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(57) Abstract: Determining pace or speed based on sensor data may in-
clude determining an amount of contact time a user's foot has with a
workout surface such as the ground. Contact time may be determined
by identifying samples in the sensor data that correspond to various
events such as a heelstrike, a toe-oft and a subsequent heelstrike. In one
example, these events may be identified by determining a sequence of
three sample values (e.g., a triplet) that exceeds corresponding
thresholds. The validity of an identified triplet (e.g., heelstrike, toe-off
and heelstrike) may be confirmed by determining whether a difference
between a last event sample and a middle event sample is greater than a
difference between the middle event sample and an initial event
sample. Once confirmed, a contact time may be determined from the
triplet. A linear or non-linear relationship may then be applied to the
contact time to determine a speed or pace.
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SENSOR-BASED ATHLETIC ACTIVITY MEASUREMENTS
TECHNICAL FIELD

{60061} The present invention generally relates to an athletic performance monitoring device
and, more particularly, to determining athletic information based on sensor output and detection

of foot-based events using signal processing.

BACKGROUND

{00082} With the increased focus on physical fitness and health, the populanty of athlctic
activity sensing devices has grown significantly in recent times. The use of athletic activity
sensors provides individuals with the ability to concretely identify the amount of athletic activity
performed. In running, jogging or walking, for example, individoals will often use pedometers
or accelerometers to measure an amount of distance traversed, a number of steps taken, an
amount of calories bumned, a pace of the run and the like. In some current systems,
accelerometers are used to determine an amount of contact time that a user’s foot has with the
ground to determine pace. For example, U.S. Patent No. 6,493,652, entitled “MONITORING
ACTIVITY OF A USER IN LOCOMOTION ON FOOT” describes some algorithms and
methods for determining a user’s pace based on contact time. However, current algorithms and
methods by which the contact time and pace are determined can vary significantly in accuracy
between different environments and between different users,  Additionally, some accelerometer-
based athlctic activity measurement systems are only able to measure pace when a user 18
running or moving above a cortain speed.  Additionally, many of the current systems require

frequent calibration and re-calibration in order to maintain accuracy of the measurements.,

SUMMARY

{6063} This summary is provided to introduce a sciection of concepts in a simplified form
that are further described below in the Detailed Description. This summary is not intended to
identify koy featurcs or essential features of the claimed subject matter, nor is it intended to be

uscd as an aid in determining the scope of the claimed subject matter.
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16004] Aspects of the disclosure relate to the processing of foot-based sensor data to
determing an amount of contact time a user’s foot has with an exercise surface and to

subsequently calculate a pace, distance, speed and/or other athletic metrics based thereon. Inone
cxample, determining a user’s contact time may include determining where certain ovents such
as a heelstrike and a toc-off exist in the sensor output. In a specific example, a processing
system may identify triplets of cvents, cach triplet including a first heelstrike, a toc-off and a
subsequent sccond heelstrike. The consceuntive (e.g., without intervening events) nature of the
triplet allows the processing system to identify when a user has taken a step. Based on the
timing of the various events of a triplet, a foot contact time may be calculated. Additionally or
aliernatively, contact time and corresponding triplets may be filtered if the contact fime 15 a
specified number of standard deviations away from the mean. Filtering allows the processing
systern to remove potential outhiers or Hlawed data points prior to caleulating pace and other

athietic metrics,

[0005] According to another aspect, a fast fourier transform methodology may be used to
determine contact time. In one example, a fast fourier transform may be performed on sensor
output data. One of the frequency peaks resulting from the fast fourier transform may then be
identified as corresponding to the contact time. The identification of the appropriate frequency

peak may be based on empirical data and/or studics obtained from sample studics.

{06006} According to yet another aspect, an effort model or system may be used to determine
contact time and subsequently speed and/or pace. Effort may be visually and mathematically
correlated to the magnitude of the sensor output signal.  Accordingly, the greater the magnitude
of the signal, the greater the speed or pace of the user. A formula or algorithm may be derived to
define the correspondence between the magnitude of the sensor output signal and the contact

time and/or pace.

{6007} Other features and advantages of the invention will be apparent from the following

examples in the specification taken n conjunction with the following drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

10008} FIG. 1 illustrates an athletic activity monitoring system according to onc or morc

aspecets described herein.

]
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{0009} FiG. 2 illustrates a computing environment in which onc or more aspects described

herein may be used.

18010} FIG. 3 is a graph of example data received from a sensor according o one or more

aspects described herein.

10011} FIG. 4 is a graph of example standard deviations determined based on sensor output

data according to one or more aspects described herein.

{8012} FIG. 5 is a flowchart ifhustrating an example method for determining athletic events

using sensor output data according to one or more aspects described herein,

{8013} FIG. 6 is a8 flowchart llustrating an cxample method for determining various
thresholds and window sizes for identifying athletic events according to one or more aspects

described herein.

{6014} FIG. 7 1s a flowchart ilhustrating an example method for determining contact time,

pace and speed according fo one or more aspects described herein.

{8015} FIG. 8 illustrates example standard deviations and a mean for a set of data according

to one or more aspects described herein.

{6016} FIG. 9 illustrates a computer algorithm that may be used to perform a Fast Fourier

Transform (FFT) on sensor output data according to one or more aspects described herein

{8017} FIG. 10A tlustrates cxample sensor output data according to one or more aspects

described herein.
{8018} FIG. 10B illustrates a sample window of the example sensor output data of FIG. 10A.
{0019} FIG. 11 1s graph of the sample window of FIG. 10B processed by a FFT algorithm,

18020} FIGS. 12A-12C illustrate example sensor ouiput data and corresponding graphs of a
sample window and a FFT processed sample window according to one or more aspects

described herein.

[&9]
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18021} FIGS. 13A-13C illustrate cxample sensor output data graphs for different speeds of

user movement according to one or more aspects described herein

{08022} FIGS. 14A-14C illustrate example mean-centered data graphs for the sensor output

ilhustrated in FIGS. 13A-13C, respectively.

{0023} FIG. 15 illustrates a graph showing a relationship between a mean valiue of sensor

output and speed for a first type of movement according to one or more aspects described herein,

{0624] FIG. 16 iitustrates a graph showing a relationship between a mean value of sensor
output and speed for a second type of movement according to one or more aspects desceribed

herein.

DETAILED DESCRIPTION

18025] While this invention is susceptibie of embodiment in many different forms, there are
shown in the drawings, and will herein be described in detatl, preferred embodiments of the
invention with the understanding that the present disclosure is to be considered as an
exemplification of the principles of the 1nvention and is not intended to limit the broad aspects of

the invention to the embodiments illustrated and described.

{6026} FIG. 1 illustrates an example athletic activity system including a foot-mounted
accelerometer-based sensor 101 and an information display device 103, Foot-mounted sensor
101 may be placed in a shoe or other type of footwear, attached to a user’s foot or leg, attached
to the footwear {¢.g., on an exterior portion such as the shoelace or internal to a sole portion as
shown with shoc 105} or the like. Sensor 101 includes a solid-state accclerometer that is
configured to sense acceleration along multiple axes. For example, sensor 181 may include a
six-axis accelerometer., Sensor 101 may further include a wireless transmitter and/or transceiver
107 that allows sensor 101 to wirclessly provide data to information display device 103.
Transceiver 107 may be integrated into the display device 103 or may be a detachably
connectable device. In some arrangements, sensor 181 may include a wired connector or
connection in addition or alternatively to a wircless transmitter or transceiver as well as a storage
mediuom {c.g., flash memory} to temporarily or permancntly store data. In one cxample, sensor

101 may store measured data until a schedule transmission time or until receiving a request for
4
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the data (¢.g., from information display device 103}, Additionally or alternatively, sensor 101
may inchide other types of sensors including pressure-sensitive resistive switches, piczoclectric

transducers, contact switches, mercury switches and the like,

{60627} Information display device 103 may include a wireless receiver and/or transceiver fo
receive data from and/or transmit data to sensor 101, For example, information display device
103 may receive sensor measurements from sensor 1031 or transmit commands to sensor 101
{c.g., requesting data from sensor 101 upon manual user prompting). In onc or more
arrangements, information display device 103 may comprise a user-worn device such as a watch
or other wrist worn devices, armband, chest strap, eyvewear, hcadwear and the like. Information
display device 103 may further include a processor, memory and other input/output components
such as speakers, touchscreen input systems, microphones, haptic feedback devices, data ports,
and conncctors. The memory may store computer readable instructions that arc cxecutable by
the processor and device 103 to process sensor data from scnsor 101, For cxample, in one
arrangement, information display device 103 may calculate or otherwise determune pace,
distance and/or calories burned based on signals and data received from sensor 101, Algorithms,

methods and systems for making such determinations are discussed in further detail herein.

10028} In onc example method of operation, a user may start data recordation by pressing a
button or otherwisc inputting a command into information display device 103, In responsc,
display device 103 may then begin polling sensor 101 for information and recording the data in
storage. Display device 103 may further begin processing the data dynamically (e.g., in real-
time} so that the processed information such as pace or distance may be displayed for the user’s
information in real~time. A user may further stop recordation and/or processing by inputting a
corresponding command using display device 103, Recorded data may be autornatically stored
by the display device 103 for a predetermined amount of time or indefinitely depending on a
default setting or a user’s preferences. In some arrangements, data may also be transmitted
wirglessly through a computer network such as the Internet to one or more remote databases,
servers or other systems. For example, device 103 may transmit workout activity data to a

remote athletic performance tracking site on the Internet.

(¥
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8329} In onc or more configurations, data processing to generate performance metrics may
be performed by a device {not shown)} scparate from information display device 103, For
example, the processing may be performed by a separate processing device that interfaces with
both sensor 101 and display device 103 and, in onc particular example, acts as an intermediary
between sensor 101 and display device 103, Such a processing device may be used in instances
where display device 103 might not have appropriate communication capabilitics {c.g.,
hardware, software, firmware} to receive data directly from sensor 101, Accordingly, the
separate processing device may be configured to receive sensor data and comumunicate with
sensor 101 and provide the information to display device 103 in 8 compatible manner. The
processing  device may be directly and physically connected to display  device 103,
Alternatively, the processing device may communicate with display device 103 throogh a
wirgless connection. Similarly, processing device may be physically connected to sensor 101 or
wirelessly connected using near field communication protocols and technology, local arca
networks and/or wide arca networks, In some instances, the processing device may comprise 4
remote or local server that provides data processing over a wide area network or local arca

network.

{6038} According to one aspect, sensor 101 may be configured to conduct at least sorme
processing of the sensor data prior to transmithing the information to display device 103 or a
sgparate processing device.  For example, seonsor 101 may detect movement through changes in
measured voltage. To make the data more understandable or easier to process, sensor 181 may
pre-process the voltage information into a value adhering to a predefined seale {e.g., an unsigned
digital value between 0 10 255). Sensor 101 may further include storage systems such as FLASH
memory and/or hard disk memory for storing sensor data for a predefined amount of time. For
example, sensor data may be stored in sensor 101 for 10 days, until the memory is full, until a

user elects to clear the memory and the like.

{0831} FIG. 2 illustrates a computing device that 18 operable to process a variety of data and
perform a variety of functions. For example, computing device 201 may correspond to a sensor
such as sensor 101 of FIG. 1, a processing device or system and/or an information display device
such as device 103 of FIG. 1. In the block diagram of FIG. 2, computing system 201 may have a
processor 203 for performing mathematical computations and controlling overall operation of the

6
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computing system 201 and its associated components, random access memory (RAM) 205, read-
only memory (ROM) 207, input/output (VO) module 209, and memory 215, VO 209 may
include a microphone, mouse, biometric scanner or identifier, keypad, touch screen, scanner,
optical reader, and/or stylus {or other input device(s)} through which a user of computing device
201 may provide input, and may also include one or more of a speaker for providing audio
output and a video display device for providing textual, aundiovisual and/or graphical output.
Software {c.g., computer rcadable instructions) may be stored within memory 215 and/or other
storage to provide instructions to processor 203 for causing and enabling device 201 to perform
various functions. For cxample, memory 215 may store software used by the computing system
201, such as an operating system 217, application programs 219, and an associated database 211.
Alternatively, some or all of computing device 201 may be embodied in hardware or firmware
{not shown). In one or more arrangements, computing device 201 may include one or more
built-in sensors such as an accelerometer as described with respect to sensor 101 of FIG. 1, a

heart-rate sensor, pressure sensor and the hike.

18032} Computing device 201 may also operate as a mobile communication device or
termunal {¢.g., mobile phones, PDAs, notebooks, ete.) that includes various other components,
such as a battery, speaker, and antennas (not shown). Additionally or alternatively, computing
device 201 may be connected to one or more networks through modem 221 or local area network
(LAN) mnterface 213, In one or more examples, computing device 201 may have wired or
wirgless connections to one or more networks inchiding BLUETOOTH connections, cellular

communteation connections, satelitte cornmections and/or combinations thereof

10033} FI1G. 3 illustrates an example graph of data that may be output by a sensor such as
sensor 101 of FIG. 1. The graph 300 corresponds to 2 user’s running activity and represents a
data sampling rate {(¢.g., sampling voltages detected by the sensor) of 400 samples per second
with a raw signal scale of (-4, A user’s stride, cither in walking, jogging or running, may
include several known events such as a heelstrike (e.g., when a user’s heel strikes the ground)
followed by a toe-off {e.g., when a user’s toe leaves the ground}). In between the user’s
heelstrike and toe-off, the user’s foot is generally in contact with the ground. By determining the
foot ground contact time, a user’s pace or speed may be determined. However, determining
when a user’s heel strikes the ground and when the user’s toe lifts off the ground may be difficult

7
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solely based on the raw signal output. As illustrated, the sheer number of peaks and valleys in
graph 300 makes it difficuit to identify particular events (c.g., heelstrikes and toe-offs).
Algorithms for converting or processing the raw signal output into a more uscable form and
subsequently calculating an amount of foot contact time, a user’s pace and/or speed exist,
However, as discussed above, current algorithms and methods may vary significantly in accuracy
depending on the type of movement cxhibited by the user. For example, some algorithms may
result in inaccurate comtact times and thus, inaccurate specds and distances, during sprint
cxercises {versus slower running or walking),  Other algorithms may have difficulty in

processing walking excrcises to determine accurate paces, speeds and/or distances.

{0634] The present disclosure usces pre-processing of the raw signal using a rolling 3 point
standard deviation formula to identify more accurately the various stepping cvents (i.c., hecl
strikes and toc offs). For cxample, the following formula may be used to process the raw signal

output as shown in graph 300 of FIG. 3:

EIRRY In the above cquation, N is a constant and represents the number of samples being
used to determing the standard deviation while x represents the value of the raw signal output. In
the above cxample, 3 samples (i.c., N = 3} arc being analyzed for cach sample number or time 7.
The algorithm uses the immediately previous, current and immediately subsequent samples to
determine the standard deviation corresponding to the current sample.  In particular, the
algorithm sums the squared difference between cach of the three samples and the mean of the
three samples. The sum is then divided by the number of samples N, The standard deviation is
then calculated by taking the square root of the value resulting from the previous calculations, A

three-point standard deviation for cach sample may be calculated and subsequently graphed.

{0636] FIG. 4 is an cxample graph of standard deviation versus sample/time generated based
on the three-point standard deviation algorithm described above as applied to the raw signal data
of FIG. 3. By pre-processing the raw signal {e.g., before analyzing the signal for toc-off or

heelstrike events), the heelstrike (h.s.) and toe-off (t.0.) cvents may be more casily identified.

8
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For example, peaks such as peak 401 may be more pronounced or more significant in magnitude
relative to non-peak portions of the graph such as areas 403a and 403b. Accordingly, peaks that
correspond to a heclstrike or toc-off cvent may be more readily discernible from peaks not
corresponding to such cvents. In some arrangements, only those peaks that rcach a certain
magnitude {c.g., standard deviation) may be analyzed to determine if those peaks correspond to a
heelstrike or toc-off event. Those peaks that do not meet the threshold magnitude may be

filtered out or ignored during the analysis.

{0637} FI1G. 5 illustrates an cxample method for identifying heclstrike and toc-off cvents
bascd on an input signal such as a signal generated by an accelerometer or other foot-based
sensor. In step 500, a processing system may receive an input signal from a foot-based sensor.
For cxample, the signal may be similar to the signal shown in graph 300 of FIG. 3. The
processing systemn may be integrally formed with the foot-based sensor or include a physically
scparate device that is wirelessly connected or wired to the scnsor. In onc cxampie, the
processing system may be included as part of a wrist worn, chest worn, head worn, shoulder
worn ot other body worn device. In step 505, the processing systern may pre-process the signal
data to generate three point standard deviation values as described above with respect to FIGS, 3
and 4. In step 510, the processing system may subsequently determine the mean value of the
samples in the pre-processed data. The mean value may be calculated for all data in the sample
set or for a subset of less than all of the data (¢.g., only for a particular window in the data). For
example, the mean value may be determined for a set inchuding an immediately previous sample
vahie, the current sample vahie and an immediately subsequent sample vahse, a set including
every other sample value of the entire sample set and the like. Using the determined mean value,
the processing system may then determine peak thresholds and width locations in step 515,
Width tocations may specify the number of samples to shift when searching for a particular peak
{c.g., a tog~off peak or a heelstrike peak). The peak thresholds, on the other hand, may define a
minimum vahie that must be met for a sample to be considered a potential heelstrike or toc-off
cvent peak. An cxample process for determining the peak thresholds and width locations is

described in further detail below with respect to FIG. 6.

{6038} In step 520, the processing system may select a sample to evaluate for a peak event.
For example, upon nitiation of the processing, the selected sample may correspond to the first

9
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sample in the pre-processed data set.  Alternatively, if the processing has already begun, the
selected sample may be the next sample in the data set. In step 5285, the processing system may
determine if the valuc of the sample is greater than or cqual to the heelstrike threshold as
determined in step 515, If so, the processing system may scarch for a maximum value of the
heelstrike cvent within a primary peak sample window in step 530. For cxample, the processing
system may wdentify the sample having the greatest valuc within a primary peak sample window
of 40-60 samples of the current sample. The primary peak window may be defined as beginning
with the current sample and cxtending forward for a predefined amount of time or number of
samples. Once the maximum value s found, the corresponding sample may be identificd and
tagged as a first heelstrike event or peak in step 535, If, however, the value of the current sample
is less than the heelstrike threshold, the processing systermm may advance one or more samples in
step 540 and return to step 525, To one exarople, the processing system may shift a single sample
if the current sample value 1s less than the heelstrike threshold.  Tn other examples, the

processing system may shift multiple samples (e.g., 2, 5, 10, 100, ctc.).

{8039} Onee the heelstrike event has been found within the primary peak sample window,
the processing system may search for a sarple having the greatest value within a secondary peak
sample window in step 545, The size of the secondary peak sample window may be differcnt
from or the same as the size of the primary peak sample window and may be calculated
according to the algorithms and processes described herein, In one example, the sccondary peak
sample window may range from S0-220 samples away from the current sample.  Accordingly,
the processing system may identify the sample having the greatest value within the 50-22

sample window. In step 550, the processing system may determine whether the greatest value
identified in the sccondary peak sample window is greater than a secondary threshold. The
secondary threshold, in one example, may correspond to a threshold for identifying a toe-off
event {¢.g., a tog-off threshold). I not, the processing system may shift a mumber of samples
forward in step 555 and return to step 525 using the new current sample. The number of samples
that the processing system shifts forward may, in one or more arrangements, correspond to the
primary peak window size (c.g., 40-60 samples}. In other examples, the shift size may
correspond to the sccondary peak window size {e.g., 50-220 samples) or other sizes {e.g., 10
samples, 1 sample, 25 samples, 500 samples, etc.}. 1f, on the other hand, the greatest value

identificd in the secondary peak sample window is greater than the sccondary threshold, the
10
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processing system may identify and tag the corresponding sample as a tog-off cvent and peak in
step 560. Additionally, the processing system may then scarch for a subsequent sample having a
valuc greater than the primary threshold within a scarch window of samples away from the toc-
off cvent sample in step 565, The search window may, in one cxample, be 60-300 saraples from
the toc-off event sample. If such a value is not found within the scarch window as determined in

step 570, the processing system may shift forward a number of saraples in step 575 (c.g., 40-60

(941

7

¥4

samples) and return to step 525, Further, the number of samples shified in steps 555 and

may be the same in one or more configurations.

10040} If, however, a value greater than the primary threshold s found within the scarch
window, the processing system may subsequently identify the local mexima within a local
maxima window in step 580. For example, the processing system may compare the values of
cach sample within the local maxima window of samples to identify the maximum value. The
sample corresponding to the maximum value within the local maxima window may then be
identified or tagged as a second heelstrike event in step 585, The processing system may thos
have identified and tagged a furst heelstrike sample/event, a toe-off sample/event and a second
heelstrike sample/event wdentified and tagged upon reaching step 585, To verify and increase the
accuracy of the heelstrike and toe-off event identification, the processing system may determine
whether the difference between the second heelstrike value and the toe-oft value s greater than
the difference between the tog-off value and the first heelstrike value n step 590, If not, the
processing system may shift forward a number of samples from the second heelstrike sample in
step 593, The number of samples that the processing system shifts forward may be within the
range defined by the size of the primary peak window, for example, or may correspond to

another size.

{8041} If, on the other hand, the processing system determines that the difference between
the second heelstrike value and the toc-off value is greater than the difference between the toe-
off value and the first heelstrike value, the processing system may identify and store the three
vahies and samples as a valid triplet of heelstrike, toe-off and heelstrike events in step 595, In
one example, the processing system may store the sample numbers and valnes in a list of triplet
samples and values. Once the sample values have been stored, the processing system may shift
forward a number of samples and countinue to tdentify heelstrike and toe-off events (e.g., by

i1
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returning to step 525} In one example, the number of samples that the processing system shifts
after identifying a valid heelstrike, toe-off, heelstrike triplet may range from 58-220 samples. In
some arrangements, the number of samples shifted upon identifying a valid triplet may be
different from the number of samples shifted in response to determining that a heelstrike or toe-

off threshold has not been met {e.g., in steps 540, 555 and 575).

16642} FIG. 6 illustrates a method by which the heelstrike and tog-off thresholds, sample
window sizes and shift amounts may be determined. In step 600, a system may determine a
saraple rate corresponding to a scnsor signal. The sensor signal may, for example, correspond to
data output by an accclerometer or a pre-processed signal using the standard deviation algorithm
described above. In step 6035, the system may further calculate a mean value of the samples in
the signal. For example, the mean value may be determined in a similar manner as desceribed in
step 510 of FIG. 5. In step 610, the system may determine the primary peak window size based
on a ratio between a default sample rate {e.g., 400 Hz, 200 Hz, 300 Hz, 50 Hz, 1000 Hz) and an
actual sample rate. In one example, the primary peak window size may be calculated according

to the following formula:

primary peak window size = round(z * Dctaunlt Rate/Actual Rate)

[6043] where 7 corresponds to a constant {c.g., 40} and the round function is used to round
the resulting valuc to the nearcst integer. In step 615, the system may further determine a
heelstrike and toc-off value threshold based on the mean value. In one cxample, the heclstrike

value threshold is determined as follows:

celstrike threshold = mean value + 0.05

{6044} while the toc-off value threshold may be determined using the formula:

toe-off threshold = 1.1 * mean value - 0225

[B045] In step 620, the system may determine the number of samples to shift for searching
for a tog-off cvent or sample {¢.2., as described in step 535 of FIG. 5) based on the ratio of the
actual sample rate to the default sample rate as well as the mean value. The shift amount may

also be used when a potential heelstrike sample value does not meet a corresponding threshold
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{(c.g., stops 525 and 575 of FIG. 5) and/or after verifying and storing a triplet {e.g., step 593 of

FIG. 5). For example, the following formula may be used to calculate the shift amount:

shift amount = round{round{-40 * mean vahlic + 70} * (default rate/actual rate)}

{0846] Finally, in step 625, the system may determine the width of the window for searching
for a toe-off event {e.g., as described in step 340 of FIG. 5). Accordingly, a processing system
may scarch for the toc-off event in a window that begins at a sample that is the determined shift
amount away from the current sample, where the window has a size cqual to the determined
window width. For cxample, the following formula may be used to determine the window

width:

window width = round(round(-140*mean valuc + 195} * {(default rate/actual rate))

18347} The above process of dynamically determining the various peak thresholds, shift
amounts and window widths may be performed on-the-fly as data is received from or generated
by a sensor. For example, the mean value may be contimiously determined and the thresholds,
shift amounts and window widths updated. In some examples, the process of FIG. 6 may be
performed on a periodic or aperiodic schedule such as every 30 seconds, every 10 seconds, cvery
mimites, every 30 minutes, upon prompting by the user, upon detection of a shift in speed,

contact time or pace and the like and/or combinations thereof.

{6048} Once the toe-off and heelstrike event peaks have been identified from sensor output
signals, a processing system may then determine the contact time and pace of the user as
illustrated in FIG. 7. In step 700, for example, a processing system may calculate the contact
time {T¢) for cach triplet {c.g., set of heclstrike, toc-off and heelstrike cvents) by determining the
difference in time between the toc-off event and the first heelstrike event for each triplet, which
generally corresponds to the amount of time a user’s foot is in contact with the ground. In step
705, the processing system may further caleulate the step time (1) for cach triplet. The step time
corresponds to the amount of time it takes for a user to take one step (e.g., from heelstrike to
subscquent heclstrike cvent of cach triplet). Accordingly, the step time may be determined by
measuring the difference in time between the two heelstrike cvents. In step 710, the processing
system may determine and/or sclect a formula or algorithm that correlates contact time and step
time to pace and distance. For example, a lincar equation may be developed that specifics a
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relationship between contact time and pace and/or a correlation of contact time and step time
with distance. In one or more arrangements, the formulas or cquations may be generated

erapirically (e.g., through sample studies and data).

{6049} In step 7135, the processing system may perform a filtering operation that removes
triplets ¢xhibiting a contact time that is more than a predefined number of standard deviations
away from a mean contact time value. A triplet’s corresponding contact time may also be
filtered out from the sct of calculated contact times, The processing system may filter the data in
order to remove potentially inaccurate data that would otherwise skew the processing system’s
determination of a pace, speed, distance and other metrics. Accordingly, if a contact time falls
outside of a particular number of standard deviations {e.g., 1, 2, 5, etc.), the corresponding triplet
may be removed from the data sct. A pace, contact time, speed and the like for the time period
corresponding to the removed triplet may be determined by interpolating between accepted or
non-removed triplets.  Additionally, the processing system may check to insure that the athlete
did not simply stop. In one example the processing systern may determine whether any
acceleration was detected during that time.  For example, if there was acceleration, then the
processing systern may deternune that the user did not stop. It there was no acceleration, then
the processing systern may deternune that the user stopped. The mean contact tiroe value may be
deterrained over a specified number of steps or contact times rather than the entire set of contact
times that is available. For example, the mean may be calculated based on the last 5-10 steps.
Similarty, the standard deviations may be caleulated based on the same range of steps or contact

times.

10050} FIG. 8 illustrates an example graph of contact time versus siep or iriplet number. As
indicated in the graph, the mean is intially determined for the last N number of steps of triplets.
Subsequently, corresponding thresholds for a number of standard deviations {(e.g., 1) may be
determined and contact times and corresponding friplets may be filtered out of the data based on

the relevant standard deviations.

{8051} Referring again to FIG. 7, once filtering has been completed, the processing system

may subsequently calenlate or otherwise determing pace using the remaining contact time data in
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step 728, Pace may be calculated based on a predefined lincar relationship with contact time.

For cxample, the relationship may be governed by the equation:

Pace=M* T, + B

{8052} where M and B are constants defining the slope and Y-mtercept of the lincar
relationship. M and B may be determined empirically, in one example, through sample data. M
and B may further be adpusted based on calibrations performed by the user. Different types of
pace may also be calculated. For example, an instantancous pace may be determined based on a
single contact time, while an average pace over a predefined amount of time or steps may be
determined based on the contact times resulting from the predefined amount of time or steps.
Thus, in one example, the processing system may calculate an average contact time over the last
mimite to determine a person’s average pace over that time period.  Additionally, from pace,
distance may be calculated in step 725. For example, pace may be muitiplicd by the amount of

time to determine a total distance that the user ran or walked or otherwise moved.

188531 Agccording to one or more aspects, the relationship between pace and contact time
may be non-lincar. Accordingly, in such cases, a non-lincar cquation may be derived to describe
the relationship. For cxample, a quadratic relationship may be defined and used to interpret pace

from contact time.

{8054} In addition or as an alternative to determining contact time using triplet detection as
described herein, contact time may also be determined based on frequency and cmpirical
analyscs. In particular, a signal received from a sensor such as an acceicrometer may be
processed using a Fast Fourier Transform (FFT) to determine the frequency range ropresented

within the signal and the strength of those frequencics.

{B055] FIG. 9 illustrates an example computer algorithm that may be used to perform an FFT
process on a reccived signal. This cxample algorithm was retricved from DFT/FFT {(written by
Paul Bourke, http://panlbourke net/miscellancous/dft. As noted, the algorithm nitially calculates
a number of sample points based on value m as shown in section 901 of algorithm 200. The
value “m’ corresponds to the logs of the number of samples while x and y represent the real and
imaginary arrays of the sample points, respectively. Once the number of data points has been

determined, a bit reversal process is performed for cach data point as shown in section 303, For
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example, a value of 1 may be represented by the 4-bit binary expression “0001.” Upon bit
reversal, the value of that data point {originally 0001} may be converted into “10007
{representing a value of 8). After performing the bit reversal for cach of the sample points in the
x and v arrays, the algorithm computes the FFT using, for example, the formulas and processes

illustrated in section 905,

an

{6056} FIG. 10A tllustrates an example sensor signal produced from a sprinting session. In
ong arrangemcent, the sensor signal may correspond to a sampling rate of 75 Hz. From the
complete sensor signal, a sample window 1001 may be extracted as shown in FIG. 10B. Ducto
the number of peaks and samples, even the extracted sample window may be difficult to interpret
in detcrmining a contact time. Accordingly, an FFT may be performed on the sample window.

The FFT used may include the algorithm discussed above with respect to FIG. 9.

{0057} FIG. 11 iHustrates an FFT v, Frequency graph 1100 that may be produced based on
the FFT of the sample window of data. From this graph 1100, a frequency corresponding to the
contact time may be determined. In one example, the frequency may be determined empirically
bascd on multiple signal samples. In a particular example, a contact time for a sample signal
output may be determined by viewing and timing video of the run corresponding to the sample
signal output. Upon determining the contact timge, a user may then manually identify a frequency
corresponding to the determined contact tirne. Frequency may inclade the frequency of waves to
which the acceleration data 18 matched. For exarople, the act of a runner’s foot contacting the
ground and then pushing off and going into the air and back down to the ground may generate
accelerations that can he fit with a suitable fitting function {c.g., sine and cosine waves). The
frequency of these waves may directly correspond to the characteristic times the athlete’s foot

was active or performing some activity,

[00538] The above described process may be repeated to determine if a pattern or rule may be
established to identify the appropriate frequency from an FFT graph such as graph 1100, For
instance, the sample studies may indicate that the third lowest frequency peak generally
corresponds to the contact time. Accordingly, a processing system may automatically identify the
third lowest frequency peak in FFT v, Frequency graph 1100 as the frequency corresponding the

contact time.
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{8059} FIGS. 12A-12C arc example graphs illustrating the FFT processing of a sensor output
signal to determine a frequency peak corresponding to contact time. In particular, graphs 1201-
1205 may correspond to a scnsor output signal, a corresponding sample window and a
corresponding FFT frequency graph, respectively, for a medium paced run {c.g., a run below a
specified pace or speed threshold) versus the sensor output signal corrcsponding to a sprint

ilhustrated in FIGS. 10A, 0B and 11,

{0060} According to vet another arrangement, an athlete’s speed may be determined or
calculated bascd on a moving average of the sensor output signal. The detcrmination may be
bascd on a correlation or relationship between speed or pace and the value of the sensor output

signal. The sensor output signal may represent an amount of effort st forth by the athlete,

18061} FIGS. 13A-13C are graphs illustrating a difference in amount of sensor output data
generated when an athlete 1s running or walking at different paces or speeds. For cxample, FiG.
13A iHustrates graph 1301 in which an athleie is moving at a first pace or speed that may be
considered a slow jog {c.g., 5 mph or 6 mph}). Visually, graph 1301 illustrates a significant
amount of non-signal space (e.g., ropresented by the white space in contrast to the dark lines
representing the signal outputy. In FIG. 138, graph 1303 shows the signal output of an athlete
moving at a sccond, faster pace relative to the first pace. In one cxample, the sensor output
signal of graph 1303 may correspond to a fast jog {c.g., & mph, 10 mph, 11 mph). Duc to the
greater speed or pace of the athlete, more data 1s generated based on the athlete’s movement.
Accordingly, graph 1303 exhibits less non-signal space {e.g., less white space as compared to the
arnount of white or non-signal space of graph 1301 of FIG. 13A). FIG. 13C shows graph 1303
ihustrating signal output data for an even {aster pace. This {aster pace may correspond to a sprint
in one example and may thus result in an cven greater amount of sensor output.  As such, the
pace may be determined by generating a lincar correlation between the amount or magnitade of
output data received from an athletic sensor {e.g., an accelerometer} and pace. For example, a
higher average sensor ouiput value over a sample window may represent a higher level of

activity and thus, a faster pace or speed.

{8062} In some arrangements, a processing svstem may preliminarily process the sensor

output data to generate mean-centered sensor data.  For example, a2 mean value may be

[—
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calculated for a given sample period in the sensor output and subsequently subtracted from cach
of the data points in the sample period. FIGS. 14A-14C arc graphs illustrating mean-centered
sensor data corresponding to the sensor output graphs of FIGS. 13A-13C, respectively. Mean
centering allows a signal to fluctuate from negative to positive values. Using the absolute value
of these values allows for the calculation of the overall mean acecleration an athlete is producing.
For cxample, the absolute valuc may reficct how much effort or acceleration someonc is
producing. If the mean of a non-mean centered signal is taken, the result may be the bascline
acceleration value which will geonerally be the same for all different running speeds.
Accordingly, by using mean centering, fake low frequency content may be removed or
climinated and an athlete’s level of effort may be more accurately determined. In one
arrangement, the mean for a specified sample window may be deterroined based on the following

formula:

{0063} where #y and ¢ represent the upper and lower sample bounds of the sample window,
respectively, £ represents an amount of time represented by one data sample {or a time span from
the last sample) and f¢) represents the sensor output valoe corresponding to the particular
samiple. For cxample, if the sample rate 18 100 Hz, /& would represent 0.01 seconds. Tn another

example, it the sample rate 158 400 Hz, 7 would represent 8.0025 seconds.

10064] Using cither the oniginal sensor ouiput or the mean-centered sensor output (or both), a
linear relationship between effort and pace may be applied to determine cither instantancous or
average pace for a particular point in time or time period.  As described hercin, the lincar
relationship may be empirically predefined based on sample sensor output. In one or more
arrangements, different linecar relationships may be defined for different speeds or paces of
movement. For example, a first lincar relationship or equation may be used for walking, A
processing system may determine that sensor output or a portion thereof represents walking
based on threshold values or average values of the sensor output.  Thus, different lincar

equations or relationships may be selected for different levels of running or movement.
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{8065} FIG. 15 is a graph illustrating sample sensor values and their relationship to known
speeds for running activitics {¢.g., movement speeds at or above 6 mph). Based on the sample
data, the lincar relationship may be generated (e.g., v = 13.80185x + 1.56641}). This lincar
relationship may then be used by the processing system to determine speed valucs on-the-fly as

scnsor output 18 received during a user’s athletic activity.

{8066} FIG. 16 is a graph illustrating sample sensor values and their relationship to known
speeds of walking activities {c.g., movement speeds below 6 mph). The lincar relationship
between speed and sensor output for walking activities 15 determined in this example to be v =
12.001x + 0.4363. Accordingly, if a user’s movement corresponds to walking, this lincar
relationship may be used instead of the onc defined using the data of FIG. 15, In some
arrangements, pace and sensor output valucs may be related in a non-lincar manner. As such,

OnC 0T MOre non-lingar equations {¢.g., quadratic} may be defined and uscd instead.

[0067) The various methods and algorithms described hercin may be used together or
separately. In onc cxample, the pace and speed of a user may be determined using the triplet
methodology, the FFT algorithm as well as the cffort algorithm. The user’s speed or pace may
be determined by averaging the paces and specds determined from the various algorithms,
respectively,  Alternatively, a first algorithm may be used to detormine a pace or speed and a
second algorithm may be applicd to confirm the determination. For example, a determined pace
or speed may be confirmed s0 long as the second algorithm generates a value that 1s sufficiently
similar. Sufficient similarity may correspond to a percentage threshold such as with 10%, 20%,
5%, cte. of the initially calculated value or a predefined amount (c.g.. 0.5 mph, 8.2 mph, 0.3

mph, cic.)

{08068} While the specific embodiments have been illustrated and described, numerous
modifications come to mind without significantly departing from the spirit of the mvention and

the scope of protection is only limited by the scope of the accompanying Claims,
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CLAIMS

What is claimed is:
i. A method comprising:

determining a signal generated by a sensor during athletic activity performed by a user,
wherein the signal comprises a phurality of samples;

processing the signal based on a moving standard deviation;

identifying a sequence of three samples in the processed signal that corresponds to a
physical foot-step taken by the uscr, wherein the scquence of three samples includes an initial
sample, a middle sample and a last sample; and

determining a pace of the user based on an clapsed time between at least two of the

initial, middle and last samples.

2. The method of claim 1, further comprising:

determining a first difference between a value of the last sample and a value of the initial
sample;

determining a second difference between a value of the nuddle sample and the value of
the irutial sarople;

determining whether the first difference is greater than the second difference; and
in response to determining that the first difference is greater than the second difference, adding

the sequence of three saroples to a list.

=

The method of claim 2, further comprising:
adding a plurality of three sample sequences 1o the list; and
determining a plurality of contact times of the user based on the plurality of three sample

sequences in the list,
4, The method of claim 3, further comprising:

determining a mean contact time of the plurality of contact times;

determining a standard deviation between the plurality of contact times; and
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filtering out one or more contact times of the plurality of paces that exceed a threshold

number of standard deviations from the mean contact time.

5. The method of claim 1, wherein determining the pacc of the user based on an clapsed
time between at least two of the indtial, middic and last sampies inclades:

determining a contact fime by determining a differcnce between the middle sample and
the initial sample; and

applying a predefined lincar relationship to the contact time to calculate the pace of the

6. The method of claim 5, further comprising selecting the predefined Hinear relationship
from a plurality of hinear relationships, wherein each of the plurality of hnear relationships

corresponds to a different type of athletic activity.

7. The method of claim 1, wherein wdentifying the sequence of three samples in the
processed signal that corresponds to a physical foot-siep taken by the user inclades:
selecting a first sample from the plurality of samples;
determining whether a value of the first sarnple meets a first threshold sample value;
in response to determining that the value of the first sample does not meet the first
threshold sample valne, selecting a subsequent sample in the plurality of samples; and
in response to determining that the value of the first sample meets the first threshold
sample valie:
determining a maximum sample value in a first sample window of a predetined
size, wherein a lower bound of the first sample window corresponds to the first sample, and
identifving a sample corresponding to the maximum sample value as the initial

sample.
8. The method of claim 7, wherein in response to determining that the value of the first

sarple mects the threshold sample value, the method further comprises:

determining a maximum sarnple value in a second sample window; and
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determining whether the maximum sample value of the second sampic window mects a
second threshold sample value; and

in response to determining that the maximum samplic value of the scecond sample window
meets the second threshold sample value, identifying a sample corresponding to the maximum

sample value of the second sample window as the middle sample.

9. An apparatus comprising:
at least onc processor; and
memory operatively coupled to the at least one processor and storing computer readable
instructions that, when executed, cause the apparatus to:
determine a signal generated by a sensor during athletic activity perforroed by a
user, wherein the signal comprises a plurality of samples;
process the sigoal based on a moving standard deviation;
identify a sequence of three samples n the processed signal that corresponds to a
physical foot-step taken by the user, wherein the sequence of three samples includes an initial
sarple, a middle sample and a last sample; and
determine a pace of the user based on an elapsed time between at least two of the

initial, middle and last samples.

1. The apparatus of claim 9, wherein the apparatus includes a sensor.

1. The apparatus of claim 9, wherein the apparatus further includes an interface configured

to connect to a separate display device.

i2. The apparatus of claim 9, wherein the computer readable instructions, when executed,
further cause the apparatus to:

determine a first difference between a value of the last sample and a value of the initial
sample;

determine a sccond difference between a value of the middle sample and the value of the
initial sample;

determine whether the first difference is greater than the second difference; and
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in response to determining that the first difference is greater than the second difference, adding

the sequence of three samples to a list.

13.  The apparatus of claim 12, wherein the computer readable instructions, when cxecuted,
further cause the apparatus to:

add a plurality of three sample scquences to the list; and

determine a plurality of contact times of the user based on the plurality of three sample

sequences in the list,

4. The apparatus of clairo 13, wherein the computer readable instractions, when executed,
further cause the apparatos to:

determine a mean contact time of the plarality of contact times;

determine a standard deviation between the plorality of contact times; and

filter out one or more contact times of the plurality of contact times that exceed a

threshold number of standard deviations from the mean contact time,

5. One or more non-transitory computer readable media storing computer readable
instructions that, when executed, catise an apparatus to:

determine a signal generated by a sensor during athletic activity performed by a user,
wherein the signal comprises a phorality of samples;

process the signal based on a moving standard deviation,

identity a sequence of three samiples in the processed signal that corresponds to a physical
foot-step taken by the user, wherein the sequence of three samples includes an initial sample, a
middle sample and a last sample; and

determine a pace of the user based on an elapsed time between at least two of the initial,

middle and last samples.

16. The one or more computer readable media of claim 15, wherein determining the pace of
the user bascd on an elapsed time between at least two of the initial, middle and last samples

includes:
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determining a contact time by determining a difference between the middle sample and
the initial sample; and

applying a predefined lincar relationship to the contact time to calculate the pace of the

i7. The one or more computer readable media of claim 16, further comprising computer
readable instructions that, when executed, cause the apparatus fo sclect the predefined lincar
relationship from a plurality of lincar rclationships, wherein cach of the plurality of lincar

relationships corresponds to a different type of athletic activity.

1R, The one or more computer readable media of claim 15, wherein identifving the sequence
of three samples in the processed signal that corresponds a physical foot-step taken by the user
includes:
selecting a first sample from the plurality of samples;
determining whether a value of the first sample meets a first threshold sample value;
in response to determuning that the value of the first sample doecs not meet the first
threshold sample value, selecting a subsequent sample in the phurality of samples; and
in response to determining that the value of the first sample meets the first threshold
sample vahge:
determining a maximum sample value in a first sample window of a predefined
size, wherein a lower bound of the first sample window corresponds to the first sample, and
identifying a sample corresponding to the maximum sample value as the initial

sample.

9. The one or more computer readable media of claim 15, further comprising computer
readable instructions that, when executed, cause the apparatus to:

determine a first difference between a value of the last sample and a value of the initial
sample;

determine a sccond difference between a value of the middle sample and the value of the
initial sample;

determine whether the first difference is greater than the second difference; and
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in response to determining that the first difference is greater than the second difference,

add the sequence of three samples to a st

20. The one or more computer readable media of claim 19, further comprising computer
readable instructions that, when executed, causc the apparatus to:

add a plurality of three sample scquences to the list; and

determine a plurality of contact times of the user based on the plurality of three sample

sequences in the list,

]
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This computes an in-place complex-to-complex FFT
xand y are the real and imaginary arrays of 2*m points.
dir = 1 gives forward transform

[* Compute the FFT ¥/ )
¢1=-1.0;

dir = -1 gives reverse transform 2=0.0;
bl 2=1;
short FFT (short int dir, long m,double *x,double *y) for (1=0;1<m;1++) {
{ 11=12;
longn, i,il, j, ki2, 1, 11,12; 2 <<-1;
double ¢1, 2, tx, ty, t1,12, u1, u2, z; ut=1.0;
u2=0.0;
I* Calculate the number of points * for = 0J< 1+
n=1: for (i=fi<n;i+=12){ 905
0 for (i=0;i<m;j++) i1 =i +11; >
n*=2 th=ut *x[i1]-u2 *y[i1];

t2=ut *yi]+u2* xi1];

/; Do the t1)it reversal *f x[i]] =] g ;
=NnN>>1 = -1/
L iyl
for (i-0;i<n-1;i++) { Vi +=12;
ifg:j)[{'] ut*ct-u2*c2
= X| ’ = - ’
t3h= y[i][i;] u$=u1 fe2+u2*ct;
903 < X[ = X ut=z
yH %/xm }02=sqrt(1.0 -c1)12.0); y.
vil=ty;
b
k=i2;
while (k <= ) {
=k
k>>=1;
}
J+=K;
}
(.
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