply to “well-behaved” rooms {e.g., a standard interior room with four walls, a floor, and a
cetling), and may not apply to “masbehaved” rooms {e.g., a long corndor) that may have special

acoustic properties.

{3057 ] in some embodiments, 1t can be desirable to perform a “blind” estimation of 4 real
environment’ s reverberation fmgerprint. A blind estumation can be an estimnation of a
reverberation fingerprint where mformation about a sound source may not be requued. For
example, a reverberation fingerprint may be estimated based sunply on human conversation,
where information on the original speech may not be provided o the estirnation algonthm.
Pauses during human speech can provide enough time tor a reverberation fingerprint to be
estirnated using bimd estumation. It can be beneficial to perform a biind estunation because such

an estination can be done without requnring a lengthy setup process and/or user mteraction. In
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some embodiments, a reverberation time can be blindly estimated and may not require
miormation about an orniginal sound source. in some embodunents, a blind estimation may not
be performed on a reverberation gain, which may include information about an original sound

SUUECL.

{0058 ] Fi(s. 5 llustrates an example process 53U of estimating a reverberation fingerprint,
accordmg to some embodiments. The example process shown can be implemented using one or
more components of a mixed reality systemn, such as one or more of wearable head device 2102,
handheld controller 300, and auxiliary unit 320 of the example mixed reality system 200
described above; or by a system {€.£., a systern comprising a cloud server) i communication
with muxed reality system 200, At step 502 of process 500, an input 301 can be split into one or
more filtered components, winch may then be mdividually processed. For example, at step 502,
a bandpass filter can be apphied to an mput 301, which can be an audio signal from one or more
nucrophones {(e.g., one or mwore nucrophones mounted on a MR system). A bandpass filter can
preferentially allow certain frequency ranges through the hilter and/or suppress frequencies
outside the frequency range. Bandpass filters can break a signal into smaller component pieces
that may be easier to process tor computational etficiency. Bandpass filters can also umprove a
sighal-to-noise ratio of a signal by removing unwanted noise at frequencies outside the frequency

range. In some embodiments, bandpass filters can be used to separate an audio signal into s1x

frequency ranges. A reverberation fingerprint (e.g., a reverberation fime and a reverberation
gain} can be estimated for each frequency range. This can be used to create a contimuous
frequency response curve such that each frequency can have an associated reverberation time
and/or reverberation gain (e.g., a reverberation time and/or reverberation gain may be
interpolated from calculated vahues that may be centered at a frequency range separated by a
bandpass filter). Although six frequency ranges are discussed, an audio signal may be separated
mnto any number of frequency ranges (e.g., using any number of bandpass filters). In some
crbodiments, octave filters can be applied to the mput signal. In some embodiments, 1/3 octave
tiiters can be applied to the mput signal. In some embodiments, signals with frequencies that are
too low (e.g., less than 100H7) may not be analyzed for a reverberanon fingerpnnt {e.g., becausg

low trequencies may not sutficiently reverberate to conduct a reverberation fingerprint analysis),
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Q059 At step 304, frequency band boosting can optionally be applied. Frequency band
boosting may be applied to fow frequencies {e.g., less than SUUHz) that may bave a tow signal-
to-noise ratio, but the signal-to-noise ratio may stidl be sufficiently high to determine a
reverberation fingerprint {e.g., the signal-to-noise rafio may be higher than a signal-to-noise ratio
tor frequencies iess than 100Hz). Frequency band boosting may be applied {o other frequency

bands, or not at all.

{0060 At step 506, a ronning engrgy estimation can be performed on a signal. A running
energy estimation can be performed m the frequency domain, time domain, spectral domain,
and/or any other suitable domain. Signal energy may be estimated by determining an area under

a squared magmtude of the signal in a tme domamn or by using other appropriate methods.

{0061 | At step SU8, envelope detection can be run on the signal and may be based on a
ruung energy (estimate) of the signal. A signal envelope can be a characterization of signal
peaks and/or troughs and may define upper and/or lower boundanes of a signal (e.g., an
oscillating signal). Envelope detection can be pertormed using a Hilbert transtorm, a leaky

integrator based root mean square detector, and/or other suifable methods.

{0062 At step 51, peak picking can be run on a signal envelope. Peak picking can identity
local peaks 1n a sagnal envelope based on an amplitude of a previously detected peak and/or

based on local maxima.

{0063 At step 5172, a free decay region estirmnation can be run on a signal envelope. A free
decay region can be a region of a signal envelope where the envelope decreases {e.g., after a
local peak). This can be the result of a reverberation where new sound may not be detected and
only previous sound continues o reverberate in a real enviromment, resultng in a decrease in the
signal envelope. At step 5312, a linear fit can be determined for each of one or more free decay
regions 1t a signal. A linear it may be appropriate where a signal envelope 18 measured on a
decibel scale due to an exponential decay of sound energy, and a decibel scale mueasuring on a

loganthmic scale.

13064 | At step 314, a reverberation time can be estimated. A reverberation time may be

estimated based on a free decay region or a portion of a free decay region with the fastest
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decaving slope, which can be determined from a linear fit determined for each free decay region
(or portion of a free decay region). In some embodiments, a threshold amount of time (e.g..
S{ms) atter a local peak may be 1gnored in determiming a linear fit. Thas can be beneficial to
avord short-term reverberations (which may behave ddierently) and/or to help ensure the
regression 18 it to exclusively reverberant sound and not source sound. A hncarly futed siope
can represent an amount by which the signal envelope decreases i decibels per unit of time

{e.g., per second).

{0065] In some embodiments, multiple Linear {its can be applied o a single free decay
region. For example, a linear regression may only be applied within a time range that the
regression 1s suificiently accurate (e.g., a correlation of 97% or greater). H a linear regression no
longer futs the remainder of the duration of a free decay region, one or more additional/alternate
linear regressions may be applied. Accuracy in a reverberation time estiimate can be increased by
using only the fastest decaying slope within a free decay region because the associated portion of
the free decay region may most accurately represent only reverberant sounds. Hor example, a
portion of a free decay region with a slower decaying slope may capture a small amount of non-
reverberant (e.g., origmal/source} sound, which may artificially slow a measured decay rate.
Based on the fastest decaying hinearly fitted slope, a reverberation tune (which can be a tune

required for a signal to decay by 60 decibels) can be extrapolated.

0066] FIG. 6 illustrates an example process 600 for estimating a reverberation time,
Example process 6{{} may correspond to step 514 of exaraple process 500 described above.
Exaraple process 6{}{) can be unpicmented using one or more components ot a mixed reality
system, such as one or more of wearable head device 2102, handheld controtler 300, and
auxiliary unit 320 of the example mixed reahity system 200 described above; or by a system {e.g.,
a System comprising a cloud server) in communication with mixed reality system 200, At step
602 of example process 60U, a local peak may be determuned (e.g., a local peak from a signal
envelope}). At step 604, a linear regression can be hit to part or all of a free decay region. A free
decay region can be a region of a signal envelope where the envelope decreases {(e.g., aiter a
local peak). In some emboduments, a linear regression may not account for a porfion of tme
atter a local peak (e.g.. SUms after a local peak). At step 608, 1t can be determined whether the

linear it 1s suificiently accurate {e.g., has a sufficiently low root mean square error). H it is
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deterroined that the linear fif 18 not suificiently accurate, at step 60Y the next iree decay region or
portion of a free decay region may be examined. if if 18 determuned that the linear fit s
sutficiently accurate, at step 610 1t can be deternnned if the decay region occurs over a
sutticiently long period of time {e.g., >400ms). I 1t 18 determined that the decay region does not
ocCur over a sufficiently long period of tune, the next free decay region or portion of a free decay
region may be exanmuned at step 6U9. I 1 1s deternuned that the decay region does occur over a
sutficiently long period of tume, at step 612 it can be determined it the decay slope from the
linear regression is the tastest decay slope for the entire free decay region. H it 18 determined
that the decay siope 18 not the fastest decay siope tor the entive free decay region, the next free
decay region or portion of a tree decay region can be examined at step 609, H 1t 1s determuined
that the decay slope s the fastest decay slope for the entire tree decay region, a reverberation

tune can be extrapoiated based on the fastest decay siope at step 614.

{0067 | in some embodiments, a reverberation time can be estunated using convergmg (or
approximately converging) measurernents. or example, a reverberation time can be declared
atter a threshold number of consecutive tree decay regions have decay slopes within a threshold
valuc of each other. An average decay slope may then be deternuned and declared as a
reverberation tune. In some embodunents, decay slopes associated with free decay regions can
be weighted according to a quahty estimate for each measured decay slope. In some
erbodiments, a decay siope may be determined to be more accurate when an associated portion
of a free decay region lasts for a threshold amount of time (e.g., 403{hms), which can increase an
accuracy of the decay siope estunation. In some embodiments, a decay slope may be determaned
to be more accurate if it has a relatively accurate hinear fit (e.g., a low root mean square eror).
Decay slopes that are more accurate can be assigned higher weights in a weighied average to
deternune a reverberation fime. In some embodunents, a single decay slope that 18 determined (o
be the most accurate {(e.g., based on decay length and/or hinear fit accuracy) can be used to
determine a reverberation time, which may be a reverberation tume for a given frequency range
(e.g., a frequency range selected by a bandpass filter at step 5U2).

{068 ] Referring back to FI(. 5 and process 300, at step 514, a confidence value may be
determined and assoctated with a reverberation time. A confidence value may be determined

based on various tactors. For example, a confidence value can be based on a number of
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convergent decay slopes, a linear it accuracy of utilized decay slopes, a decay length of utilized
decay siopes, a difference between the new reverberation time estunate and a previous
reverberation time estirnate, or any combination of these and/or other factors. In some
embodiments, a reverberation time estimate with an associated contidence may not be declared it
the confidence value s below a threshold value {(e.g., because insufficient free decay regions
were detected for convergence). It a reverberation time estumate 18 not declared, other
reverberation time estimates for other frequency ranges {e.g., frequency ranges separated at step
202 using a bandpass filter) may still be declared {¢.g., if those reverberation time estimates have
sutticiently hagh confidence values). The reverberation fune estimate for a4 massing frequency

range may be interpolated from declared reverberation times at other frequency ranges.

{0069 At step 516, a direct sound energy estimation can be performed. A divect sound
energy estimation may utiize mrormation on the direct/source sound. For exampie, if a
direct/source sound 1s known, a direct sound energy estimation can estumate the energy of the
direct/source sound (e.g., by miegrating an area under a signal envelope peak inchudmg the
direct/source sound}. This can be achieved by using impulse sounds, which may be easier (o
separate a direct/source sound from a reverberant sound. In some embodiments, 4 user may be
prompted (e.g., by a MK system) to clap thew bands to produce an impulse sound. In some
embodiments, a speaker, tor example one that is mounted on an MK system, may play an
impulse sound. In some embodiments, an impulse sound can be used to estimate both a direct
sound energy and a reverberation fime estimate. In some embodiments, a direct sound
estimation can be bimdly estimated (e.g., if a blind estirnate can separate a direct/source sound

trom a reverberant sound without prior knowledge of the direct/source sound).

{0070 At step 318, areverberation sound energy can be estimated. The reverberation sound
energy can be estimated by integrating a signal envelope trom an end of a direct/source sound
until the reverberant sound 18 no longer detected and/or the reverberant sound falls below a

certain gain threshold (e.g., -90dB).

(0071 ] At step 220, a reverberation gain can be estunated based on the direct sound energy
estimation and the reverberation energy estimation. In some embodiments, the reverberation
gain 18 calculated by taking a ratio of the reverberation energy (o the direct sound energy. In

some embodunents, the reverberation gain 18 calculated by taking a ratio of the direct sound
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energy to the reverberation energy. A reverberation gain estimate can be declared {e.g., passed
to an audio rendering algortthm). In some embodiments, a confidence tevel may be associated
with a reverberation gain estimate. For example, 1f a peak 18 detected 1n a reverberation energy
estimation, it may ndicate that new direct/source sound was mtroduced, and the reverberation
gain estimatc may no longer be accurate. In some embodimentis, a reverberation gain estimate

may only be declared if a contidence level is at or above a certain threshold.

{O072] In addition to using a reverberation hingerprint o more reaiistically render virtual
audio content, a reverberation himgerprint can also be used to wWdentity a real environment and/or
identidy a change i a real environment. For exarple, a user may calibrate a MR system 11 a
first room {e.g., a first acoustic environment) and then move 1o a second room. The second room
may have different acoustic properties than the first room (e.g., a different reverberation time
and/or a different reverberation gain). A MR system may blindly estimate a reverberation time
i1 the second room, determine that the reverberation time 18 sufticiently difterent than a
previously declared reverberation time, and conchude that the user has changed rooms. A MK
systermn may then declare a new reverberation e and/or a new reverberation gamn (e.g., by
asking the user to clap again, by playing an tmpulse through an external speaker, and/or doing a
blind estimate of the reverberation gam). As another example, a user may calibrate a MR system
i1 a room, and the MR system may deternine a reverberation fingerprint of the room. The MR
system may then identity the room based on the reverberation fingerprint and/or other factors
(e.g., location determined through GPS and/or Wikt networks, Or via o11e of more sensors such as
described above with respect to the example mixed reality system 200}, The MR systemn may
access a remote database of previously mapped rooms and, using the reverberation fingerprint
and/or other Tactors, wdentity the room as previously mapped. The MR system may download

assets related to the room {e.g., a previously generated three-dimensional map of the room).

{0073] FIG. 7 dlostrates an example process for identifying a change in acoustic properties
of a real environment. The example process shown can be implemented gsing one or more
components of a mixed reality system, such as one or more of wearable head device 2102,
handheld controller 300, and auxiiary unit 320 of the example nuxed reality system 200
described above; or by a system {e.g., a system comprising a cloud server) i communication

with mixed reality system 200, At step 702 of the example process, a new reverberation time
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can be determined {e.g., using process 540 and/or process 600). At step 704, the new
reverbperation time can be compared 1o a previously declared reverberation fume. At step 7006, it
can be determuned if the new reverberation tume 18 suthiciently ditterent than the previously
deciared reverberation tume. The difference can be evaluated in any number of ways. For
exarple, a difference may be sutficient if a new reverberation time for 4 Irequency range has a
difference trom a declared reverberation time for the frequency range greater than a specified
threshold (e.g., 10%. which may be a suificient difterence for human listeners {o perceive a
difference). As another exampie, a sutficient difference may be deternuned if a threshold
number of reverberation ttmes for given frequency ranges ditfers {rom a threshold number of
deciared reverberation times for those frequency ranges. As another example, an absolute value
of a difference between a new Irequency response curve {which can include mnterpolated points
petween declared reverberation times for tested frequency ranges) and a declared frequency
response curve can be integrated. it the mtegrated area 1s above a certain threshold, 1t may be
determined that the new reverberation times are sutficiently different from the declared
reverberation tmes.

[OO74] it the new reverberation tine 18 determined to be msuticiently different from a
declared reverberation timme, a MK system may continue to determine new reverberation times at
step 702, H the new reverberation time 1s determined to be sutticiently ditferent from a declared
reverberation time, at step 708 i can be determined i a suthicient number of sufticiently
different reverberation times has been detected. For example, three consecutive reverberation
time estunates that are all sutficiently different from a declared reverberation ifem for a given
frequency range may be a sufficient number of sufficiently ditferent reverberation tunes. Other
thresholds may also be used {(e.g., three out of five most recent reverberation time estimates). it
it 18 deternuned that a sufficient number of sulficiently different reverberation times has not been
detected, a MR systemn may continue to deternune new reverberation times at step 702, It is
determincd that a sufficient number of sutficiently ditferent reverberation funes has been
detected, a new reverberafion time may be declared at step 710, In some embodiments, step 710
can also mclude mttiating a new reverberation gain estinate, which can prompt a user to clap or
play an impulse sound from an external speaker. In some embodiments, step 7140 can also
inciude accessing a remote database to 1dentity a new real environment based on the new

reverberation hingerprint and/or other information avatlable to a MR system {(e.g., location
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determined from GPS and/or Wik connections, or via one or more sensors such as described

above with respect to the example mixed reality system 200).

{O075] Although the disclosed examples have been fully described with reference {o the
accompanying drawings, il 18 to be noted that vanous changes and modifications will become
apparent to those skilled in the art. For example, elements of one or more umpleimentations may
be combined, deleted, modified, or supplemented to form further implementations. Such
changes and modifications are o be understood as being inciuded within the scope of the

disclosed examples as defined by the appended claums.
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CLAIMS

i, A method comprising:

receiving, via a microphone of a wearable head device, a first audio signal;

determining an envelope of the first audio signal;

estimating a first reverberation time based on the envelope of the fust audio signal;

determining a difference between the first reverberation time and a second reverberation
fime:

deternuning a change in an environment based on the difference between the first
reverberation tune and the second reverberation time: and

presenting, via a speaker of a wearable head device, a second audio signal, wherein the

second audio signal is based on the first reverberation time.

2. The method of clanm 1, wherein estimating the first reverberation tune comprises
deternuning if the envelope of the first audio signal 1s decaying for a time greater than a

threshold amount of time.

3. The method of claum 1, wheremn estimating the first reverberation time CoOnmprises:
determining a hinear it of a decaying region in the envelope of the first audio signal; and
determuaning if the hinear fit has a correlation greater than a threshold correlation.

4. The method of claum 1, further comprising:

determining whether a confidence in the Hrst reverberation time exceeds a threshold
ammount of contidence;

m accordance with a deternunation that the confidence in the first reverberation tune
exceeds the threshold amount of confidence, determining the furst reverberation time; and

in accordance with a determination that the confidence n the Tirst reverberation time does
not exceed the threshold amount of confidence, forgoing determuning the {irst reverberation tume,

wherein determining the difference between the hirst reverberation time and the second
reverberation time, determining the change m the environment based on the ditference between
the first reverberation time and the second reverberation time, and presenting, via the speaker of

a wearable head device, the second audio signal are performed 1n accordance with the
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determination that the contidence (n the first reverberation time exceeds the threshold amount of

confidence.

J. The method of clamm |, hurther comprising estunating a first reverberation gain based on
the envelope of the fivst audio signal, and wherein the second audio signal 1s based on the first

reverberation gaii.

. he methe claim 5, wherein estimating the first reverberation gain coOmMprises
0 The method of claim 5, wherein estimating the first reverberation gain comprises

prompiing a user to clap.

7. The method of claim 3, wherein estimmating the first reverberation gain CoOmprises

presenting, via a speaker of the wearable head device, an impulse sound.

3. The method of claim 5, wherein the first reverberation gain comprises a rafio of a dwect

sound energy and a reverberation sound energy.

9. A system comprising:
a microphone of a wearable head device;
a speaker of a wearable head device;
ONe o more processors configured {0 execute a method comprising:
recerving, via the mucrophone of the wearable head device, a first audio signal;
determining an envelope of the first audio signal;
estimating a first reverberation time based on the envelope of the first audio
stgnal;
determaning a difference between the first reverberation time and a second
reverberafion me:
determining a change 1n an environment based on the ditference between the first
reverberation tune and the second reverberation time: and
presenting, via the speaker of the wearable head device, a second audio signal,

wherein the second audio signal 18 based on the first reverberation time.

18] The system of claim 9, wherein estimating the first reverberation {Hme COMPrises
deternuning if the envelope of the first audio signal 18 decaying Tor a time greater than a

threshold amount of time.
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Pi. The system of claim 9, wherein estunating the first reverberation time Comprises:
determuung a linear {1t of a decaying region in the envelope of the first audio signal; and

determining if the hinear {1t has a correlation greater than a threshold correlation.

P2 The systemn of claim Y, wherem the mpethod turther comprises:

determining whether a confidence in the first reverberation time exceeds a threshold
amount of confidence;

i accordance with a deternunation that the confidence in the first reverberation tune
exceeds the threshold amount of confidence, deternmnming the fwst reverberation time; and

i accordance with a determination that the confidence in the first reverberation time does
not exceed the threshold amount of confidence, forgoing determuning the {irst reverberation tune,

wherem determining the difference between the first reverberation time and the second
reverberation time, determining the change i the environment based on the ditference between
the first reverberation time and the second reverberation time, and presenting, via the speaker of
a wearable head device, the second audio signal are performed 1n accordance with the
determination that the coniidence in the first reverberation time exceeds the threshold amount of

contidence.

3. The systemn of claim 9, further comprisimg estunating a first reverberation gain based on
the envelope of the first audio signal, and wherein the second audio signal is based on the first

reverberation ga.

14, The system of claim 13, wherein estimating the first reverberation gain CoOmprises

presenting, via a speaker of the wearable head device, an uopuise sound.

i35 A non-transitory computer-readable medium storing instructions that, when executed by
ONE OF INOTe Processors, cause the one or more processors o execute a method comprising:
recetving, via a microphone of a wearable head device, a first audio signal;
determining an envelope of the first audio signal;
estumating a {irst reverberation tume based on the envelope of the first audio signal;
determining a ditference between the first reverberation time and a second reverberation

time:
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determining a change in an environment based on the difference between the first
reverberation time and the second reverberation iime; and
presenting, via a speaker of a wearable head device, a second audio signal, wherein the

second audio signal is based on the first reverberation time.

16. The non-transitory computer-readable medivm of claim 15, wherein estimating the first
reverberation time comprises determinung i the envelope of the first audio signal 1s decaying for

a time greater than a thresbold amount of tune.

P The non-transitory computer-readable medium of claum 15, wheremn estimating the first
reverberation tune comprises:
determining a hinear 11t of a decaving region in the envelope of the first audio signal; and

determining if the linear fit has a correlation greater than a threshold correlation.

&, The non-transitory computer-readable medium of claum 13, wheremn the method further
COMPTises:

determining whether a confidence in the first reverberation tume exceeds a threshold
amount of confidence;

m accordance with a deternunation that the confidence in the first reverberation tune
exceeds the threshold amount of confidence, determining the first reverberation time; and

in accordance with a determination that the confidence n the first reverberation time does
not exceed the threshold amount of contidence, forgoing determining the first reverberation time,

wherein determuning the difference between the first reverberation time and the second
reverberation tune, deternuning the change 1 the environment based on the difference between
the first reverberation time and the second reverberation time, and presenting, via the speaker of
a wearable head device, the second audio signal are performed 1n accordance with the
determination that the coniidence in the first reverberation tme exceeds the threshold amount of

contfidence.

19, The non-transitory computer-readable medunm of claim 15, further comprising estmating
a first reverberation gain based on the envelope of the first audio signal, and wherein the second

audio signal 1s based on the first reverberation gaim.
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243, The non-transitory computer-readable medivm of claim 19, wherein estimating the first
reverberalion gain comprises presenfing, via a speaker of the wearable bead device, an unpulse

sound.
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