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TIMESTAMP SMOOTHING TO REMOVE JITTER

CROSS-REFERENCE TO RELATED APPLICATIONS
{6001} This application claims the benefit of priority to U S. Provisional Patent
Application No. 63/169,599, filed on April 1, 2021, and U.S. Provisional Patent Application
No. 63/114,577, filed on November 17, 2020, both of which are hereby incorporated by

reference in their entirety.

TECHNICALFIELD
[6002] This disclosure relates generally to audio signal processing.
BACKGROUND
{6003} A real-time audio processing system will typically receive audio in packets or

blocks. For some audio processing systems, time information (hereinafter, “timestamps”) is
associated with each packet that indicates when the audio was captured or played out of the
audio processing system. This time information may be used by the audio processing system
for a variety of applications, including but not limited to: latency estimation, audic alignment,
discontinuity detection, detection of latency changes or misalignment and echo cancellation,
suppression and rmanagement. On some audio processing systems however, the timestamps
may be unreliable. For example, timestamps may be unstable or inaccurate for a short period
of time, resulting in jitter or oscillations in the audio due to conversion of the timestamp from
one clock domain to another clock domain (e.g., between a true audio clock and a system
clock). When timestamps are unreliable the algorithms that rely on the timestamps may
perform false detections, incorrect calculations or other undesirable results. For example,
latency estimation may become unstable or inaccurate for a short period of time or

discontinuity detection may falsely be triggered.

SUMMARY
[6004] Implementations are disclosed for timestamp smoothing to remove jitter.
16005] In some embodiments, a method of smoothing timestamps associated with

audio packets comprises: receiving, using at least one processor, a series of input timestamps
for audio packets and their respective packet lengths; estimating, using the at least one

processor, an initial timestamp based on the series of input timestamps, the packet lengths and
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a sample time; calculating, using the at ieast one processor, a predicted timestamp based on the
estimated 1nitial timestamp; and smoothing, using the at least one processor, the predicted
timestamp.

[0006] In some embodiments, the method further comprises: processing, using the at
least one processor, audio data in a current audio packet based on the smoothed predicted
timestamp.

{6007} In some embodiments, estimating an initial timestarp further comprises:
calculating, iteratively, an estimated initial timestamp based on the series of input timestamps,
their respective packet lengths, the sample time and an initial time in which a current instability
in the series of input timestamps is detected; storing each estimated initial timestamp in a
rolling history array of length N, sorting the rolling history array; determining a new estimate
of the initial timestamp based on the sorted rolling history array, calculating a mean and
variance of the new estimated initial timestamp, determining whether a future predicted
timestamp will be stable based on the variance; stopping the iterative calculating it future
prediction timestamp is determined to be stable; and setting the estimated initial timestamp to
a last value of the mean prior to stopping the iterative calculating.

16008} In some embodiments, the length N;is chosen as a compromise between latency
and an amount of smoothness of the current timestamp.

{6009] In some embodiments, the mean and variance are smoothed.

{6010} In some embodiments, determining whether a future predicted timestamp will
be accurate and stable based on the variance, further comprises: determining that a current
vartance 1s less than a previous variance and the current variance is also less than a parameter
determined by a variance of an audio clock used to process the audio packets.

{6011} In some embodiments, the iterative calculating resumes in response to a
detection of a possible discontinuity in the predicted timestamp.

18012} In some embodiments, a possible discontinuity is detected based on an
estimated clock skew between clocks of communication end points or between a virtual
nominal clock and a true hardware clock, a clock skew corrected difference between the
predicted timestamp and the input timestamp, and a corrected block length of the clock skew.

{6013} In some embodiments, the method further comprises: tracking a number of
times that a possible discontimuity has occurred; and determining that a discontinuity has
occurred if the number of times exceeds a specified threshold.

[6014] In some embodiments, the tracking a number of times that a possible

discontinuity has occurred, further comprises: incrementing a counter after each discontinuity

b2
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is detected; and resetting the counter when the clock skew corrected difference between the
predicted timestamp and the input timestamp is greater than a factor times the clock skew
corrected block length.

[0015] In some embodiments, the method further comprises: determining whether the
predicted timestamp is stable; determining whether a possible discontinuity in the predicted
timestamp is detected; and in accordance with the predicted time stamp being stable and no
possible discontinuity being detected, estimating the clock skew.

16016} In some embodiments, the estimated clock skew is calculated by: computing an
initial estimate of clock skew; computing an estimated mean and variance of the initial estimate
of clock skew; comparing the variance to a threshold variance; in accordance with the variance
being less than the threshold variance, smoothing the initial estimate of clock skew to obtain
the estimated clock skew.

18017} In some embodiments, the method comprises: correcting the predicted
timestamp based on the estimated clock skew to obtain the smoothed timestamp.

{6018} In some embodiments, a system comprises one or more processors and a
computer-readable medium storing instructions that when executed by the one or more
processors causes the one or more processors to perform any of the preceding methods.
[6019] In some embodiments, a non-transitory computer-readable medium storing
instructions that, when executed by one or more processors, cause the one or more processors
to perform any of the preceding methods.

{60206} (Other implementations disclosed herein are directed to a system, apparatus and
computer-readable medium. The details of the disclosed implementations are set forth in the
accompanying drawings and the description below. Other features, objects and advantages are
apparent from the description, drawings and claims.

{6021} Particular iraplementations disclosed herein provide one or more of the
following advantages. The disclosed embodiments take as input a timestamp associated with
a current audio packet and a packet length in units of time. From this information, the disclosed
embodiments estimate a timestamp (hereinafier also referred to as “timestamp smoothing”},
and generate flags that indicate whether the estimated timestamp is stable and whether a
discontinuity in the timestamp was detected. Additionally, the disclosed embodiments are

adaptive which allow for improved timestamp estimation over time.
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BESCRIPTION OF DRAWINGS

{6022} In the drawings, specific arrangements or orderings of schematic elements, such
as those representing devices, units, instruction blocks and data elements, are shown for ease
of description. However, it should be understood by those skilled in the art that the specific
ordering or arrangement of the schematic elements in the drawings is not meant to imply that
a particular order or sequence of processing, or separation of processes, is required. Further,
the inclusion of a schematic element in a drawing is not meant to imply that such element is
required in all embodiments or that the features represented by such element may not be
included in or combined with other elements in some implementations.

{06023} Further, in the drawings, where connecting elements, such as solid or dashed
lines or arrows, are used to illustrate a connection, relationship, or association between or
among two or more other schematic elements, the absence of any such connecting elements is
not meant to imply that no connection, relationship, or association can exist. In other words,
some connections, relationships, or associations between elements are not shown in the
drawings so as not to obscure the disclosure. In addition, for ease of illustration, a single
connecting element is used to represent multiple connections, relationships or associations
between elements. For example, where a connecting element represents a communication of
signals, data, or instructions, it should be understood by those skilled in the art that such
element represents one or multiple signal paths, as may be needed, to affect the communication.
16024} FIG. 1is ablock diagram of a system incorporating timestamp smoothing units,

according to some embodiments.

[6025] FIG. 2 1s a block diagram of a timestamp smoothing unit, according to some
embodiments.

{6026} FIG. 3 illustrates variability of timestep, according to some embodiments,
10027} FIG. 4 further illustrates wvariability of timestep, according to some
embodiments.

{6028} FIG. 5 is a flow diagram or a process of timestamp smoothing, according to

some embodiments.
{06029] FIG. 6 is a block diagram of a system for implementing the features and
processes described in reference to FIGS. 1-5, according to some embodiments.

{6030] The same reference symbol used in various drawings indicates like elements.
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DETAILED DESCRIPTION

{6031} In the following detailed description, numerous specific details are set forth to
provide a thorough understanding of the various described embodiments. It will be apparent
to one of ordinary skill in the art that the various described implementations may be practiced
without these specific details.  In other instances, well-known methods, procedures,
components, and circuits, have not been described in detail so as not to unnecessarily obscure
aspects of the embodiments. Several features are described hereafter that can each be used

independently of one another or with any combination of other features.

Nomenclature
[6032] Asused herein, the term “includes” and its variants are to be read as open-ended
terms that mean “includes, but is not limited to.” The term “or” is to be read as “and/or” unless
the context clearly indicates otherwise. The term “based on™ is to be read as “based at least in
parton.” The term “one example implementation” and “an example implementation” are to be
read as “at least one example implementation.” The term “another implementation” is to be
read as “at least one other implementation.” The terms “determined,” “determines,” or
“determining” are to be read as obtaining, receiving, computing, calculating, estimating,
predicting or deriving. In addition, in the following description and claims, unless defined
otherwise, all technical and scientific terms used herein have the same meaning as commonly

understood by one of ordinary skills in the art to which this disclosure belongs.

General Overview
{0033} FIG. 1 1s a block diagram of a system 100 including audio processing system
101 and timestamp smoothing unit 201, according to some embodiments. Audio processing
system 101 can be any real-time audio processing system. When real-time audio packets are
received sequentially in time, each packet is associated with a timestamp that is extracted from
the packet or from a separate metadata transport stream, and input into timestamp smoothing
unit 201, Timestamp smoothing unit 201 is configured to estimate/smooth a timestamp that 13
more accurate than the raw timestamp received, as described in further detail in reference to

FIG. 2.

Example Timestamp Smoothing Process

W



WO 2022/108979 PCT/US2021/059637

{0034] FIG. 2 is a block diagram of timestamp smoothing unit 201 shown in in FIG. 1.
Timestamp smoothing unit 101 includes initial timestamp calculator unit 202, timestamp
predictor unit 203, discontinuity detector unit 204, clock skew calculator unit 205 and clock
skew correction unit 206. The timestamp smoothing process shown in FIG. 2 is adaptive and
thus the smoothed timestamp it provides improves over time. Note that the notation [1, 2] in
FIG. 2 conveys that the current output of a particular unit will be used in a next iteration of the
timestamp smoothing process. For example, the current output of the time predictor unit 203
will be used in the next iteration of the time predictor unit 203, and the current cutput of clock
skew calculator unit 205 will be used in the next iteration of discontinuity detector unit 204

{6035] Referring to the left of FIG. 2, the raw timestamp and packet length are input
into initial timestamp calculation unit 201, Initial timestamp calculator unit 202 computes an
initial estimate of the first input timestamp. In an embodiment, the initial estimate is calculated

iteratively using Equation [1]:

() = 1) = TEh b - T,
i

where ¢; is the estimated initial timestamp, 7 is the raw timestamp, b(k) is the length of the
audio packet, n is a time index, T; is the sample time and ¢ is the initial time in which a current
instability has started.
{6036} Initial timestamp calculator unit 202 stores the estimated initial time step t; into
a rolling history array H{(n, x) with length N; such that

Hnk)y =t;(in—k—1) for1 <k <N,
2]
{6037} Initial imestamp calculator unit 202 computes a sorted version of the history
array H(n, 1..N;) which is denoted as Hi(n,x). From Hi(n, x), the initial timestamp

calculator unit 202 determines a new estimate for the initial timestamp, ¢;_, using Equation [3]:
t, () =27y o Hs (?’l, [’“j - k>’
’ k|2 ’

(3]
where N (e.g., No=4) is the length of H(n,x) and H.(n,x), and N,is chosen through a
compromise between latency and smoothness of the output, and M is in integer value that is

much less than N (e.g., M=2). The value of t; (n) is erroneous until (n — ¢} > N;. After
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this point in time, initial timestamp calculation unit 202 calculates mean and variance estimates

as follows:

I, =t(n) and I,(n) =0 for (n— ) < Ng;

(4]
otherwise,

Ln(n) = oy tia(n) + (I —ay) Ip(n—1)
151

PR 7 2

Ivinﬂ(\n,) = itzq(n) - fm‘\n)i 5
[6]

L) = By * Iy (1) + (1= By) - Ly (),
(7]
where:

{5, 18 the estimated mean of the initial time stamp,

Iy, 18 the instantaneous estimated variance of the initial timestamp,

1, is the estimated variance of the initial timestamp, and

ay, By are smoothing parameters, tuned through experiment (e.g., a,= 0.2 and ;= 0.05).

{6038] From Equations [4]-[7], initial timestamp calculator unit 202 determines both
the initial estimated timestamp and whether the initial estimated timestamp 1s stable by testing
for the following conditions:

L{(n) <ln—-1),

(8]
I,(n) <1,

typical’
(91

where /,, is a tuning parameter.

typical

{6039} In some embodiments, the value of / is determined by analyzing the

Vivpical
variance of the particular system receiving the timestamps and also considering the fact that
the initial timestamp estimation will vary by the typical imprecision of the true audio clock. In

some cases, [ = 80ms~.

Viypical
{0040} When the conditions described by Equations [8] and [9] are true, the initial

estimated timestamp is considered stable and a stable flag is generated indicating its stable

~
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status. A stable estimated timestamp means that the estimated timestamp is stable at this very
point in time and that future predictions of timestamps are accurate and stable. Stability 1s
denoted herein by the variable S, where S is set to 1 when the estimated timestamp 1s stable.

The initial estimated timestamp is equal to [,,,{n) at this point in time, which is denoted as ;.

Once the initial estimated timestamp 15 stable, initial timestamp calculator unit 201 stops
iterating until a reset occurs. In some embodiments, a reset occurs when discontinuity detector
unit 204 determines that a discontinuity in the estimated timestamp has occurred, in which case
¢ is set to that point in time where the discontinuity occurred, 5 1s set to O and initial timestamp
calculator unit 202 starts iterating.
{0041} After the initial estimated timestamp is determined, timestamp predictor unit
203 generates a prediction of the current estimated timestamp. Timestamp predictor unit 203
performs different calculations based on whether the estimated timestamp 1s stable by 1mutial
timestamp calculator unit 202, which occurs when the conditions of Equation {10] are met:

b ) = {t ( o t{n), S i (}'

=1+ bn-1)-T, §=1

[10]
10042} After the timestamp prediction, the discontinuity detector unit 204 determines
if a discontinuity in the estimated timestamp occurred. A few quantities are first computed:

d(n) = [z-p(n} —t(n) + (z-pm) - zif) cc{n — 1}|,
[11]

b.(n) =b(n)- (TE_ +c(n — 1_}).
[12]
where:
¢ 15 the clock skew calculated by clock skew calculator unit 205,
d 1s the clock skew corrected difference between predicted timestamp and raw timestamp,
and

b. is the clock skew corrected block length.

[6043] Discontinuity detection unit 204 tracks the number of times that the
discontinuity detector unit 204 detects a possible discontinuity in the estimated timestamp. In
an embodiment, discontinuity detector unit 204 initializes a counter with the value of 1 at the

first instance that the following condition is true:
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dy(n) > DF - b.(n),
[13]
where DF is a tuning parameter determined by experimentation (e g, DF=09). As soon as
discontinuity detector unit 204 determines that the condition in Equation [13] is not true, the
counter is reset to 0. If the condition specified in Equation [13]1s true and the counter is greater

than or equal to 1, discontinuity detector unit 204 computes the following:

dy(n) = |(t(n— D + b(n— 1))~ t(n)],

[14]
d,(n) > DF - b.(n).
[15]
[06044] If the condition specified in Equation [15] is true, then the counter is reset to

zero. Otherwise the counter is incremented by one. Once the counter reaches a tunable
threshold, discontinuity detector unit 204 reports that a discontinuity has occurred to inutial
timestamp calculator unit 202 and to the particular audio processing system receiving the audio
packets. From experimentation, once the counter has reached 5, a discontinuity in the estimated
timestamp has definitely occurred. When the estimated timestamp is stable and no possible
discontinuity in the estimated timestamp is detected, a clock skew calculation is undertaken by
clock skew calculator unit 204.

[0045] In some embodiments, an initial estimate of clock skew is calculated using
Equation [16]:

. t(ni—tp(n}

Ce (n} - ‘tp(n)_tif .

[16]

{6046} Clock skew calculator unit 205 computes an estimate of the mean and variance

modified by a heuristic on the actual o, and 3, values used:

em(n) = (1 = 0 (n)) - e~ 1) + az(n) - ¢ (),
[17]
Copee ) = Co() = Cu(n — D,

[18]

el
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i:v(n} = (1 - B2 (ﬁ}) ’ Cv(:n -1+ By gvinst(:n:’:

[19]
cp, (1}
SET — inst
Lf(n) T opn-1+e
[20]
L (AL vf(n) <X
az(n) = {Az, vf(n) =X’
[21]
) By, vf(n) <X
) =
,82 <n/ {sz Uf(ﬁ,) > X’
[22]
where:

Ty 18 the estimated mean of the initial clock skew estimate,

Cy,,., 18 the instantaneous estimated variance of the initial clock skew estimate,

Cp, i the estimated vartance of the initial clock skew estimate,

vf is the “variance factor”, flag used to determine the values for a, and f,,

a, factor used in estimating the mean,

B, factor used in estimating variance,

Ay, A, B;, B, tuning parameters, where A; is expected to be bigger than A, and By is
expected to be bigger than B, (e.g., A;=025, A,=0.025, B;=0.001, B,=0.0001), and

X is a tuning parameter (e.g., X=20}.

{6047} In some embodiments, to determine the final estimate of the clock skew, clock

skew calculator unit 205 smoothes the estimated clock skew only if the variance is small. That

is when:
c(0)y =20
ce(my+{y—1)c(n—-1) -
, cv(n) <Y
c(n) = ¥ o) ,
cn—1), cvin)y =Y
[23]

where y and Y are tuning parameters determined by experimentation (e.g., y=100 and ¥=1le-

ll‘).

{6048] Using a current estimate of clock skew, clock skew correction unit 206 corrects
the predicted timestamp computed by timestamp predictor unit 203. Hence, the final smooth

estimated timestamp provided as an output of timestamp smoothing unit 101 is given by t,(n):

10
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t.(n) = t,(n) + (z:p<n> - tif> cc(n).
[24]
{6049] Also output of timestamp smoothing unit 101 is a stable flag, a discontinuity
flag and clock skew which are provided to the particular audio processing system receiving the
audio packets {e.g, system 101 in FIG. 1)
{6050] FiG. 3 illustrates variability of packet timestamps, according to some
embodiments. The varniability is the difference between successive timestamps, i.e., the
timestep. The vertical axis is variability in the timestep and the horizontal axis is time. Ideally,
the timestep should be a constant value, but in practice the timestep jitters. In the example
shown, the time of origin and the point at which the timestamp is computed include a significant
and variable delay, which may be depend on computer’s workload. This delay is shown in
FIG.3 as a large spike in variability at about 1.88 milliseconds.
{6051} FiG. 4 further illustrates wvariability of a timestep, according to some
embodiments. Note that much bigger spikes occur near the end of the packet transfer {(see point
A} in contrast to the usual jitter shown in FIG. 3. In most systems, some bastc assumptions to
estimate a smoothed timestamp hold. These assumptions are that each audio packet is received
sequentially in time, and general trends provided by analyzing the timestamp history can be
relied upon. However, the first timestamp might have excessive error, which makes it
unsuitable to use as an initial time stamp to start timestamp estimation. For example, if £(0) in
Equation {1] was set to the timestamp associated with point A in FIG. 4, the t,{n) will have a
bias for all n. This issue was address by initial timestamp calculator 202, as described above.
Also, packets maybe lost in between. In this case the rolling history array in Equation [2] will
not be valid. This problem is addressed by discontinuity detector unit 204, as described above.
Also, a system might be configured for a nominal sampling time, T, but the actual 7; may
differ. In this case, an estimation of the ideal timestep would have an offset to the timestep
computed from the nominal T (i.¢e., clock skew). This problem is addressed by the clock skew

calculator unit 205 and clock skew correction unit 206, as described above

Example Process
18052} FIG. 5 is a flow diagram of a process 500, according to some embodiments.
Process 400 can be implemented using system 600 shown in FIG. 6. Process 500 comprises
receiving a series of input timestamps for audio packets and their respective packet lengths

(501), estimating an initial timestamp based on the series of input timestamps, the packet

11
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lengths and a sample time (502), predicting a current timestamp based on the estimated initial

timestamp (503 ) and smoothing the current timestamp (504).

Example System Architecture
{0053} FIG. 6 shows a block diagram of an example system for implementing the
features and processes described in reference to FIGS. 1-5, according to an embodiment.
System 600 includes any devices that are capable of playing audio, including but not limited
to: smart phones, tablet computers, wearable computers, vehicle computers, game consoles,
surround systems, kiosks.
[6054] As shown, the system 600 includes a central processing unit (CPU) 601 which
is capable of performing various processes in accordance with a program stored in, for
example, a read only memory (ROM) 602 or a program loaded from, for example, a storage
unit 608 to a random access memory (RAM) 603. In the RAM 603, the data required when the
CPU 601 performs the various processes is also stored, as required. The CPU 601, the ROM
602 and the RAM 603 are connected to one anocther via a bus 609. An input/output (VO)
interface 605 is also connected to the bus 604,
{8055} The foliowing components are connected to the /O interface 605: an input unit
606, that may include a keyboard, a mouse, or the like; an output unit 607 that may include a
display such as a liquid crystal display (LCD) and one or more speakers; the storage unit 608
including a hard disk, or another suitable storage device; and a communication unit 609
including a network interface card such as a network card (e.g., wired or wireless).
{06056] In some implementations, the input unit 606 includes one or more microphones
in different positions (depending on the host device) enabling capture of audio signals in
various formats (e.g., mono, stereo, spatial, immersive, and other suitable formats).
{6057} In some implementations, the output unit 607 include systems with various
number of speakers. As illustrated in F1G. 6, the output unit 607 {(depending on the capabilities
of the host device) can render audio signals in various formats {e.g., mono, stereo, immersive,
binaural, and other suitable formats}.
{0058} The communication unit 609 1s configured to communicate with other devices
(e.g., via a network}. A drive 610 is also connected to the /0 interface 605, as required. A
removable medium 611, such as a magnetic disk, an optical disk, a magneto-optical disk, a
flash drive or another suitable removable medium is mounted on the drive 610, so that a
computer program read therefrom is installed into the storage unit 608, as required. A person

skilled in the art would understand that although the system 600 is described as including the

12
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above-described components, in real applications, it is possible to add, remove, and/or replace
some of these components and all these modifications or alteration all fall within the scope of
the present disclosure.

[6059] In accordance with example embodiments of the present disclosure, the
processes described above may be implemented as computer software programs or on a
computer-readable storage medium. For example, embodiments of the present disclosure
include a computer program product including a computer program tangibly embodied on a
machine readable medium, the computer program including program code for performing
methods. In such embodiments, the computer program may be downloaded and mounted from
the network via the communication unit 609, and/or installed from the removable medium 611,

as shown in FIG. 6.

Enumerated Example Embodiments (EEEs)

{06060 EEET - An audio processor configured to provide a smoothed accurate
timestamp estimation for audio frames, which is not sensitive to jittering caused by jittering on
a communication link or software /hardware process scheduling.

16061} EEE2 - An audio processor of EEE! that calculates and corrects for clock skew
between two clocks of communication end points, or between a virtual nominal clock and a
true hardware clock.

{6062} EEE3- An audio processor of EEE2 that calculates clock skew by computing a
smoothed gradient between an initial timestamp and a current raw timestamp, where smoothing
occurs only when an instantaneous gradient is deemed to be reliable.

{0063] EEE4 - An audio processor of EEE1 that detects and accounts for discontinuity
in the audio.

[6064] EEES - An audio processor of EEE4 that detects discontinuity when a delta
between a predicted and an estimated timestamp (taking into account clock skew)is sufficiently

large for a given period of time.

[6065] EEE®6 - An audio processor of EEET that identifies stability in incoming audio
packets.
{0066} EEE7 - An audio processor of EEEG that determines an estimate initial

timestamp by using a trimmed mean filter on a rolling history and identifying stability based
on thresholding the variance of the initial timestamp estimations.

{6067} EEES® - An audio processor that combines EEE2, EEE4 and EEE6.

[
(98]
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{00638} EEE9 - An audio processor of EEES that uses the methods as per EEE3, EEES
and EEE7.
{6069} EEE10 - A system where a discontinuity flag output of a module be used by the

system (be informed and take action based on this information)

{06070] EEE11 - A system where a stability flag output of the module can be used by
the system (be informed and take action based on this information)

{6071} EEE12 - A gystem where the clock skew (and confidence on the accuracy of the
clock skew) output of the module can be used by the system (be informed and take action based

on this information).

[6072] Generally, various example embodiments of the present disclosure may be
implemented in hardware or special purpose circuits (e.g., control circuitry), software, logic or
any combination thereof. For example, the units discussed above can be executed by control
circuitry {(e.g., a CPU in combination with other components of FIG. 6), thus, the control
circuitry may be performing the actions described in this disclosure. Some aspects may be
implemented in hardware, while other aspects may be implemented in firmware or software
which may be executed by a controller, microprocessor or other computing device {e.g., control
circuitry ). While various aspects of the example embodiments of the present disclosure are
iltustrated and described as block diagrams, flowcharts, or using some other pictorial
representation, it will be appreciated that the blocks, apparatus, systems, techniques or methods
described herein may be implemented in, as non-limiting examples, hardware, software,
firmware, special purpose circuits or logic, general purpose hardware or controller or other
computing devices, or some combination thereof

{6073} Additionally, various blocks shown in the flowcharts may be viewed as method
steps, and/or as operations that result from operation of computer program code, and/or as a
plurality of coupled logic circuit elements constructed to carry out the associated function(s).
For example, embodiments of the present disclosure include a computer program product
including a computer program tangibly embodied on a machine readable medium, the computer
program containing program codes configured to carry out the methods as described above.
[6074] In the context of the disclosure, a machine readable medium may be any
tangible medium that may contain, or store a program for use by or in connection with an
instruction execution system, apparatus, or device. The machine readable medium may be a
machine readable signal medium or a machine readable storage medium. A machine readable

medium may be non-transitory and may include but not limited to an electronic, magnetic,
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optical, electromagnetic, infrared, or semiconductor system, apparatus, or device, or any
suitable combination of the foregoing. More specific examples of the machine readable storage
medium would include an electrical connection having one or more wires, a portable computer
diskette, a hard disk, a random access memory (RAM), a read-only memory (ROM), an
erasable programmable read-only memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an optical storage device, a magnetic
storage device, or any suitable combination of the foregoing.

18075} Computer program code for carrying out methods of the present disclosure may
be written in any combination of one or more programming languages. These computer
program codes may be provided to a processor of a general purpose computer, special purpose
computer, or other programmable data processing apparatus that has control circuitry, such that
the program codes, when executed by the processor of the computer or other programmable
data processing apparatus, cause the functions/operations specified in the tlowcharts and/or
block diagrams to be implemented. The program code may execute entirely on a computer,
partly on the computer, as a stand-alone software package, partly on the computer and partly
on a remote computer or entirely on the remote computer or server or distributed over one or
more remote computers and/or servers.

[6076] While this document contains many specific implementation details, these
should not be construed as limitations on the scope of what may be claimed, but rather as
descriptions of features that may be specific to particular embodiments. Certain features that
are described in this specification in the context of separate embodiments can also be
implemented in combination in a single embodiment. Conversely, various features that are
described in the context of a single embodiment can also be implemented i multiple
embodiments separately or in any suitable sub combination. Moreover, although features may
be described above as acting in certain combinations and even initially claimed as such, one or
more features from a claimed combination can, in some cases, be excised from the
combination, and the claimed combination may be directed to a sub combination or variation
of a sub combination. Logic flows depicted in the figures do not require the particular order
shown, or sequential order, to achieve desirable results. In addition, other steps may be
provided, or steps may be eliminated, from the described flows, and other components may be
added to, or removed from, the described systems. Accordingly, other implementations are
within the scope of the following claims.

‘What is claimed is;
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CLAIMS

1. A method of smoothing timestamps associated with audio packets, the method
comprising:

recetving, using at least one processor, a series of input timestamps for audio packets
and their respective packet lengths;

estimating, using the at least one processor, an initial timestamp based on the series of
input timestamps, the packet lengths and a sample time;

calculating, using the at least one processor, a predicted timestamp based on the
estimated initial timestamp; and

smoothing, using the at least one processor, the predicted timestamp.

2. The method of claim 1, further comprising:
processing, using the at least one processor, audio data in a current audio packet based

on the smoothed predicted timestamp.

3. The method of claim 1 or 2, wherein estimating an initial timestamp further comprises:

calculating, iteratively, an estimated initial timestamp based on the series of input
timestamps, their respective packet lengths, the sample time and an initial time in which a
current instability in the series of input timestamps is detected;

storing each estimated initial timestamp in a rolling history array of length Nj;

sorting the rolling history array;

determining a new estimate of the initial timestamp based on the sorted rolling history
array,

calculating a mean and variance of the new estimated initial timestamp;

determining whether a future predicted timestamp will be stable based on the
variance,

stopping the iterative calculating if future prediction timestamp is determined to be
stable; and

setting the estimated initial timestamp to a last value of the mean prior to stopping the

iterative calculating,
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4. The method of claim 3, wherein the iength N;is chosen as a compromise between latency

and an amount of smoothness of the current timestamp.

5. The method of claim 3 or 4, wherein the mean and variance are smoothed.

6. The method of any of the claims 3-5, wherein determining whether a future predicted

timestamp will be accurate and stable based on the varance, further comprises:
determining that a current variance is less than a previous variance and the current

variance 18 also less than a parameter determined by a variance of an audio clock used to

process the audio packets.

7. The method of any of the claims 3-6, wherein the iterative calculating resumes in response

to a detection of a possible discontinuity in the predicted timestamp.

8. The method of claim 7, wherein a possible discontinuity is detected based on an estimated
clock skew between clocks of communication end points or between a virtual nominal clock
and a true hardware clock, a clock skew corrected difference between the predicted

timestamp and the input timestamp, and a corrected block length of the clock skew.

9. The method of claim 8§, further comprising:
tracking a number of times that a possible discontinuity has occurred; and
determining that a discontinuity has occurred if the number of times exceeds a

specified threshold.

10. The method of claim 9, wherein the tracking a number of times that a possible
discontinuity has occurred, further comprises:

incrementing a counter after each discontinuity 1s detected; and

resetting the counter when the clock skew corrected difference between the
predicted timestamp and the input timestamp 1s greater than a factor times the clock skew

corrected block length.

11. The method of claims 8-10, further comprising;

determining whether the predicted timestamp is stable;

[—
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determining whether a possible discontinuity in the predicted timestamp is
detected; and
in accordance with the predicted time stamp being stable and no possible

discontinuity being detected, estimating the clock skew.

12. The method of any of the claims 8-11, wherein the estimated clock skew is calculated by:
computing an initial estimate ot clock skew;
computing an estimated mean and variance of the initial estimate of clock skew;
comparing the variance to a threshold variance;
in accordance with the variance being less than the threshold variance,
smoothing the initial estimate of clock skew to obtain the estimated clock

skew.

13. The method of any of the claims 8-12, further comprising:
correcting the predicted timestamp based on the estimated clock skew to obtain the

smoothed timestamp.

14. A system comprising:

one or more processors; and

a non-transitory computer-readable medium storing instructions that, when executed
by the one or more processors, cause the one or more processors to perform operations of any

one of claims 1-13.

1S. A non-transitory computer-readable medium storing instructions that, when executed by
one or more processors, cause the one or more processors to perform operations of any one of

claims 1-13.
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