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METHOD AND APPARATUS FOR
ESTIMATING VARIABILITY OF
BACKGROUND NOISE FOR NOISE
SUPPRESSION

CROSS-REFERENCES TO RELATED
APPLICATIONS

i

This U.S. patent application 1s a continuation of, and
claims priority under 35 U.S.C. § 120 from, U.S. patent
application Ser. No. 15/684,013, filed on Aug. 23, 2017,
which 1s a continuation of U.S. patent application Ser. No.
13/950,980, filed on Jul. 25, 2013, which claims priority
under 35 U.S.C. § 119(e) to U.S. Provisional Application
61/776,793, filed on Mar. 12, 2013, U.S. Provisional Appli-
cation 61/798,097, filed on Mar. 15, 2013, and U.S. Provi-
sional Application 61/827,030, filed on May 24, 2013. The
disclosures of these prior applications are considered part of
the disclosure of this application and are hereby incorpo-
rated by reference 1n their entireties.

TECHNICAL FIELD

The present disclosure relates to noise variability estima-
tion and, more particularly, to methods and devices for noise
Varlablhty estimation for eflicient noise suppression and
other applications.

BACKGROUND

Although speech recognition has been around for
decades, the quality of speech recognition software and
hardware has only recently reached a high enough level to
appeal to a large number of consumers. One area 1n which
speech recognition has become very popular in recent years
1s the smartphone and tablet computer industry. Using a
speech recognition-enabled device, a consumer can perform
such tasks as making phone calls, writing emails, and
navigating with GPS using only voice commands.

Speech recognition 1n such devices 1s far from perfect,
however. A speech recognition engine typically relies on a
phoneme database to be able to recognize voice utterances.
A user may, however, need to “train” the phoneme database
to recognize his or her particular accent, cadence, etc. Even
aiter training, however, the phoneme database may not be
accurate 1 all audio environments. For example, the pres-
ence of background noise can decrease speech recognition
accuracy.

DRAWINGS

While the appended claims set forth the features of the
present techniques with particularity, these techniques may
be best understood from the following detailed description
taken 1n conjunction with the accompanying drawings of

which:
FIG. 1 shows a user speaking to an electronic device,
which 1s depicted as a mobile device 1n the drawing.

FIG. 2A shows example components of the electronic
device of FIG. 1.

FIG. 2B shows example modules of the processor of FIG.
2A.

FIGS. 3, 4A, 4B, 5, and 6 show steps that may be carried
out according to various embodiments.

DESCRIPTION

The present disclosure sets forth a method and apparatus
for noise variability estimation for eflicient noise suppres-
sion and other applications.
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In one embodiment, an electronic device receives an
audio signal including speech and background noise. The
device 1s able to measure the degree of variability 1n the
background noise, 1.e., whether the background noise exhib-
its a high degree of variability (e.g., babble noise) or a low
degree of variability (e.g., car noise). Using the measured
degree of variability, the device selects the approprate
pre-processing technique (e.g., noise suppression algorithm)
to apply to the sampled audio signal (e.g., single microphone
noise suppression, two microphone noise suppression, adap-
tive noise cancellation). In doing so, the device maximizes
speech recognition performance.

According to an embodiment, an electronic device 1s able
to measure noise variability of background noise present in
an audio signal, and determine whether the measured noise
variability 1s higher than a high threshold value or lower than
a low threshold value. It the device determines that the noise
variability 1s higher than the high threshold value, the device
categorizes the background noise as having a high degree of
Varlablhty On the other hand, 1f the device determines that
the noise variability 1s lower than the low threshold value,
the device categorizes the background noise as having a low
degree of variability. The electronic device stores the high
threshold value, the low threshold value, a high boundary
point, and a low boundary point in 1ts memory. The high
threshold value and the low threshold value are between the
high boundary point and the low boundary point. The high
boundary point 1s based on an analysis of a first data set
including noises that exhibit a high degree of variability, and
the low boundary pomt 1s based on an analysis of a second
data set including noises that exhibit a low degree of
variability.

In another embodiment, 1f the background noise 1s cat-
egorized as having a high degree of variability, the device
suppresses the background noise using a {irst noise suppres-
sion algorithm. If the background noise 1s categorized as
having a low degree of vanability, the device suppresses the
background noise using a second noise suppression algo-
rithm. After the background noise 1s suppressed, the device
may be controlled to perform a function designated by
speech included 1n the audio signal.

In yet another embodiment, 1f the electronic device deter-
mines that the noise variability 1s between the low threshold
value and the high threshold value, the electronic device
further categorizes the background noise as having a degree
of variability of a previous update or frame.

According to an embodiment, the electronic device deter-
mines whether a frame including the background noise 1s a
noise update frame. If the frame 1s not a noise update frame,
the device categorizes the background noise as having a
degree of Variability ol a previous update or frame. If the
frame 1s a noise update frame, the device further determines
whether the frame 1s part of a sequence of contiguous noise
update frames. If the frame 1s not part of a sequence of
contiguous noise update frames, the device then categorizes
the background noise as having a degree of vaniability of a
previous update or frame.

In another embodiment, 11 the frame 1s part of a sequence
of contiguous noise update frames, the electronic device
further determines a maximum value of smoothed channel
noise and a mimimum value of smoothed channel noise 1n the
sequence of contlguous noise update frames, and computes
a smoothed maximum dB difference usmg the maximum
value of smoothed channel noise and the minimum value of
smoothed channel noise. Then, the device calculates the
noise variability of the background noise using a ratio of a
difference between the smoothed maximum dB difference
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and the low boundary point to a difference between the high
boundary point and the low boundary point.

Optionally, the electronic device may smooth the calcu-
lated noise variability, and quantize the smoothed noise
variability to at least two levels. The device may also bound
the smoothed noise variability to an interval between 0 and
1 inclusive of 0 and 1 belfore quantizing the smoothed noise
variability.

According to an embodiment, the electronic device 1s able
to calculate the measure of noise variability of the back-
ground noise using the following equation:

(D_smooth(k, /) — D_smooth low(k, [))

NC nb
MNV = ;
NC XHEJZ Z‘ (D_smooth high(k, /) — D_smooth low(k, {))

where MNV denotes the measure of noise variability of the
background noise, NC denotes a number of channels, nb
denotes a number of available, contiguous past noise update
frames which are also contiguous with the current noise
update frame (nb 1s the look-back depth in frames), k
denotes a channel index, 1 denotes a look-back index,
D_smooth(k, 1) denotes a smoothed maximum dB diiference
of smoothed channel noise, D_smooth_high(k, 1) denotes
the high boundary point, and D_smooth_low (k, 1) denotes
the low boundary point.

In cases where the background noise has a low noise level
(1.e., the background 1s less perceptible), 1t 1s preferable that
the noise variability of the background noise be categorized
as having a low degree of variability. Accordingly, 1n an
embodiment, when the electronic device measures the noise
variability of background noise present, the device further
measures the noise level of the background noise and
determines whether the measured noise level of the back-
ground noise 1s lower than a noise level threshold value. If
the noise level of the background noise 1s determined to be
lower than the noise level threshold wvalue, the device
calculates a bias energy value and adds the bias energy value
to smoothed channel noise to generate modified smoothed
channel noise. Then, the device uses the modified smoothed
channel noise to measure the noise variability of the back-
ground noise. Note that 1t 1s beneficial to use the same bias
energy value to generate the modified smoothed channel
noise for all the frames 1n the contiguous sequence of noise
update frames, which are used to determine MNV at the
current frame. In one embodiment, the bias energy value
may be based on the noise level of the background noise
corresponding to the first frame 1n a given sequence of
contiguous noise update frames.

It 1s also preferable to compensate for changes 1in frame
energies so that the effect of such changes on the estimated
measure of noise variability 1s mitigated. Accordingly, 1n an
embodiment, when the electronic device measures the vari-
ability of background noise present, the frame energies of
the contiguous noise update frames mvolved 1n the calcu-
lation of the MNYV are also computed and used to compen-
sate the smoothed channel noise values 1n such a way that
the eflect of changes in frame energies, €.g. an Icreasing or
decreasing trend in energy, on the estimation of the MNV 1s
mitigated.

The embodiments described herein are usable in the
context ol always-on audio (AOA). When using AOA, the
device 102 (FIG. 1) 1s capable of waking up from a sleep
mode upon receiving a trigger command from a user. AOA
places additional demands on devices, especially mobile
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devices. AOA 1s most effective when the device 102 1s able
to recognize the user’s voice commands accurately and
quickly.

Referring to FIG. 1, a user 104 provides voice input (or
vocalized mformation or speech) 106 that 1s received by a
speech recognition-enabled electronic device (“device™) 102
by way of a microphone (or other sound receiver) 108. The
device 102, which 1s a mobile device 1n this example,
includes a touch screen display 110 that 1s able to display
visual 1images and to receive or sense touch type inputs as
provided by way of a user’s finger or other touch input
device such as a stylus. Notwithstanding the presence of the
touch screen display 110, in the embodiment shown 1n FIG.
1, the device 102 also has a number of discrete keys or
buttons 112 that serve as mput devices of the device.
However, in other embodiments such keys or buttons (or any
particular number of such keys or buttons) need not be
present, and the touch screen display 110 can serve as the
primary or only user input device.

Although FIG. 1 particularly shows the device 102 as
including the touch screen display 110 and keys or buttons
112, these features are only intended to be examples of
components/features on the device 102, and in other
embodiments the device 102 need not include one or more
of these features and/or can include other features in addi-
tion to or mstead of these features.

The device 102 1s intended to be representative of a

variety of devices including, for example, cellular tele-
phones, personal digital assistants (PDAs), smart phones, or
other handheld or portable electronic devices. In alternate
embodiments, the device can also be a headset (e.g., a
Bluetooth headset), DVR player, battery-powered device, a
watch device (e.g., a wristwatch) or other wearable device,
radio, navigation device, laptop or notebook computer,
netbook, pager, PMP (personal media player), DVR (digital
video recorders), gaming device, camera, e-reader, e-book,
tablet device, navigation device with video capable screen,
multimedia docking station, or other device.
Embodiments of the present disclosure are intended to be
applicable to any of a variety of electronic devices that are
capable of or configured to receive voice mput or other
sound 1nputs that are indicative or representative of vocal-
1zed information.

FIG. 2A shows internal components of the device 102 of
FIG. 1, 1n accordance with an embodiment of the disclosure.
As shown 1n FIG. 2A, the internal components 200 include
one or more wireless transceivers 202, a processor 204 (e.g.,
a microprocessor, microcomputer, application-specific inte-
grated circuit, etc.), a memory portion 206, one or more
output devices 208, and one or more mput devices 210. The
internal components 200 can further include a component
interface 212 to provide a direct connection to auxiliary
components or accessories for additional or enhanced fTunc-
tionality. The internal components 200 may also include a
power supply 214, such as a battery, for providing power to
the other internal components while enabling the mobile
device to be portable. Further, the internal components 200
additionally include one or more sensors 228. All of the
internal components 200 can be coupled to one another, and
in communication with one another, by way of one or more
internal communication links 232 (e.g., an internal bus).

Further, in the embodiment of FIG. 2A, the wireless
transceivers 202 particularly include a cellular transceiver
203 and a Wi-F1 transceiver 205. More particularly, the
cellular transceiver 203 1s configured to conduct cellular
communications, such as 3G, 4G, 4G-LTE, vis-a-vis cell
towers (not shown), albeit in other embodiments, the cellular

1
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transceiver 203 can be configured to utilize any of a variety
of other cellular-based communication technologies such as
analog communications (using AMPS), digital communica-
tions (using CDMA, TDMA, GSM, 1DEN, GPRS, EDGE,
etc.), and/or next generation communications (usmg UMTS,
WCDMA, LTE, IEEE 802.16, etc.) or variants thereof.

By contrast, the Wi-F1 transceiver 205 1s a wireless local
arca network (WLAN) transceiver 205 configured to con-
duct Wi-Fi communications i accordance with the IEEE
802.11 (a, b, g, or n) standard with access points. In other
em Jodlments the Wi-F1 transceiver 205 can instead (or 1n
addition) conduct other types of communications commonly
understood as being encompassed within Wi-F1 communi-
cations such as some types of peer-to-peer (e.g., Wi-Fi
Peer-to-Peer) communications. Further, in other embodi-
ments, the Wi-Fi1 transceiver 205 can be replaced or supple-
mented with one or more other wireless transceivers con-
figured for non-cellular wireless communications including,
for example, wireless transceivers employing ad hoc com-
munication technologies such as HomeRF (radio fre-
quency), Home Node B (3G femtocell), Bluetooth and/or
other wireless communication technologies such as infrared
technology.

Although 1n the present embodiment the device 102 has
two of the wireless transceivers 202 (that 1s, the transceivers
203 and 205), the present disclosure 1s intended to encom-
pass numerous embodiments 1in which any arbitrary number
of wireless transceivers employing any arbitrary number of
communication technologies are present. By virtue of the
use of the wireless transceivers 202, the device 102 1s
capable of communicating with any of a variety of other
devices or systems (not shown) including, for example,
other mobile devices, web servers, cell towers, access
points, other remote devices, etc. Depending upon the
embodiment or circumstance, wireless communication
between the device 102 and any arbitrary number of other
devices or systems can be achieved.

Operation of the wireless transceivers 202 1n conjunction
with others of the internal components 200 of the device 102
can take a variety of forms. For example, operation of the
wireless transceivers 202 can proceed 1n a manner in which,
upon reception of wireless signals, the internal components
200 detect communication signals and the transceivers 202
demodulate the communication signals to recover incoming
information, such as voice and/or data, transmitted by the
wireless signals. After receiving the incoming information
from the transceivers 202, the processor 204 formats the
incoming information for the one or more output devices
208. Likewise, for transmission ol wireless signals, the
processor 204 formats outgoing information, which can but
need not be activated by the input devices 210, and conveys
the outgoing information to one or more of the wireless
transceivers 202 for modulation so as to provide modulated
communication signals to be transmitted.

Depending upon the embodiment, the mput and output
devices 208, 210 of the internal components 200 can include
a variety of visual, audio and/or mechanical outputs. For
example, the output device(s) 208 can include one or more
visual output devices 216 such as a liquid crystal display
and/or light emitting diode indicator, one or more audio
output devices 218 such as a speaker, alarm, and/or buzzer,
and/or one or more mechanical output devices 220 such as
a vibrating mechanism. The visual output devices 216
among other things can also include a video screen. Like-
wise, by example, the mput device(s) 210 can include one or
more visual mput devices 222 such as an optical sensor (for
example, a camera lens and photosensor), one or more audio
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input devices 224 such as the microphone 108 of FIG. 1 (or
further for example a microphone of a Bluetooth headset),
and/or one or more mechanical input devices 226 such as a
flip sensor, keyboard, keypad, selection button, navigation
cluster, touch pad, capacitive sensor, motion sensor, and/or
switch. Operations that can actuate one or more of the input
devices 210 can include not only the physical pressing/
actuation of buttons or other actuators, but can also include,
for example, opening the mobile device, unlocking the
device, moving the device to actuate a motion, moving the
device to actuate a location positioning system, and operat-
ing the device.

As mentioned above, the internal components 200 also
can include one or more of various types of sensors 228 as
well as a sensor hub to manage one or more functions of the
sensors. The sensors 228 may include, for example, prox-
imity sensors (e.g., a light detecting sensor, an ultrasound
transceiver or an inifrared transceiver), touch sensors, alti-
tude sensors, and one or more location circuits/components
that can include, for example, a Global Positioning System
(GPS) receiver, a triangulation receiver, an accelerometer, a
t1lt sensor, a gyroscope, or any other information collecting
device that can identily a current location or user-device
interface (carry mode) of the device 102. Although the
sensors 228 for the purposes of FIG. 2A are considered to be
distinct from the 1input devices 210, 1n other embodiments 1t
1s possible that one or more of the mnput devices can also be
considered to constitute one or more of the sensors (and
vice-versa). Additionally, although in the present embodi-
ment the mput devices 210 are shown to be distinct from the
output devices 208, 1t should be recognized that in some
embodiments one or more devices serve both as put
device(s) and output device(s). In particular, 1n the present
embodiment 1n which the device 102 includes the touch
screen display 110, the touch screen display can be consid-
ered to constitute both a visual output device and a mechani-
cal input device (by contrast, the keys or buttons 112 are
merely mechanical input devices).

The memory portion 206 of the internal components 200
can encompass one or more memory devices of any of a
variety of forms (e.g., read-only memory, random access
memory, static random access memory, dynamic random
access memory, etc.), and can be used by the processor 204
to store and retrieve data. In some embodiments, the
memory portion 206 can be integrated with the processor
204 1n a single device (e.g., a processing device including
memory or processor-in-memory (PIM)), albeit such a
single device will still typically have distinct portions/
sections that perform the different processing and memory
functions and that can be considered separate devices. In
some alternate embodiments, the memory portion 206 of the
device 102 can be supplemented or replaced by other
memory portion(s) located elsewhere apart from the mobile
device and, 1n such embodiments, the mobile device can be
in communication with or access such other memory
device(s) by way of any of various communications tech-
niques, for example, wireless communications afforded by
the wireless transceivers 202, or connections via the com-
ponent interface 212.

The data that i1s stored by the memory portion 206 can
include, but need not be limited to, operating systems,
programs (applications), modules, and informational data.
Each operating system includes executable code that con-
trols basic functions of the device 102, such as interaction
among the various components included among the internal
components 200, communication with external devices via
the wireless transceivers 202 and/or the component interface
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212, and storage and retrieval of programs and data, to and
from the memory portion 206. As for programs, each
program icludes executable code that utilizes an operating
system to provide more specific functionality, such as file
system service and handling of protected and unprotected
data stored in the memory portion 206. Such programs can
include, among other things, programming for enabling the
device 102 to perform a process such as the process for
speech recognition shown in FIG. 3 and discussed further
below. Finally, with respect to informational data, this 1s
non-executable code or information that can be referenced
and/or manipulated by an operating system or program for
performing functions of the device 102.

FIG. 2B shows example modules of the processor 204 of
FIG. 2A, 1n accordance with an embodiment of the disclo-
sure. As shown in FIG. 2B, the processor 204 icludes a
noise variability estimator 240, a noise variability smoother
242, a noise variability quantizer 244, and a noise suppressor
246. The noise vanability estimator 240 measures noise
variability of background noise present 1in an audio signal.
The noise variability smoother 242 then smoothes the mea-
sure of noise variability received from the noise varnability
estimator 242. Next, the noise variability quantizer 244
optionally bounds the smoothed noise variability measure-
ment within an interval and quantizes the bounded noise
variability measurement to a finite number of levels, where
cach level represents a difierent degree of noise vanability.
In other words, the noise variability quantizer 244 catego-
rizes the vaniability of the background noise according to the
degree indicated by the finite number of levels. After the
noise variability quantizer 244 categorizes the degree of
variability of the background noise, the noise suppressor 246
selects the appropriate noise suppression algorithm and then
suppresses the background noise using the selected noise
suppression algorithm.

Referring to FIG. 3, a procedure 300 carried out by the
clectronic device 102 (FIG. 1) according to an embodiment
will now be described. The procedure 300 starts with the
electronic device 102 receiving an audio signal that includes
both speech and background noise.

At step 302, the electronic device 102 performs front end
processing on the background noise present in the sampled
audio signal, where parameters being calculated 1n a noise
suppressor (e.g., IS-127 Noise Suppressor) may be advan-
tageously used. The IS-127 Noise Suppressor groups the
input signal samples into frames (e.g., 10 ms frame length).
The framed samples may be high-pass filtered to remove
excess low frequency content which may be present (e.g.,
due to wind noise). Then, the IS-127 Noise Suppressor
windows the data using a suitable analysis window with
some overlap, and applies a Discrete Fourier Transiorm
(DFT), or a fast implementation of the DFT (e.g., the Fast
Fourier Transtorm (FFT)), to the windowed data to obtain a
frequency domain (or equivalently, spectral domain) repre-
sentation of the windowed data. In the wideband version of
the IS-127 Noise Suppressor, operating at a sampling ire-
quency (SF) of 16000 Hertz (Hz), the spectral data along the
linear frequency axis are grouped into 21 channels, having
non-uniform widths, with the individual channel widths
selected to approximate the Bark Frequency scale, which
seeks to more accurately reflect how sound 1s perceived by
the human auditory system. The channel spectral data are
used to make a decision on whether a given input frame 1s
a noise update frame or not. The channel spectral data of the
noise update frames are used to estimate the smoothed
channel noise as described below.
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At step 304, the device 102 sets the Noise Update Flag to
1 1T the mput frame 1s classified as a noise update frame.
Otherwise, the device 102 sets the Noise Update Flag to 0.
At step 306, when the Noise Update Flag 1s set to 1, the
device 102 updates the smoothed channel noise m dB
(CHN_dB) using the current frame’s channel spectral data.

Optionally, the device 102 may measure noise level (in
dB) of the background noise. The estimated noise level (dB)
may be used 1n step 502 (FIG. 5) to generate a bias energy
value to add to the smoothed channel noise, when the noise
level of the background noise 1s very low. The procedure for
generating the bias energy value will be explained in detail
with respect to FIG. 5. Optionally, the device 102 may also
compute the frame energy (in dB) 1n step 602. The computed
frame energies may be used to compensate the smoothed
channel noise for changes in frames energies so as to
mitigate the effect of such changes on the estimated measure
ol noise varnability as will be described 1n detail with respect
to FIG. 6.

At step 308, the device 102 measures the noise variability
of the background noise. For example, 11 a wideband version
of IS-127 Noise Suppressor 1s used to calculate and provide
the Noise Update Flag (NUF) and the smoothed channel
noise (CHN_dB), up to 21 channels of smoothed noise
estimates are available for each frame. Define NC, the
number of channels, to be 21. At a given frame, the device
102 checks 1if that frame 1s a noise update frame (NUF=1).
If the frame 1s a noise update frame, the device 102 further
checks 11 the current frame 1s part of a sequence of contigu-
ous noise update frames. Up to a maximum of NB previous
contiguous frames, which are also contiguous with the
current frame, are utilized by the device 102 to measure the
noise variability of the background noise. The actual number
of past frames nb 1n the sequence may thus vary between 1
and NB, where NB corresponds to a maximum look-back
depth (1.e., maximum number of past frames). In the pre-
ferred embodiment, NB was selected as 10, which given 10
ms frame length, corresponds to a maximum look-back
depth of 100 ms. For each of the nb+1 frames, i the
sequence ol contiguous noise update frames (with the addi-
tional one frame being the current input frame), the corre-
sponding smoothed channel noise vector, in dB, CHN_dB 1s
buflered, and available for analysis.

Next, the device 102 populates a matrix D(k, 1), where k
1s a channel index (1<=k<=NC) and/1s a look-back index
(1<=l<=mb). For a given chamnel indexed by k and a
look-back depth indexed by 1, a maximum value
(Vmax_k_ 1) and a minmimum value (Vmin_k_1) of smoothed
channel noise (CHN_dB) are found, within the look-back
interval (1<=n<=l). From Vmax_k 1 and Vmin_k_ 1, the
device 102 computes the maximum dB difference and stores
the difference 1n matrix D(k, 1):

Dk, D=Vmax_k_/-Vmin_k_[(1<=k<=NC,1<=[<=nb).

Thus, matrix D(k, 1) contains the maximum dB difference 1n
channel noise energy for channels indexed by k, within the
look-back interval indexed by 1, corresponding to the current
frame, when the current frame 1s a noise update frame and
1s part of contiguous sequence of frames, where each frame
in the sequence 1s classified as noise update frame.

Next, the device 102 smoothes the matrix D(k, 1) so that
the matrix D(k, 1) approximates a long-term mean value of
the maximum dB deviation for a given k and 1, instead of
a dB deviation corresponding to a given frame:

D _smooth(k,/)=Alpha d*D{(k,/)+(1-Alpha_d)*D_s-
mooth(k,/),

[<=k<=NC,1<=[<=nb
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In the present embodiment, Alpha_d may be set to 0.01,
although other values may be used.

Using the approximation of the long-term mean value of
the maximum dB deviation (D_smooth(k, 1)), the device 102
calculates the measure of noise variability of the background

noise, MNV:

NC

nb
MNV =
NCank: ?;

(D_smooth(k, /) — D_smooth low(k, )
(D_smooth highk, /) —D_smooth low(k, {))’

where D_smooth_high(k, 1) denotes the high boundary point
and D_smooth_low (k, 1) denotes the low boundary point for
a given k and 1. D_smooth_high(k, 1) and D_smooth_low (k,
1) are determined oflline, and the procedure for determining
D_smooth_high(k, 1) and D_smooth_low (k, 1) will be

described in more detail with respect to FIG. 4B.

The measure of noise variability of the background noise
(MNV) 1s a mean of (NC*nb) observations, with each
observation indicating where the current frame’s D_smooth
(k, 1) value falls relative to the two reference bounds
D_smooth_high(k, 1) and D_smooth_low(k, 1). For a given
(k, 1) index pair, the D_smooth(k, 1) may fall below the low
boundary point D_smooth_low(k, 1) (resulting in a negative
contribution to MNYV for that index pair), or 1t may be higher
than the high boundary point D_smooth_high(k, 1) (resulting
in a contribution to MNYV that 1s greater than one for that
index pair).

At step 310, the device 102 smoothes the measured noise
variability (MNV) of the background noise. Then at step

312, the device 102 bounds the smoothed MNV to an
interval between 0 and 1 inclusive of 0 and 1:

if (MNV__smooth > 1 )
MNV__smooth_ bounded = 1;

else 1if (MNV_smooth < 0 )
MNV__smooth bounded = 0;

else
MNV __smooth bounded = MNV _smooth.

At step 314, the device 102 quantizes the bounded
smoothed MNV (MNV_smooth_bounded_quantized) to a
finite number of levels, e.g., two levels. If MNV_
smooth_bounded_quantized rises above a high threshold
THRESH_HI, 1t 1s set to 1 indicating that the background
noise exhibits a high degree of variability. If MNV_
smooth_bounded_quantized falls below a low threshold
THRESH_LO, 1t 1s set to 0 indicating that the background
noise 1s characterized by a low degree of variability.

In the present embodiment, the high threshold
THRESH_HI may be set to 0.6, and the low threshold
THRESH_LO may be set to 0.4, although other values may

be selected. The threshold wvalues THRESH HI and
THRESH_LO are selected as a function of the high bound-

ary point D_smooth_high(k, 1) and the low boundary point
D_smooth_low (k, 1). The threshold values THRESH_HI

and THRESH_L.O may be selected by the device 102 or may
be preset offline.

Although FIG. 3 illustrates the bounding step 312 and the
quantization step 314 as separate steps, the bounding step
312 may be performed as a part of the quantization step.
Alternatively, the bounding step 312 may be omitted
entirely, where the device 102 quantizes, if quantization 1s
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used, the noise variability m step 316 directly after it
smoothes the measured noise variability 1n step 312.

Then at step 316, the device 102 outputs the quantized
bounded smoothed MNV. Based on MNV_ smooth bound-
ed_quantized, the device 102 selects the appropriate pre-
processing technique (e.g., noise suppression algorithm) to
apply to the sampled audio signal (e.g., single microphone
noise suppression, two microphone noise suppression, adap-
tive noise cancellation). For example, the device 102 may
suppress the background noise using a first noise suppres-
sion algorithm (i.e., a first pre-processing technique), 1t the
background noise 1s categorized as having a high degree of
variability (MNV_smooth_bounded_quantized=1). Alterna-
tively, the device suppresses the background noise using a
second noise suppression algorithm (i.e., a second pre-
processing technique), 1f the background noise 1s catego-
rized as having a low degree of wvaniability (MNV_
smooth_bounded_quantized=0). Generally, background
noise exhibiting high variability requires a more complex
noise suppression algorithm than background noise exhib-
iting low variability. After the background noise 1s sup-
pressed, the device 102 may be controlled to perform a
function designated by speech included in the audio signal.

Additionally, some hysteresis may be applied to reduce
the number of state transitions in the quantized value of the
parameter MNV_smooth_bounded. For example, state
switching may be allowed only 1 MNV_smooth_
bounded_quantized has been in a particular state for a
minimum of N_COUNT frames (e.g., N_COUNT=200). In
this case, the device 102 updates and outputs MNV_
smooth_bounded_quantized only when N_COUNT has
been reached. Otherwise, the device 102 outputs MNV _s-
mooth_bounded_quantized from a previous update.

Furthermore, for the mput signal frames that do not meet
the criterion described above for updating the MNV value
(1.e., 1 NUF=0 or the current frame 1s not part of a sequence
of contiguous noise update frames), the device 102 may
output the MNYV value from the last update.

In other embodiments, a subset of the NC channels may
be used for the computation of MNYV, and, likewise, a subset
of available look-back indices, 1<=l<=nb, may be selected
for updating the MNV. Moreover, the quantization of
MNYV_smooth_bounded may be finer, 1.e., more than two

levels, with each level indicating the degree of variability 1n
the noise signal.

Referrlng to FIGS. 4A and 4B, a procedure 400 of
measuring noise variability of background noise carried out
by the electronic device 102 (FIG. 1) according to another
embodiment will now be described. The procedure 400 1s a
detailed description of step 308 in FIG. 3.

Referring to FIG. 4A, at step 402, the device 102 uses the
noise update tlag of a current frame (L PDATE_FLAG) as an
input. At step 404, the device 102 uses the noise update flag
of the frame prior to the current frame (UPDATE_FLAG L)
as an input. At step 406, the device 102 1nitializes the noise
update flag of the previous frame to 0 (UPDATE_F-
LAG_I=0) and sets the measured noise variability of the
background noise as 0 (MNV=0).

At step 408, the device 102 determines whether the
current frame 1s a noise update frame and whether the
current frame 1s part of a sequence ol contiguous noise
update frames. If the previous frame 1s not a noise update
frame (UPDATE_FLAG_L==0) and the current frame 1s a
noise update frame (UPDATE_FLAG=1), then the device

102 sets the number of contiguous noise update frames to 1
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(UPDATE_FLAG_CNT=1). In this case, the current frame
may be the first frame a sequence of contiguous noise update
frames.

If the previous frame 1s a noise update frame (UP-
DATE_FLAG_L=1) and the current frame 1s also a noise

update frame (UPDATE_FLAG=1), then both the previous

frame and the current frame are part of the sequence of
contiguous noise update frames. The device 102 determines
whether the number of past frames in the sequence of
contiguous noise update frames, which sequence includes
the past frame(s) and the current frame, has reached a
maximum number NB of past noise update frames. If the
number of frames in the sequence of contiguous noise
update frames has not reached the maximum number NB+1

(UPDATE_FLAG_CNT<(NB+1)), then the number of

frames 1 the sequence i1s incremented (UPDATE_F-
LAG_CNT++).

If the current frame 1s not a noise update frame (UP-
DATE_FLAG=0), then the number of frames in the
sequence 1s set to O (UPDATE_FLAG_CNT=0).

At step 410, the device 102 determines whether the
number of frames in the sequence of contiguous noise
update frames 1s 0. If the number of frames 1s 0, the device
102 returns the measured noise variability of the last update
(previous MNV) at step 412.

If the number of frames in the sequence of contiguous
noise update frames 1s not 0, then at step 414, the device 102
determines whether the number of frames 1s 1 (i.e., only the
current frame 1s a noise update frame). If the number of
frames 1s 1 (UPDATE_FLAG_CNT=1), at step 416, the
device 102 builers the channel noise energies (in dB) fer NC
number of channels for the current frame (the number of
channels being indexed by k).

Then at step 418, the device 102 returns the measure of
noise variability of the last update (previous MNV). When
the number of frames 1s 1, the current frame may be the first
frame of a sequence of contiguous noise update frames (1.e.,
i the next frame 1s also a noise update frame). However, the
current frame may not necessarily be part of a sequence of
contiguous noise update frames (1.¢., if the next frame 1s not
a noise update frame).

If the number of frames in the sequence of contiguous
noise update frames 1s greater than 1 (1.e., the current frame
1s part of the sequence of contiguous frames and there are at
least two frames 1n the sequence), at step 420, the device 102
butlers the channel noise energies (1n dB) for NC number of
channels of the current frame (the channels being indexed by
k), in addition to the channel noise energies (in dB) of the
previous frames in the sequence that are already buflered
(1.e., with the buffer containing up to NB+1 frames). In
delng s0, for each frame 1n the sequence of eentlgueus noise
update frames (which includes the past frame(s), 1n addition
to the current mput frame), the corresponding smoothed
channel noise vector 1s bullered and available for analysis.
Then, the device 102 sets the number of previous frames nb

to UPDATE_FLAG_CNT-1.

Referring to FIG. 4B, at step 422, for each channel k
within the look-back 1nterval nb indexed by 1, the device 102
determines a maximum value of smoothed channel noise
(FVMAX) and a minimum value of smoothed channel noise
(FVMIN), in the dB domain, 1n a recursive fashion. Then 1n
step 424, the device 102 calculates matrix D(k, 1) containing
maximum dB difference in noise energy for channel k,
within the look-back iterval nb indexed by 1 (D(k,
DN=FVMAX-FVMIN). The device 102 may perform steps
422 and 424 as follows:
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N = UPDATE_FLAG_CNT
For (k=1; k<=NC; k++)
FVMAX=PPFCH_NSE DBk, N)
FVMIN=FVMAX
For (I=1; I<=nb; [++)
If (PPFCH__NSE_DB(k, N-)>FVMAX)
FVMAX=PPFCH_NSE_ DB(k, N-I)
If (PPFCH _NSE DB(k, N-)<FVMIN )
FVMIN=PPFCH_ NSE_DB(k, N-I)
Dik, )=FVMAX-FVMIN.

Note that matrix PPFCH_NSE_DB(k, N), for k=[1, NC], at
index N=UPDATE_FLAG_CNT contains the bullered
smoothed channel noise, 1n dB, for the current frame, and
the buffered smoothed channel noise, 1n dB, for each of the
nb preceding frames, 1n a contiguous sequence ol noise
update frames, for look-back intervals up to nb past frames
(1.., N—nb=1). If nb at the previous frame had the maximum
value (nb=NB), and the current frame 1s a noise update
frame (NUF=1), nb at the current frame will be limited to
NB. This means that prior to writing the smoothed channel
noise, 1n dB, for the current {frame into the bufler, the
contents of the bufler need to be shifted down by one frame,
to make room for the current frame’s information; 1.e.,

PPFCH_NSE_ DBk D=PPFCH_NSE_DB(k,[+1),ki=
[1,NC1,/=[1,NB].

Alternately, a circular bufler, as known 1n the art, could be
employed to eliminate the explicit shifting down of the
bufler contents, while maintaining identical functionality.
At step 426, the device 102 smoothes the matrix D(k, 1)
to obtain D_smeeth(kj 1):
For (k=1; k<=NC; k++)
For (I=1; I<=nb; 1++)

D _smooth(k,/)=Alpha_d*D(k,[)+(1-Alpha_d)*D_s-
mooth(k, /).

Offline, at steps 428 and 430, a high boundary point
D_smooth_high(k, 1) and a low boundary poimnt D_
smooth_low(k, 1) are respectively determined. When deter-
mining the boundary points, steps 428 to 430 are used to
processes two types of speech plus noise signals: (1) speech
plus noise exhibiting a high degree of varnability and (2)
speech plus noise exhibiting a low degree of variability.
Alternatively, noise-only signals can also be used for steps
428 and 430 instead of or 1n addition to speech plus noise
signals. For example, babble noise may be used as noise
exhibiting a high degree of spectral variability with respect
to time, while car noise may be used as noise exhibiting a
low degree of variability.

The two types of speech plus noise files used in steps 428
and 430 are analyzed ofiline to prewde calibrated boundary
values (or references or anchors) for categorizing the degree
of variability of the background noise: one for an upper
bound of expected noise vanability (speech plus noise
exhibiting a high degree of variability), and the other for the
lower bound (speech plus noise exhibiting a low degree of
variability). This analysis results 1n two boundary points of
the D_smooth(k, 1) matrix:

D _smooth_high(k,1),1<=k<=NC, 1<=[<=N5b

D _smooth_low(k,]),/<=k<=NC,1<=/<=NB

When populating the D_smooth _high(k, 1) and
D_smooth_low(k, 1) matrices oflline, there 1s an additional
processing step, not present 1n the real-time version of the
procedure. For each of the two mnput reference databases
used 1n the analysis, the respective D_smooth(k, 1) matrix 1s
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stored for each frame; 1.e., D_smooth (k, 1, 1), where 1 15 a
frame index. To determine D_smooth_high(k, 1) for each (k,

1) index pair, a mean value of D_smooth (k, 1, 1), over
selected frames mdexed by 1, 1s calculated and stored 1in
D_smooth_high(k, 1), and similarly for D_smooth_low(k, I). >
A subset of available frames 1s used to compute the mean
values, where for a frame to be selected as a member of the
subset, the frame had to meet the following criteria: 1t 1s
classified as a noise update frame (NUF=1), and 1s part of a
sequence of contiguous noise update frames.

Having established the two boundary points as described
above, 1t becomes feasible to compute a measure of noise
variability defined continuously between 0 and 1 (inclusive),
where a value close to 0 indicates that the background noise
has a low degree of variability (e.g. car noise), while a value
close to 1 indicates that the background noise has a high
degree of variability (e.g. babble noise).

At step 432, the device 102 then uses D_smooth(k, 1),
D_smooth_high(k, 1) and D_smooth_low (k, 1), to compute >¢
the measure of noise variability of the background noise,
MNYV:

10

15

AlS ”;b‘ (D_smooth(k, [) — D_smooth_low(k, 1)) 25

MNV =
(D_smooth high(k, /) — D_smooth low(k, [))

NCxnb
k: =1

In FIGS. 3, 4A, and 4B, the high threshold wvalue
THRESH_HI, the low threshold value THRESH [LO, the 30
high boundary point D_smooth_high(k, 1), and the low
boundary point D_smooth_low(k, 1) may be stored in the
memory portion 206 (FIG. 2A) of the device 102.

Referring to FIG. 5, another procedure 500 carried out by
the electronic device 102 according to an embodiment will 35
now be described. The procedure 500 deals with the case
when the noise level of the background noise 1s very low. In
such case, the noise vanability of the background noise 1s
not well defined, and the noise variability may be detected
as being high causing the device to select a noise suppres- 40
sion algorithm more complex than necessary. Because the
background noise 1s less perceptible, the low noise level of
background noise makes the characteristics of the noise less
important In this case, 1t 1s preferable that the background
noise be categorized as having very low Varlablhty,, so that 45
the device can select a sunpler noise suppression algorithm
that requires less processing power.

To address the above 1ssue, the device 102 performs the
procedure 500 as a pre-processing step to measuring the
noise variability of the background noise (e.g., procedures 50
300 and 400). In this embodiment, before the variability of
the background noise 1s measured and categorized, the
device 102 measures the noise level of the background noise
and determines an energy bias value that may be added to the
channel noise energy array (i1.e., smoothed channel noise 55
energy). Then, the energy bias value 1s added to the channel
noise energy array prior to converting the channel noise
array ifrom the energy domain to the dB domain. Note that
it 1s beneficial to use the same bias energy value to generate
modified smoothed channel noise, for all the frames 1n the 60
contiguous sequence of noise update frames, which are used
to determine MNYV at the current frame. In one embodiment,
the bias energy value may be based on the noise level of the
background noise corresponding to the first frame 1n a given
sequence of contiguous noise update frames. 65

In more detail, at step 502, the device 102 measures the
noise level of the background noise (Estimated Noise Level

14

dB). In steps 504 and 506, the device 102 uses a hlgh noise
level threshold (NL_Thresh_Hi_dB) and a low noise level
threshold (NL_Thresh_IL.o_dB) as mput. The high noise
level threshold (NL_Thresh_Hi_dB) and the low noise level
threshold (NL_Thresh_ILLo_dB) may be set by the device 102
and stored in the memory portion 206 of the device 102.

At step 508, the device 102 compares the measured noise
level of the background noise with the high noise level
threshold and the low noise level threshold. At step 510, the
device 102 determines whether the measured noise level of
the background noise falls between the two thresholds. If the
measured noise level falls between the two thresholds, at
step 512, the device 102 computes a Fraction, where

Estimated Noise Level dB — NL. Thresh Lo dB
NI Thresh Hi dB — Estimated Noise Level dB

Fraction=1 —

Then at step 514, the device determines that the energy bias
value to be added 1s Bias Max*Fraction.

If the measured noise does not fall between the two
thresholds, then at step 516, the device 102 determines
whether the measured noise level of the background noise 1s
less than or equal to the low threshold. If the measured noise
level 1s less than or equal to the low threshold, then the
energy bias value 1s set to Bias_Max (a maximum value of
the energy bias to add) at step 518. On the other hand, 11 the
measured noise level 1s greater than the low threshold, the
energy bias value 1s set to 0 at step 520.

Steps 508 to 520 may be expressed as follows:

If (Estimated_ Noise_ Level dB > NL_Thresh Lo dB &&
Estimated_ Noise ILevel dB < NL_ Thresh Hi dB)

Estimated Noise L.evel dB — NLL Thresh Lo dB |
NI. Thresh Hi dB — Estimated Noise I.evel dB’

Fraction=1 —

Bias_ to_ add = Bias. Max*Fraction;

else 1f (Estimated_ Noise_ Level dB <= NL_ Thresh I.o_ dB)
Bias_ to_ add = Bias Max;

else
Bias_ to__add = 0.

Note that 1t 1s beneficial to use the same wvalue of
Bias_to_add, for all the frames 1n a sequence of contiguous
noise update frames. In the preferred embodiment, the
Bias_to_add 1s only calculated and updated at the current
frame, 1t the current frame 1s a noise update frame (i.e.,
NUF=1), and the preceding frame i1s not a noise update
frame (1.e., NUF=0). An updated Bias_to_add value 1s used,
if the energy bias energy value has been updated at the
current frame; otherwise an energy bias value from the last
time that value has been updated 1s used 1instead.

The thus modified channel noise energy array 1s then
converted to dB, and the device 102 uses the modified
channel noise energy array as an iput when measuring the
variability of the background noise. This modification
according to procedure 500 ensures that when low level of
background noise 1s present, the device 102 categorlzes the
background noise as having a low level of noise variability.
In the present embodiment, NL._Thresh_[L.o_dB may be set
at =55 dB and NL_Thresh_Hi_dB may be set at —45 dB.

Bias_Max may be set at an energy domain value corre-
sponding to =70 dB. Of course, appropriate values for the
two noise level thresholds and the maximum energy bias to
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add (Bias_Max) are implementation dependent, and other
values may be used 1n various other embodiments.
Referring to FIG. 6, another procedure 600 carried out by
the electronic device 102 according to another embodiment
will now be described. In this embodiment, the frame
energies of the contiguous noise update frames mvolved 1n
the calculation of the MNV are computed and used to
compensate the smoothed channel noise energy values 1n
such a way that the effect of changes 1n frame energies on
the estimation of the MNV 1s mitigated. To do this, the
device 102 computes the frame energy of each mnput frame

(in dB) at step 602. At step 604, the device 102 budil

ers the
frame energies corresponding to the contiguous sequence of
noise update frames involved i the estimation of MNV in
much the same way as channel noise energies are builered.

In computing the MNYV, for each look-back interval I,

1<=l<=nb, the changes in frame energies are compensated
for 1n the following manner. At steps 606 and 608, the device
computes the mean of the sequence of (1+1) frame energies
and subtracts the mean from each of the (1+1) frame ener-
gies. Then at step 610, the device 102 subtracts each of the
resultlng (1+1) differences from the smoothed channel noise
energies of the corresponding frames before the smoothed
channel noise energies are used in the estimation of the

MNYV. By using the compensated channel noise energies 1n
the estimation of the MNV, any efl

ect due to trends 1n noise
update frame energies 1s mitigated.

While the embodiments have been described as using the
wideband version of the IS-127 Noise Suppressor (operating
at 16000 Hz samphng frequency) to provide the smoothed
channel noise energies and the NUF as inputs, a standalone
version of the processing blocks needed to compute the
required nputs could be used istead, which need not be
identical to the IS-127 Noise Suppressor. Also, sampling
frequencies other than 16000 Hz and frame lengths other
than the 10 ms of the preferred embodiment may be
employed.

It can be seen from the foregoing that a method for
apparatus for training a database for speech recognition has
been provided. In view of the many possible embodiments
to which the principles of the present discussion may be
applied, it should be recognized that the embodiments
described herein with respect to the drawing figures are
meant to be illustrative only and should not be taken as
limiting the scope of the claims. Therefore, the techniques as
described herein contemplate all such embodiments as may
come within the scope of the following claims and equiva-
lents thereof.

What 1s claimed 1s:
1. A computer-implemented method that when executed
on data processing hardware causes the data processing
hardware to perform operations comprising:
receiving audio data;
processing background noise included in the audio data
to:
obtain a smoothed channel noise energy associated
with the background noise included in the audio
data; and
determine a noise level of the background noise
included 1n the audio data;
determining a predetermined bias energy value based on
a magnitude of the noise level of the background noise;

generating modified smoothed channel noise energy by
adding the predetermined bias energy value to the
smoothed channel noise energy;
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determining a degree of vanability of the background
noise included in the audio data based on the modified
smoothed channel noise energy;

based on the degree of variability of the background

noise, selecting one of a first noise suppressor or a

second noise suppressor to use for suppressing the

background noise, the second noise suppressor requir-
ing a greater amount of processing power than the first

No1s€ SUppressor
processing the audio data to suppress the background

noise using the selected one of the first noise suppressor

or the second noise suppressor; and
performing speech recognition on the processed audio
data to generate a transcription of speech included 1n
the received audio data.

2. The computer-implemented method of claim 1,
wherein the operations further comprise:

determining whether the magnitude of the noise level of

the background noise included 1n the audio data satis-
fies a noise level threshold,

wherein generating the modified smoothed channel noise

energy comprises generating the modified smoothed
channel noise energy when the magnitude of the noise
level of the background noise included in the audio data
satisfies the noise level threshold.

3. The computer-implemented method of claim 2,
wherein the magnitude of the noise level of the background
noise included i1n the audio data satisfies the noise level
threshold when the magnitude of the noise level of the
background noise 1s less than the noise level threshold.

4. The computer-implemented method of claim 1,
wherein selecting the one of the first noise suppressor or the
second noise suppressor based on the degree of variability of
the background noise comprises:

selecting the first noise suppressor when the degree of

variability of the background noise included in the
audio data 1s less than a low threshold value; or
selecting the second noise suppressor when the degree of
variability of the background noise included in the
audio data 1s greater than a high threshold value.

5. The computer-implemented method of claim 4,
wherein, when the degree of variability of the background
noise mcluded 1n the audio data 1s between the low threshold
value and the high threshold value, selecting the one of the
first noise suppressor or the second noise suppressor that
was used to suppress the background noise associated with
a previous frame of the audio data.

6. The computer-implemented method of claim 1,
wherein:

the data processing hardware resides on a user computing

device; and

recerving audio data comprises recerving audio data cap-

tured by one or more microphones of the user comput-
ing device.

7. The computer-implemented method of claim 6,
wherein the user computing device comprises a portable
clectronic device.

8. The computer-implemented method of claim 6,
wherein the user computing device comprises a navigation
device.

9. The computer-implemented method of claim 1,
wherein the operations further comprise:

determining that a respective portion of the audio data that

includes the background noise 1s a noise update por-
tion;

based on determining that the respective portion of the

audio data that includes the background noise 1s a noise
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update portion, determining that the respective portion
1s not part ol a sequence of contiguous noise portions;
and
determining that the respective portion of the audio data
has a degree of variability of a previous portion of the
audio data.
10. The computer-implemented method of claim 1,
wherein the operations further comprise:
determining that a respective portion of the audio data that
includes the background noise i1s not a noise update
portion; and
based on determining that the respective portion of the
audio data that includes the background noise 1s not a
noise update portion, determining that the respective
portion of the audio data has a degree of varniability of
a previous portion of the audio data.
11. A user computing device comprising;:
data processing hardware; and
memory hardware in communication with the data pro-
cessing hardware and storing instructions that when
executed on the data processing hardware cause the
data processing hardware to perform operations com-
prising:
receiving audio data;
processing background noise included 1n the audio data
to:
obtain a smoothed channel noise energy associated
with the background noise included in the audio
data; and
determine a noise level of the background noise
included 1n the audio data;
determining a predetermined bias energy value based
on a magnitude of the noise level of the background
noise;
generating modified smoothed channel noise energy by
adding the predetermined bias energy value to the
smoothed channel noise energy;
determining a degree of variability of the background
noise included 1n the audio data based on the modi-
fied smoothed channel noise energy;
based on the degree of variability of the background
noise, selecting one of a first noise suppressor or a
second noise suppressor to use for suppressing the
background noise, the second noise suppressor
requiring a greater amount of processing power than
the first noise suppressor
processing the audio data to suppress the background
noise using the selected one of the first noise sup-
pressor or the second noise suppressor; and
performing speech recognition on the processed audio
data to generate a transcription of speech included 1n
the received audio data.
12. The user computing device of claim 11, wherein the
operations further comprise:
determining whether the magnitude of the noise level of
the background noise included 1n the audio data satis-
fles a noise level threshold,
wherein generating the modified smoothed channel noise
energy comprises generating the modified smoothed
channel noise energy when the magnitude of the noise
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level of the background noise included 1n the audio data
satisfies the noise level threshold.

13. The user computing device of claim 12, wherein the
magnitude of the noise level of the background noise
included 1n the audio data satisfies the noise level threshold
when the magnitude of the noise level of the background
noise 1s less than the noise level threshold.

14. The user computing device of claam 11, wherein
selecting the one of the {irst noise suppressor or the second
noise suppressor based on the degree of variability of the
background noise comprises:

selecting the first noise suppressor when the degree of

variability of the background noise included in the
audio data 1s less than a low threshold value; or
selecting the second noise suppressor when the degree of
variability of the background noise included in the
audio data 1s greater than a high threshold value.

15. The user computing device of claim 14, wherein,
when the degree of vaniability of the background noise
included 1n the audio data 1s between the low threshold value
and the high threshold value, selecting the one of the first
noise suppressor or the second noise suppressor that was
used to suppress the background noise associated with a
previous frame of the audio data.

16. The user computing device of claim 11, wherein:

the data processing hardware resides on a user computing

device; and

recerving audio data comprises recerving audio data cap-

tured by one or more microphones of the user comput-
ing device.

17. The user computing device of claim 16, wherein the
user computing device comprises a portable electronic
device.

18. The user computing device of claim 16, wherein the
user computing device comprises a navigation device.

19. The user computing device of claim 11, wherein the
operations further comprise:

determining that a respective portion of the audio data that

includes the background noise 1s a noise update por-
tion;

based on determining that the respective portion of the

audio data that includes the background noise 1s a noise
update portion, determining that the respective portion
1s not part of a sequence of contiguous noise portions;
and

determining that the respective portion of the audio data

has a degree of vanability of a previous portion of the
audio data.

20. The user computing device of claim 11, wherein the
operations further comprise:

determining that a respective portion of the audio data that

includes the background noise 1s not a noise update
portion; and

based on determining that the respective portion of the

audio data that includes the background noise 1s not a
noise update portion, determining that the respective
portion of the audio data has a degree of variability of
a previous portion of the audio data.
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