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activity and computing metrics related to the performance

(2006.01) data. The method also includes determining that the metrics
(2006.01) exceed a predetermined threshold, generating an alert, and
(2006.01) communicating the alert to the user.

. 410

Acquire heart rate signal

\ 4

112
Y -

Acquire speed signal

414
Y -

Compute slope information for terrain

416
Y /—

Compute heart rate to speed ratio

No

Ratio > Threshold?

420
/—

Generate alert




Patent Application Publication  Aug. 10,2017 Sheet 1 of 10 US 2017/0228996 A1

104 111

150




Patent Application Publication  Aug. 10,2017 Sheet 2 of 10 US 2017/0228996 A1

223
222 ’
¢ ¢
300>
1
\ 224

FIG. 3



Patent Application Publication  Aug. 10,2017 Sheet 3 of 10 US 2017/0228996 A1

410
/-

—> Acquire heart rate signal

l /—412

Acquire speed signal

l /-414

Compute slope information for terrain

l /-416

Compute heart rate to speed ratio

No

Ratio > Threshold?

/- 420

Generate alert

FIG. 4



Patent Application Publication  Aug. 10,2017 Sheet 4 of 10 US 2017/0228996 A1

510
/‘

— Acquire speed signal

l /-512

Compute slope information for terrain

l /- 514

Acquire step cycle time and optional contact time

l /-516

Compute step cycle time ratio and variability in ratio

No

Variability of Ratio >
Threshold?

/- 520

Generate alert

FIG. 5



Patent Application Publication  Aug. 10,2017 Sheet 5 of 10 US 2017/0228996 A1

Heart Beat

Time

FIG. 6



Patent Application Publication  Aug. 10,2017 Sheet 6 of 10 US 2017/0228996 A1

710
/—

Acquire heart rate signal

l /— 712

Calculate heart rate periods t,, th+1, th+ ... and
statistical measures

l /- 714

Calculate variation in statistical measures of heart
rate

/- 716

Variation in statistical

No

measures
> Threshold?

718
/-

Generate alert

FIG. 7



US 2017/0228996 A1

Aug. 10,2017 Sheet 7 of 10

Patent Application Publication

8 'Old

MO[-|OA -

ybiy-|on

(ydw)
paadg

(wda)
a)ey
yesH




Patent Application Publication  Aug. 10,2017 Sheet 8 of 10 US 2017/0228996 A1

910
/-

Measure heart rate at end of intensive period during

interval training
l /- 912
Measure heart rate at end of adjacent rest period
No Decrease in heart <

threshold?

916
/-

Provide warning to runner

FIG. 9



Patent Application Publication  Aug. 10,2017 Sheet 9 of 10 US 2017/0228996 A1

1010
/—

Measure heart rate at end of interval training routine
(Le., first time)

l /—1012

Measure heart rate at second time after first time

l /-1014

Measure heart rate at third time after second time

/ 1020

Stop/ Yes

Message

Are differences in measured
heart rates <thresholds?

/-1018

Provide warning to runner

FIG. 10



Patent Application Publication  Aug. 10,2017 Sheet 10 of 10  US 2017/0228996 A1

A
c
3]
=
®
—
o
)
Q
3]
©
o]
®
o)
_C
S .
< flight
q) I
> ]

’ step cycle

time

FIG. 11



US 2017/0228996 A1l

METHOD AND SYSTEM FOR DETECTING
FATIGUE IN AN ATHLETE

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] The following regular U.S. patent applications (in-
cluding this one) are being filed concurrently, and the entire
disclosure of the other application is incorporated by refer-
ence into this application for all purposes:
[0002] Application Ser. No. , filed Feb. 5, 2016,
entitled “METHOD AND SYSTEM FOR CALIBRAT-
ING A PEDOMETER” (Attorney Docket No. 086947-
0961302(133000US);
[0003] Application Ser. No. , filed Feb. 5, 2016,
entitled “METHOD AND SYSTEM FOR CALIBRAT-
ING A PEDOMETER” (Attorney Docket No. 086947-
0966243(133010US);
[0004] Application Ser. No. , filed Feb. 5, 2016,
entitled “METHOD AND SYSTEM FOR CALIBRAT-
ING A PEDOMETER” (Attorney Docket No. 086947-
0966244(133020US);
[0005] Application Ser. No. , filed Feb. 5, 2016,
entitled “METHOD AND SYSTEM FOR CALIBRAT-
ING A PEDOMETER” (Attorney Docket No. 086947-
0966245(133030US);
[0006] Application Ser. No. , filed Feb. 5, 2016,
entitled “METHOD AND SYSTEM FOR CALIBRAT-
ING A PEDOMETER?” (Attorney Docket No. 086947-
0966246(133040US); and
[0007] Application Ser. No. , filed Feb. 5, 2016,
entitled “METHOD AND SYSTEM FOR DETECT-
ING FATIGUE IN AN ATHLETE” (Attorney Docket
No. 086947-0961301(133100US)).

BACKGROUND OF THE INVENTION

[0008] Sport activities such as jogging, biking, and the like
are often performed in conjunction with a device that
displays sport-related data, for example, heart pulse, speed,
pace, calories burmed, and the like. Such sport-related data
can be displayed to the person participating in the sport
activities using sports equipment.

[0009] Despite the progress made in the area of sports
equipment, there is a need in the art for improved methods
and systems related to sports equipment. In particular, there
is a need in the art for methods and systems that provide for
detection of the fatigue level of an athlete and an early
indication of an increase in the fatigue level of the athlete.

SUMMARY OF THE INVENTION

[0010] The present invention relates generally to elec-
tronic devices. More particularly, embodiments of the pres-
ent invention provide methods and systems for detecting an
athlete’s movements, in particular a method for detecting a
runner’s fatigue level. Using embodiments of the present
invention, for example, implemented using a head-mounted
display (e.g., sport glasses), the athlete is provided with
early detection warnings related to an increase in the fatigue
level so that the athlete can modify their activity to slow
down, stop running, or modify the running technique,
thereby improving their performance and training efficiency
as well as safeguarding them from injuries.

[0011] The inventors have determined that many amateur
athletes, whether they are beginners or more experienced, do
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not always know with enough precision the most energeti-
cally efficient movements that should be performed when
running or how to improve their performance in the most
advantageous manner. In particular, they cannot always
promptly recognize when they are running under conditions
that may be dangerous for their body, thus being at risk of
experiencing physical strain, physiological distress, or
exhaustion. Moreover, runners often fail to manage their
physical resources properly during sustained effort. If a
runner exercises too vigorously, the energy source switches
from lipids to glucose stored in the muscles, which are of
limited quantity and are consumed very quickly. Once lipids
and glucose run out, the athlete “crashes” under exhaustion.

[0012] Runners are often not able to identify the early
signs of an increasing level of fatigue, and, therefore, they
can put their body at risk and fail to properly ration their
energy during an activity and successfully complete their
exercise routine. Therefore, embodiments of the present
invention address these issues using, in one embodiment, a
head-mounted pedometer. The present invention is not lim-
ited to head-mounted pedometers, but is also applicable in a
variety of activity monitoring applications.

[0013] According to an embodiment of the present inven-
tion, a method of detecting fatigue of a user during an
activity is provided. The method includes acquiring perfor-
mance data for the user during the activity and computing
metrics related to the performance data. The method also
includes determining that the metrics exceed a predeter-
mined threshold, generating an alert, and communicating the
alert to the user.

[0014] According to another embodiment of the present
invention, a method of alerting a user of fatigue during
exercise is provided. The method includes a) acquiring a
heart rate signal for the user during the exercise, b) acquiring
a speed signal for the user during the exercise, and c)
determining a slope of terrain in a vicinity of the user. The
method also includes d) computing a heart rate to speed ratio
for the user during the exercise, e) comparing the heart rate
to speed ratio to a predetermined threshold, and f) iterating
elements a) through e) until the heart rate to speed ratio is
greater than the predetermined threshold. The method fur-
ther includes g) generating an alert to the user based, at least
in part, on the heart rate to speed ratio being greater than the
predetermined threshold. The heart rate to speed ratio for the
user can be associated with the slope of terrain in the vicinity
of the user. For example, the predetermined threshold can be
a function of the slope of the terrain in the vicinity of the
user.

[0015] According to yet another embodiment of the pres-
ent invention, a method of alerting a user of fatigue during
exercise is provided. The method includes a) acquiring a
speed signal for the user during the exercise, b) determining
a slope of terrain in a vicinity of the user, and ¢) acquiring
contact time and step cycle time using an accelerometer. The
method also includes d) computing a step cycle time and a
variability of the step cycle time, ) comparing the variabil-
ity of the step cycle time to a predetermined threshold, and
f) generating an alert to the user if the variability of the step
cycle time is greater than the predetermined threshold. The
method further includes g) iterating elements a) through f)
until the variability of the step cycle time is greater than the
predetermined threshold. The accelerometer can be a com-
ponent of an inertial motion unit included in a wearable
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electronic device. As examples, the inertial motion unit can
include a barometer and/or a gyroscope.

[0016] According to a specific embodiment of the present
invention, a method of alerting a user to fatigue during
exercise is provided. The method includes a) acquiring a
heart rate signal during the exercise, b) computing a plurality
of heart rate periods and statistical measures for the plurality
of heart rate periods, and ¢) computing a variation of the
statistical measures for the plurality of heart rate periods.
The method also includes d) comparing the variation of the
statistical measures to a predetermined threshold and e)
iterating elements a) through d) until the variation of the
statistical measures is greater than the predetermined thresh-
old. The method further includes f) generating an alert to the
user once the variation of the statistical measures is greater
than the predetermined threshold.

[0017] According to another specific embodiment of the
present invention, a method of alerting a user to instanta-
neous fatigue during interval training is provided. The
method includes a) acquiring a first heart rate signal after a
high intensity period of the interval training and b) acquiring
a second heart rate signal after a low intensity period of the
interval training. The method also includes ¢) determining if
a decrease in heart rate between the first heart rate signal and
the second heart rate signal is less than or equal to a
predetermined threshold and d) generating an alert to the
user if the decrease in heart rate is less than or equal to the
predetermined threshold. In performing this methods, the
user can utilize an inertial motion unit included in a wearable
device to collect the heart rate signals and other information.
In one embodiment, the method can also include determin-
ing that the high intensity period of the interval training and
the low intensity period of the interval training were per-
formed on substantially level terrain.

[0018] According to yet another specific embodiment of
the present invention, a method of alerting a user to accu-
mulated fatigue after interval training is provided. The
method includes acquiring a first heart rate signal at a first
time following a last high intensity period of the interval
training and acquiring a second heart rate signal at a second
time after the first time. The method also includes acquiring
a third heart rate signal at a third time after the second time
and determining that differences between at least the first
heart rate signal, the second heart rate signal, and the third
heart rate signal are less than or equal to a set of predeter-
mined thresholds. The method further includes generating
an alert to the user to indicate accumulated fatigue. The alert
can include a visual signal from a display or a sound or a
vibration.

[0019] Numerous benefits are achieved by way of the
present invention over conventional techniques. For
example, embodiments of the present invention provide
methods and systems to measure fatigue based on physi-
ological factors including heart rate and stride variation.
Embodiments of the present invention help users avoid
“over exercising,” which can occur with amateur athletes,
who tend to exercise too hard or for too long. Because
managing the user’s physical resources is one of the greatest
challenges when running, the ability to maintain a consistent
pace is crucial in endurance sports, embodiments provide a
“safety net” of sorts by preventing mistakes and protecting
the user from danger, for instance, body shutdown, thereby
helping the athlete plan from session to session by moni-
toring their physical attributes. These and other embodi-
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ments of the invention along with many of its advantages
and features are described in more detail in conjunction with
the text below and attached figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 shows a perspective view of a head-
mounted device according to an embodiment of the present
invention.

[0021] FIG. 2 shows a side view of the projection com-
ponent of the head-mounted device illustrated in FIG. 1.
[0022] FIG. 3 is a schematic view of an inertial motion
unit of the projection device according to an embodiment of
the present invention.

[0023] FIG. 4 is a simplified flowchart illustrating a
method of detecting the fatigue of a user according to an
embodiment of the present invention.

[0024] FIG. 5 is a simplified flowchart illustrating a
method of detecting fatigue of a user based on cadence
variability according to an embodiment of the present inven-
tion.

[0025] FIG. 6 is a plot of heart rate vs. time for a runner
according to an embodiment of the present invention.
[0026] FIG. 7 is a simplified flowchart illustrating a
method of detecting fatigue based on heart rate variability
according to an embodiment of the present invention.
[0027] FIG. 8is a plot illustrating the variation of the heart
rate signal and the speed signal of the runner over time
during interval training.

[0028] FIG. 9 is a simplified flowchart illustrating a
method of detecting fatigue during interval training accord-
ing to an embodiment of the present invention.

[0029] FIG. 10 is a simplified flowchart illustrating a
method of detecting fatigue during interval training accord-
ing to another embodiment of the present invention.
[0030] FIG. 11 is a plot illustrating vertical head accel-
eration as a function of time according to an embodiment of
the present invention.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0031] Embodiments of the present invention relate gen-
erally to electronic devices. More particularly, embodiments
of the present invention provide methods and systems for
detecting an athlete’s movements, in particular a method for
detecting a runner’s fatigue level. Using embodiments of the
present invention, for example, implemented using a head-
mounted display (e.g., sport glasses), the athlete is provided
with early detection warnings related to an increase in the
fatigue level so that the athlete can modify their activity to
slow down, stop running, or modify the running technique,
thereby improving their performance and training efficiency
as well as safeguarding them from injuries.

[0032] FIG. 1 shows a perspective view of a head-
mounted device according to an embodiment of the present
invention. FIG. 2 shows a side view of the projection
component of the head-mounted device illustrated in FIG. 1.
As illustrated in FIGS. 1 and 2, the head-mounted device
includes a head-mounted display (e.g., in the form of glasses
with an integrated display) that can be, in one embodiment,
a non-see-through retinal projection device performing a
direct image projection into an user’s eye. Alternatively, the
device 102 can be a LCD or a different device arranged to
perform an indirect projection of an image. In the following
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description, reference will be made to a retinal projection
device, but the invention applies to any kind of head-
mounted display.

[0033] The head-mounted electronic device 100 (e.g., in
the form of sport glasses) illustrated in FIGS. 1 and 2
includes a micro-projection component 102, a control com-
ponent 103 and an optional remote control 105. The micro-
projection component 102 and the control component 103
are mounted onto existing glasses in the illustrated embodi-
ment, but could be integral with dedicated glasses or
goggles. The micro-projection component 102 can be con-
nected with the control component 103 over a wired con-
nection 120. Alternatively, those two components 102 and
103 can be integrated as one single part. Alternately, a
wireless connection can be used. The remote control 105 can
be integrated in to the head-mounted electronic device 100
in some embodiments. The processor in the control compo-
nent is operable to acquire a heart beat rate signal from a set
of sensors 104 arranged to measure the heart beat rate at the
user’s temple. In other embodiments, a sensor on the bridge
measures heart rate by contact with the user’s nose.

[0034] The control component can include a processor that
can receive data from and send data to the various compo-
nents of the head-mounted electronic device 100, for
example, the sensors 104.

[0035] The remote control 105 can be either included in
the head-mounted electronic device 100 or mounted onto
different sport equipment, for example on a ski or walking
pole, on a bicycle handlebar, or on a scuba or diving
equipment. It could also be integral with one such dedicated
sport equipment. Alternatively, it could be worn on a finger,
for example as a ring on the forefinger or other finger. The
remote control may comprises haptic means 150, such as at
least one roller and/or at least or one button or a tactile
surface, that can be manipulated with the user’s thumb or
fingers for entering command, such as indication selection
commands and indication confirmation commands, that are
wirelessly transmitted to a receiver part of the control
component 103. The wireless connection can be based for
example on a Bluetooth, Ant, Zigbee or a proprietary
protocol. The remote control can include a battery. Alterna-
tively, the remote control could be powered by an energy
harvesting system, for example using a microgenerator for
producing power from movements of the remote control, or
using solar energy.

[0036] The remote control 105 can be used, as cited above,
for activating the micro-projection component 102 (i.e.,
activating the display of information related to the sport
activity) due to a user action. Alternatively, the micro-
projection component 102 can be automatically turned on by
a user predefined event or threshold (for example, every
kilometer, every predefined time interval or when the heart
beat rate exceeds a threshold).

[0037] Therefore, the micro-projection component 102
can be triggered selectively as this control might come on
demand from the user or can be generated automatically by
the processor included in the head-mounted electronic
device 100. The on/off state of the micro-projection com-
ponent 102 does not mean the on/off state of the head-
mounted electronic device 100. when the micro-projection
component 102 is switched off, the head-mounted electronic
device 100 continues to work in the usual manner.

[0038] The micro-projection component 102 can be per-
manently, removably or re-adhesively mounted onto exist-
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ing glasses or goggles. In the illustrated embodiment, the
micro-projection component 102 is directly mounted, for
example using a permanent or re-adherable adhesive, onto
the external surface of one lens of the head-mounted elec-
tronic device 100. Alternatively, the micro-projection com-
ponent 102 can be mounted onto the external surface of one
lens, or on a temple 110 of the glasses, or on the frame 111,
using fixing means such as hook-and-loop fasteners, or clips.
The user can preferably adapt the position of the micro-
projection component 102 according to his viewing prefer-
ences and specific morphology.

[0039] As can be seen in particular on FIG. 2, the micro-
projection component 102 is mounted onto, directly against
or at short distance from the external surface of a lens of a
set of glasses in this embodiment, placed, for example, at the
minimum distance required to form an image in focus,
whether the micro-projection component 102 sits behind or
through the lens of the head-mounted electronic device 100.
Preferably, the micro-projection component 102 is attached
to the frame 111 of the head-mounted electronic device 100.
[0040] The micro-projection device 102 is preferably
mounted above or possible below the line of sight of the user
when the user views the display in a horizontal direction
with the head in a neutral, straight position. The micro-
projection device 102 is preferably mounted so that the
middle direction of the beam light that it emits is not
horizontal when the head-mounted electronic device 100 are
horizontal, so as to create a vertical angle c between the
middle projection direction and the horizontal viewing
direction. In this way, the image projected by the micro-
projection component 102 stays in the user’s peripheral
vision most of the time and therefore is not focused on by the
user, unless the user moves their gaze upwards (or possibly
downwards) towards the micro-projection component 102.
In some embodiments, the vertical angle o is between 10°
and 25°. Tt will be appreciated that these angles can be
adjusted by the user and/or automatically.

[0041] The sensors 104 can include an inertial motion unit
200 shown in FIG. 3, which can include an accelerometer
222, a gyroscope 223, and/or a barometer 224. The barom-
eter 224 provides data on the elevation change which can be
used to determine whether the user is running uphill, down-
hill or on a level surface. In some embodiments, the sensors
104 may also include a GPS device or other suitable location
tracking unit.

[0042] FIG. 4 is a simplified flowchart illustrating a
method of detecting the fatigue of a user according to an
embodiment of the invention. According to some embodi-
ments, the heart rate of a user is correlated with speed during
a calibration process. Typically, a user will run at a series of
increasing speeds over level terrain, with their heart rate
measured as a function of time. At each speed, a heart rate
can be correlated. In some implementations, the user runs on
sloped surfaces and this information is utilized to further
refine the speed/heart rate correlation. The inventors have
determined that during an extended training activity, the
athlete’s heart rate will increase over the average at a given
speed, indicating an increase in fatigue. In other words, as
the user’s fatigue increases, the ratio of heart rate to speed
increases and this increase can be used to determine the
fatigue of the runner. As described in relation to FIG. 4, this
increase in heart rate (e.g., increase of the heart rate to speed
ratio over a predetermined threshold) can be used as an early
indicator of the athlete’s fatigue. As described below,
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embodiments of the present invention utilize contextual
information (e.g., the slope of the terrain on which the
athlete is running) to control for heart rate variation that does
not indicate fatigue.

[0043] Referring to FIG. 4, the method of detecting the
fatigue level of the user includes receiving a heart rate signal
from a sensor (410), for example sensor 104 in FIG. 1. The
method also includes receiving a speed signal from a sensor
(412), for example, the inertial motion unit 200 that includes
an accelerometer and/or a location tracking unit. As
described more fully herein, the inertial motion unit and the
location tracking unit can work in combination to provide
speed information for the user.

[0044] The method further includes computing slope
information for the current terrain (414), for example, using
the atmospheric pressure sensor of the inertial motion unit.
Slope information provides an indication if the user is
running on surfaces that are level, uphill or downhill. Thus,
the use of the term current terrain applies to the terrain in the
vicinity of the user.

[0045] The heart rate to speed ratio is computed (416)
using the speed signal and the heart rate signal. In some
embodiments, the ratio is computed at 416 only for level
path segments as determined at 414. In these embodiments,
only level path segments are used, thus excluding uphill
segments that would result in an increase in heart rate or a
decrease in speed on account of the slope of the terrain. In
other embodiments, the heart rate to speed ratio is computed
(416) and compared to a threshold (e.g., the ratio computed
during the calibration process) (418) on the level segments
or to values associated with the current slope of the runner’s
path. In some embodiments, the heart rate to speed ratio that
is computed for the user is associated with the slope of
terrain in the vicinity of the user. As a result, the thresholds
can vary depending on the slope of the terrain, with lower
thresholds for level terrain and higher thresholds for steeper
terrain,

[0046] Referring to 418 of FIG. 4, the ratio of the heart
rate to speed, which can be referred to as a fatigue value, is
compared to a threshold value. If the ratio is greater than the
threshold value, an alarm message can be provided to the
user. As an example, the alarm or alert can be displayed
using the micro-projection component 102. Alternatively,
the alarm message can be a sound, a vibration, or the like.
Preferably, the threshold value is obtained by combining
historical data combined with a fixed value defined experi-
mentally. The historical data can be ratio values calculated
as described above in a time period before the one during
which the fatigue level has to be determined, for example, at
the beginning of a running session or at a previous time. In
some embodiments, levels of fatigue are determined by
comparison of the ratio to a set of threshold levels, with
lower thresholds associated with lower levels of fatigue and
higher thresholds associated with higher levels of fatigue.
One of ordinary skill in the art would recognize many
variations, modifications, and alternatives.

[0047] If the ratio of the heart rate to speed is less than or
equal to the threshold, then the method continues at 410 by
acquiring heart rate and speed signals at subsequent times
(410/412). Thus, the method iterates until either the user
experiences fatigue measured by the ratio exceeding the
threshold or the user stops the activity.

[0048] It should be appreciated that the specific steps
illustrated in FIG. 4 provide a particular method of detecting
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the fatigue of a user according to an embodiment of the
present invention. Other sequences of steps may also be
performed according to alternative embodiments. For
example, alternative embodiments of the present invention
may perform the steps outlined above in a different order.
Moreover, the individual steps illustrated in FIG. 4 may
include multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore,
additional steps may be added or removed depending on the
particular applications. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.
[0049] FIG. 5 is a simplified flowchart illustrating a
method of detecting fatigue of a user based on cadence
variability according to an embodiment of the present inven-
tion. In this method, the accelerometer of the inertial motion
unit 1s used to measure the vertical acceleration of the
runner’s head and to calculate various metrics associated
therewith, including the runner’s step cycle time, also
referred to as gait cycle time, which is the time between
adjacent contact events. In some embodiments, contact time,
which is the length of time during which the runner’s foot is
in contact with the ground during a step and/or flight time,
which is the length of time during which the runner’s foot is
not in contact with the ground. FIG. 11 is a plot illustrating
vertical head acceleration as a function of time according to
an embodiment of the present invention. As illustrated in
FIG. 11, the acceleration profile can be characterized by
several parameters including contact time, flight time, and
the step cycle time. Depending on the speed of the runner,
the contact time varies, with fast contact times for sprinting
and longer contact times for jogging.

[0050] When a runner is not fatigued, the step cycle time
is substantially constant. However, as the runner fatigues,
the step cycle time begins to become variable and can be
used as an early measure of fatigue. Although different
runners may have differing cadence and differing contact
times and step cycle times, the metrics are unique to a user.
As the runner fatigues, the step cycle time experiences a
variability as described below, enabling this method of
fatigue detection, even before, for some people, the increase
in the heart rate to speed ratio discussed in relation to FIG.
4 is useful.

[0051] Referring to FIG. 5, the method includes receiving
a speed signal from a sensor (510), for example, the inertial
motion unit 200 that includes an accelerometer and/or the
location tracking unit. The method also includes computing
slope information for the current terrain (512), for example,
using the atmospheric pressure sensor of the inertial motion
unit. Slope information provides an indication if the user is
running on surfaces that are level, uphill or downhill. The
method further includes determining the step cycle time
(and/or an optional contact time) for the user’s stride (514),
for example, for a set of adjacent steps. In some embodi-
ments, the contact time and the step cycle time for each step
are determined and a running set of contact times and step
cycle times are obtained, whereas in other embodiments,
averaging of a number of contact time and step cycle time
measurements is used to smooth the computed data.
[0052] The step cycle time and the variability in the step
cycle time are computed (516). In some embodiments,
terrain with a level slope is utilized so that the step cycle
time is only used when the user is running on a level surface,
thus excluding uphill and downhill segments. In other
embodiments, step cycle time associated when different
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slopes are utilized as will be evident to one of skill in the art.
The variability, which can also be referred to as the variance,
can be computed as the standard deviation of the step cycle
time (e.g., over a predetermined number of samples, for
instance, 20 samples) divided by the mean of the step cycle
time (e.g., computed over the predetermined number of
samples). For a person with a consistent stride (e.g., an
unfatigued person), the variability is zero because the stan-
dard deviation is zero, independent of the speed. In some
embodiments, the contact time and/or flight time is com-
puted and similar calculations are performed to determine
the contact time/flight time and the variability in the contact
time/flight time. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.
[0053] The inventors have determined that the variability
(i.e., the standard deviation divided by the mean) of the step
cycle time will stay constant as the user’s speed increases or
decreases and, as a result, variation in the ratio of the
standard deviation to the mean of the step cycle time can
indicate fatigue in the runner. The variability in the step
cycle time is compared to a threshold (518) and if the
variability exceeds the threshold, then an alarm message can
be provided to the user, for example, through the micro-
projection component 102, another suitable display, or the
like. Alternatively, the alarm message can be a sound, a
vibration, or the like.

[0054] In some embodiments, levels of fatigue are deter-
mined by comparison of the variability in the step cycle time
to a set of threshold levels, with lower thresholds associated
with lower levels of fatigue and higher thresholds associated
with higher levels of fatigue. One of ordinary skill in the art
would recognize many variations, modifications, and alter-
natives.

[0055] In some alternative embodiments, the flight time
ratio or contact time ratio, equal to the flight time/contact
time divided by the step cycle time and the variation in the
flight time/contact time ratio are utilized to detect user
fatigue. Thus, embodiments are not limited to the step cycle
time, but ¢an utilize other metrics based on the user’s stride
data, including contact time ratio and flight time ratio. Thus,
embodiments can utilize a metric based on an analysis of the
vertical acceleration of the head, for example, the variability
of the step cycle time over a predefined number of steps
(e.g., 20 steps). In this method, the variability of the time
between two contacts with the ground for both left and right
feet is used to provide an early indication of fatigue.
[0056] If the variability in the ratio is less than or equal to
the threshold, then the method iterates to 510 and additional
data is collected as the activity progresses. In the illustrated
embodiment, the iteration loop continues until the variability
exceeds the threshold, indicating fatigue, or the activity is
completed.

[0057] It should be appreciated that the specific steps
illustrated in FIG. 5 provide a particular method of detecting
fatigue of a user based on cadence variability according to
an embodiment of the present invention. Other sequences of
steps may also be performed according to alternative
embodiments. For example, alternative embodiments of the
present invention may perform the steps outlined above in a
different order. Moreover, the individual steps illustrated in
FIG. 5 may include multiple sub-steps that may be per-
formed in various sequences as appropriate to the individual
step. Furthermore, additional steps may be added or
removed depending on the particular applications. One of
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ordinary skill in the art would recognize many variations,
modifications, and alternatives.

[0058] FIG. 7 is a simplified flowchart illustrating a
method of detecting fatigue based on heart rate variability
according to an embodiment of the present invention. The
method discussed in relation to FIG. 7 utilizes the physi-
ological result determined by the inventors that variation in
the athlete’s heart rate as a function of time is an indicator
of fatigue.

[0059] Referring to FIG. 7, the method includes receiving
a heart rate signal from a sensor (710), for example sensor
104 in FIG. 1. The heart rate period as a function of time is
recorded to provide heart rate periods t, t,_ .t . ... (712).
FIG. 6 is a plot of heart rate vs. time for a runner according
to an embodiment of the present invention. As illustrated in
FIG. 6, the heart rate periods t,, t,,,, and t,, are measured
and recorded. Given the heart rate periods, the standard
deviation and the mean of the heart rate period can be
computed. The standard deviation of the heart rate period
and the mean of the heart rate period can be measured over
a predetermined number of periods, for example, 20 periods.
The ratio of the standard deviation of the heart rate period to
the mean of the heart rate period over a predefined number
of periods can be computed and referred to as a fatigue ratio.

[0060] The variability of the heart rate period, represented
by the fatigue ratio (i.e., the ratio of the standard deviation
of the heart rate period to the mean of the heart rate period)
over a predefined number of periods is determined (714).
The variability is then compared to a threshold value (716).
If the variability of the heart rate period, i.e., the ratio of the
standard deviation of the heart rate period to the mean of the
heart rate period (i.e., the fatigue ratio) exceeds the thresh-
old, then an alarm message is provided to the user indicating
an increase in fatigue over a predetermined level. The alarm
or alert can be visual. Alternatively, the alarm message can
be a sound or a vibration, or a combination of visual and
audio elements. If the variability is less than or equal to the
threshold, then the method continues to 710 and the method
iterates until either fatigue is indicated or the activity is
stopped. As discussed above, levels of fatigne can be
detected using a set of thresholds in 716.

[0061] In comparison with wrist-mounted pulse measure-
ment devices, embodiments of the present invention,
because they are mounted on the head provide a stable
platform for heart rate measurement. Blood flow in the wrist
can be impacted by swinging of the arms during running and
head-mounted devices do not experience this adverse effect.
As a result, embodiments of the present invention are able
to extract clean signals with high signal to noise ratios.

[0062] It should be appreciated that the specific steps
illustrated in FIG. 7 provide a particular method of detecting
fatigue based on heart rate variability according to an
embodiment of the present invention. Other sequences of
steps may also be performed according to alternative
embodiments. For example, alternative embodiments of the
present invention may perform the steps outlined above in a
different order. Moreover, the individual steps illustrated in
FIG. 7 may include multiple sub-steps that may be per-
formed in various sequences as appropriate to the individual
step. Furthermore, additional steps may be added or
removed depending on the particular applications. One of
ordinary skill in the art would recognize many variations,
modifications, and alternatives.
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[0063] Referring to FIGS. 9 and 10, the methods described
herein include monitoring fatigue at two levels: instanta-
neous fatigue and accumulated fatigue. Instantaneous
fatigue is the fatigue characterized by the heart rate of the
runner not dropping enough between intervals. Accumulated
fatigue is the fatigue characterized by the heart rate of the
runner not dropping quickly enough after the completion of
the interval training.

[0064] FIG. 9 is a simplified flowchart illustrating a
method of detecting fatigue during interval training accord-
ing to an embodiment of the present invention. As illustrated
in FIG. 9, the fatigue level of the user can be detected during
interval training by monitoring the rate at which the heart
rate decreases after the high intensity portion of an interval.
During interval training, the runner purposely varies their
speed for short periods of time. The method illustrated in
FIG. 9 can be considered as a method of measuring an
instantaneous fatigue level.

[0065] FIG. 8is a plot illustrating the variation of the heart
rate signal and the speed signal of the runner over time
during interval training. In FIG. 8, the resting heart rate is
indicated by curve 802 (Resting Heart Rate R). The speed of
the runner is indicated by curve 804. As shown by curve 804,
the speed of the runner increases from a first speed vel-low
to speed vel-high during the low intensity and high intensity
portions of the interval training. Curve 800 represents the
runner’s heart rate as a function of time during the interval
training. In response to the variation of speed, the heart rate
of the runner will oscillate during intensive (vel-high) and
rest (vel-low) periods. The inventors have determined that
the longer the runner runs, the more time the heart takes to
decrease the heart rate during the period of time at which the
runner is at the low intensity speed vel-low, which is an
indication of the fatigue of the runner.

[0066] The method includes, during interval training,
measuring the heart rate of the runner at the end of an
intensive period (910) and measuring the heart rate of the
runner the end of an adjacent rest or low intensity period
(912). As illustrated in FIG. 8, after intensive period 810, the
heart rate decreases from level A to level B by the end of the
rest period 812. A determination is made if the decrease in
heart rate during the rest period is less than or equal to a
predetermined threshold (914). In an embodiment, the pre-
determined threshold is a percentage of either the heart rate
at the end of the intensive period, the heart rate at the end of
the rest period, or a value computed based on these heart
rates such as an average. As an example, the predetermined
threshold could be 10% of the heart rate at the end of the
intensive period. The predetermined threshold can be modi-
fied to be different for each user. If the decrease is greater
than the predetermined threshold, then the method continues
to the next intensive/rest period pair at 910/912

[0067] If the decrease is less than or equal to the prede-
termined threshold, then a warning, alarm, or alert can be
generated and delivered to the user (916). If the decrease is
not less than or equal to the threshold, then the method
iterates to 910 and the heart rate is measured at the end of
the next intensive period of the interval training. Although
measurement of the heart rate in the rest period adjacent to
and following the intensive period is illustrated in FIG. 9,
this is not required by the present invention and, for
example, the rest period following the intensive period after
the intensive period that was measured in 910 can be utilized
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to gauge the runner’s fatigue level. One of ordinary skill in
the art would recognize many variations, modifications, and
alternatives.

[0068] It should be noted that as the athlete improves their
level of fitness, the number of intervals performed before the
athlete reaches the point at which the heart rate decrease is
less than or equal to the threshold can increase as fitness
increases. In some embodiments, as the number of intervals
increases, the athlete is able to modify the threshold values
to further improve the quality of their training routines.

[0069] It should be appreciated that the specific steps
illustrated in FIG. 9 provide a particular method of detecting
fatigue during interval training according to an embodiment
of the present invention. Other sequences of steps may also
be performed according to alternative embodiments. For
example, alternative embodiments of the present invention
may perform the steps outlined above in a different order.
Moreover, the individual steps illustrated in FIG. 9 may
include multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore,
additional steps may be added or removed depending on the
particular applications. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.

[0070] FIG. 10 is a simplified flowchart illustrating a
method of detecting fatigue during interval training accord-
ing to another embodiment of the present invention. The
method illustrated in FIG. 10 can be considered as a method
of measuring an accumulated fatigue level.

[0071] The method includes measuring the heart rate of
the runner at the end of the interval training routine (1010).
Referring to FIG. 8, at time t,, which can be referred to as
afirst time, the runner’s heart rate is measured as the interval
training ends at a heart rate that is A1 beats per minute higher
than the resting heart rate R. The method also includes
measuring the heart rate of the runner at a second time t,
later than the first time t; (1012). As illustrated in FIG. 8, the
heart rate at the second time t2 is A2 beats per minute higher
than the resting heart rate. Then. at a third time t, later than
the second time t,, the runner’s heart rate is measured (i.e.,
A3) (1014). As an example, the second time t, could be one
minute after the end of the interval training routine and the
third time t; could be three minutes after time t,.

[0072] The measured heart rate values are used in a
comparison with threshold values to determine if differences
between the measured values are less than or equal to the
threshold values (1016). As an example, if the difference
between Al and A2 is greater than a first threshold or the
difference between Al and A3 is greater than a second
threshold, then the runner is experiencing accumulated
fatigue and a warning message, alert, or alarm is provided to
the user (1018) to warn the user/runner, for example, that
they should delay their next interval training routine. For a
runner who performs interval training several days in a row,
the warning could indicate that the runner needs to stop
interval training for a certain period until the accumulated
fatigue decreases to a preferred level. If the differences are
less than or equal to the thresholds, then the method is
stopped. In an alternative embodiment, an optional message
can be displayed to the user indicating that they have not
reached the level of accumulated fatigue associated with the
warnings. In some embodiments, a measure of the level of
accumulated fatigue can be provided to the user even when
the fatigue level is less than the threshold.
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[0073] By using the method illustrated in FIG. 10, a user
is able to monitor the accumulated fatigue after each interval
training session in order to help the user take enough rest
between consecutive interval training sessions and avoid
overtraining. One of ordinary skill in the art would recognize
many variations, modifications, and alternatives. In some
embodiments, feedback from the user after the training cycle
(e.g., level of difficulty of the cycle, level of exhaustion after
the cycle, etc.) is used in combination with the methods
described herein to set the thresholds for comparison.
Accordingly, the methods can be customized to the user.
Additionally, as the user improves their fitness, the thresh-
olds can be adjusted in accordance with the improvement in
the user’s fitness.
[0074] It should be appreciated that the specific steps
illustrated in FIG. 10 provide a particular method of detect-
ing fatigue during interval training according to another
embodiment of the present invention. Other sequences of
steps may also be performed according to alternative
embodiments. For example, alternative embodiments of the
present invention may perform the steps outlined above in a
different order. Moreover, the individual steps illustrated in
FIG. 10 may include multiple sub-steps that may be per-
formed in various sequences as appropriate to the individual
step. Furthermore, additional steps may be added or
removed depending on the particular applications. One of
ordinary skill in the art would recognize many variations,
modifications, and alternatives.
[0075] The methods that have been described herein can
be combined to provide benefits and techniques not avail-
able using conventional techniques. As an example, the
cadence variation measured using the methods described in
relation to FIG. 5 could be combined with the interval
training methods described in relation to FIG. 9 to provide
an early indication that instantaneous fatigue is starting to
exceed a desired level by reducing the threshold used in 914
as the variability in the cadence increases. Similar combi-
nations using heart rate variability as discussed in relation to
FIG. 7 could be utilized as well. One of ordinary skill in the
art would recognize many variations, modifications, and
alternatives.
[0076] Itisalso understood that the examples and embodi-
ments described herein are for illustrative purposes only and
that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included
within the spirit and purview of this application and scope of
the appended claims.

What is claimed is:

1. A method of detecting fatigue of a user during an
activity, the method comprising:

acquiring performance data for the user during the activ-

ity;
computing metrics related to the performance data;
determining that the metrics exceed a predetermined
threshold;

generating an alert; and

communicating the alert to the user.

2. The method of claim 1 further comprising acquiring a
heart rate signal of the user, wherein:

the performance data comprises a speed of the user; and

the metrics comprise a heart rate to speed ratio.

3. The method of claim 1 wherein the performance data
comprises a speed of the user and the metrics comprise a
variability of a step cycle time.
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4. The method of claim 3 wherein the variability of the
step cycle time is a standard deviation of the step cycle time
divided by a mean of the step cycle time.

5. The method of claim 1 wherein the performance data
comprises a plurality of heart rate periods and the metrics
comprise a variability of a fatigue ratio equal to a ratio of a
standard deviation of the plurality of heart rate periods to a
mean of the plurality of heart rate periods over a predefined
number of periods.

6. The method of claim 1 further comprising acquiring
slope information for terrain in a vicinity of the user,
wherein computing metrics is performed for portions of the
activity performed on level terrain.

7. The method of claim 1 wherein acquiring the perfor-
mance data comprises measuring vertical acceleration as a
function of time during at least a portion of the activity.

8. The method of claim 1 wherein the alert comprises at
least one of a visual signal from a display or a sound from
a speaker.

9. A method of alerting a user of fatigue during exercise,
the method comprising:

a) acquiring a heart rate signal for the user during the

exercise;

b) acquiring a speed signal for the user during the exer-
cise;

¢) determining a slope of terrain in a vicinity of the user;

d) computing a heart rate to speed ratio for the user during
the exercise;

e) comparing the heart rate to speed ratio to a predeter-
mined threshold;

f) iterating elements a) through e) until the heart rate to
speed ratio is greater than the predetermined threshold,
and

2) generating an alert to the user based, at least in part, on
the heart rate to speed ratio being greater than the
predetermined threshold.

10. The method of claim 9 wherein determining the slope
of the terrain comprises selecting a set of path segments that
are substantially level.

11. The method of claim 10 wherein comparing the heart
rate to speed ratio to the predetermined threshold is per-
formed for the selected set of path segments that are sub-
stantially level.

12. The method of claim 9 wherein the predetermined
threshold is a function of historical data combined with a
fixed value defined experimentally.

13. A method of alerting a user of fatigue during exercise,
the method comprising:

a) acquiring a speed signal for the user during the exer-

cise;

b) determining a slope of terrain in a vicinity of the user;

¢) acquiring contact time and step cycle time using an
accelerometer;

d) computing a step cycle time and a variability of the step
cycle time;

e) comparing the variability of the step cycle time to a
predetermined threshold;

f) generating an alert to the user if the variability of the
step cycle time is greater than the predetermined
threshold; and

g) iterating elements a) through f) until the variability of
the step cycle time is greater than the predetermined
threshold.
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14. The method of claim 13 wherein determining the
slope of the terrain comprises selecting a set of path seg-
ments that are substantially level.

15. The method of claim 13 wherein computing the step
cycle time comprises averaging a step cycle time for a series
of step cycles.

16. A method of alerting a user to fatigue during exercise,
the method comprising:

a) acquiring a heart rate signal during the exercise;

b) computing a plurality of heart rate periods and statis-

tical measures for the plurality of heart rate periods;
¢) computing a variation of the statistical measures for the
plurality of heart rate periods;

d) comparing the variation of the statistical measures to a
predetermined threshold;

e) iterating elements a) through d) until the variation of
the statistical measures is greater than the predeter-
mined threshold; and

) generating an alert to the user once the variation of the
statistical measures is greater than the predetermined
threshold.

17. The method of claim 16 wherein the statistical mea-

sures include a fatigue ratio.

18. The method of claim 17 wherein the fatigue ratio
comprises a standard deviation of the plurality of heart rate
periods divided by a mean of the plurality of heart rate
periods over a predefined number of periods.

19. The method of claim 16 wherein acquiring the heart
rate signal during the exercise comprises determining that a
slope of terrain in a vicinity of the user is substantially level.

20. The method of claim 19 wherein acquiring the heart
rate signal during the exercise comprises determining that a
slope of terrain in a vicinity of the user is characterized by
a positive value, wherein the predetermined threshold is
associated with the positive value of the slope of terrain in
the vicinity of the user.

21. A method of alerting a user to instantaneous fatigue
during interval training, the method comprising:
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a) acquiring a first heart rate signal after a high intensity

period of the interval training;

b) acquiring a second heart rate signal after a low intensity

period of the interval training;

¢) determining if a decrease in heart rate between the first

heart rate signal and the second heart rate signal is less
than or equal to a predetermined threshold; and

d) generating an alert to the user if the decrease in heart

rate is less than or equal to the predetermined threshold.

22. The method of claim 21 further comprising e) iterating
elements a) through d) until the decrease in heart rate is less
than or equal to the predetermined threshold.

23. The method of claim 21 wherein the first heart rate is
acquired at an end of the high intensity period and the
second heart rate is acquired at an end of the low intensity
period adjacent to and following the high intensity period.

24. A method of alerting a user to accumulated fatigue
after interval training, the method comprising

acquiring a first heart rate signal at a first time following

a last high intensity period of the interval training;
acquiring a second heart rate signal at a second time after
the first time;

acquiring a third heart rate signal at a third time after the

second time;

determining that differences between at least the first heart

rate signal, the second heart rate signal, and the third
heart rate signal are less than or equal to a set of
predetermined thresholds; and

generating an alert to the user to indicate accumulated

fatigue.

25. The method of claim 24 wherein the difference
between the first heart rate signal and the second heart rate
signal is less than or equal to a first predetermined threshold
and the difference between the second heart rate signal and
the third heart rate signal is less than or equal to a second
predetermined threshold.
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