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1
HUMAN ACTIVITY MONITORING DEVICE

FIELD OF THE INVENTION

This invention relates to a method of monitoring human
activity, and more particularly to counting periodic human
motions such as steps.

BACKGROUND

The development of Micro-Electro-Mechanical Systems
(MEMS) technology has enabled manufacturers to produce
inertial sensors (e.g., accelerometers) of sufficient size, cost,
and power consumption to fit into portable electronic devices.
Such inertial sensors can be found in a limited number of
commercial electronic devices such as cellular phones, por-
table music players, pedometers, game controllers, and por-
table computers.

Step counting devices are used to monitor an individual’s
daily activity by keeping track of the number of steps that he
or she takes. Generally, step counting devices that utilize an
inertial sensor to measure motion to detect steps require the
user to first position the device in a limited set of orientations.
In some devices, the required orientations are dictated to the
user by the device. In other devices, the beginning orientation
is not critical, so long as this orientation can be maintained.

Step counting devices are often confused by motion noise
experienced by the device throughout a user’s daily routine.
This noise causes false steps to be measured and actual steps
to be missed in conventional step counting devices. Conven-
tional step counting devices also fail to accurately measure
steps for individuals who walk at a slow pace. Such step
counting devices can fail to operate for seniors and others
walking at a slow pace.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example, and
not by way of limitation, and can be more fully understood
with reference to the following detailed description when
considered in connection with the following figures:

FIG. 1 is a block diagram illustrating one embodiment of
an electronic device;

FIG. 2 illustrates an exemplary cadence of motion graph
that measures time versus acceleration, in accordance with
one embodiment of the present invention;

FIG. 3 shows a state diagram for the behavior of a system
of monitoring human activity using an inertial sensor, in
accordance with one embodiment of the present invention;

FIG. 4 illustrates a flow diagram for a method of operating
an electronic device in sleep mode, in accordance with one
embodiment of the present invention;

FIG. 5 illustrates a flow diagram for a method of operating
an electronic device in entry mode, in accordance with one
embodiment of the present invention;

FIG. 6 illustrates a flow diagram for a method of operating
an electronic device in stepping mode, in accordance with one
embodiment of the present invention;

FIG. 7 illustrates a flow diagram for a method of operating
an electronic device in exit mode, in accordance with one
embodiment of the present invention;

FIG. 8 illustrates a flow diagram for a method of recogniz-
ing a step in accordance with one embodiment of the present
invention, in accordance with one embodiment of the present
invention; and
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FIG. 9 illustrates a flow diagram for a method of orienting
an inertial sensor, in accordance with one embodiment of the
present invention.

DETAILED DESCRIPTION

Embodiments of the present invention are designed to
monitor human activity using an inertial sensor. In one
embodiment, adominant axis is assigned after determining an
orientation of an inertial sensor. The orientation of the inertial
sensor is continuously determined, and the dominant axis is
updated as the orientation of the inertial sensor changes. In
one embodiment, periodic human motions are counted by
monitoring accelerations relative to the dominant axis.

FIG. 1 is a block diagram illustrating an electronic device
100, in accordance with one embodiment of the present
invention. The electronic device 100 in one embodiment
comprises an acceleration measuring logic 105, a filter 120, a
dominant axis logic 127, a step counting logic 130, a timer
170, and a final step count 175. In one embodiment, the
electronic device 100 is a portable electronic device that
includes one or more inertial sensors. The inertial sensors
may measure accelerations along a single axis or multiple
axes. The inertial sensors may measure linear as well as
rotational (angular) accelerations. The electronic device 100
may be used to count steps or other periodic human motions.
Steps may be accurately counted regardless of the placement
and/or orientation of the device on a user. Steps may be
accurately counted whether the electronic device 100 main-
tains a fixed orientation or changes orientation during opera-
tion. The electronic device 100 may be carried in a backpack,
pocket, purse, hand, or elsewhere, and accurate steps may still
be counted.

The acceleration measuring logic 105 measures accelera-
tion data ata sampling rate. The sampling rate may be fixed or
variable. In one embodiment, the acceleration measuring
logic 105 receives a timing signal from the timer 170 in order
to take measurements at the sampling rate. The acceleration
measuring logic 105 may be an inertial sensor.

In one embodiment, measurement data is processed by the
filter 120 to remove noise. The filter 120 may be implemented
in hardware, software, or both hardware and software. The
filter 120 may include a high pass filter, a low pass filter, a
bandpass filter, a bandstop filter and/or additional filters. The
filter 120 may include a digital filter and/or an analog filter. In
one embodiment, a hardware digital filter includes at least one
ofa finite impulse response (FIR) filter and an infinite impulse
response (IIR) filter. In one embodiment, an N-tap hardware
digital FIR filter is used. The use of a hardware FIR filter may
reduce power consumption by reducing and/or eliminating
software digital filtering.

In one embodiment, the filter 120 includes multiple filters,
and a determination of which filters to apply to the measure-
ment data is made based upon an operating mode of the
electronic device 100. In one embodiment, the selection of
which filters to use is determined by the type of user activity
detected. For example, a low pass filter may be used to remove
high frequency noise that would interfere with step counting
when a user is walking. In contrast, a high pass filter may be
used when quick motions are to be monitored.

Filtered measurement data may be passed on to the domi-
nant axis logic 127 and the step counting logic 130. In one
embodiment, the dominant axis logic 127 includes a cadence
logic 132, a rolling average logic 135, and a dominant axis
setting logic 140. In an alternative embodiment, more or
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fewer logics may be used to determine a dominant axis.
Alternative means of identifying a dominant axis may be used
in other embodiments.

In one embodiment, the dominant axis logic 127 is used to
determine an orientation of the electronic device 100 and/or
an inertial sensor within the electronic device 100. In alter-
native embodiments, other logics may be used to determine
an orientation of the electronic device 100.

Referring to FIG. 1, the cadence logic 132 may determine
one or more sample periods to be used by the rolling average
logic 135, and may determine a cadence window 150 to be
used by the step counting logic 130. In one embodiment, the
cadence logic 135 detects a period and/or cadence of amotion
cycle. The period and/or cadence of the motion cycle may be
based upon user activity (e.g. rollerblading, biking, running,
walking, etc).

Many types of motions that are useful to keep track of have
a periodic set of movements. Specific periodic human
motions may be characteristic of different types of user activ-
ity. For example, to walk, an individual must lift a first leg,
move it forward, plant it, then repeat the same series of
motions with a second leg. In contrast, a person rollerblading
performs a repeated sequence of pushing, coasting and liftoff
for each leg. For a particular individual, the series of walking
motions will usually occur in about the same amount of time,
and the series of rollerblading motions will usually occur in
the same amount of time. The repeated set of motions can be
considered a unit, and defines the motion cycle. The amount
of time that it takes to complete one motion cycle defines the
motion cycle’s period, and the number of motion cycles that
occur in a given unit of time define the motion cycle’s
cadence. For simplicity, the term “step” is used in this appli-
cation to describe the user activity being evaluated. However,
in the context of this application, the term “step” should be
taken to mean any user activity having a periodic set of
repeated movements.

FIG. 2 illustrates an exemplary motion cycle graph 200 that
measures time versus acceleration, in accordance with one
embodiment of the present invention. The exemplary motion-
cycle graph 200 shows acceleration data taken with a single
tri-axis inertial sensor. The acceleration at a given period of
time is represented for a first axis 203 of an inertial sensor(s),
a second axis 205 of the inertial sensor(s), and a third axis 207
of the inertial sensor(s). In one embodiment, the cadence
logic 132 of FIG. 1 analyzes the acceleration along the first
axis 203, second axis 205 and third axis 207 to detect amotion
cycle. Once a motion cycle is detected, a period of the motion
cycle is determined, and a cadence of the motion cycle is
determined. FIG. 2 shows an exemplary period of a motion
cycle 215 for the third axis 207, the period being approxi-
mately 0.6 seconds. The same period can also be seen to a
lesser degree in the second axis 205 and the first axis 203. The
corresponding cadence to the motion cycle is approximately
one hundred motion cycles per minute.

In one embodiment, once a stepping period (or other
motion cycle period) is determined, that period may be used
to set the cadence window (the allowable time window for
steps to occur). In one embodiment, the period is updated
after each step. The current stepping period may be a rolling
average of the stepping periods over previous steps, as dis-
cussed in more detail with reference to the rolling average
logic 135 of FIG. 1.

A cadence window may be used to facilitate accurate mea-
surement of a step, or other periodic human motion. A
cadence window is a window of time since a last step was
counted that is looked at to detect a new step. A cadence
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window may be set based on the period and/or cadence of the
actual motion cycle (e.g., a stepping period), on set limits,
and/or on other determiners.

Referring to FIG. 2, an exemplary first cadence window
240 and second cadence window 255 are shown. The first
cadence window 240 may be defined by a first cadence win-
dow minimum 230 and a first cadence window maximum
235. The second cadence window 255 may be defined by a
second cadence window minimum 245 and a second cadence
window maximum 250. In one embodiment, the cadence
window minimums 230 and 245 and cadence window maxi-
mums 235 and 250 are determined by measuring lengths of
time since the most recent step was counted. In one embodi-
ment, this length oftime is measured via the timer 170 of F1G.
1. In other embodiments, other variables may be used to set
the cadence window. For example, cadence windows may be
determined by measuring cumulative amounts of accelera-
tion that have been measured since the previous step was
counted.

Returning to FIG. 2, cadence windows may be used to
count steps until an expected step is not encountered. In one
embodiment, new cadence windows are determined periodi-
cally. In one embodiment, the cadence window is a dynamic
cadence window that continuously updates as a user’s
cadence changes. For example, using a dynamic cadence
window, a new cadence window length may be set after each
step. The cadence window minimums may be determined by
subtracting a value from the stepping period, and the cadence
window maximums may be determined by adding a value to
the stepping period. In one embodiment, the cadence window
maximums are preset, and the cadence window minimums
are updated after each step is counted. In one embodiment, the
cadence window minimums are preset, and the cadence win-
dow maximums are updated after each step is counted. In one
embodiment, both the cadence window minimums and
cadence window maximums are updated when a step is
counted. In one embodiment, the current cadence window
minimum is determined by subtracting 200 ms from the cur-
rent stepping cadence period. In one embodiment, the
cadence window minimum has a minimum value of 240 ms.

In the illustrated embodiment of FIG. 2, a first step 217 is
counted at 0.65 seconds, and a second step 232 is counted at
approximately 1.15 seconds. The first cadence window 240
opens at approximately 0.4 seconds from the first step 217,
and closes at approximately 0.8 seconds from the first step
217. As shown, the second step 232 falls within the first
dynamic cadence window 240. A third step 233 falls within
the second dynamic cadence window 255, which may have a
second cadence window minimum 245 and second cadence
window maximum 250 that are different from the first
cadence window minimum 230 and first cadence window
maximum 235. The illustrated second cadence window mini-
mum is about 0.35 seconds from the second step 232, and the
second cadence window maximum 250 is about 0.75 seconds
from the second step 232. Other cadence window minimums
and maximums are also possible. When motion criteria (e.g.,
threshold conditions) are met within a cadence window, a step
is detected, whereas when motion criteria are met outside of
the cadence windows no step is detected.

Ifno previous steps have been detected, there is no cadence
minimum, and a step may be detected at any time that motion
criteria are met. If fewer than the required number of steps to
determine a dynamic cadence window have been detected,
then the cadence window may have a default minimum and
maximum value. In one embodiment, the cadence window
has a default minimum of around 325 ms and a default maxi-
mum of around 1000 ms. Once enough steps have been
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detected to determine a dynamic stepping cadence or period,
the cadence window may be set to the determined stepping
period plus or minus an error factor. In one embodiment, a
count of between about two to about ten periodic human
motions is sufficient to set a dynamic cadence window.

The cadence of any periodic human motion will generally
not change more than a certain amount in a given time period.
In one embodiment, the cadence window may be sufficiently
wide to continue counting periodic human motions even
when a stepping cadence changes. In one embodiment, the
cadence window is narrower, and steps may not be counted
when a stepping cadence changes. So as not to miss steps,
once a new stepping cadence is detected, previous measure-
ments may be examined to determine whether they register as
steps under the new stepping cadence and a new cadence
window. Therefore, steps may be counted even if they did not
occur in the original cadence window. The cadence window
may update dynamically to a user’s actual cadence. Human
cadences change within a known window of rates, and so
steps can be differentiated from other noise. This may ame-
liorate and/or eliminate missed step counts due to changes in
cadence.

In one embodiment, when steps repeatedly occur at a time
different from the current stepping period, a new stepping
period and a new cadence window are set. For example, when
the stepping period is 0.7 seconds, and a step occurs about
every 0.6 seconds enough times in a row, then the stepping
period is changed to 0.6 seconds and a new cadence window
is set based on the changed stepping period.

Returning to FIG. 1, once the stepping period is detected,
the cadence logic 132 may set one or more sample periods for
the rolling average logic 135 to use based upon the stepping
period. In one embodiment, the sample period(s) are set such
that at least one sample period is approximately the length of,
or longer than, the stepping period. In one embodiment, a
sample period is set such that it is a multiple of the stepping
period.

The rolling average logic 135 creates one or more rolling
averages of accelerations as measured by the inertial sensor
(s) over the sample period(s) set by the cadence logic 132. The
rolling averages of accelerations may be used for determining
an orientation of the electronic device, for determining
thresholds to compare acceleration measurements against,
and/or for other purposes. In one embodiment, the rolling
average logic 135 creates a rolling average of accelerations
for determining an orientation of the electronic device 100,
the rolling average having a period that is at least the stepping
period. In one embodiment, the rolling average logic creates
a rolling average of accelerations for determining a lower
threshold to compare acceleration measurements against, the
rolling average having a sample period that is at least twice
the stepping period.

The rolling average logic 135 may create one or more
rolling averages of data other than accelerations. In one
embodiment, the rolling average logic 135 creates a rolling
average of stepping periods, where the rolling average is the
rolling average time between steps. In one embodiment, the
rolling average of stepping periods is calculated over the past
four counted steps. The rolling average of the stepping peri-
ods may be used by the cadence logic 132 to determine a
cadence window and a current stepping cadence.

In one embodiment, rolling averages may be maintained in
registries that keep track of rolling average values and the
number of samples that were used to calculate current rolling
average values. When a new measurement is taken, it can be
incorporated into the previous rolling average value, and the
registry can than be updated with a new rolling average value.
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Alternatively, the rolling averages may be maintained by
buffering the measurements used to calculate the rolling aver-
ages. As the buffers fill, oldest measurement data can be
discarded and replaced by new measurement data. The mea-
surements in the buffer can be averaged after each measure-
ment to determine a new rolling average.

In one embodiment, the dominant axis setting logic 140
determines an orientation of the electronic device 100 and/or
the inertial sensor(s) within the electronic device 100. The
orientation may be determined based upon the rolling aver-
ages of accelerations created by the rolling average logic 135.
In one embodiment, once the orientation is determined, a
dominant axis is assigned based upon the orientation. Deter-
mining an orientation of the electronic device 100 may
include identifying a gravitational influence. The axis with
the largest absolute rolling average may be the axis most
influenced by gravity, which may change over time (e.g. as
the electronic device is rotated). Therefore, a new dominant
axis may be assigned when the orientation of the electronic
device 100 and/or the inertial sensor(s) attached to or embed-
ded in the electronic device 100 changes.

In one embodiment, the actual axis with the largest abso-
lute rolling average over the sample period is assigned as the
dominant axis. In alternative embodiments, the dominant axis
does not correspond to one of the actual axes of the inertial
sensor(s) in a current orientation, but rather to an axis that is
defined as approximately aligned to gravity. In one embodi-
ment, the dominant axis corresponds to a virtual axis that is a
component of a virtual coordinate system. In one embodi-
ment, the dominant axis setting logic 140 assigns the domi-
nant axis by performing a true gravity assessment, such as by
doing trigonometric calculations on the actual axes based on
the gravitational influence. In one embodiment, the dominant
axis setting logic 140 assigns the dominant axis by comparing
the gravitational influence to a data structure such as a lookup
table, associative array, hash table, adjacency matrix, etc.

Returning to FIG. 1, the step counting logic 130 may
include a measurement selection logic 145, a cadence win-
dow 150, a measurement comparator 155, a threshold com-
parator 160, a step count buffer 165, and a mode logic 190.
The measurement selection logic 145 may determine which
measurements from the measurement buffer to use to deter-
mine if a step has occurred. In one embodiment, the measure-
ment selection logic 145 may monitor accelerations relative
to the dominant axis, and select only those measurements
with specific relations to the dominant axis for measurement.
For example, only accelerations that are approximately par-
allel to the dominant axis may be selected, or alternatively,
only accelerations that are approximately perpendicular to
the dominant axis may be selected. In one embodiment, the
measurement selection logic 145 selects only measurements
of acceleration data along the dominant axis. In alternative
embodiments, measurements of acceleration data along other
axes may also be used. In one embodiment, measurements of
acceleration along only the other axes are used.

Selected measurements may be forwarded to the measure-
ment comparator 155 and the threshold comparator 160 to
determine whether a step has occurred. The measurement
comparator 155 may compare a current measurement to pre-
vious measurements. Based on this comparison, a current
measurement may qualify as a step if it has met certain com-
parison criteria, as discussed in more detail with reference to
FIG. 8.

In one embodiment, a motion cycle graph is maintained,
and the current measurement is compared to the motion cycle
graph. If the motion cycle graph indicates that the current
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measurement in relation to preceding measurements fits the
profile of a step, then a step may be counted. Otherwise a step
may not be counted.

Returning to FIG. 1, the threshold comparator 160 dis-
qualifies measurements from being counted as steps for fail-
ure to meet certain thresholds. In one embodiment, measure-
ments must be larger than a lower threshold to qualify as a
step. In one embodiment, the threshold comparator 160 com-
pares measurements to an upper threshold. In one embodi-
ment, only a measurement having a smaller absolute value of
acceleration than the upper threshold and a higher absolute
value than the lower threshold is counted as a step. The upper
threshold and the lower threshold are discussed in more detail
below with reference to FIG. 8.

In one embodiment, the threshold comparator 160 and the
measurement comparator 155 are combined into a single
comparator. In one embodiment, other comparators may be
used, such as a curve fitting comparator or a slope comparator.

The step count buffer 165 keeps track of probable steps.
The exact behavior of the step count buffer 165 depends on
which operating mode the electronic device 100 is in. In one
embodiment, the operating mode that the electronic device is
in is determined by the mode logic 190. In the illustrated
embodiment, the mode logic 190 is a component of the step
counting logic 130. In an alternative embodiment, the mode
logic 190 is a separate logic from the step counting logic 130.
In one embodiment, operating modes include a non-active
mode, in which periodic human motions are buffered, and an
active mode, in which periodic human motions are counted.
In one embodiment, operating modes include a sleep mode, a
step counting mode, an entry mode, and an exit mode. Oper-
ating modes are discussed in greater detail below in reference
to FIG. 3.

Returning to FIG. 1, when the threshold comparator 160
and measurement comparator 155 both indicate that a mea-
surement is a step, then the step count buffer 165 is incre-
mented by one. Depending on the mode, when the step count
buffer 165 reaches a certain amount, the step count buffer 165
is emptied and the final count 175 is incremented by the
amount of steps that were in the step count buffer 165. The
number of steps that must be counted by the step count buffer
165 before they register as actual steps may vary from one to
ten or more, depending on the current operating mode. The
final step count 175 keeps track of the total number of steps
that have occurred. In one embodiment, this data is transmit-
ted to a server or remote database.

FIG. 3 shows a state diagram for the behavior 300 of a
system for monitoring human activity, in accordance with one
embodiment of the present invention. The system may have
multiple operating modes (states) that are navigated between
by processing logic that may comprise hardware (e.g., cir-
cuitry, dedicated logic, programmable logic, microcode,
etc.), software (such as instructions run on a processing
device), or a combination thereof. In one embodiment, behav-
ior 300 is the behavior of the electronic device 100 of FIG. 1.

The behavior 300 may include four operating modes for
monitoring human activity: a sleep mode, an entry mode, a
stepping mode, and an exit mode. In alternative embodi-
ments, a different number of modes may be used. In one
embodiment, only two modes are used: active mode and
non-active mode. The active mode is entered once continuous
steps within the cadence window have been identified, while
the non-active mode is used for all other states. In alternative
embodiments, multiple inactive modes and/or active modes
are used. To navigate between modes, certain conditions must
be met. The conditions may include exit conditions for ter-
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minating an active mode and entry conditions for initiating
inactive modes. Each mode may have different exit and entry
conditions.

Use of different conditions for different operating modes
increases the reliability of the device that is monitoring the
human activity. For example, once an object (e.g., a person) is
moving, they are more likely to remain moving than to stop.
Likewise, if a person is not moving, they are more likely not
to move than to begin moving. These principles can be
applied by requiring more stringent conditions to be met for a
device to initiate a walking (stepping) mode than to continue
the walking mode. The different modes may each have rules
that reflect what is more likely to happen for subsequent
measurements. This may reduce or eliminate the number of
uncounted steps and/or false step counts.

Referring to FIG. 3, modes 300 in one embodiment include
a sleep mode 305, an entry mode 315, a stepping mode 325,
and an exit mode 335. In one embodiment, the power level of
the system or device is linked to these modes.

The first mode initiated is the sleep mode 305. When no
activity (acceleration) is detected, the system remains in sleep
mode 305. When acceleration is detected, an entry mode 315
is initiated.

Once in entry mode 315, acceleration may be monitored to
detect steps. When N steps are detected in appropriate
cadence windows, a stepping mode 325 is initiated. If N steps
are not detected within a period of time, sleep mode is reini-
tiated. In one embodiment, sleep mode is only initiated if no
motion is detected.

Once in stepping mode 325, acceleration data is monitored
to count steps according to a predefined set of rules or motion
criteria. According to one of these criteria, steps are expected
to occur within a set interval (e.g., within a cadence window).
When a step is counted within the set interval, then the step-
ping mode 325 is continued. When a step is not detected
within the set interval, an expected step has not occurred, and
an exit mode 335 is initiated.

In exit mode 335, processing logic determines whether a
predetermined number of steps (X) are detected at a particular
cadence. The predetermined number of steps X may be the
same as, or different from, the number of steps N. When X
steps are detected in a cadence, stepping mode 325 is reiniti-
ated. When X steps are not detected within a period of time,
entry mode 315 is reinitiated.

FIG. 4 illustrates a flow diagram for a method 400 of
operating an electronic device in sleep mode, in accordance
with one embodiment of the present invention. In one
embodiment, method 400 corresponds to the sleep mode 305
of FIG. 3. In one embodiment, the method 400 may begin
when no relevant acceleration has been detected for a prede-
termined time interval, or when no steps have been detected
for a predetermined time interval. In one embodiment, when
no acceleration above a threshold value is detected for a set
period of time, the sleep function is initiated. In another
embodiment, when a motion signature indicative of an activ-
ity that does not need to be monitored is detected, the sleep
function is initiated. For example, when the motion signature
of driving is detected, the sleep function may be initiated. The
time period that elapses before the sleep mode is initiated may
be a fixed value, or it may be adjusted automatically by
processing logic or based on user input (e.g. in response to a
user selection of desired battery longevity verses desired per-
formance, or based on the last measured cadence window).

Referring to FIG. 4, method 400 begins with setting a sleep
mode sampling rate (block 405). In one embodiment, a low
sampling rate is set. This reduces power consumption and
prolongs battery life. In one embodiment, the sleep mode
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sampling rate is a fixed value. In alternative embodiments, the
sleep mode sampling rate can be modified automatically by
processing logic based on certain criteria such as time of day,
user behavior patterns, etc., or based on user input.

In one embodiment, a sampling function is periodically
executed in sleep mode, wherein the sampling function
samples acceleration data at a set sampling rate for a set time
period. For example, the sampling function may be executed
every ten seconds for a duration of one second, and a sam-
pling rate of fifty measurements per second may be set for that
one second of operation. In one embodiment, the sampling
function repeats at a relatively slow rate (e.g., once every 10
seconds), and the sampling rate within the sampling function
is relatively high (e.g., 50 Hz). The sampling function may be
used to detect unwanted motion signatures, or to maintain a
device in low power sleep mode, for example, while a user is
driving in a car.

In one embodiment, the sleep mode sampling rate is set to
zero. The sleep mode may be set to zero, for example, when
an inertial sensor has ‘inertial wakeup’ functionality. Inertial
wakeup functionality enables processing logic to switch from
sleep mode to entry mode when an acceleration exceeding a
set threshold is detected. The inertial wakeup may be used to
simultaneously exit sleep mode and power-up additional
functionality.

Atblock 410, measurements of acceleration data are taken.
At block 415, processing logic determines whether or not
relevant acceleration is detected. Relevant acceleration
includes acceleration that meets certain relevancy criteria. In
one embodiment, the relevancy criteria include a lower
threshold and an upper threshold. In alternative embodi-
ments, other relevancy criteria may also be used, such as a
requirement that acceleration be continuously measured for a
preset time period.

When no relevant acceleration is detected, or when the
‘inertial wakeup’ pin has not triggered (for inertial sensors
having ‘inertial wakeup functionality’), sleep mode contin-
ues, and further measurements of acceleration data are taken
at the set sleep mode sampling rate (block 410). When accel-
eration is detected, sleep mode is terminated and entry mode
is initiated (block 420). In one embodiment, the acceleration
that is detected and its rate of change must meet certain
criteria to terminate sleep mode.

FIG. 5 illustrates a flow diagram for a method 500 of
operating an electronic device in entry mode, in accordance
with one embodiment of the present invention. In one
embodiment, method 500 corresponds to the entry mode 315
of FIG. 3. The entry mode may be initiated when a user first
begins an activity in which steps may be detected. In one
embodiment, the method 500 begins when any relevant accel-
eration is detected. In one embodiment, entry mode is initi-
ated when a measurement of acceleration that meets certain
criteria has been detected. In one embodiment, method 500 is
initiated when a sleep mode is terminated.

Referring to FIG. 5, method 500 begins by setting the
sampling rate to a stepping sampling rate (block 504). The
stepping sampling rate is set to facilitate accurate measure-
ments of steps, and may be a fixed or a dynamically variable
rate. A variable sampling rate may automatically adjust
depending on a period of a detected stepping cadence, may be
user adjusted, may adjust based on applications being run by
processing logic, or by other means. The stepping sampling
rate may be set to anywhere between about 10 and about 200
Hz. In one embodiment, the stepping sampling rate is set to
about 15 to 40 Hz.

At block 510, a first step is recognized. Since no previous
steps have been measured, and there is no cadence window,
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the first step may be recognized at any time. Once a first step
is recognized, a default cadence window is set (block 514).
The default cadence window may have a minimum and maxi-
mum such that steps will be counted for most or all possible
stepping cadences, whether a user is walking slowly or sprint-
ing. In one embodiment, the default cadence window has a
minimum of around 325 ms and a maximum of around 1000
ms.

In one embodiment, an initial default value is set wide
enough to accommodate all users, and is then dynamically
adjusted to match the specific user in question. Processing
logic may ‘learn’ (adapt to) a particular user, and may become
more accurate as steps are counted. Processing logic that has
the ability to learn or adapt to different users may create an
individualized profile for each user. Multiple profiles may
also be created for each user, the different profiles reflecting
different user activity. For example, a first profile might be
created for a user’s running and a second profile may be
created for a user’s walking. Processing logic may switch
between different profiles automatically, or manually based
on user input. In one embodiment, processing logic compares
a current cadence and/or motion cycle pattern to stored pro-
files. When a current cadence or motion cycle pattern matches
that of a stored profile, that profile is activated.

At block 520, a buffered step count is set to one. At block
524, processing logic determines whether an additional step
is recognized. An additional step may be recognized if a
particular measurement of acceleration meets all the neces-
sary criteria. One embodiment of these criteria is discussed
below with reference to FIG. 8.

Returning to FIG. 5, if an additional step is recognized,
method 500 continues to block 560. If no additional steps are
recognized, then processing logic determines whether the
time is still within the cadence window (block 530). If there is
still time within the cadence window, the process returns to
block 524. If the cadence window has closed, then the buft-
ered step count is reset to zero (block 534). The process then
continues to block 540.

At block 540, processing logic determines whether any
relevant acceleration is detected. If no relevant acceleration is
detected, then sleep mode is initiated (block 544). If some
relevant acceleration is detected, then processing logic
returns to block 510 to await recognition of another first step.
It at block 540 an additional step was recognized, the process
continues to block 560.

At block 560, an additional step is added to the buffered
step count. Processing logic then checks whether there are M
counts in the buffered step count (block 564). In one embodi-
ment, M is an integer value between about 4 and 10. If there
are not at least M steps in the buffered step count, then the
process returns to block 524.

Ifthe buffered step count is equal to or greater than M, then
the processing logic checks whether the cadence window is
set to the default (block 570). Ifthe cadence window is still set
to the default, then a new cadence window is set (block 574)
based on a stepping cadence of the M steps measured. The
process then returns to block 524. If the cadence window is
not set to the default, then processing logic continues to block
580. In an alternative embodiment, once there are M steps in
the buffered step count, the cadence window may be adjusted
for each additional step that is recognized.

At block 580, processing logic checks whether there are N
steps in the buffered step count (block 580), where N may be
an integer value greater than M. When there are not yet N
steps in the buffered step count, the process returns to block
524 to continue in entry mode. When the number of steps in
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the buffered step count reaches N, the buffered steps are
added to an actual or final step count, and a stepping mode is
entered into (block 584).

FIG. 6 illustrates a flow diagram for a method 600 of
operating an electronic device in stepping mode, in accor-
dance with one embodiment of the present invention. In one
embodiment, method 600 corresponds to the stepping mode
325 of FIG. 3. The stepping mode may be initiated when a
user has been walking long enough for a buffered step count
to fill. In one embodiment, method 600 is initiated when an
entry mode is terminated, and/or when an exit mode is termi-
nated.

Referring to FIG. 6, method 600 begins by setting a
cadence window (block 610). The cadence window may be
set based on previous measurement data. In one embodiment,
the cadence window is set based on a rolling average of
stepping periods. In one embodiment, the cadence window
may be identical to the cadence window used during entry
mode. Once the cadence window is set, measurement data is
checked to determine whether an additional step is recog-
nized (block 615). If an additional step is recognized, then it
is added to the final or actual step count (block 620). If no
additional step is recognized, then processing logic deter-
mines whether the current measurement was taken within the
cadence window (block 625). If the cadence window has not
elapsed, the process returns to block 615. If the cadence
window has elapsed, then an expected step was not counted,
and an exit mode is initiated (block 630).

FIG. 7 illustrates a flow diagram for a method 700 of
operating an electronic device in exit mode, in accordance
with one embodiment of the present invention. In one
embodiment, method 700 corresponds to the exit mode 335 of
FIG. 3. The exit mode may be entered into when an expected
step is not identified in stepping mode.

In one embodiment, the requirement(s) for changing from
exit mode to stepping mode are less strict than the require-
ment(s) for switching from entry mode to stepping mode.
Processing logic may assume that when a user has recently
taken a step, the user is most likely to take another step.
Processing logic may also assume that if a user has not just
taken a step, it is most likely that they will not take one. These
assumptions may be implemented by imposing more strin-
gent requirements to switch from entry mode to stepping
mode than to change from exit mode to stepping mode.

An expected step may not be identified, for example, when
a user stops walking, when extraneous movements such as
gestures are made that interfere with the step count, or when
a device orientation is changed as a step occurs. In one
embodiment, the exit mode assumes that a step has been
missed, so that if the exit mode determines that a user is still
walking, the originally uncounted step is not missed.

The process begins by initiating a step timer (block 705).
The step timer measures the amount of time that has passed
since a step has been identified. In one embodiment, the step
timer is a countdown timer that terminates exit mode when
the timer reaches zero. In one embodiment, the step timer
starts counting when a cadence window minimum is reached,
and stops counting when a cadence window maximum is
reached. In an alternative embodiment, the step timer starts
counting as soon as the exit mode is initiated, and stops
counting when a cadence window maximum is reached. In
one embodiment, the step timer starts counting at 240 ms
from the time that the expected step should have occurred.

At block 710, a step is added to a buffered step count. At
block 715, processing logic determines whether the buffered
step count is equal to X, where X of the number of identified
steps in exit mode. In one embodiment, X is between 3 and 8.
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If'the buffered step count is equal to X, then the buftered steps
are added to the actual step count and stepping mode is
reinitiated (block 720). If the buffered step count is not equal
to X, then processing logic proceeds to block 725.

Atblock 725, processing logic determines whether the step
timer has timed out (allotted time has elapsed). In one
embodiment, the step timer times out when no steps are
counted within a cadence window. In one embodiment, the
step timer times out when no steps are counted in two or more
cadence windows. If the allotted time has elapsed, then the
buffered step count is cleared, and entry mode is initiated
(block 730). If the allotted time has not elapsed, then process-
ing logic determines whether an additional step is recognized
(block 735). If a step is recognized, then the step timer is reset
(block 705), the buffered step count is incremented by one
(block 710), and on the process continues to block 715. If a
step is not recognized, then processing logic returns to block
725 to determine whether the step timer has elapsed. In an
alternative embodiment, the step timer is not reset when an
additional step is recognized, and the buffered step count
must reach X in the time initially allotted by the step timer. In
that instance, the step timer is set at greater than X times the
cadence window.

FIG. 8 illustrates a flow diagram for a method 800 of
recognizing a step, in accordance with one embodiment of the
present invention. In one embodiment, method 800 may be
executed by blocks 510 and 524 of FIG. 5, block 615 of FIG.
6 and block 735 of FIG. 7. In one embodiment, method 800 is
performed by electronic device 100 of FIG. 1.

Referring to FIG. 8, method 800 begins with measure-
ments of acceleration data being taken (block 805). Measure-
ments are taken according to a sampling rate, which may vary
from about one measurement per second to many measure-
ments a second, depending on the operating mode being used.

At processing block 810, in one embodiment measure-
ments are filtered. Measurements can be filtered to remove
high frequency data and/or low frequency data. In one
embodiment, what data to filter depends on the type of user
activity detected. At processing block 812, in one embodi-
ment the inertial sensor is oriented by assigning a dominant
axis. Assigning a dominant axis may include calculating roll-
ing averages of acceleration and assigning the dominant axis
based on the rolling averages of acceleration.

At block 815, processing logic determines whether a mea-
surement is within a cadence window. If the measurement is
not within a cadence window, then no step may be recognized
or counted for that measurement (block 840). If the measure-
ment is within the cadence window, the process continues to
block 820.

At block 820, processing logic determines whether accel-
eration along the dominant axis is greater than a lower thresh-
old. If the measurement is not greater than the lower thresh-
old, no step may be recognized or counted for that
measurement (block 840). If the measurement is greater than
the lower threshold, the processing logic continues to block
825.

In one embodiment, the measurement may qualify as a step
if it is the first measurement that crosses the lower threshold.
In an alternative embodiment, the measurement with the
greatest acceleration within a cadence window (e.g. a peak)
may be counted as a step.

The lower threshold may be based on a rolling average of
accelerations as determined by the rolling average logic 135
of FIG. 1. In one embodiment, the rolling average of accel-
erations that is used to set the lower threshold has a sample
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period that is about twice the stepping period. In alternative
embodiments, other sample periods are used for the rolling
average.

In one embodiment, the lower threshold is set such that an
absolute value of a measurement must exceed an absolute
value of the rolling average to be counted as a step. Multiple
lower thresholds may be set, and a current measurement may
be compared to one or more of the lower thresholds depend-
ing on operating conditions. For example, a negative lower
threshold may be used if acceleration is detected in a negative
direction (e.g., when device is upside down), and a positive
lower threshold may be used if acceleration is detected in a
positive direction (e.g., device is right-side up). In one
embodiment, absolute values may be used.

In one embodiment, the measurement must exceed the
rolling average by a set margin. The margin may be set auto-
matically by processing logic, or it may vary based on the
orientation of the electronic device or inertial sensor(s), user
input, and/or other criteria.

In one embodiment, the lower threshold is adjusted based
on an orientation of the electronic device and/or an orienta-
tion of the inertial sensor(s) within the electronic device. If an
axis is closely aligned with gravity, a first threshold may be
used. If no axes are closely aligned to gravity, other thresholds
may be used. In one embodiment, a variable threshold is used,
the variable threshold having a larger value when an axis is
closely aligned to gravity, and progressively lower values as
an axis most closely aligned with gravity is moved out of line
with gravity. The variable threshold can be implemented
using a data structure (e.g., a lookup table, hash table, adja-
cency matrix, etc.), comparison to a virtual axis, or by per-
forming trigonometric calculations.

At block 825, processing logic determines whether accel-
eration along the dominant axis is greater than previous mea-
surements. In one embodiment, acceleration along the domi-
nant axis for a present measurement is compared to the
previous 1 to 4 measurements.

In one embodiment, the absolute value of the present mea-
surement is compared to the absolute value of the previous
measurement or measurements. By comparing the absolute
value of acceleration along the dominant axis to previous
absolute value(s) of acceleration, processing logic may deter-
mine whether the acceleration of a user is moving away from
the influence of gravity (e.g. whether a person is lifting a foot
from the ground rather than planting it on the ground). In one
embodiment, a measurement qualifies as a step when it
reflects that the acceleration of a user is moving away from
gravity. Alternatively, a current measurement may qualify as
a step if it has an absolute value that is less than absolute
values of the previous measurements, indicating that the
acceleration of a user is moving towards gravity.

If the absolute value of the current measurement is not
greater than the absolute values of the measurements com-
pared to, then no step may be recognized or counted for that
measurement (block 840). If the absolute value of the mea-
surement is greater than the absolute values of previous mea-
surements, then the process continues to block 830.

At block 830, processing logic determines whether accel-
eration for a particular measurement is lower than an upper
threshold. In one embodiment, only acceleration along the
dominant axis is compared to the upper threshold. In one
embodiment, accelerations along all axes are compared to the
upper threshold. If the current measurement is not lower than
the upper threshold, then no step may be recognized or
counted for that measurement (block 840). If the measure-
ment is lower than the upper threshold, then a step may be
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counted (block 835). The upper threshold may be set to pre-
vent sudden accelerations such as taps from being counted as
steps.

Blocks 815, 820, 825 and 830 show four criteria that may
be used to accurately determine whether user has walked or
run one step. These criteria may be dynamic motion criteria
that are updated continuously as current conditions change
(e.g., as an inertial sensor changes orientation, as a user
changes cadence, etc.). Alternatively, these criteria may be
static criteria that are preset, or criteria that may be changed
through user input.

As noted above, though embodiments of the present inven-
tion are described in reference to steps, the present invention
equally applies to other periodic human motions. Other cri-
teria may also be used inaddition to, or in place of, those listed
above. These criteria may reduce or eliminate the number of
false steps counted and/or the number of missed steps.
Examples of other criteria include specific rates of change in
acceleration between measurements, specific shapes and/or
sharpness of acceleration peaks for motion cycles, particular
amplitudes of periodic human motions, etc. These and other
criteria may be applied to embodiments of the present inven-
tion.

FIG. 9 illustrates a flow diagram for one embodiment of a
method 900 of orienting an inertial sensor. In one embodi-
ment, the method 900 is executed by block 812 of FIG. 8.

Referring to FIG. 9, method 900 begins with detecting a
stepping period (block 910). In one embodiment, the method
900 may begin by detecting a stepping cadence. At block 915,
rolling averages of accelerations are created. The rolling aver-
ages of accelerations may be created based on the stepping
period (or stepping cadence). In one embodiment, multiple
rolling averages of accelerations are created.

At block 920, a dominant axis is assigned. In one embodi-
ment, the dominant axis is assigned after identitying a gravi-
tational influence. The gravitational influence may be identi-
fied by calculating total acceleration based upon the
acceleration on each axis. In one embodiment, the percentage
of'the total acceleration can then be assigned to each axis and
an approximate device orientation can be determined.

In the foregoing description, numerous specific details
have been set forth such as examples of specific systems,
languages, components, etc. in order to provide a thorough
understanding of the present invention. It will be apparent,
however, to one skilled in the art that these specific details
need not be employed to practice the present invention. In
other instances, well known materials or methods have not
been described in detail in order to avoid unnecessarily
obscuring the present invention.

The present invention may be performed by hardware com-
ponents or may be embodied in machine-executable instruc-
tions, which may be used to cause a general-purpose or spe-
cial-purpose processor programmed with the instructions to
perform the method described above. Alternatively, the
method may be performed by a combination of hardware and
software.

The present invention may be provided as a computer
program product, or software, that may include a machine-
readable medium having stored thereon instructions, which
may be used to program a computer system (or other elec-
tronic devices) to perform a process according to the present
invention. The machine-readable medium may include, but is
not limited to, floppy diskettes, optical disks, CD-ROMs, and
magneto-optical  disks, ROMs, RAMs, EPROMs,
EEPROMSs, magnetic or optical cards, flash memory, or other
type of media or machine-readable mediums suitable for
storing electronic instructions.
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In the foregoing specification, the invention has been
described with reference to specific exemplary embodiments
thereof. It will, however, be evident that various modifica-
tions and changes may be made thereto without departing
from the broader spirit and scope of the invention as set forth
in the appended claims. The specification and drawings are,
accordingly, to be regarded in an illustrative rather than a
restrictive sense.

What is claimed is:

1. A method of monitoring human activity using an inertial
sensor, comprising:

continuously determining an orientation of the inertial sen-

sor;

assigning a dominant axis;

updating the dominant axis as the orientation of the inertial

sensor changes; and

counting periodic human motions by monitoring accelera-

tions relative to the dominant axis.

2. The method of claim 1, further comprising:

using acceleration measurements along only the dominant

axis to count steps.

3. The method of claim 1, further comprising:

maintaining a cadence window, wherein the cadence win-

dow is continuously updated as an actual cadence
changes; and

counting a periodic human motion when an acceleration

measurement that meets motion criteria is within the
cadence window.

4. The method of claim 3, wherein at least one of the motion
criteria is a dynamic motion criterion, the dynamic motion
criterion being continuously updated to reflect current condi-
tions.

5. The method of claim 4, wherein the dynamic motion
criteria includes at least a lower threshold, wherein the lower
threshold is adjusted based on at least one of a rolling average
of accelerations and the orientation of the inertial sensor.

6. A method of monitoring human activity using an inertial
sensor, comprising:

running a device that includes the inertial sensor in a non-

active mode, in which periodic human motions are buff-
ered;
switching the device from the non-active mode to an active
mode, after identifying a number of periodic human
motions within appropriate cadence windows; and

during the active mode, counting each of the periodic
human motions to enable the monitoring of human
activity.

7. The method of claim 6, further comprising:

switching the device from the active mode to the non-active

mode when a number of expected periodic human
motions are not identified in the appropriate cadence
windows.

8. The method of claim 6, further comprising:

switching from a sleep mode to the non-active mode of

operation when an acceleration is detected.

9. The method of claim 6, wherein running the device in a
non-active mode comprises running the device in one of an
exit mode and an entry mode.
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10. The method of claim 9, wherein:

a requirement for switching the device from the exit mode
to the active mode is lower than a requirement for
switching the device from the entry mode to the active
mode.

11. An inertial sensor based device, comprising:

a dominant axis logic, to continuously determine an orien-
tation of a device, to assign a dominant axis, and to
update the dominant axis as the orientation of the device
changes; and

a counting logic to count periodic human motions by moni-
toring accelerations relative to the dominant axis.

12. The device of claim 11, wherein:

The counting logic uses acceleration measurements along
only the dominant axis to count steps.

13. The device of claim 11, further comprising:

a cadence logic to continuously update a dynamic cadence
window; and

the counting logic to count a periodic human motion when
an acceleration measurement that meets motion criteria
is taken within the cadence window.

14. The device of claim 11, further comprising:

a comparator, to compare measurements of acceleration to
dynamic motion criteria, the dynamic motion criteria
being continuously updated to reflect current condi-
tions; and

the counting logic to count a periodic human motion when
the measurements of acceleration satisfy the dynamic
motion criteria.

15. A device including an inertial sensor, comprising:

a counting logic, to identify and count periodic human
motions;

a mode logic, to switch the device from a non-active mode
to an active mode after a number of periodic human
motions are detected within appropriate cadence win-
dows by the counting logic; and

a buffer, to buffer periodic human motions when the device
is in the non-active mode.

16. The device of claim 15, wherein:

the mode logic to switch the device from the active mode to
the non-active mode when a number of expected peri-
odic human motions are not identified in the appropriate
cadence windows.

17. The device of claim 15, wherein the non-active mode

comprises one of an exit mode and an entry mode.

18. The device of claim 17, wherein:

a requirement for the mode logic to switch the device from
the exit mode to the active mode is lower than a require-
ment for the mode logic to switch the device from the
entry mode to the active mode.

19. The device of claim 15, further comprising:

a cadence logic, to set the appropriate cadence windows.

20. The device of claim 19, wherein the cadence logic

adjusts the cadence windows based on a measured cadence
associated with the periodic human motion.
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