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A device supported by a user while the user is in locomotion 
on foot during an outing to automatically measure amounts of 
time taken by the user to complete respective distance inter 
vals. During the outing, data representing the automatically 
measured amounts of time may be automatically stored in 
memory of the device. During the outing, the device may 
display at least one of an average pace of the user since a most 
recently completed distance interval, an average speed of the 
user since the most recently completed distance interval, and 
a projected time to complete a current distance interval based 
on monitored performance since the most recently completed 
distance interval. The device may determine a remaining 
distance to be traveled to complete a specified goal distance 
for the outing and a calculated fraction of the specified goal 
distance for the outing. 
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MONITORING ACTIVITY OF AUSER IN 
LOCOMOTION ON FOOT 
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08/942,802, filed Oct. 2, 1997, and now U.S. Pat. No. 6,018, 
705. Application Ser. No. 09/643,191 is also a continuation 
in-part of each of application Ser. No. 09/164,654, filed Oct. 
1, 1998, and now U.S. Pat. No. 6,122,340, Ser. No. 09/382, 
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No. 6,560,903. Priority is claimed to each of the foregoing 
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BACKGROUND 

0002 1. Field of the Invention 
0003. The present invention relates to the monitoring of 
the activity of a user in locomotion on foot. 
0004 2. Discussion of the Related Art 
0005. It is known that useful information may be derived 
from the measurement of the “foot contact time' (Tc) of a 
user in locomotion, wherein "foot contact time' refers to the 
period of time that a foot of a user is in contact with the surface 
during a stride taken by the user while the user is in locomo 
tion on foot. Once the foot contact time (Tc) of the user is 
known, other information, such as rate of travel, distance 
traveled, and ambulatory expended energy may be calculated 
based upon this measured foot contact time (Tc). 
0006. In the past, foot contact time (Tc) has been measured 
by placing pressure-sensitive sensors or Switches, such as 
resistive sensors, in both the heel and toe portions of the sole 
of a shoe, and measuring a time difference between a first 
signal output by the heel sensor (which indicates that the foot 
has made physical contact with the Surface) and a second 
signal output by the toe sensor (which indicates that the foot 
has left the surface). These sensors, however, are subjected to 
a high-impact environment inside of the shoe, and therefore 
fail frequently. In addition, inaccurate foot contact time (Tc) 
measurements may result when a user is taking strides during 
which either the heel sensor or the toe sensor is not activated, 
for example, when a user is running on his or her toes. 
0007 Another device well-known in the art is a pedom 

eter. A pedometer typically is mounted on the waist of a user 
and is configured to count the footsteps of the user by mea 
Suring the number of times the user's body moves up an down 
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during Strides taken by the user. A well-known prior art 
pedometer design uses a weight mounted on a spring to count 
the number of times that the user's body moves up and down 
as the user is walking. By properly calibrating the pedometer 
according to a previously measured stride length of the user, 
the distance traveled by the user may be measured by this 
device. These “weight-on-a-spring pedometers, however, 
generally cannot measure the distance traveled by a runner 
because the weight experiences excessive bouncing during 
running and footsteps are often “double-counted” because of 
this bouncing, thereby causing the pedometer to produce 
inaccurate results. These devices therefore cannot be used 
across different training regimes (e.g., Walking, jogging, and 
running). 
0008 Another prior art pedometer device uses an acceler 
ometer to measure the number of times that a user's foot 
impacts the Surface when the user is in locomotion. That is, an 
accelerometer is mounted on the user's shoe so as to produce 
a signal having pronounced downward going peaks that are 
indicative of moments that the users foot impacts the Surface. 
These devices therefore produce results similar to the prior art 
weight-on-a-spring pedometer devices in that they merely 
count the number of footsteps of the user, and must be cali 
brated according to the stride length of the user in order to 
calculate the distance traveled by the user. Thus, these accel 
erometer-based devices are Subject to similar limitations as 
are the weight-on-a-spring devices, and are not capable of 
measuring the foot contact time (Tc) of a user in locomotion. 
0009. It is therefore a general object of the present inven 
tion to provide a new approach to pedometry. 

SUMMARY 

0010. According to one aspect of the present invention, a 
method involves using at least one device Supported by a user 
while the user is in locomotion on foot during an outing to 
automatically measure amounts of time taken by the user to 
complete respective distance intervals. During the outing, 
data representing the automatically measured amounts of 
time is automatically stored in memory of the least one 
device. 
0011. According to another aspect, a method involves 
using at least one device Supported by a user while the user is 
in locomotion on foot during an outing to automatically iden 
tify occasions on which a user completes respective distance 
intervals. During the outing, the at least one device displays at 
least one of an average pace of the user since a most recently 
completed distance interval, an average speed of the user 
since the most recently completed distance interval, and a 
projected time to complete a current distance interval based 
on monitored performance since the most recently completed 
distance interval. 
0012. According to another aspect, a method involves 
using at least one device Supported by a user while the user is 
in locomotion on foot during an outing to monitor a distance 
traveled by the user. An input to the at least one device is 
received that specifies a goal distance for the outing. The at 
least one device determines a remaining distance to be trav 
eled to complete one of the specified goal distance for the 
outing and a calculated fraction of the specified goal distance 
for the outing. 
0013. According to another aspect, a method involves 
using at least one device Supported by a user while the user is 
in locomotion on foot during an outing to monitor a perfor 
mance parameter of the user comprising one a pace of the user 
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and a speed of the user. Prior to the outing, the at least one 
device is configured to specify first and second intervals of the 
outing and corresponding first and second performance Zones 
for the first and second intervals, wherein each of the first and 
second performance Zones comprises one of a Zone of paces 
and a Zone of speeds and is different that the other of the first 
and second performance Zones. During the first interval, an 
action is taken with the at least one device in response to 
determining that the monitored performance parameter of the 
user has fallen outside the first performance Zone. During the 
second interval, an action is taken with the at least one device 
in response to determining that the monitored performance 
parameter of the user has fallen outside the second perfor 
aCC ZOC. 

0014. According to another aspect, a method involves 
using at least one device Supported by a user while the user is 
in locomotion on foot during an outing to monitor a distance 
traveled by the user. Prior to the outing, the at least one device 
is configured to specify first and second distance intervals that 
are different than one another. A first action is taken with the 
at least one device in response to determining that the user has 
completed the first distance interval during the outing. A 
second action is taken with the at least one device in response 
to determining that the user has completed the second dis 
tance interval during the outing. 
0015. According to another aspect, a method involves 
monitoring a performance parameter of a user with at least 
one device supported by the user while the user is in locomo 
tion on foot during an outing, the at least one device having at 
least one configurable operational characteristic. A computer 
is manipulated to specify a particular configuration of the at 
least one configurable operational characteristic, and a con 
nection is established between the computer and the at least 
one device. Information is transferred from the computer to 
the at least one device via the connection that causes the at 
least one device to take on the particular configuration of the 
at least one configurable operational characteristic, and the 
connection between the computer and the at least one device 
is de-established prior to the outing. 
0016. According to another aspect, a method comprises a 
step of identifying a grade of a surface based upon a measured 
physiological parameter of a user in locomotion on foot on the 
Surface. 
0017. According to another aspect, a method comprises 
steps of identifying an average foot contact time of a user 
during a first outing, identifying an average pace of the user 
during the first outing, and determining a relationship 
between foot contact times of the user and corresponding 
paces of the user, wherein the relationship is based upon the 
average foot contact time and the average pace identified 
during the first outing, and wherein no other average foot 
contact times and no other average paces identified during 
any different outings by the user are used to define the rela 
tionship. The method further comprises steps of determining 
at least one foot contact time of the user during a second 
outing, and calculating a pace of the user during the second 
outing based upon the determined at least one foot contact 
time and the determined relationship between foot contact 
times of the user and corresponding paces of the user. 
0018. According to another aspect, a method comprises 
steps of determining a single user-specific calibration con 
stant that defines a relationship between foot contact times of 
a user and corresponding paces of the user, wherein no other 
user-specific calibration constants are used to define the rela 
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tionship, determining at least one foot contact time of the user 
during an outing, and calculating a pace of the user during the 
outing based upon the determined at least one foot contact 
time and the relationship between foot contact times of the 
user and corresponding paces of the user that is defined by the 
single user-specific calibration constant. 
0019. According to another aspect, an apparatus com 
prises a mount, a housing, and a sensor. The mount is adapted 
to be disposed at least partially underneath a shoelace of a 
shoe. The housing is configured and arranged to be placed in 
at least first and second states in relation to the mount, 
wherein in the first state the housing is movable with respect 
to the mount and in the second state the housing is immovable 
with respect to the mount. There is a tongue on one of the 
mount and the housing and a groove on the other of the mount 
and the housing, the tongue being adapted to engage the 
groove when the housing is in the second State in relation to 
the mount and to disengage the groove then the housing is in 
the first state with respect to the mount. The sensor, which 
senses motion of the shoe, is disposed within the housing Such 
that the sensor remains disposed within the housing when the 
housing is placed in the first state in relation to the mount and 
the housing is moved with respect to the mount. 
0020. According to another aspect, a method involves pro 
viding a housing that houses a sensor that senses motion of a 
shoe, and attaching the mount to an instep portion of the shoe 
Such that at least a portion of the mount is disposed under 
neath at least a portion of a shoelace of the shoe. A tongue on 
one of the mount and the housing is engaged with a groove on 
the other of the mount and the housing to inhibit the housing 
from moving with respect to the mount. The tongue is also 
disengaged from the groove, and the housing is moved with 
respect to the mount without separating the sensor from the 
housing. 
0021. According to another aspect, a method involves 
determining at least one calculated parameter based upon at 
least one determined performance parameter of the user and 
at least one determined variable physiological parameter of 
the user. 
0022. According to another aspect, a method involves 
identifying at least one of an existence of a non-Zero grade of 
a Surface and a value of the grade of the Surface based upon at 
least one determined variable physiological parameter of a 
USC. 

0023. According to another aspect, a method involves 
identifying at least one of an existence of a grade of a Surface 
and a value of the grade of the Surface based upon at least one 
determined performance parameter of a user. 
0024. According to another aspect, a system includes at 
least one processor configured to identify at least one of an 
existence of a non-zero grade of a Surface and a value of the 
grade of the Surface based upon at least one determined vari 
able physiological parameter of a user in locomotion on foot 
on the Surface. 
0025. According to another aspect, a system includes at 
least one processor configured to identify at least one of an 
existence of a non-zero grade of a Surface and a value of the 
grade of the Surface based upon at least one determined per 
formance parameter of the user in locomotion on foot on the 
Surface. 
0026. According to another aspect, a system includes at 
least one first sensor that determines at least one performance 
parameter of the user while the user is in locomotion on foot; 
at least one second sensor that determines at least one variable 
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physiological parameter of the user while the user is in loco 
motion on foot; and means for determining at least one cal 
culated parameter based upon the at least one determined 
performance parameter of the user and the at least one deter 
mined variable physiological parameter of the user. 
0027. According to another aspect, a system includes at 
least one sensor that determines at least one physiological 
condition of a user while the user is in locomotion on foot on 
a surface; and means for identifying at least one of an exist 
ence of a non-Zero grade of the Surface and a value of the 
grade of the Surface based upon the at least one determined 
physiological condition of the user. 
0028. According to another aspect, a system includes at 
least one sensor that determines at least one performance 
parameter of a user while the user is in locomotion on foot on 
a surface; and means for identifying at least one of an exist 
ence of a non-Zero grade of the Surface and a value of the 
grade of the Surface based upon the at least one determined 
performance parameter. 
0029. According to another aspect, a method includes 
steps of with at least one device supported by a user while the 
user is in locomotion on foot, determining at least one per 
formance parameter of the user; and estimating a value of a 
variable physiological parameter of the user based upon the 
determined at least one performance parameter of the user. 
0030. According to another aspect, a method includes 
steps of: (a) identifying at least one of an existence of a 
non-Zero grade of a surface and a value of the grade of the 
surface; and (b) with at least one device supported by a user 
while the user is in locomotion on foot, determining at least 
one performance parameter of the user based upon the iden 
tified at least one of an existence of the non-Zero grade of the 
surface and the value of the grade of the surface. 
0031. According to another aspect, a method includes 
steps of: (a) determining at least one altitude of a user, and (b) 
with at least one device supported by the user while the user 
is in locomotion on foot, calculating at least one performance 
parameter of the user based upon the at least one determined 
altitude of the user. 

0032. According to another aspect, a system includes at 
least one sensor, adapted to be Supported by a user while the 
user is in locomotion on foot, that determines at least one 
performance parameter of the user; and at least one processor 
that calculates a value of a variable physiological parameter 
of the user based upon the determined at least one perfor 
mance parameter of the user. 
0033 According to another aspect, a system includes at 
least one processor, adapted to be Supported by a user while 
the user is in locomotion on foot on a surface, that determines 
at least one performance parameter of the user based upon at 
least one of an identified existence of a non-Zero grade of the 
surface and an identified value of the grade of the surface. 
0034. According to another aspect, a system includes at 
least one processor, adapted to be Supported by a user while 
the user is in locomotion on foot, that calculates at least one 
performance parameter of the user based upon at least one 
identified altitude of the user. 

0035. According to another aspect, a system includes at 
least one sensor, adapted to be Supported by a user while the 
user is in locomotion on foot, that determines at least one 
performance parameter of the user, and means for calculating 
a value of a variable physiological parameter of the user based 
upon the determined at least one performance parameter. 
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0036. According to another aspect, a system includes 
means for identifying at least one of an existence of a non 
Zero grade of a Surface and a value of the grade of the Surface; 
and means, adapted to Supported by a user while the user is in 
locomotion on foot on the Surface, for determining at least 
one performance parameter of the user based upon the iden 
tified at least one of the existence of the non-zero grade of the 
surface and the value of the grade of the surface. 
0037 According to another aspect, a system includes 
means for determining at least one altitude of a user; and 
means, adapted to be supported by the user while the user is in 
locomotion on foot, for calculating at least one performance 
parameter of the user based upon the at least one determined 
altitude of the user. 
0038 According to another aspect, a method involves, in 
response to movement of a user during at least one footstep 
taken by the user, generating a signal that experiences 
changes during a time period that the foot is airborne during 
at least one footstep taken by the user. At least one change in 
the signal generated after the foot has become airborne and 
before the foot contacts the surface is identified that is indica 
tive of the foot being airborne during the at least one footstep. 
0039. According to another aspect, a method involves gen 
erating a signal in response to movement of a user during at 
least one footstep taken by the user. The signal is monitored to 
determine when the signal has experienced a minimum 
degree of Smoothness for at least a given period of time. In 
response to determining that the signal has experienced the 
minimum degree of smoothness for at least the given period 
of time, it is identified that the foot of the user is airborne. 
0040. According to another aspect, a method involves gen 
erating a signal in response to movement of a user during at 
least one footstep taken by the user. It is determined whether 
any characteristics of the signal satisfy any one of a plurality 
of predetermined criteria consistent with a foot of the user 
engaging in a particular event during a footstep. 
0041 According to another aspect, a method involves gen 
erating a signal in response to movement of a user during at 
least one footstep taken by the user. The signal is sampled to 
obtain a plurality of samples of the signal. Differences 
between pairs of the plurality of samples of the signal are 
calculated, and the calculated differences between the pairs of 
the plurality of samples of the signal are monitored to identify 
at least one pair of the plurality of samples of the signal having 
a difference therebetween that is indicative of a particular 
event during the at least one footstep. 
0042. According to another aspect, a method involves gen 
erating a signal in response to movement of a user during a 
plurality of footsteps taken by the user. A threshold is set 
based upon at least one first characteristic of the signal gen 
erated during at least a first one of the plurality of footsteps 
preceding a second one of the plurality of footsteps. The 
signal generated during the second one of the plurality of 
footsteps is analyzed to determine whether at least one second 
characteristic of the signal generated during the second one of 
the plurality of footsteps has exceeded the threshold. 
0043. According to another aspect, a method includes 
steps of: (a) generating a signal in response to movement of a 
user during a plurality of footsteps taken by the user; (b) with 
at least one processor, analyzing the signal to determine a 
moment that a foot of the user makes contact with a Surface 
during one of the plurality of footsteps taken by the user; (c) 
after performing the step (b), with the at least one processor, 
analyzing the signal to determine a moment that the foot 
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leaves the surface during the one of the plurality of footsteps: 
(d) waiting a given period of time after performing the step (b) 
to perform the step (c); (e) with the at least one processor, 
during the given period of time, performing calculations 
involving at least one of a determined foot contact time and a 
determined foot loft time; and (f) repeating the steps (b), (c), 
(d), and (e) for each of the plurality of footsteps. 
0044 According to another aspect, a system is disclosed 
that may be used in conjunction with at least one sensor that, 
in response to movement of a user during at least one footstep 
taken by the user on a Surface, generates a signal that experi 
ences changes during a time period that a foot of the user is 
airborne during the at least one footstep. The system includes 
at least one processor configured to identify at least one 
change in the signal generated after the foot has become 
airborne and before the foot contacts the surface that is indica 
tive of the foot being airborne during the at least one footstep. 
0045. According to another aspect, a system is disclosed 
that may be used in conjunction with at least one sensor that 
generates a signal in response to movement of a user during at 
least one footstep taken by the user. The system includes at 
least one processor configured to monitor the signal to deter 
mine when the signal has experienced a minimum degree of 
Smoothness for at least a given period of time, and to, in 
response to determining that the signal has experienced the 
minimum degree of Smoothness for at least the given period 
of time, identify that the foot of the user is airborne. 
0046 According to another aspect, a system is disclosed 
that may be used in conjunction with at least one sensor that 
generates a signal in response to movement of a user during at 
least one footstep taken by the user on a surface. The system 
includes at least one processor configured to determine 
whether any characteristics of the signal satisfy any one of a 
plurality of predetermined criteria consistent with a foot of 
the user engaging in a particular event during a footstep. 
0047 According to another aspect, a system is disclosed 
that may be used in conjunction with at least one sensor that 
generates a signal in response to movement of a user during at 
least one footstep taken by the user on a surface. The system 
includes at least one processor configured to sample the sig 
nal to obtain a plurality of samples of the signal, to calculate 
differences between pairs of the plurality of samples of the 
signal, and to monitor the calculated differences between the 
pairs of the plurality of samples of the signal to identify at 
least one pair of the plurality of samples of the signal having 
a difference therebetween that is indicative of a particular 
even during the at least one footstep. 
0.048. According to another aspect, a system is disclosed 
that may be used in conjunction with at least one sensor that 
generates a signal in response to movement of a user during a 
plurality of footsteps taken by the user. The system includes at 
least one processor configured to set a threshold based upon at 
least one first characteristic of the signal generated during at 
least a first one of the plurality of footsteps preceding a second 
one of the plurality of footsteps, and to analyze the signal 
generated during the second one of the plurality of footsteps 
to determine whether at least one second characteristic of the 
signal generated during the second one of the plurality of 
footsteps has exceeded the threshold. 
0049 According to another aspect, a system includes at 
least one processor configured to compare a foot contact time 
of a user with a threshold value, to determine that the user is 
running if the foot contact time is less than the threshold 
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value, and to determine that the user is walking if the foot 
contact time is greater than the threshold value. 
0050. According to another aspect, a system includes at 
least one sensor that, in response to movement of a user 
during at least one footstep taken by the user, generates a 
signal that experiences changes during a time period that the 
foot is airborne during the at least one footstep, and means for 
identifying at least one change in the signal generated after 
the foot has become airborne and before the foot contacts a 
surface that is indicative of the foot being airborne during the 
at least one footstep. 
0051. According to another aspect, a system includes at 
least one sensor that generates a signal in response to move 
ment of a user during at least one footstep taken by the user, 
and means for monitoring the signal to determine when the 
signal has experienced a minimum degree of Smoothness for 
at least a given period of time, and for, in response to deter 
mining that the signal has experienced the minimum degree 
of smoothness for at least the given period of time, identifying 
that the foot of the user is airborne. 
0.052 According to another aspect, a system includes at 
least one sensor that generates a signal in response to move 
ment of a user during at least one footstep taken by the user, 
and means for determining whether any characteristics of the 
signal satisfy any one of a plurality of predetermined criteria 
consistent with a foot of the user engaging in a particular 
event during a footstep. 
0053 According to another aspect, a system includes at 
least one sensor that generates a signal in response to move 
ment of a user during at least one footstep taken by the user, 
and means for sampling the signal to obtain a plurality of 
samples of the signal, for calculating differences between 
pairs of the plurality of samples of the signal, and for moni 
toring the calculated differences between the pairs of the 
plurality of samples of the signal to identify at least one pair 
of the plurality of samples of the signal having a difference 
therebetween that is indicative of a particular event during the 
at least one footstep. 
0054 According to another aspect, a system includes at 
least one sensor that generates a signal in response to move 
ment of a user during a plurality of footsteps taken by the user, 
and means for setting a threshold based upon at least one first 
characteristic of the signal generated during at least a first one 
of the plurality of footsteps preceding a second one of the 
plurality of footsteps, and for analyzing the signal generated 
during the second one of the plurality of footsteps to deter 
mine whether at least one second characteristic of the signal 
generated during the second one of the plurality of footsteps 
has exceeded the threshold. 
0055 According to another aspect, a method includes 
steps of (a) generating a signal in response to movement of a 
user during a footstep taken by the user; (b) identifying a first 
characteristic in the signal consistent with the occurrence of a 
toe-off event; (c) identifying a first moment that the first 
characteristic occurred as a potential occurrence of a toe-off 
event during the footstep; (d) identifying a second character 
istic in the signal, occurring after the first characteristic in the 
signal, consistent with the occurrence of a toe-off event; and 
(e) identifying a second moment that the second characteris 
tic occurred as the potential occurrence of the toe-off event 
during the footstep. 
0056. According to another aspect, a system includes at 
least one sensor that generates a signal in response to move 
ment of a user during a footstep taken by the user, and at least 
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one processor that identifies a first characteristic in the signal 
consistent with the occurrence of a toe-off event, that identi 
fies a first moment that the first characteristic occurred as a 
potential occurrence of a toe-off event during the footstep, 
that identifies a second characteristic in the signal, occurring 
after the first characteristic in the signal, consistent with the 
occurrence of a toe-off event, and that identifies a second 
moment that the second characteristic occurred as the poten 
tial occurrence of the toe-off event during the footstep. 
0057 According to another aspect, a system includes at 
least one sensor that generates a signal in response to move 
ment of a user during a footstep taken by the user; means for 
identifying a first characteristic in the signal consistent with 
the occurrence of a toe-off event; means for identifying a first 
moment that the first characteristic occurred as a potential 
occurrence of a toe-off event during the footstep; means for 
identifying a second characteristic in the signal, occurring 
after the first characteristic in the signal, consistent with the 
occurrence of a toe-off event; and means for identifying a 
second moment that the second characteristic occurred as the 
potential occurrence of the toe-off event during the footstep. 
0058 According to another aspect, a display unit to be 
mounted on a wrist of a user includes a display screen, a base, 
and at least one strap. The display screen visually displays 
characters, and has a top edge and a bottom edge correspond 
ing, respectively, to tops and bottoms of the characters dis 
played on the display screen. The base Supports the display 
screen and houses electronic circuitry associated with the 
display screen. The at least one strap is attached to the base 
and is adapted to secure the base to the wrist of the user. The 
base is configured and arranged such that, when the base is 
secured to the wrist of the user with the at least one strap, the 
top edge of the display screen is disposed a first distance away 
from an outer Surface of the user's wrist as determined along 
a first line oriented normal to the outer surface of the user's 
wrist and passing through the top edge of the display screen, 
and the bottom edge of the display Screenis disposed a second 
distance away from an outer Surface of the user's wrist as 
determined along a second line oriented normal to the outer 
Surface of the user's wrist and passing through the bottom 
edge of the display screen, wherein the first distance is greater 
than the second distance. 
0059. According to another aspect, a method includes 
steps of: (a) with at least one device supported by a user while 
the user is in locomotion on foot, determining respective 
values of at least first and second parameters selected from a 
group consisting of an instantaneous pace of the user, an 
average pace of the user, and a distance traveled by the user; 
and (b) displaying visually-perceptible information indica 
tive of the determined values of the at least first and second 
parameters, simultaneously. 
0060 According to another aspect, a method includes 
steps of: (a) with at least one device supported by a user while 
the user is in locomotion on foot, determining a value of at 
least one variable physiological parameter of the user; (b) 
with the at least one device, determining a value of at least one 
performance parameter of the user; and (c) displaying visu 
ally-perceptible information indicative of the determined val 
ues of the at least one variable physiological parameter of the 
user and the at least one performance parameter of the user, 
simultaneously. 
0061 According to another aspect, a method includes 
steps of (a) with at least one device Supported by the user, 
determining respective values of at least first and second 
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parameters selected from a group consisting of an instanta 
neous speed of the user, an average speed of the user, and a 
distance traveled by the user; and (b) displaying visually 
perceptible information indicative of the determined values 
of the at least first and second parameters, simultaneously. 
0062 According to another aspect, a system includes at 
least one device adapted to be supported by a user while the 
user is in locomotion on foot. The at least one device includes 
at least one sensor to determine respective values of at least 
first and second parameters selected from a group consisting 
of an instantaneous pace of the user, an average pace of the 
user, and a distance traveled by the user, the at least one device 
further comprising a display configured to display visually 
perceptible information indicative of the determined values 
of the at least first and second parameters, simultaneously. 
0063. According to another aspect, a system includes at 
least one device adapted to be supported by a user while the 
user is in locomotion on foot. The at least one device includes 
a first sensor to determine a value of at least one variable 
physiological parameter of the user, a second sensor to deter 
mine a value of at least one performance parameter of the 
user, and a display configured to display visually-perceptible 
information indicative of the determined values of the at least 
one variable physiological parameter of the user and the at 
least one performance parameter of the user, simultaneously. 
0064. According to another aspect, a system includes at 
least one device adapted to be supported by a user while the 
user is in locomotion on foot. The at least one device includes 
at least one sensor to determine respective values of at least 
first and second parameters selected from a group consisting 
of an instantaneous speed of the user, an average speed of the 
user, and a distance traveled by the user, and a display con 
figured to display visually-perceptible information indicative 
of the determined values of the at least first and second param 
eters, simultaneously. 
0065 According to another aspect, a system includes 
means, adapted to be supported by a user while the user is in 
locomotion on foot, for determining respective values of at 
least first and second parameters selected from a group con 
sisting of an instantaneous pace of the user, an average pace 
of the user, and a distance traveled by the user, and means, 
adapted to be supported by the user while the user is in 
locomotion on foot, for displaying visually-perceptible infor 
mation indicative of the determined values of the at least first 
and second parameters, simultaneously. 
0066. According to another aspect, a system includes first 
means, adapted to be supported by a user while the user is in 
locomotion on foot, for determining a value of at least one 
variable physiological parameter of a user; second means, 
adapted to be supported by the user while the user is in 
locomotion on foot, for determining a value of at least one 
performance parameter of the user; and third means, adapted 
to be supported by the user while the user is in locomotion on 
foot, for displaying visually-perceptible information indica 
tive of the determined values of the at least one variable 
physiological parameter of the user and the at least one per 
formance parameter of the user, simultaneously. 
0067. According to another aspect, a system includes 
means, adapted to be supported by a user while the user is in 
locomotion on foot, for determining respective values of at 
least first and second parameters selected from a group con 
sisting of an instantaneous speed of the user, an average 
speed of the user, and a distance traveled by the user; and 
means, adapted to be supported by the user while the user is in 
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locomotion on foot, for displaying visually-perceptible infor 
mation indicative of the determined values of the at least first 
and second parameters, simultaneously. 
0068 According to another aspect, a method includes 
steps of: (a) identifying an average foot contact time of a user 
during a first outing; (b) identifying an average pace of the 
user during the first outing; (c) defining a relationship 
between foot contact times of the user and corresponding 
paces of the user, wherein the relationship is based upon the 
average foot contact time and the average pace identified 
during the first outing, and wherein no other average foot 
contact times and no other average paces identified during 
any different outings by the user are used to define the rela 
tionship; and (d) calibrating at least one device that monitors 
activity of the user in locomotion on foot based upon the 
defined relationship between foot contact times of the user 
and corresponding paces of the user. 
0069. According to another aspect, a method includes 
steps of: (a) determining a single user-specific calibration 
constant that defines a relationship between foot contact 
times of a user and corresponding paces of the user, wherein 
no other user-specific calibration constants are used to define 
the relationship; and (b) calibrating at least one device that 
monitors activity of the user in locomotion on footbased upon 
the relationship between foot contact times of the user and 
corresponding paces of the user that is defined by the single 
user-specific calibration constant. 
0070 According to another aspect, a method includes 
steps of: (a) on a graph having foot contact times of a user on 
a first coordinate axis and paces of the user on a second 
coordinate axis, determining a location of a first point par 
ticular to the user; (b) identifying a second point on the graph 
independent of the user; (c) based upon locations of the first 
and second points on the graph, defining a curve on the graph 
that intercepts both of the first and second points; and (d) 
calibrating at least one device that monitors activity of the 
user in locomotion on foot based upon the defined curve. 
0071. According to another aspect, a method includes 
steps of: (a) based upon a first relationship between foot 
contact times of a user and corresponding paces of the user, 
defining a second relationship between inverse values of foot 
contact times of the user and corresponding speeds of the 
user, and (b) calibrating at least one device that monitors 
activity of the user in locomotion on foot based upon the 
second relationship. 
0072 According to another aspect, a method involves 
determining a speed of a user in locomotion on footby includ 
ing at least one determined foot contact time in an equation 
defining a relationship between inverse values of foot contact 
times of the user and corresponding speeds of the user. 
0073. According to another aspect, a method includes 
steps of: (a) based upon a first relationship between inverse 
values of foot contact times of a user and corresponding 
speeds of the user, defining a second relationship between 
foot contact times of the user and corresponding paces of the 
user, and (b) calibrating at least one device that monitors 
activity of the user in locomotion on foot based upon the 
second relationship. 
0074 According to another aspect, a method includes 
steps of: (a) identifying an average foot contact time of a user 
during a first outing; (b) identifying an average speed of the 
user during the first outing; (c) defining a relationship 
between inverse values of foot contact times of the user and 
corresponding speeds of the user, wherein the relationship is 
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based upon the average foot contact time and the average 
speed identified during the first outing; and (d) calibrating at 
least one device that monitors activity of the user in locomo 
tion on foot based upon the defined relationship between 
inverse values of foot contact times of the user and corre 
sponding speeds of the user. 
0075 According to another aspect, a method includes 
steps of: (a) determining a single user-specific calibration 
constant that defines a relationship between inverse values of 
foot contact times of a user and corresponding speeds of the 
user, wherein no other user-specific calibration constants are 
used to define the relationship; and (b) calibrating at least one 
device that monitors activity of the user in locomotion on foot 
based upon the relationship between inverse values of foot 
contact times of the user and corresponding speeds of the user 
that is defined by the single user-specific calibration constant. 
0076 According to another aspect, a system includes at 
least one processor configured to define a relationship 
between foot contact times of a user and corresponding paces 
of the user, wherein the relationship is based upon an average 
foot contact time and an average pace identified during a first 
outing, and wherein no other average foot contact times and 
no other average paces identified during any different outings 
by the user are used to define the relationship, the at least one 
processor being further configured to calculate at least one of 
a pace of the user and a distance traveled by the user during a 
second outing based upon at least one foot contact time deter 
mined during the second outing and the defined relationship 
between foot contact times of the user and corresponding 
paces of the user. 
0077 According to another aspect, a system includes at 
least one processor configured to use a single user-specific 
calibration constant to define a relationship between foot 
contact times of a user and corresponding paces of the user 
without any other user-specific calibration constants being 
used to define the relationship, the at least one processor 
being further configured to calculate at least one of a pace of 
the user and a distance traveled by the user during an outing 
based upon at least one foot contact time determined during 
the outing and the defined relationship between foot contact 
times of the user and corresponding paces of the user. 
0078. According to another aspect, a system includes at 
least one processor configured to, on a graph having foot 
contact times of a user on a first coordinate axis and paces of 
the user on a second coordinate axis, determine a location of 
a first point particular to the user, to identify a second point on 
the graph independent of the user, and to, based upon loca 
tions of the first and second points on the graph, define a curve 
on the graph that intercepts both of the first and second points, 
the at least one processor being further configured to calculate 
at least one of a pace of the user and a distance traveled by the 
user during an outing based upon at least one foot contact time 
determined during the outing and the defined curve. 
0079 According to another aspect, a system includes at 
least one processor configured to, based upon a first relation 
ship between foot contact times of a user and corresponding 
paces of the user, define a second relationship between 
inverse values of foot contact times of the user and corre 
sponding speeds of the user, the at least one processor being 
further configured to calculate at least one of a speed of the 
user and a distance traveled by the user during an outing based 
upon at least one foot contact time determined during the 
outing and the second relation ship. 
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0080 According to another aspect, a system includes at 
least one processor configured to, determine a speed of a user 
in locomotion on foot by including at least one determined 
foot contact time in an equation defining a relationship 
between inverse values of foot contact times of the user and 
corresponding speeds of the user. 
0081. According to another aspect, a system includes at 
least one processor configured to, based upon a first relation 
ship between inverse values of foot contact times of a user and 
corresponding speeds of the user, define a second relationship 
between foot contact times of the user and corresponding 
paces of the user, the at least one processor being further 
configured to calculate at least one of a speed of the user and 
a distance traveled by the user during an outing based upon at 
least one foot contact time determined during the outing and 
the second relationship. 
0082. According to another aspect, a system includes at 
least one processor configured to define a relationship 
between inverse values of foot contact times of a user and 
corresponding speeds of the user based upon an average foot 
contact time and an average speed determined during a first 
outing, the at least one processor being further configured to 
calculate at least one of a speed of the user and a distance 
traveled by the user during a second outing based upon at least 
one foot contact time determined during the second outing 
and the defined relationship, 
0083. According to another aspect, a system includes at 
least one processor configured to use a single user-specific 
calibration constant to define a relationship between inverse 
values of foot contact times of a user and corresponding 
speeds of the user without using any other user-specific cali 
bration constants to define the relationship, the at least one 
processor being further configured to calculate at least one of 
a speed of the user and a distance traveled by the user during 
an outing based upon at least one foot contact time deter 
mined during the outing and the relationship between inverse 
values of foot contact times of the user and corresponding 
speeds of the user that is defined by the single user-specific 
calibration constant. 
0084. According to another aspect, a system includes 
means for defining a relationship between foot contact times 
of the user and corresponding paces of the user, wherein the 
relationship is based upon an average foot contact time and an 
average pace identified during a first outing, and wherein no 
other average foot contact times and no other average paces 
identified during any different outings by the user are used to 
define the relationship; and means for calculating at least one 
of a pace of the user and a distance traveled by the user during 
a second outing based upon at least one foot contact time 
determined during the second outing and the defined relation 
ship between foot contact times of the user and corresponding 
paces of the user. 
0085. According to another aspect, a system includes 
means for using a single user-specific calibration constant to 
define a relationship between foot contact times of a user and 
corresponding paces of the user, wherein no other user-spe 
cific calibration constants are used to define the relationship; 
and means for calculating at least one of a pace of the user and 
a distance traveled by the user during an outing based upon at 
least one foot contact time determined during the outing and 
the defined relationship between foot contact times of the user 
and corresponding paces of the user. 
I0086 According to another aspect, a system includes 
means for, based upon a first relationship between foot con 
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tact times of a user and corresponding paces of the user, 
defining a second relationship between inverse values of foot 
contact times of the user and corresponding speeds of the 
user, and means for calculating at least one of a speed of the 
user and a distance traveled by the user during an outing based 
upon at least one foot contact time determined during the 
outing and the second relationship. 
I0087. According to another aspect, a system includes 
means for determining at least on foot contact time of a user; 
and means for determining a speed of the user by including 
the at least one foot contact time in an equation defining a 
relationship between inverse values of foot contact times of 
the user and corresponding speeds of the user. 
I0088 According to another aspect, a system includes 
means for, based upon a first relationship between inverse 
values of foot contact times of a user and corresponding 
speeds of the user, defining a second relationship between 
foot contact times of the user and corresponding paces of the 
user, and means for calculating at least one of a pace of the 
user and a distance traveled by the user during an outing based 
upon at least one foot contact time determined during the 
outing and the second relationship. 
I0089. According to another aspect, a system includes 
means for defining a relationship between inverse values of 
foot contact times of the user and corresponding speeds of the 
user, wherein the relationship is based upon an average foot 
contact time and an average speed identified during a first 
outing; and means for calculating at least one of a speed of the 
user and a distance traveled by the user during a second outing 
based upon at least one foot contact time determined during 
the second outing and the relationship between inverse values 
of foot contact times of the user and corresponding speeds of 
the user. 

0090 According to another aspect, a system includes 
means for using a single user-specific calibration constant to 
define a relationship between inverse values of foot contact 
times of a user and corresponding speeds of the user, wherein 
no other user-specific calibration constants are used to define 
the relationship; and means for calculating at least one of a 
speed of the user and a distance traveled by the user during an 
outing based upon at least one foot contact time determined 
during the outing and the relationship between inverse values 
of foot contact times of the user and corresponding speeds of 
the user that is defined by the single user-specific calibration 
COnStant. 

0091. According to another aspect, a method includes 
steps of: (a) with at least one device supported by a user while 
the user is in locomotion on foot, determining at least one foot 
contact time of the user in locomotion; (b) comparing a vari 
able having the at least one determined foot contact time as a 
factor therein with a threshold value; and (cl) if the variable is 
one of greater than or less than the threshold value, determin 
ing that the user is walking; and (c2) if the variable is the other 
of greater than or less than the threshold value, determining 
that the user is running. 
0092. According to another aspect, a method includes 
steps of: (a) determining at least one foot contact time of a 
user while the user is in locomotion on foot; (b) comparing the 
at least one determined foot contact time with a threshold 
value; and (c1) if the foot contact time is less than the thresh 
old value, determining that the user is running; and (c2) if the 
foot contact time is greater than the threshold value, deter 
mining that the user is walking. 
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0093. According to another aspect, a system includes at 
least one processor, adapted to be Supported by a user while 
the user is in locomotion on foot, that determines at least one 
foot contact time of the user, and compares a variable having 
the at least one determined foot contact time as a factor 
therein with a threshold value; wherein, if the variable is one 
of greater than or less than the threshold value, the at least one 
processor determines that the user is walking, and, if the 
variable is the other of greater than or less than the threshold 
value, the at least one processor determines that the user is 
running. 
0094. According to another aspect, a system includes at 
least one processor, adapted to be Supported by a user while 
the user is in locomotion on foot, that determines at least one 
foot contact time of the user, and compares the at least one 
determined foot contact time with a threshold value; wherein, 
if the foot contact time is less than the threshold value, the at 
least one processor determines that the user is running, and, if 
the foot contact time is greater than the threshold value, the at 
least one processor determines that the user is walking. 
0095 According to another aspect, a system includes at 
least one sensor, adapted to be Supported by a user while the 
user is in locomotion on foot, that determines at least one foot 
contact time of the user in locomotion; means, adapted to be 
supported by the user while the user is in locomotion on foot, 
for comparing a variable having the at least one determined 
foot contact time as a factor therein with a threshold value; 
means, adapted to be Supported by the user while the user is in 
locomotion on foot, for determining that the user is walking if 
the variable is one of greater than or less than the threshold 
value; and means, adapted to be supported by the user while 
the user is in locomotion on foot, for determining that the user 
is running if the variable is the other of greater than or less 
than the threshold value. 
0096. According to another aspect, a system includes at 
least one sensor, adapted to be Supported by a user while the 
user is in locomotion on foot, that determines at least one foot 
contact time of the user in locomotion; means, adapted to be 
supported by the user while the user is in locomotion on foot, 
for comparing the at least one determined foot contact time 
with a threshold value; means, adapted to be supported by the 
user while the user is in locomotion on foot, for determining 
that the user is running if the foot contact time is less than the 
threshold value; and means, adapted to be supported by the 
user while the user is in locomotion on foot, for determining 
that the user is walking if the foot contact time is greater than 
the threshold value. 
0097. According to another aspect, a method includes a 
step of: (a) with at least one device supported by a user while 
the user is in locomotion on foot on a surface, determining an 
amount of force exerted by at feast one foot of the user on the 
Surface during at least one footstep taken by the user. 
0098. According to another aspect, a system includes at 
least one processor adapted to be supported by a user while 
the user is in locomotion on foot on a Surface, the at least one 
processor being configured to identify an amount of force 
exerted by at least one foot of the user on the surface during at 
least one footstep taken by the user. 
0099. According to another aspect, a system includes at 
least one sensor adapted to be supported by a user while the 
user is in locomotion on foot on a Surface; and means for 
identifying an amount of force exerted by at least one foot of 
the user on the Surface during at least one footstep taken by the 
user based upon an output of the at least one sensor. 
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0100. According to another aspect, a method includes 
steps of: (a) with at least one sensor Supported by a user, 
monitoring movement of the user while the user is in loco 
motion on foot; and (b) determining a cadence of the user 
based upon an output of the at least one sensor. 
0101. According to another aspect, a method includes 
steps of: (a) with at least one sensor Supported by a user while 
the user is in locomotion on foot, monitoring movement of the 
user while the user is in locomotion on foot; and (b) deter 
mining a stride length of the user during at least one footstep 
taken by the user based upon an output of the at least one 
SSO. 

0102 According to another aspect, a system includes at 
least one sensor adapted to be supported by a user and to 
monitor movement of the user while the user is in locomotion 
on foot; and at least one processor that determines a cadence 
of the user based upon an output of the at least one sensor. 
0.103 According to another aspect, a system includes at 
least one sensor adapted to be supported by a user and to 
monitor movement of the user while the user is in locomotion 
on foot; and at least one processor that, based upon an output 
of the at least one sensor, determines a stride length of the user 
during at least one footstep taken by the user. 
0104. According to another aspect, a system includes at 
least one sensor adapted to be supported by a user and to 
monitor movement of the user while the user is in locomotion 
on foot; and means for determining a cadence of the user 
based upon an output of the at least one sensor. 
0105. According to another aspect, a system includes at 
least one sensor adapted to be supported by a user and to 
monitor movement of the user while the user is in locomotion 
on foot; and means for determining a stride length of the user 
during at least one footstep taken by the user based upon an 
output of the at least one sensor. 
0106. According to another aspect, a method includes 
steps of: (a) with at least one device supported by a user while 
the user is in locomotion on foot on a Surface, identifying one 
of a pace and a speed of the user relative to the surface; and (b) 
with the at least one device, determining whether the identi 
fied one of the pace and the speed of the user falls within one 
of a Zone of paces and a Zone of speeds. 
0107 According to another aspect, a method includes 
steps of: (a) with at least one device supported by a user while 
the user is in locomotion on foot, monitoring a distance trav 
eled by the user; and (b) with the at least one device, when the 
user has traveled a first predetermined distance during the 
outing, providing an output indicating that the user has trav 
eled the first predetermined distance. 
0108. According to another aspect, a method includes 
steps of: (a) with at least one device supported by a user while 
the user is in locomotion on foot, monitoring a distance trav 
eled by the user; (b) receiving a goal distance as an input to the 
at least one device; and (c) with the at least one device, 
determining a remaining distance to be traveled by the user to 
reach one of the input goal distance and a calculated fraction 
of the input goal distance. 
0109 According to another aspect, a method includes 
steps of: (a) receiving as an input to at least one device 
Supported by a user a value representing one of a goal time for 
the user to travel a particular distance, a goal average pace for 
the user to maintain over the particular distance, and a goal 
average speed for the user to maintain over the particular 
distance; (b) with the at least one device, determining a dis 
tance traveled by the user while the user is in locomotion on 
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foot; and (c) after the user has traveled a portion of the 
particular distance, with the at least one device, determining 
at least one performance parameter based upon the portion of 
the particular distance traveled and the input value. 
0110. According to another aspect, a method includes 
steps of: (a) with at least one device, determining a distance 
traveled by a user while the user is in locomotion on foot; (b) 
with the at least one device, determining one of a current pace 
and a current speed of the user, and (c) after the user has 
traveled a portion of a particular distance, with the at least one 
device, determining a projected time that it will take the user 
to travel the particular distance based upon the one of the 
current pace and the current speed of the user, and the portion 
of the particular distance already traveled by the user. 
0111. According to another aspect, a method includes 
steps of (a) with at least one device supported by a user while 
the user is in locomotion on foot, determining a distance 
traveled by the user; (b) during at least one first distance 
interval during an outing, with the at least one device, pro 
viding an indication to the user that the user should be run 
ning; and (c) during at least one second distance interval 
during the outing, with the at least one device, providing an 
indication to the user that the user should be walking. 
0112 According to another aspect, a system includes at 
least one processor, adapted to be Supported by a user while 
the user is in locomotion on foot on a Surface, that identifies 
one of a pace and a speed of the user relative to the Surface, 
and that determines whether the identified one of the pace and 
the speed of the user falls within one of a Zone of paces and a 
Zone of speeds. 
0113. According to another aspect, a system includes at 
least one processor that monitors a distance traveled by a user 
while the user is in locomotion on foot, and that, when the 
user has traveled a first predetermined distance during an 
outing, provides an output indicating that the user has traveled 
the first predetermined distance. 
0114. According to another aspect, a system includes at 
least one processor, adapted to be Supported by a user while 
the user is in locomotion on foot, that monitors a distance 
traveled by the user while the user is in locomotion on foot, 
that receives a goal distance as an input, and that determines 
a remaining distance to be traveled by the user to reach one of 
the input goal distance and a calculated fraction of the input 
goal distance. 
0115 According to another aspect, a system includes at 
least one processor, adapted to be Supported by a user while 
the user is in locomotion on foot, that receives as an input a 
value representing one of a goal time for the user to travel a 
particular distance, a goal average pace for the user to main 
tain over the particular distance, and a goal average speed for 
the user to maintain over the particular distance, that deter 
mines a distance traveled by the user while the user is in 
locomotion on foot, and that, after the user has traveled a 
portion of the particular distance, determines at least one 
performance parameter based upon the portion of the particu 
lar distance traveled and the input value. 
0116. According to another aspect, a system includes at 
least one processor, adapted to be Supported by a user while 
the user is in locomotion on foot, that determines a distance 
traveled by the user while the user is in locomotion on foot, 
that determines one of a current pace and a current speed of 
the user, and that, after the user has traveled a portion of a 
particular distance, determines a projected time that it will 
take the user to travel the particular distance based upon the 
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one of the current pace and the current speed of the user, and 
the portion of the particular distance already traveled by the 
USC. 

0117. According to another aspect, a system includes at 
least one processor, adapted to be supported by a user while 
the user is in locomotion on foot, that determines a distance 
traveled by the user while the user is in locomotion on foot; 
and an indicator coupled to the processor, the at least one 
processor and the indicator being configured Such that, during 
at least one first distance interval during an outing, the at least 
one processor causes the indicator to provide an indication to 
the user that the user should be running, and Such that, during 
at least one second distance interval during the outing, the at 
least one processor causes the indicator to provide an indica 
tion to the user that the user should be walking. 
0118 According to another aspect, a system includes 
means, adapted to be supported by a user while the user is in 
locomotion on foot on a Surface, for identifying one of a pace 
and a speed of the user relative to the Surface; and means, 
adapted to be supported by the user while the user is in 
locomotion on foot, for determining whether the identified 
one of the pace and the speed of the user falls within one of a 
Zone of paces and a Zone of speeds. 
0119. According to another aspect, a system includes 
means, adapted to be supported by the user while a user is in 
locomotion on foot, for monitoring a distance traveled by the 
user while the user is in locomotion on foot; and means, 
adapted to be supported by the user while the user is in 
locomotion on foot, for providing an output indicating that 
the user has traveled a first predetermined distance. 
0120 According to another aspect, a system includes 
means, adapted to be supported by a user while the user is in 
locomotion on foot, for monitoring a distance traveled by the 
user while the user is in locomotion on foot; means, adapted 
to be supported by the user while the user is in locomotion on 
foot, for receiving a goal distance as an input to the at least one 
device; and means, adapted to be Supported by the user while 
the user is in locomotion on foot, for determining a remaining 
distance to be traveled by the user to reach one of the input 
goal distance and a calculated fraction of the input goal dis 
tance. 

0121 According to another aspect, a system includes 
means, adapted to be supported by a user while the user is in 
locomotion on foot, for receiving as an input to at least one 
device Supported by the user a value representing one of a 
goal time for the user to travel a particular distance, a goal 
average pace for the user to maintain over the particular 
distance, and a goal average speed for the user to maintain 
over the particular distance; means, adapted to be Supported 
by the user while the user is in locomotion on foot, for deter 
mining a distance traveled by the user while the user is in 
locomotion on foot; and means, adapted to be Supported by 
the user while the user is in locomotion on foot, for, after the 
user has traveled a portion of the particular distance, deter 
mining at least one performance parameter based upon the 
portion of the particular distance traveled and the input value. 
0122. According to another aspect, a system includes 
means, adapted to be supported by a user while the user is in 
locomotion on foot, for determining a distance traveled by the 
user while the user is in locomotion on foot; means, adapted 
to be supported by the user while the user is in locomotion on 
foot, for determining one of a current pace and a current speed 
of the user, and means, adapted to be supported by the user 
while the user is in locomotion on foot, for, after the user has 
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traveled a portion of a particular distance, determining a 
projected time that it will take the user to travel the particular 
distance based upon the one of the current pace and the 
current speed of the user, and the portion of the particular 
distance already traveled by the user. 
0123. According to another aspect, a system includes 
means, adapted to be supported by a' user while the user is in 
locomotion on foot, for determining a distance traveled by the 
user while the user is in locomotion on foot; means, adapted 
to be supported by the user while the user is in locomotion on 
foot, for providing an indication to the user, during at least one 
first distance interval during an outing, that the user should be 
running; and means, adapted to be supported by the user 
while the user is in locomotion on foot, for providing an 
indication to the user, during at least one second distance 
interval during the outing, that the user should be walking. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.124 FIG. 1 is an illustration of various components of an 
activity monitoring system mounted to a user's body in accor 
dance with one embodiment of the present invention; 
0.125 FIGS. 2A and 2B show perspective and side views, 
respectively, of an example embodiment of the foot-mounted 
unit of the activity monitoring system shown in FIG. 1; 
0126 FIGS. 3A and 3B show perspective cutaway and 
side views, respectively, of an example embodiment of the 
wrist-mounted unit of the activity monitoring system shown 
in FIG. 1; 
0127 FIG. 4 is a block diagram of various electronic com 
ponents that may be included in the foot-mounted and wrist 
mounted units of FIG. 1-3 in accordance with one embodi 
ment of the invention; 
0128 FIG. 5 is a block diagram of an example of an 
accelerometer-based sensor that may be employed in the foot 
mounted unit of FIGS. 1, 2, and 4 in accordance with one 
embodiment of the invention; 
0129 FIG. 6 is a partial-schematic, partial-block diagram 
of the sensor and processor of the foot-mounted unit shown in 
FIGS. 4 and 5 in accordance with one embodiment of the 
invention; 
0130 FIG. 7 is a graph showing a typical output signal of 
a sensor such as that shown in FIGS. 4-6 and the various 
characteristics of the signal that may be monitored according 
to one embodiment of the invention; 
0131 FIG. 8 is a graph showing the linear relationship 
between the foot contact time (Tc) of a user in locomotion and 
the pace at which the user is walking or running (Pace); 
0132 FIG. 9 is an illustration of a user in locomotion on 
foot that demonstrates the relationship between the foot con 
tact time (Tc) of the user, the speed at which the user is 
walking or running (Speed), and the step length (LS) of the 
user, 
0.133 FIG. 10 is a graph illustrating the relationship 
between a user's step length (Ls) and the speed at which the 
user is walking or running (Speed); 
0134 FIG. 11 is a graph showing the linear relationship 
between the foot contact time (Tc) of a user in locomotion and 
the pace at which the user is walking or running (Pace) 
wherein universal pivot points are identified along the foot 
contact time (Tc) axis of each of the “walking” and “running 
lines; 
0135 FIG. 12 is a graph showing the relationship between 
the speed of a user in locomotion (Speed) and the inverse of 
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the foot contact time of the user (1/Tc) as it would appear if 
the curve of FIG. 11 were mapped onto the coordinate axes of 
the graph of FIG. 12; 
(0.136 FIG. 13 shows a portion of the graph of FIG. 12 
(converted to speed units of miles per hour) and illustrates the 
substantially linear relationship between the speed of the user 
in locomotion (Speed) and the inverse of the contact time of 
the user (1/Tc) within a reasonable range of walking or run 
ning speeds: 
0.137 FIG. 14 is a flow diagram illustrating an example 
implementation of a primary routine that may be performed 
by the processor of the foot-mounted unit shown in FIGS. 4 
and 6 in accordance with one embodiment of the present 
invention; 
0.138 FIG. 15 is a flow diagram illustrating an example 
implementation of the “wait” routine shown in FIG. 14 which 
causes the routine to wait a predetermined amount of time 
after detecting a heel-strike event before beginning to look for 
a toe-off event; 
0.139 FIG. 16 is a flow diagram illustrating an example 
implementation of the “process button' routine shown in 
FIG. 15 which implements the functionality of a button that 
may be disposed on the foot-mounted unit of FIGS. 1, 2, and 
4. 
0140 FIG. 17 is a flow diagram illustrating an example 
implementation of the "toe-off event?” routine shown in FIG. 
14 wherein it is determined when the foot of a user leaves the 
ground during a stride taken by the user; 
0141 FIG. 18 is a flow diagram illustrating an example 
implementation of the “determine whether potential lift off 
occurred routine shown in FIG. 17: 
0.142 FIG. 19 is a flow diagram illustrating an example 
implementation of the “air signature?' routine shown in FIG. 
17; 
0.143 FIG.20 is a graph showing a typical output signal of 
a sensor such as that shown in FIGS. 5 and 6 when the heel of 
a user strikes the ground during a stride taken by the user, 
014.4 FIG. 21 is a flow diagram illustrating an example 
implementation of the "heel-strike event?’ routine shown in 
FIG. 14, wherein it is determined when the foot or a user 
comes into contact with the ground during a stride taken by a 
user, 
0145 FIG. 22 is a flow diagram illustrating an example 
implementation of the “are any of landing criteria met?’ 
routine shown in FIG. 21; 
0146 FIG. 23 is a flow diagram illustrating an example 
implementation of the “update threshold routine shown in 
each of FIGS. 17 and 21 which may be used to dynamically 
update a threshold value for detecting a heel-strike event in 
response to one or more changing characteristics of the signal 
output by the sensor of the foot-mounted device shown in 
FIGS. 4-6; 
0147 FIG. 24 is a flow diagram illustrating an example 
implementation of the “is landing qualified?” routine shown 
in FIG. 21 during which the value of the variable “threshold' 
determined in connection with the routine of FIG. 23 is used 
to qualify a potential heel-strike event identified by the “are 
any of landing criteria met?' routine of FIG.22; 
0148 FIG. 25 is a flow diagram illustrating an example 
implementation of the “check activity” routine shown in FIG. 
14 during which the foot-mounted unit may be caused to enter 
a low-power mode or to shut down entirely if little or no 
activity is detected; 
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014.9 FIG. 26 is a flow diagram illustrating an example 
implementation of the “smooth and calculate' routine shown 
in FIG. 14 during which values obtained during the primary 
routine of FIG.14 may be validated or corrected, and activity 
related calculations may be performed using the same; 
0150 FIG. 27 is a timing diagram illustrating the symme 

try between the step times of footsteps measured from toe 
lift-off to toe lift-off and from heel impact to heel impact 
during strides taken by a user; 
0151 FIG. 28 is a flow diagram illustrating an example 
implementation of the "toe-to-toe & heel-to-heel Ts compari 
son and correction' routine shown in FIG. 26 during which 
data collected by the foot-mounted unit of FIGS. 1, 2, and 4 
may be validated or corrected to ensure that it has the sym 
metry shown in FIG. 27: 
0152 FIGS. 29A and 29B are graphs illustrating accept 
able ranges for the ratios of foot contact times and step times 
(Tcf Ts) for data accumulated while a user is walking or run 
ning: 
0153 FIG. 30 is a flow diagram illustrating an example 
implementation of the “Tc, Ts & Tens bounds checking 
routine shown in FIG. 26 during which each measured foot 
contact time (Tc) and step time (Ts), as well as the ratio of 
each foot contact time to its corresponding step time (Tcf Ts), 
may be validated or replaced to ensure that these values fall 
within the acceptable ranges therefore illustrated in FIGS. 
29A-B; 
0154 FIG. 31 is a flow diagram illustrating an example 
implementation the "Tcl calculation' routine shown in 
FIG. 26 during which an average foot contact time value 
(Tcf) over several footsteps taken by the user may be cal 
culated in a manner depending on the rate at which the mea 
Sured foot contact time (Tc) values are increasing or decreas 
ing: 
(O155 FIGS. 32A-Hillustrate examples of respective com 
binations of parameters that may be displayed on the display 
of the wrist-mounted unit shown in FIGS. 1, 3, and 4 in 
accordance with one embodiment of the invention; 
0156 FIG. 33A is a graph showing each of speed and 
stride length as a function of distance for a user running a four 
hundred meter race; 
(O157 FIG.33B is a graph similar to FIG.33A except that 
values of speed and stride length are averaged over fifty meter 
intervals; 
0158 FIG. 34A is a graph showing each of speed and 
stride rate as a function of distance for a user running a four 
hundred meter race; 
0159 FIG.34B is a graph similar to FIG. 34A except that 
the values of speed and stride rate are averaged over fifty 
meter intervals; 
0160 FIG. 35A is a graph showing each of speed and 
caloric burn rate as a function of distance for a user running a 
four hundred meter race; 
(0161 FIG.35B is a graph similar to FIG.35A except that 
the values of speed and calorie burn rate are averaged over 
fifty meter intervals; 
0162 FIG. 36A is a graph showing each of speed and 
acceleration as a function of distance for a user running a four 
hundred meter race; 
(0163 FIG. 36B is a graph similar to FIG. 36A except that 
the values of speed and acceleration are averaged over fifty 
meter intervals; 
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0164 FIG. 37 is a chart showing various determined per 
formance parameters averaged over fifty meter intervals of a 
four hundred meter race run by a user; 
0.165 FIG.38 is a graph showing the relationship between 
pace and step time (Ts) for a user over a reasonable range of 
walking speeds; 
0166 FIG. 39 is a graph showing the relationship between 
speed and the inverse of step time (1/Ts) for a user over a 
reasonable range of walking speeds; 
0.167 FIG. 40 is a chart showing the relationship between 
each of speed and pace of a user and the average ground force 
exerted by the user while the user is traveling at that speed or 
pace, as well as accumulated stress values measured per unit 
distance and per unit time corresponding to that speed or pace 
of the user; and 
0168 FIG. 41 is a graph showing the relationship between 
a user's speed and accumulated stress values, measured both 
per unit time and per unit distance. 

DETAILED DESCRIPTION 

0169. An illustrative embodiment of a system for moni 
toring activity of a user in locomotion is shown in FIG.1. As 
shown, the system includes a foot-mounted unit 102, a wrist 
mounted unit 104, and a chest-mounted unit 106, all attached 
to a user 112 who is in locomotion (i.e., walking or running) 
on a surface 108. In accordance with one aspect of the present 
invention, the foot-mounted unit 102 includes a sensor for 
sensing motion of a foot 114 of the user 112. 
(0170 The sensor included in the foot-mounted unit 102 
may be any of a number of devices capable of sensing the 
motion of the user's foot 114, and the invention is not limited 
to the use of any particular type of sensor. In one illustrative 
embodiment, for example, the foot-mounted unit 102 
includes a Solid-state accelerometer that senses acceleration 
along an acceleration sensing axis 110, as shown in FIG.1. In 
another embodiment, the sensor includes a low-cost acceler 
ometer such as that disclosed in U.S. Pat. No. 6,336,365, the 
entire contents of which are hereby incorporated herein by 
reference. Other sensors that may be used include, for 
example, pressure-sensitive resistive Switches, piezoelectric 
transducers, GMR sensors, simple contact Switches, mercury 
Switches, or any other devices capable of generating a signal 
indicative of motion of the foot 114 of the user 112 while the 
user 112 is in locomotion. 
0171 It should be appreciated that, advantageously, sev 
eral of the sensors that can be used in the foot-mounted unit 
102 do not require compression forces thereon to sense 
motion of the foot 114, and therefore need not be subjected to 
the physical wear and tear typically-exerted on motion sen 
sors such as pressure-sensitive resistive Switches, contact 
Switches, and the like. Because Such sensors are not required 
to be subjected to compression forces to sense motion, they 
may be located above a bottom surface 116 of the user's foot 
114, e.g., on an instep 118 of the user's shoe or on the user's 
ankle or waist. Therefore, the sensors included in these types 
of devices need not be incorporated within or on the sole 
portion of a user's shoe, and specially-designed shoes need 
not be used to accommodate them. 
0172. It should also be appreciated that the foot-mounted 
unit 102 may alternatively be mounted at other locations on 
the body of the user 112, and the invention is not limited to 
embodiments wherein the unit 102 is mounted on the user's 
foot 114. It is important only that the output of the sensor 
included in the unit 102 produces a signal in response to 
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activity of the user 112 (e.g., movement of the user's foot 114) 
while the user 112 is in locomotion. The unit 102 may, for 
example, be mounted on the ankle, thigh, waist, chest, etc., of 
the user 112 in connection with different embodiments of the 
invention. 
0173 As shown in FIG.1, the wrist-mounted unit 104 may 
be mounted to a wrist 124 of the user 112. The wrist-mounted 
unit 104 may, for example, include a display for displaying 
information to the user 112 based upon data accumulated by 
the foot-mounted unit 102 and transmitted to the wrist 
mounted unit 104 via a wireless communication link (e.g., 
over a radio-frequency (RF) network). Communication 
between the foot-mounted unit 102 and the wrist-mounted 
unit 104 may either be one-way or two-way. 
0174. In one illustrative embodiment, the foot-mounted 
unit 102 accumulates and transmits data to the wrist-mounted 
unit 104 where it may be used to display, for example, the 
current pace (or speed) of the user 112, as well as the average 
pace (or speed) of the user 112, the energy (e.g., calories) 
expended by the user 112, and the total distance traveled by 
the user 112 during a particular time interval. One illustrative 
technique for calculating energy expenditure based upon one 
or more measured foot contact time (Tc) values is disclosed in 
U.S. Pat. No. 5,925,001, which is hereby incorporated herein 
by reference in its entirety. Examples of these and other 
information types that may be simultaneously displayed to 
the user 112 in this regard are described below in connection 
with FIG. 32. 

(0175. It should be appreciated that the wrist-mounted unit 
104 need not be secured to the wrist 124 of the user 112, and 
may alternatively be disposed elsewhere on the user's body or 
at a location remote from the user 112. For example, in 
alternative embodiments, the unit 104 may be a hand-held 
device that can be carried by or placed in a pocket of the user 
112, it may be a so-called “heads up' display incorporated 
into a pair of Sunglasses or the 1 so as to display information 
to the user 112 on an interior Surface of the Sunglasses, or it 
may be a wrist-mounted or hand-held device worn or carried 
by a third person, e.g., a track coach. 
0176 It should further be appreciated that the functional 

ity of the wrist-mounted unit 104 may alternatively be incor 
porated into the foot-mounted unit 102, so that the foot 
mounted unit 102 may itself display the relevant information 
to the user 112. As still another alternative, the foot-mounted 
unit 102 and/or the wrist-mounted unit 104 may simply accu 
mulate data during a given time period that the user 112 is in 
locomotion, and may later download the accumulated data to 
a personal computer or the like for viewing and/or analysis. 
0177. In addition to those described herein, other suitable 
embodiments of foot-mounted units and wrist-mounted units 
are described in U.S. Pat. No. 6,018,705, which is hereby 
incorporated herein by reference in its entirety. 
0178. In the embodiment of FIG. 1, the chest-mounted 
unit 106 may, for example, monitor the heart rate of the user 
112, and transmit information regarding the user's heart rate 
over a wireless communicator channel (e.g., over an RF net 
work) to the wrist-mounted unit 104. In one illustrative 
embodiment, the foot-mounted unit 102, the wrist-mounted 
unit 104, and the chest-mounted unit 106 are all members of 
the same RF network so that each of the units 102, 104 and 
106 is capable of communicating with the other members of 
the network. 

0179 The chest-mounted unit 106 may be any of a number 
of devices capable of monitoring a heart rate or other physi 
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ological parameter of interest of the user 112, and the inven 
tion is not limited to any particular type of physiological 
monitoring device. In some embodiments, for example, the 
chest-mounted unit 106 may comprise a commercially-avail 
able heart rate monitor Such as the type manufactured by 
Polar Electo Inc. of Woodbury, N.Y., “www.polarusa.corn.” 
including or modified to include a suitable RF transmitter 
capable of communicating with the other devices included in 
the network. In one embodiment, the chest-mounted device 
106 comprises a heart-rate monitor that has sufficient intelli 
gence to analyze the a signal indicative of the user's heartbeat 
and to calculate a numerical value representing the user's 
current heart rate, rather than merely outputting a raw signal 
in response to detected heartbeats. In this manner, processing 
power of the wrist-mounted unit 104 or other device that 
receives data from the heart-rate monitor is not consumed in 
performing these functions. 
0180. It should be appreciated that it is not critical that the 
unit 106 be mounted to the chest of the user 112, and that, in 
alternative embodiments of the invention, the unit 106 may 
instead be mounted to other portions of the user's body where 
it may sense the physiological parameter of interest. The 
functionality of the chest-mounted unit 106 may even be 
incorporated into either the foot-mounted unit 102 or the 
wrist-mounted unit 102 in alternative embodiments. For 
example, the foot-mounted unit 102 or the wrist-mounted unit 
104 may itself include a transducer capable of sensing the 
heart rate of the user 112. An example of a transducer capable 
of performing this function is a fluid-filled bladder having a 
Sonic transducer associated therewith that monitors audio 
signals sensed through the fluid in the bladder. An example of 
such a device is described in U.S. Pat. No. 5,853,005, which 
is hereby incorporated herein by reference in its entirety. 
0181. With a system such as that shown in FIG. 1, the user 
112 may simultaneously view information on the wrist 
mounted unit 104 regarding his or her heart rate, energy 
expenditure, current running or walking pace and/or speed, 
average walking or running pace and/or speed, and distance 
traveled during a particular outing, or one or more selected 
ones of the same while the user 112 is running or walking. 
Such information has not heretofore been available in this 
manner to a user in locomotion on foot. As used herein, 
"outing refers to an exercise regime engaged in by a user 
during which the user is in locomotion on foot, regardless of 
whether the user is running, walking, jogging, etc. 
0182 FIGS. 2A-2B show, respectively, perspective and 
side views of an example embodiment of the foot-mounted 
unit 102 shown in FIG. 1. As shown in FIG. 2A, the foot 
mounted unit 102 may include a housing portion 102a and a 
pedestal portion 102b, and the pedestal portion 102b may be 
mounted, for example, to the instep 118 of the users foot 114. 
In the illustrative embodiment shown, all of the electronics 
for the foot-mounted unit 102 are disposed in the housing 
portion 102a, and the pedestal portion 102b includes a lever 
202 which may be depressed to release the housing portion 
102a from the pedestal portion 102b. In this manner, the user 
112 may remove the housing portion 102a (and the electronic 
components included therein) from the pedestal portion 102b 
while the pedestal portion 102b remains disposed on the 
user's shoe (e.g., underneath the shoelaces of the shoe). In this 
manner, the user 112 may use the same housing portion 102a 
with two or more different pedestal portions 102b disposed on 
different pairs of shoes, thereby enabling the user 112 to 
readily transfer the housing portion 102a from one pair of 
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shoes to another. In addition, the user may remove the hous 
ing portion 102a from the pedestal portion 102b (and the 
shoe) to wash the shoe, or simply for aesthetic reasons. A 
detailed example of a two-piece, detachable, foot-mounted 
apparatus that may be used as the foot-mounted unit 102 is 
disclosed in U.S. Pat. No. 6,122.340, which is hereby incor 
porated herein by reference in its entirety. Alternatively, the 
foot-mounted unit 102 may be secured to the user's shoelaces 
or elsewhere using an elastic cord or the like. An example of 
such a foot-mounted unit 102, which may be secured to a 
shoelace, is disclosed in U.S. Pat. No. 6,560,903, which is 
hereby incorporated herein by reference in its entirety. 
0183 FIGS. 3A and 3B show, respectively, perspective 
and side views of an example embodiment of the wrist 
mounted unit 104 shown in FIG.1. FIG. 3B shows the wrist 
mounted unit 104 as it may appear when mounted to the wrist 
124 (shown in cross-section) of the user 112. In the illustra 
tive embodiment shown, the wrist-mounted unit 104 includes 
a housing 302, and a strap 304 for securing the housing 302 to 
the wrist 124. As shown, the housing 302 may include a 
display face 308 on which information may be displayed to 
the user 112. The housing 302 may also have a plurality of 
buttons 306a-e disposed thereon to enable the user to imple 
ment the functionality of circuitry (described below in con 
nection with FIG. 4) included in the housing 302. 
0184 Referring to FIG. 3B, it is illustrated how the hous 
ing 302 may be configured so as to be ideally Suited, in an 
ergonomic sense, for a runner or walker. Characters (e.g., 
ASCII characters) may be displayed on the display face 308 
Such that tops of and bottoms of the characters correspond, 
respectively, to a top edge 310 and a bottom edge 312 of the 
display face 308. As shown in FIG. 3B, the display face 308 
(which is oriented in the plane P) may be tilted at an acute 
(i.e., between 0-90) angle 0, with respect to a plane P., (which 
passes through a widest portion of the wrist 124 and extends 
through the forearm of the user 112). When tilted in this 
manner, the display face 308 may be readily viewed by the 
user 112 without requiring the user 112 to tilt his or her wrist 
at an angle that is awkward for the user 112 when the user 112 
is running or walking. In addition, in the FIG. 3 embodiment, 
each of the buttons 306 is disposed substantially in a plane P. 
(“the button plane') which is oriented substantially perpen 
dicular to a direction in which the buttons 306 are depressed 
during normal operation. As shown in FIG. 3B, the button 
plane P. may also be tilted at an acute angle 0 with respect to 
the plane P, so as to make the buttons 306 more easily acces 
sible to the user 112 when the user 112 is walking or running. 
0185. The manner in which the display face 308 of the 
wrist-mounted unit 104 is tilted may be defined with refer 
ence to a pair of lines L and L shown in FIG.3B. As shown, 
each of the lines L and L is oriented normal to (i.e., perpen 
dicular with respect to) a surface 314 of the user's wrist 124. 
The line L intercepts the top edge 310 of the display face 308, 
and the line L intercepts the bottom edge 312 of the display 
face 308. In the embodiment of FIG. 38, a distanced (mea 
sured along the line L) between the surface 314 of the user's 
wrist 124 and the upper edge 310 of the display face 308 is 
Substantially greater than a distance d2 (measured along the 
line L) between the surface 314 of the user's wrist 124 and 
the bottom edge 312 of the display face 308. The distance d1 
may, for example, be 5%, 10%, 25%, 50%, 100%, 200%, 
300%, or more greater than the distance d2. Any of a number 
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of other ratios between the distances d1 and d2 also are pos 
sible, and the invention is not limited to any particular ratio 
between these distances. 

0186. The manner in which the display face 308 of the 
wrist-mounted unit 104 is tilted may also be defined in terms 
of the respective relationships between the lines L and Land 
a pair of lines L and La shown in FIG.3B. As shown, each of 
the lines L and L is oriented normal to the plane P in which 
the display face 308 is disposed. The line L. passes through 
the top edge 310 of the display face 308 and the line La passes 
through the bottom edge 312 of the display face 308. As 
illustrated, assuming the lines L., and L intercept the lines L. 
and La, respectively, the line L forms an angle 0, with respect 
to the line L, and the line L forms an angle 0, with respect 
to the line L. When the angles 0, and O, in FIG. 3B are 
measured in a clockwise direction beginning with the lines L. 
and La, respectively, each of the angles 0, and 0, is acute (i.e., 
between 0-90). This may be compared to prior art wrist 
watch configurations wherein the plane P in which the dis 
play face 308 is disposed typically is parallel to the plane P. 
of the user's wrist 124. In such prior art devices, the angle 0. 
(when measured as discussed above) is slightly greater than 
0°, and the angle 0, is slightly less than 360° Therefore, in a 
typical prior art wrist-watch, only the angle 0, and not the 
angle 0 (when measured as discussed above) is between 
O-909. 

0187. Similar to the plane P in which the display face 308 
is disposed, the manner in which the button plane P. of the 
wrist-mounted unit 104 is tilted may be defined with refer 
ence to a pair of lines Ls and Le shown in FIG.3B. As shown, 
each of the lines Ls and L is oriented normal to the surface 
314 of the user's wrist 124. The line Ls intercepts a button in 
the button plane P that is closest to the display face 308 (e.g., 
the button 306a of FIG. 3A), and the line L intercepts a 
button in the button plane P that is farthest away from the 
display face 308 (e.g., the button 306e of FIG.3A). 
0188 In the embodiment of FIG. 3B, a distanced (mea 
sured along the line Ls) between the surface 314 of the user's 
wrist 124 and the button 306 closest to the display face 308 is 
Substantially greater than a distance d4 (measured along the 
line L) between the surface 314 of the user's wrist 124 and 
the button 306 farthest away from the display face 308. The 
distance d3 may, for example, be 5%, 10%, 25%, 50%, 100%, 
200%, 300%, or more greater than the distance d4. Any of a 
number of other ratios between the distances d and d also 
are possible, and the invention is not limited to any particular 
ratio between these distances. 

(0189 The mariner in which the button plane P. of the 
wrist-mounted unit 104 is tilted may also be defined in terms 
of the respective relationships between the lines Ls and Land 
a pair of lines L., and Ls shown in FIG.3B. As shown, each of 
the lines L., and Ls is oriented normal to the button plane P. 
The line L, passes through the button 306 disposed closest to 
the display face 308, and the line Ls passes through the button 
306 disposed farthest away from the display face 308. As 
illustrated, assuming the lines Ls and Le intercept the lines L., 
and Ls, respectively, the line Ls forms an angle 0, with 
respect to the line L7, and the line L forms an angle 0 with 
respect to the line Ls. When the angles 0, and 0 in FIG.3B are 
measured in a clockwise direction beginning with the lines Ls 
and L, respectively, each of the angles 0 and 0 is acute (i.e., 
between 0-90'). This is in contrast to prior art wrist watches 
wherein functional buttons are disposed in planes that are 
oriented so that at least one of the angles 0, and 0 (when 
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measured as discussed above) is either exactly 90° (e.g., when 
buttons are disposed on the side of a watch) or greater than 90° 
(e.g., when buttons are disposed on a watch's face). 
(0190. Also shown in FIG. 3B is an angle 0 measured 
between the plane P in which the display face 308 is disposed 
and the button plane P. The angle 0, may be any of a number 
of suitable angles, depending on the desired ergonomic char 
acteristics of the wrist-mounted unit 104. For example, the 
angle 0, may be acute as shown in FIG.3B, it may be a perfect 
right angle, or it may be obtuse (i.e., greater than 90). 
0191 FIG. 4 shows a block diagram of various electronic 
components that may be disposed in each of the units 102 and 
104 in accordance with one illustrative embodiment of the 
invention. It should be appreciated, however, that the circuitry 
within each of the wrist-mounted unit 104 and the foot 
mounted unit 102 may take on any of a number of alternative 
configurations, and the invention is not limited to the particu 
lar circuitry or components described herein for performing 
the various functions. Also shown in FIG. 4 are additional 
components of a network system that may be employed in 
connection with an embodiment of the invention. In particu 
lar, the system of FIG. 4 further includes a computer 428 and 
a network server 442, each coupled to a network cloud 440. 
0.192 As shown, the foot-mounted unit 102 may include a 
processor 422, as well as a sensor 418, a user interface 416, a 
transceiver 420, and a memory 424 coupled to the processor 
422. The wrist-mounted unit 104, may include both a user 
interface (UI) processor 408 and an arithmetic, radio, and 
calibration (ARC) processor 410, as well as memories 402 
and 404 (coupled to the UI processor 408 and the ARC pro 
cessor 410, respectively), a user interface 406 (coupled to the 
UI processor 408), a display 412 (coupled to the UI processor 
408), and a transceiver 414 (coupled to the ARC processor 
410). The computer 428 may include a processor 430, a 
memory 432, a transceiver 434, a user interface 436, and a 
display 438. In one embodiment, the computer 428 is a per 
sonal computer (PC) to which the user 112 has access. The 
network server 442 is configured to communicate (via the 
network cloud 440) with the computer 428, as well as with a 
number of other computers similar the computer 428. 
(0193 Each of the processors 408,410,422, and 430 in the 
FIG. 4 embodiment may be any processor, controller, hard 
wired circuit, or the like that is capable of performing at least 
Some of the functions discussed herein, and the invention is 
not limited to the use of any particular types of processors. In 
addition, in alternative embodiments, the functionality of 
each of the processors shown in FIG. 4 may be performed by 
one or more of the other processors shown and/or may be 
distributed across one or more additional processors. In addi 
tion, the functionality of the UI and ARC processors 408 and 
410 may be implemented using only a single processor. In one 
embodiment, the UI processor 408 may comprise, for 
example, part number NSM63188, manufactured by OKI 
Electronics; the ARC processor 410 may comprise, for 
example, part number PIC16C63, manufactured by Micro 
chip, Inc.; and the processor 422 may comprise, for example, 
part number PIC 16C73, manufactured by Microchip, Inc. 
0194 The network cloud 440 may, for example, represent 
the Internet. Of course, it may alternatively represent any 
other network scheme. The network server 442 and the com 
puter 428 therefore may communicate with one another, and 
share data and responsibility for various functional attributes 
with one another in any manner known in the art. In one 
embodiment, the network server 442 serves as an application 
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service provider for the computer 428. It should be appreci 
ated, however, that Such a configuration is not critical, as the 
network server 442 may likewise serve solely as a repository 
for the storage and retrieval of information. User-specific 
information stored on the network server 442 may be 
accessed, for example, using a user-specific (identification) 
ID. Access to this information may also require a password or 
Successful implementation of Some other security measure. 
0.195 The user interface 406 may correspond, for 
example, to the buttons 306 shown in FIGS. 3A-B, and the 
user interface 416 may correspond, for example, to the button 
204 shown in FIG. 2A. It should be appreciated, however, that 
the invention is not limited in this respect, and that different, 
fewer, or additional user interface buttons or other suitable 
user-interface devices or circuitry (e.g., voice activated inter 
face devices) may alternatively be employed. The memories 
402,404, 424, and 432 may each store a plurality of instruc 
tions which, when executed by the processor coupled thereto, 
may perform one or more of the routines described below. 
The structure and capabilities of the various components of 
the computer 428 (i.e., the processor 430, memory 432, user 
interface 436, and display 438), as well as the network server 
442, are well understood in the art, and therefore will not be 
described in further detail. 

0196. As discussed above, the sensor 418 in the foot 
mounted unit 102 may be any of a number of devices capable 
of monitoring the motion of the user's foot 114 to determine, 
for example, time periods that the user's foot 114 is in contact 
with the ground or is in the air. In one illustrative embodiment, 
a sensor which does not require compression forces thereon 
to sense motion is employed so as to reduce the wear and tear 
on the sensor 418. Because it is not necessary for Such a 
sensor to be disposed between the bottom surface 116 of the 
user's foot 114 and the surface 108 on which the user 112 is 
walking or running, the entire foot-mounted unit 102 (includ 
ing the sensor 418) may be mounted above the bottom surface 
116 of the user's foot 114. For example, the entire foot 
mounted unit 102 may be mounted on the instep 118 of the 
user's foot 114 as shown in FIG. 1. 

0.197 In such an embodiment, the foot-mounted unit may 
readily be disposed on prefabricated footwear (e.g., a running 
shoe), and specialized footwear having one or more sensors 
disposed so as to be located underneath the user's foot 114 
need not be employed. It should be appreciated, however, that 
the invention is not limited in this respect, and that sensors 
Such as contact Switches, piezoelectric, pressure sensitive 
transducers, or the like, that are disposed between the user's 
foot 114 and the surface 108 to sense motion of the user's foot 
114 with respect to the surface 108 may be employed in some 
embodiments of the invention. 

0198 As discussed below in more detail, an output signal 
from the sensor 418 may be provided to the processor 422, 
and the processor 422 may analyze the received signal in 
accordance with an algorithm stored in the memory 424. Data 
generated by the processor 422 in response to this analysis, 
may be transmitted by the transceiver 420 (e.g., over an RF 
communication channel) to the transceiver 414 of the wrist 
mounted unit 104. It should be appreciated, of course, that 
other wireless transmission media may alternatively be 
employed, and the invention is not limited to the use of an RF 
communication channel as the wireless communication link 
between the units 102 and 104. It should also be appreciated 
that, in Some embodiments of the invention, the transceiver 
420 may comprise only a transmitter and the transceiver 414 
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may comprise only a receiver, and that the invention is not 
limited to embodiments whereintransceivers are employed in 
both units. 
(0199. When information from the foot-mounted unit 102 
is received by the transceiver 414 of the wrist-mounted unit 
104, this information may be processed by the ARC processor 
410 to calculate various parameters to be displayed to the user 
112 on the display 412. Any of a number of parameters may 
be calculated based upon the information received from the 
foot-mounted unit 102, and the invention is not limited to the 
calculation of any particular parameters. In one illustrative 
embodiment, the ARC processor 410 is responsible for cal 
culating both the instantaneous and average pace of the user 
112, the distance traveled and calories expended by the user 
112 during a given period, and the total time interval during 
which the distance, pace, and calorie measurements are cal 
culated (i.e., a chronograph). In alternative embodiments, one 
or more of these parameters may instead be calculated by 
processor 422 of the foot-mounted unit 102, and the pre 
calculated values may then be passed to the wrist-mounted 
unit 104. 
0200. After the ARC processor 410 calculates or receives 
the aforementioned parameters, the calculated parameters 
may be passed to the UI processor 408 which is responsible 
for displaying them on the display 412. The UI 408 processor 
may also perform standard time and date keeping functions, 
and may display time and date information on the display 412 
either along with, or separately from, the parameters received 
from the ARC processor 410. 
0201 By properly manipulating the user-interface 406 
(e.g., by pushing selected ones of the buttons 306a-e), the user 
112 may, for example, start or stop the time period during 
which data received from the foot-mounted unit 102 is accu 
mulated, may alter the display modes of the UI processor 
408/display 412, or may otherwise enable the user 112 to 
control of the functionality of the UI processor 408 and/or the 
ARC processor 410. 
0202 As shown, the transceiver 420 and/or the transceiver 
414 may also communicate with the transceiver 434 of the 
computer 428 via a wireless communication link. As dis 
cussed below in more detail, this communication link enables 
information to be downloaded from the wrist-mounted unit 
104 and/or the foot-mounted unit 102 to the computer 428, 
and possibly, in turn, to the network server 428. This com 
munication link also enables the user 112 to operate software 
running on the computer 428 and/or network server 442 to 
analyze received data and/or to select operating parameters 
for the wrist-mounted unit 104 and/or foot-mounted unit 102, 
which parameters then may be transmitted to those devices 
via the transceiver 434. 

0203 As discussed below in more detail, the parameters 
calculated by the wrist-mounted unit 104 and/or the foot 
mounted unit 102, as well as parameters calculated by or 
calculated in response to a signal from the chest-mounted unit 
106, may be analyzed in various ways so as to provide feed 
back to the user during or after an exercise session by the user. 
During an exercise session, such analysis may be performed 
by the processor(s) in the foot-mounted unit 102 and/or the 
wrist-mounted unit 104, and feedback may be provided to the 
user by either device. For example, the user may receive a 
textual message on the display 412, may receive an audio, 
vibrational, or visual (e.g., a light) alert via the user interface 
406 or the user interface 416, or may receive any other indi 
cation responsive to one or more identified characteristics in 
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analyzed data. As used herein, the phrase “indication to the 
user” refers to the output provided by any one or any combi 
nation of these user-feedback methods or any other user 
feedback method known in the art. 
0204 The system of FIG. 4 may be designed such that 
multiple users (e.g., multiple family members or track team 
members) may employ the same equipment, but so that user 
specific data and operating parameters may be selectively 
stored and accessed. This may be accomplished, for example, 
by requiring each user to input a particular ID code or name, 
or to select an appropriate ID code or name from a list thereof, 
and permitting access to or logging information and param 
eters based upon that ID code or name. The ID code or name 
may, for example, be entered or selected using any of the 
devices in the system, and then may be transmitted, if neces 
sary, to the other devices. 
0205 FIG. 5 shows an illustrative example of a motion 
sensor that may be employed as the sensor 418 in the FIG. 4 
embodiment. In the example shown, the sensor 418 includes 
an accelerometer 502, and an amplifier circuit 504 (including 
a high-pass filter 504a integrated therein). The accelerometer 
502 may comprise any of numerous devices or circuits 
capable of detecting acceleration of the user's foot 114 and 
producing an output signal in response thereto, and the inven 
tion is not limited to the use of any particular type of accel 
erometer. In one illustrative embodiment, for example, the 
accelerometer 502 comprises part number ADXL250, manu 
factured by Analog Devices, Inc. Again, as mentioned above, 
it should be appreciated that the invention is not limited to 
embodiments that employ an accelerometeras the sensor 418. 
and that other suitable devices may alternatively be used. 
0206 FIG. 6 shows a partial-schematic, partial-block dia 
gram of an example embodiment of the sensor 418 of FIGS. 
4 and 5, in addition to the processor 422 of FIG. 4. As shown 
in FIG. 6, the amplifiercircuit 504 may include a capacitor Cl, 
resistors R1-R4, and an operational amplifier A. The opera 
tional amplifier A may, for example, comprise part number 
MA418, manufactured by MAXIM, Inc. 
0207. In the example embodiment of FIG. 6, the resistor 
R1 is connected between the input capacitor Cland the invert 
ing input of the operational amplifier A, and the resistor R2 is 
connected in feedback between the inverting input and an 
output 606 of the operational amplifier A. The combination of 
the input capacitor Cl and the resistor RI form a high-pass 
filter, and the configuration of the resistors R1 and R2 place 
the amplifier circuit 504 in an inverting configuration with a 
gain-factor dependent on the relative values of the resistors RI 
and R2. In the embodiment shown, the resistor R2 has a value 
of 1 mega-ohm, and the resistor R2 has a value of 150 kill 
ohms, so that the gain factor of the amplifier circuit 504 is 
approximately (-6.6). In addition, in the embodiment shown, 
the capacitor C1 has a value of 0.15 microfarads, so that the 
high-pass filter section 504a of the amplifier circuit 504 cuts 
off input signal frequencies that are less than approximately 
7.07 hertz. 

0208. In the FIG. 6 embodiment, the resistor R3 is con 
nected between a VCC supply node 610 and the non-inverting 
input of the operational amplifier A, and the resistor R4 is 
connected between the non-inverting input of the operational 
amplifier A and a ground node 612 of the circuit. The VCC 
supply node 610 may be maintained at approximately “5” 
Volts (e.g., regulated from a six-volt battery) in relation to the 
ground node 612, and the resistors R3 and R4 may be of equal 
values (e.g., “50 kill-ohms each) so that the voltage at a node 
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608 between the resistors R3 and R4, which is connected to 
the non-inverting input of the amplifier A, is maintained 
approximately midway between the voltage at the VCC Sup 
ply node 610 and the ground node 612 (e.g., at approximately 
“2.5” volts). It should be appreciated, of course, that any other 
suitable supply voltage (e.g., “3 volts) may alternatively be 
applied between the VCC supply node 610 and the ground 
node 612, and that the invention is not limited to the use of a 
“5” volt supply. 
0209. As shown in FIG. 6, the node 608 is also coupled to 
a reference input 604 of the processor 422, and the output 606 
of the operational amplifier A is connected to a signal input 
602 of the processor 422. In one embodiment, the processor 
422 includes on-board memory, AID converters, and timers. 
Therefore, in such an embodiment, the memory 424 of the 
embodiment of FIG. 4 may be incorporated into the same 
micro-chip as the processor 422. It should be appreciated, 
however, that the invention is not limited in this respect, and 
that any of the above-noted on-board elements may alterna 
tively be employed external to the controller 422. 
0210. In the circuit of FIG. 6, when the VCC supply node 
610 is maintained at five volts, the input 604 of the processor 
422 may serve as a Zero-reference that is maintained at 
approximately "2.5" volts (as described above), and the input 
602 of the processor 422 may serve as a variable input that 
fluctuates between “0” and “0.5” volts. The processor 422 
may, for example, sample the Voltage at each of the inputs 602 
and 604 at a rate of approximately '500' samples per second, 
and convert each of these samples into a respective 8-bit 
unsigned digital value. Therefore, for each sample taken at 
the inputs 602 and 604, the voltage at each of these inputs, 
with reference to a digital ground input (not shown) of the 
processor 422, will be converted to a “level between “0” and 
“255 
0211 Because of the voltage division performed by the 
resistors R3 and R4, each sample taken at the input 604 
remains close to the level “128 of the “255” possible levels. 
Each sample taken at the input 602 fluctuates between the 
level “0” and the level “255' depending on the voltage gen 
erated by the accelerometer 502 in response to acceleration 
thereof. A positive acceleration of the accelerometer 502 
along the acceleration sensing axis 110 may, for example, 
cause the sample taken at the input 604 to be some level 
between the levels “129” and “255, whereas a negative 
acceleration of the accelerometer 502 along the acceleration 
sensing axis 110 (see FIGS. 1 and 2B) may, for example, 
cause the sample taken at the input 604 to be some level 
between the levels “O'” and “127. 

0212 FIG.7 shows an example of signals 712 and 710 that 
may be provided by the sensor 418 of FIG. 6 to the inputs 602 
and 604, respectively, of the processor 422 when the user 112 
is in locomotion on foot. As shown, the signal 710 may be 
converted by the processor 422 into a digital value of approxi 
mately “128 on the scale of “0” to “256. It should be 
appreciated that, due to the voltage division performed by the 
resistors R3 and R4, the voltage at the input 604 may change 
slightly in response to changes in the Voltage at the VCC 
supply node 610. The level of the sample taken at the input 
604 may therefore deviate slightly from the level “128 when 
Such changes in the Supply Voltage occur. 
0213. As also shown in FIG. 7, the signal 712 may fluctu 
ate dynamically between the level “0” and the level “256” in 
response to movement of the user's foot 114 that occur when 
the user is walking or running. When the level of the signal 
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712 is greater than the level of the signal 710, this indicates 
that the accelerometer is sensing a positive acceleration along 
the acceleration sensing axis 110, and when the level of the 
signal 712 is lower than the level of the signal 710, this 
indicates that the accelerometer 502 is sensing a negative 
acceleration along the acceleration axis 110. 
0214. In accordance with various aspects of the present 
invention, the signals 710 and 712 generated during strides 
taken by the user 112 may be analyzed, and particular char 
acteristics of the signals 710 and 712 may be identified which 
are indicative of particular occurrences during each footstep. 
As shown in FIG. 7, for example, the signals 710 and 712 may 
be analyzed: (1) to identify occasions when the users toe first 
leaves the surface 108 after having been in contact with the 
ground during a footstep (e.g., "toe-off events’ 704a and 
704b), and (2) to identify occasions when the user's heel first 
impacts the ground after having been airborne (e.g., "heel 
strike events’ 702a and 702b). When the user 112 is wearing 
shoes, the term “toe, as used herein, refers to the front-most 
portion of the user's shoe that accommodates the users toes, 
and the term "heel, as used herein, refers to the rear-most 
portion of the user's shoe that accommodates the user's heel. 
0215. In accordance with one aspect of the invention, the 
toe-offevents 704 may be identified by monitoring the signals 
710 and 712 for: (a) characteristics that indicate a toe-off 
event 704 may have potentially occurred, and (b) character 
istics that indicate the foot 114 is definitely airborne (i.e., 
when no portion of the foot 114 is in contact with the surface 
108). The latter characteristics are referred to herein as the 
signals “air signature’ 706. 
0216. One characteristic in the signals 710 and 712 that 
may be indicative of a “potential toe-off event is large inflec 
tion in the signal 712. Therefore, in one embodiment of the 
invention, inflections in the signal 712 are monitored to iden 
tify and to continuously update the identification of a largest 
inflection to occur in the signal 712 subsequent to the most 
recent heel-strike event 702. 

0217. As shown in FIG. 7, an air signature 706 of the 
signal 712 may be identified between each toe-off event 704 
and the subsequent heel-strike event 702. The air signature 
706 may, for example, be an identified period of relative 
smoothness in the signal 712. When it is determined that the 
foot 114 is airborne (e.g., an air signature 706 is identified), 
the most recently identified potential toe-off event is identi 
fied as an “actual toe-off event 704. An example of a routine 
that may be performed by the processor 422 to monitor the 
signals 710 and 712 to identify occurrences of actual toe-off 
events 704 by looking for potential toe-off events and air 
signatures 706 in the signals is described below in connection 
With FIGS. 17-19. 

0218. In accordance with another aspect of the invention, 
heel-strike events 702 may be identified by monitoring the 
signals 710 and 712 for sudden, sharp inflections following 
the relatively smooth condition of the signal 712 generated 
while the foot is airborne. In accordance with one embodi 
ment of the invention, characteristics of the signals 710 and 
712 are monitored to determine whether the signals satisfy at 
least one of a plurality of predetermined criteria consistent 
with the occurrence of a heel-strike event 702. An example of 
a routine that may be performed by the processor 422 to 
monitor the signals 710 and 712 for heel-strike events 702 in 
this manner is described below in connection with FIGS. 21, 
and 23-25. 
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0219. As shown in FIG. 7, the period of a complete foot 
step of the user 112 (i.e., a step time (Ts)) may be measured 
between the identified heel-strike events 702 of the user 112 
(e.g., between the heel-strike events 702a and 702b). The 
portion of each measured step time (Ts) during which the 
user's foot 114 is in contact with the surface 108 (i.e., a foot 
contact time (Tc)) may be measured between each detected 
heel-strike event 702 and a subsequently-detected toe-off 
event 704 (e.g., between the heel-strike 702a and the toe-off 
704a). Finally, the portion of each measured step time (Ts) 
during which the user's foot 114 is airborne (i.e., a foot air 
time (Ta)) may be measured between each detected toe-off 
event 704 and a subsequently-detected heel-strike event 702 
(e.g., between the toe-off 704a and the heel-strike 702b). 
Thus, for each complete footstep taken by the user 112, an 
accurate measurement may be made of each step time (Ts) of 
the user 112, as well as the portions of that step time (Ts) 
attributable to foot contact time (Ts) and foot air time (Ta). As 
discussed in more detail below, this information may be used 
by the processor 422 or the foot-mounted unit 102 and/or the 
ARC processor 410 of the wrist-mounted unit 104 to accu 
rately calculate the speed and/or pace of the user 112, the 
distance traveled by the user 112, the energy expended by the 
user 112, etc., during the corresponding footstep taken by the 
user 112. 

0220. As used herein, a “complete footstep” means a 
movement cycle during which the foot of a user 112 begins in 
a particular position and again returns to that same position. 
For example, complete footsteps of the user 112 may be 
measured between consecutive "heel-strike events” (i.e., 
occasions when the user's heel 120 impacts the surface 108), 
or between consecutive "toe-off events' (i.e., occasions when 
the user's toe 122 leaves the surface 108). 
0221. After each heel-strike event 702(e.g., the heel-strike 
event 702a), we have recognized that the foot 114 of the user 
112 will necessarily be on the ground for at least a minimum 
period of time, and that it is not necessary during this period 
of time to analyze the signals 710 and 712 to identify potential 
occurrences of a toe-off event 704. Therefore, as shown in 
FIG. 7, it is possible to “ignore the signals during this par 
ticular period of time. These periods during which the signals 
710 and 712 may be ignored are illustrated in FIG. 7 as 
“ignore times” 708a and 708b. 
0222. In accordance with another aspect of the invention, 
radio transmissions between the foot-mounted unit 102 and 
the wrist-mounted unit 104 may be made only during the 
ignore times 708 because the processor 422 need not be 
employed to monitor the signals 710 and 712 during these 
time periods Similarly, according to another aspect of the 
invention, calculations involving data accumulated by the 
foot-mounted unit 102 may be made only during the ignore 
times 708, thereby consuming processing power only during 
time periods when the signals 710 and 712 need not be 
actively analyzed. 
0223. It is known that the instantaneous pace (Paces) of 
a user 112 in locomotion is linearly related to the foot contact 
time (Tc) measured during a single footstep (Tcs) of the user 
112. In particular, the instantaneous pace of the user 112 may 
be defined by the equation: 

Paces=MpTcs+Bp, (1) 

wherein Mp and Bp are constants representing the slope and 
Y-intercept points of a graph of Pace vs. Tc, and the symbol 

is the multiplication operator. In light of this relationship, 
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the average pace of the user during a given time period 
(Pacer) may be calculated by replacing the individual foot 
contact time (Tcs) in the equation (1) with the average value 
of several individual foot contact times during the measured 
time period (Tc) above to yield the equation: 

Pace=Mp Tcz+Bp (2) 

0224. As discussed in U.S. Pat. No. 6,018,705, the con 
stants Mp and Bp may be different when the user 112 is 
running than when the user is walking, and each value of Mp 
and Bp (for both walking or running) may vary from indi 
vidual to individual. The relationships between Pace and Tc 
for walking and running (for either instantaneous or average 
pace calculations) may be represented by the following two 
equations: 

Pace-Mpi Tct--Bp. Pace=Mp TcBp. (3) 

0225. The graph of FIG. 8 includes lines 802 and 804, 
which represent the two relationships presented in the equa 
tions (3). In particular, the line 802 represents the relationship 
between a measured foot contact time (Tc) (either a single 
value oran average value) of the user 112 and the correspond 
ing pace (either instantaneous or average) of the user 112 
when the user is walking, and the line 804 represents the 
relationship between a measured foot contact time (Tc) of the 
user 112 and the corresponding pace of the user 112 when the 
user is running. Although linear relationships between foot 
contact time (Tc) and pace are illustrated in FIG. 8, it should 
be appreciated that higher-order polynomials may alterna 
tively be used to define these relationships. 
0226 We have discovered that it can be determined 
whethera user, e.g., the user 112, is walking or running during 
a particular footstep taken by the user 112, simply by com 
paring the foot contact time (Tc) of the user 112 measured 
during the footstep with a single threshold value. Therefore, 
in connection with each measured foot contact time (Tc), it is 
possible to determine which of the equations represented by 
the lines 802 and 804 should be used to calculate the user's 
pace simply by comparing the measured foot contact time 
(Tc) with this threshold value. 
0227. In the example of FIG. 8, the threshold value used to 
discern whether the user 112 is walking or running is "420 
milliseconds (ins). As shown, the lines 802 and 804 are 
divided into solid portions 802a and 804a and dashed por 
tions 802b and 804b. The solid portions 802a and 804a of the 
lines 802 and 804, respectively, represent the equations that 
may be used to calculate the user's pace based upon measured 
foot contact times. When, for example, a measured foot con 
tact time (Tc) is less than "420 ms, it may be determined that 
the user 112 is running, and the solid portion 804a of the line 
804 may be used to calculate the user's pace. When, on the 
other hand, a measured foot contact time (Tc) is greater than 
"420" ins, it may be determined that the user 112 is walking, 
and the solid portion 802a of the line 802 may be used to 
calculate the user's pace. 
0228. In the example of FIG.8, the dashed portion 802b of 
the line 802 is never used to calculate the userspace while the 
user 112 is walking because it corresponds to a range of foot 
contact times that typically do not occur when the user 112 is 
walking. Similarly, the dashed portion 804b of the line 804 is 
never used to calculate the user's pace while the user 112 is 
running because it corresponds to a range of foot contact 
times that typically do not occur when the user 112 is running. 
0229. In another embodiment of the invention, for each 
given footstep, one of: (1) the ratio of the measured foot 
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contact time (Tc) to the measured step time (Ts) (i.e., Tc/Ts); 
(2) the ratio of the measured foot airtime (Ta) to the measured 
step time (Ts) (i.e., Ta/Ts); or (3) the ratio of the measured 
foot contact time (Tc) to the measured foot air time (Ta) (i.e., 
Tc/Ta), or the inverse value of any such ratios, may be com 
pared with a single threshold value to determine whether the 
user is running or walking. In one embodiment, the threshold 
value chosen represents the point when the user's foot is in the 
air and is on the ground for equal time periods during a 
complete footstep (i.e., when Tc=Ta). These threshold values 
may be readily calculated given that, for each complete foot 
step, Ts=Tc+Ta. If the user's foot is on the ground longer than 
it is in the air during a complete footstep, it may be determined 
that the user is walking. Conversely, if it is determined that the 
users foot is in the air longer than it is on the ground, it may 
be determined that the user is running. 
0230. In the example shown in FIG. 8, the slopes Mpand 
Mp of the lines 802 and 804, respectively, are positive, 
indicating that longer foot contact times correspond to slower 
paces and shorter foot contact times correspond to faster 
paces. Each of the constants Bp, and Bp. is negative in the 
example shown. However, it should be appreciated that, 
because speed and pace are related according to the equation: 
Speed=1/Pace, the portions of the lines 802 and 804 that are 
close to or fall below the “0” pace level are never used, as a 
pace of “0” corresponds to an infinite speed. In theory, the 
relationships (for walking and running) between Pace and Tc 
are non-linear near the origin of the graph of FIG.8. However, 
these non-linear portions of the relationships fall outside the 
possible range of foot contact times for human beings. Within 
the possible range of foot contact times for human beings, the 
relationships between Pace and Tc for both walking and run 
ning are, in fact, Substantially linear. 
0231. As mentioned above, in the graph of FIG. 8, the 
values of the constants Mp, Mp, Bps, and Bp. may vary 
from individual to individual. The curves 802 and 804 of FIG. 
8 may be optimized for a particular user 112 by having the 
user 112 run or walk a known twice, at different speeds, while 
measuring the average foot contact time (Tc), as described 
below, during each of the two outings. By measuring the time 
taken to run the known distance during each outing, the aver 
age pace (Pace) of the user may be calculated for each of 
the two outings. Therefore, using an appropriate one of the 
equations (3) (depending on whether the user was walking or 
running during the two outings), two points may be identified 
on the graph of FIG.8. Once these two points are identified, 
if the user 112 walked during both outings, the line 802 may 
be interpolated through the two points, and, if the user 112 ran 
during both outings, the line 804 may be interpolated through 
the two points. 
0232 Unfortunately, any error in one or both of these 
points can significantly impact the accuracy of the calibration 
performed using this technique. Therefore, in Some embodi 
ments, three, four, or more points may be obtained during 
corresponding outings at different speeds, and a “best fit” line 
may be plotted through all of the obtained points to yield a 
more accurate Pace vs. Tc line for walking (if the user 112 
walked during all of the outings) or for running (if the user 
112 ran during all of the outings). 
0233. As illustrated in FIG.9, we have recognized that the 
step length (Ls) of the user 112 (i.e., the distance traversed 
during each stride taken by one foot of the user) is approxi 
mately equal to the foot contact time (Tc) measured during 
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the stride multiplied by the speed at which the user 112 is 
traveling (Speed), as illustrated by the equation: 

LS =Tc Speed (4) 

0234. In addition, based upon empirical measurements, 
we have discovered that the step length (Ls) of the user 112 is 
also (substantially) linearly related to the speed of the user 
112 over areasonable range of speeds for running or walking, 
according to the equations: 

LS =Mstep, “Speed--Bstep LS=Mstep*Speed-- 
Bstep (5) 

0235. These substantially linear relationships are illus 
trated in FIG. 10. Curves 1002 and 1004 in FIG. 10 illustrate 
typical relationships between the user's step length (LS) and 
the walking speed (curve 1002) or running speed (curve 
1004) of the user 112. As illustrated by line 1006 in FIG. 10, 
the relationship between the step length (Ls) of the user 112 
and the speed of the user 112 is substantially linear through a 
reasonable range of walking speeds (e.g., between 2.5 and 4.5 
miles per hour (MPH)). Similarly, as illustrated by line 1008 
in FIG. 10, the relationship between the step length (Ls) of the 
user 112 and the speed of the user 112 also is substantially 
linear through a reasonable range of running speeds (e.g., 
between 5 and 12 MPH). As shown, the line 1006 has a slope 
equal to Mstep, and a Y-intercept equal to Bstep, and the 
line 1008 has a slope equal to Mstep and a Y-intercept equal 
to Bstep. 
0236 We have further discovered, again based upon 
empirical measurements, that the values of the slopes Mstep 
and Mstep of the lines 1006 and 1008, respectively, are 
Substantially constant across a large portion of the population, 
and that the values of the Y-intercepts Bstep, and Bstep for 
the lines 1006 and 1008, respectively, are generally the only 
values in equations (5) which vary significantly from person 
to person. By combining equations (3) and (4) and (5), we 
have discovered that the values Mp, and Mp in the equa 
tions (3) are equal to 1/Bstep-and 1/Bstep, respectively, and 
that the values Bp. and Bps in the equations (3) are equal to 
-Mstep/Bstep, and -Mstep/Bstep, respectively. Equa 
tion (3) therefore may be rewritten as follows: 

Pace=1/Bstep-Tc-Mstep/Bstep Pace-1. 
Bsteps Tc-Mstep/Bstep (6) 

0237 FIG. 11 shows the lines 802 and 804 of the Pace vs. 
Tc lines of FIG. 8, and also illustrates the above-calculated 
replacement values of Mp, BP, Mp, and Bps included in 
the equations (6). By setting the value of Pace in the equations 
(6) to be equal to “0” and then solving the equations (6) for 
Tc, it is discovered that the locations of the constant X-inter 
cept points 1106 and 1108 of the lines 802 and 804, respec 
tively, are equal to Mstep, and Mstep, respectively. As dis 
cussed above, our empirical measurements have revealed that 
these values are relatively constant across a Substantial cross 
section of the population. Therefore, the X-intercept points of 
each of the lines 802 and 804 (i.e., points 1106 and 1108, 
respectively) do not change significantly from person to per 
son, so that the lines 802 and 804 simply pivot about the 
respective points 1106 and 1108 on the graph of FIG. 11. Our 
empirical measurements have revealed that the constant X-in 
tercept value for the “walking line 802 (Mstep) is equal to 
approximately "200 milliseconds (ms), and the constant 
X-intercept value for the “running line 804 (Mstep) is equal 
to approximately “75' milliseconds (ms). 
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0238. This discovery is significant because each of the 
Pace vs. Tclines 802 and 804 for a particular user 112 may be 
plotted by locating only a single point on the graph of FIG. 11 
when the user 112 is walking or running at a comfortable 
pace, and interpolating a line between the measured point and 
the corresponding constant X-intercept point 1106 or 1108. 
0239 Whena Pace vs. Tcline (such as one of the lines 802 
and 804 of FIG. 11) is plotted by identifying two or more 
points and interpolating a line therebetween, it should be 
appreciated that the user 112 must walk or run outside of the 
user's most comfortable pace forwalking or running to obtain 
at least one of these points. The point(s) obtained when the 
user is not running or walking at the user's most comfortable 
pace may not be at the optimal location on the Pace Vs. Tc 
graph, and therefore may cause the line interpolated there 
through to be at a less than optimal location. Thus, the single 
point calibration scheme discussed above is advantageous not 
only because the user 112 is required to walk or run a known 
distance only a single time, but also because the user 112 may 
walk or run the known distance at the user's most comfortable 
pace, thereby possibly obtaining more accurate calibration 
information than if one of the points on the Pace vs. Tc graph 
was obtained when the user was walking or running at a pace 
other than the user's most comfortable pace. 
0240. As is well known, speed (miles/minute) is related to 
pace (minutes/mile) according the following equation: 

Speed=1/Pace (7) 

0241 Therefore, in light of the equations (3), speed may 
be defined according to the following equations: 

Speed=1/(Mpi-Tct--Bpt) Speed 1/(Mp Tc--Bp.) (8) 

0242. When Speed, defined according to the equations (8), 
is plotted against 17Tc, curves 1202 and 1204 shown in FIG. 
12 may be obtained. As shown in FIG. 12, the relationships 
between Speed and 1/Tc while the user 112 is walking (curve 
1202) and while the user is running (curve 1204) appear to be 
Substantially non-linear, as compared to the relatively linear 
relationships between Pace and Te illustrated in FIGS. 8 and 
11. 
0243 FIG. 13 illustrates the same relationship as does 
FIG. 12, but uses the units miles-per-hour (MPH) on the 
Speed axis, rather than miles-per-minute (i.e., a factor of “60” 
adjustment). In addition, the graph of FIG. 13 focuses only on 
the relative portion of the graph of FIG. 12 that corresponds to 
reasonable ranges of walking and running speeds for a human 
being. As shown, FIG. 13 illustrates that, within a reasonable 
range of walking speeds (e.g., between '3' and “4” MPH), the 
curve 1202 is substantially linear. Similarly, between a rea 
sonable range of running speeds (e.g., between "7.5” and 
“10.8 MPH), the curve 1204 also is substantially linear. 
Therefore, in accordance with an aspect of the present inven 
tion, a line 1302, which passes through the aforementioned 
substantially linear portion of the curve 1202, may used to 
define an approximation of the relationship between Speed 
and 1/Tc when the user 112 is walking, and a line 1304, which 
passes through the aforementioned substantially linear por 
tion of the curve 1204, may be used to define an approxima 
tion of the relationship between Speed and 1/Tc when the user 
112 is running. As shown, the lines 1302 and 1304 may be 
defined using the equations: 

Speed=(1/Tc)*Ms-Bs, Speed=(1/Tc)*Ms-Bs (9) 

wherein Ms. and Ms are constants representing the slopes 
of the lines 1302 and 1304, respectively, and Bs, and Bs are 

May 5, 2016 

constants representing the Y-intercepts of the lines 1302 and 
1304, respectively. Although linear relationships between the 
inverse of foot contact time (1/Tc) and speed are illustrated in 
FIG. 13, it should be appreciated that higher-order polyno 
mials may alternatively be used to define these relationships. 
0244. Unfortunately, because the universal pivot points 
1106 and 1108 of FIG. 11 are defined at a pace equal to “0” 
such pivot points cannot be identified on the graph of FIG. 13 
because, as is evident from the equation (7), a pace of “O'” 
corresponds to an infinite speed. When a single point calibra 
tion scheme is used wherein a single point on the graph of 
FIG. 11 is identified for either walking or running and a line 
is interpolated between the identified point and one of the 
universal pivot points 1106 and 1108, however, it is possible 
to pick a few (at least two) points from the interpolated 
“walking line 802 or the interpolated “running line 804 of 
FIG. 11 that fall within a reasonable range of paces for run 
ning or walking. These selected points may then be trans 
ferred onto the graph of FIG. 13, and a line may be interpo 
lated between the transferred points to obtaina corresponding 
one of the lines 1302 and 1304 shown in FIG. 13. 

0245. As discussed above, the foot-mounted unit 102 and 
the wrist-mounted unit 104 may communicate using either a 
one-way or a two-way communication link. When a two-way 
communication link is employed, any of the calibration Val 
ues discussed herein may be calculated (based upon user 
inputs regarding the starting and stopping of a calibration 
procedure) using the wrist-mounted unit 104, and may be 
Subsequently communicated from the wrist-mounted unit 
104 to the foot-mounted unit 102. Alternatively, commands 
instructing the foot-mounted unit 102 to start and stop a 
calibration procedure at appropriate times may be communi 
cated from the wrist-mounted unit 104 to the foot-mounted 
unit 102. In either case, it is possible to store calibration 
values in the foot-mounted unit 102 based upon user input to 
the wrist-mounted unit (e.g., using one or more of the buttons 
306). 
0246. Of course, it is also possible for a user to input 
calibration commands directly to the foot-mounted unit 102, 
and thereby cause such values to be calculated by and stored 
in the foot-mounted unit 102 without any intervention by the 
wrist-mounted unit 104. We recognize, however, that it may 
be more convenient and yield more accurate calibration 
results for the user 112 to input such commands to the wrist 
mounted unit 104, rather than the foot-mounted unit 102. This 
is true because the user is able to input commands to the 
wrist-mounted unit 104 while in locomotion, as opposed to 
having to stop walking or running and bend overto input such 
commands to the foot-mounted unit 102. 
0247 Regardless of their origin, once appropriate calibra 
tion value obtained, the processor 422 of the foot-mounted 
unit 102, for example, may use these calibration values (as 
explained below) to perform calculations involving the user's 
instantaneous and average pace and/or speed, as well as cal 
culations involving the distance traveled by the user during a 
given outing. The results of these calculations then may be 
displayed on the foot-mounted unit 102 and/or transmitted to 
the wrist-mounted unit 104 for display to the user 112. 
0248. In alternative embodiments of the invention, the 
ARC processor 410 of the wrist-mounted unit 104, or another 
processor distinct from both the foot-mounted unit 102 and 
the wrist-mounted unit 104, may instead perform these cal 
culations. For example, each measured foot contact time (Tc) 
and step time (Ts) may be transmitted from the foot-mounted 
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unit 102 to the wrist-mounted unit 104 or another device, and 
the ARC processor 410 the wrist-mounted unit 104 or a pro 
cessor in the other device may performall of the calculations 
described herein based these values. In fact, in some embodi 
ments, the signal from the sensor 418 may be the only infor 
mation that is transmitted (wirelessly) from the foot-mounted 
unit 102 to the wrist-mounted unit 104 or another device, and 
the wrist-mounted unit 104 or the other device may itself 
perform the analysis of the sensor signal during which foot 
contact times, etc., are measured, as well as performing all or 
some of the other calculations described herein involving 
Such measured values. In any of these alternative embodi 
ments, appropriate calibration values may be both calculated 
by and stored directly in the wrist-mounted unit 104. 
0249. The user 112 may instruct the foot-mounted unit 
102 to start and stop performing such calculations either by 
providing appropriate inputs directly to the foot-mounted unit 
102 (e.g., using the button 204 or one or more other buttons on 
the foot-mounted unit 102), or by providing appropriate 
inputs to the wrist-mounted unit 104 (e.g., by depressing one 
or more of the buttons 306), which then can transmit the 
instructions to the foot-mounted unit 102. Examples of how 
the above-mentioned calculations may be performed by the 
processor 422 will now be provided, recognizing, of course, 
that the invention is not limited to embodiments wherein the 
processor 422 is the entity that performs these calculations. 
0250 While the user 112 is walking or running during an 
outing, for each complete footstep by the user, both the step 
time (Ts) of the footstep and the portion of that step time (Ts) 
constituting the foot contact time (Tc) of the footstep may be 
measured as described herein. As discussed above in connec 
tion with FIG.8, each measured foot contact time (Tc) may be 
compared with a threshold value (e.g., 420 milliseconds), 
and, based upon that comparison, may be categorized as a 
“walking foot contact time (Tc) or as a "running foot 
contact time (Tc). Each step time (Ts) may also be placed 
into the same category as the foot contact time (Tc) with 
which it is associated. That is, each step time (Ts) associated 
with a “walking foot contact time (Tc) may be categorized 
as “walking step time (Ts), and each step time (Ts) asso 
ciated with a "running foot contact time (Tc) may be cat 
egorized as “running step time (Ts). 
0251. By accumulating running totals of measured foot 
contact times for both walking and running (i.e., XTc, and 
XTc), and also keeping track of the number of walking and 
running foot contact times so accumulated (i.e., Tcva and 
Ters), an average “walking foot contact time (Terzite) 
may be calculated by dividing the value of XTc, by the value 
of Tcurva (i.e., TC wave XTcu? Tcurva), and an average 
“running foot contact time (Tc) may be calculated by 
dividing the value of XTc, by the Value of Tcy (i.e., 
Tcl-XTc/Tcv.). Based upon these values, the aver 
age “walking” and/or "running” pace (Pace, and/or Pac 
e.t.) during an outing may be calculated by simply plug 
ging the current average value of TC and/or the current 
average value ofTC into one or both of the equations (3) 
above. Similarly, the instantaneous pace as a result of the last 
measured foot contact time (Tc), or as a result of an average 
of the last several (e.g., four) measured foot contact times, 
may be calculated by plugging the current or average value of 
Tcl and/or the current or average value of Tc into one or 
both of the equations (3) above. 
0252. In addition, using the well-known relationship: 
Distance=Time/Pace, the distance traveled during each com 
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plete footstep may be calculated by plugging the measured 
foot contact time (i.e., Tc, or Tc) for the footstep into an 
appropriate one of the equations (3) to yield the pace for that 
footstep, and then dividing the measured step time (Ts) for the 
footstep by the pace calculated for the same. The total dis 
tance traveled by the user 112 therefore can be calculated, 
regardless of whether the user 112 is walking and/or running 
during the outing, by accumulating a running total of Such 
per-footstep distances. 
0253 Alternatively, in addition to calculating the values of 
Tct, and Tcz, as discussed above, cumulative totals of 
the values of Ts, and Ts (i.e., XTs, and XTs) may be 
maintained in memory. Based upon these values, “walking 
and “running distance values may be calculated using the 
following equations, which represent a combination of the 
equations (3) with the relationship: Distance=Time/Pace: 

Distance=XT's 7(Mp'TC'Bp.) 
DistanceR-XTSR (MpR*TcRatz-BpR) (10) 

0254 Therefore, the total distance traveled by the user 
during the outing (regardless of whether the user is walking or 
running) may be calculated by adding together both of the 
equations (10), thereby yielding the equation: 

Distance total-XTS/(Mp, *TCratz' Bpur)XTSR 
(Mpg|TcRaz-i-BpR) (11) 

0255 As mentioned above, after performing these calcu 
lations, the foot-mounted unit may periodically transmit 
information, such as distance traveled, average pace, instan 
taneous pace, etc., to the wrist-mounted unit 104 for display 
to the user 112. Alternatively, the foot-mounted unit 102 may 
itself display some or all of the desired information. 
0256 With regard to the equations discussed herein 
involving pace, it should be appreciated that, in light of the 
relationship: Speed=1/Pace, similar equations involving 
speed, rather than pace, may alternatively be used to calculate 
the various performance parameters, including the parameter 
Speed itself. 
0257. As is well-known, the distance traveled by a user 
during a given time interval may be calculated by the follow 
ing equation: 

Distance=SpeedTime (12) 

0258. Therefore, by combining the equations (9) and (12), 
for each complete footstep taken by the user 112 (i.e., during 
each step time (Ts)), the distance traveled by the user 112 
during that footstep may be determined using the equations: 

Distance=(TS/Tc)*Ms.--T’s “Bs Distance=(TS/Tc) 
* Ms.--T's Bs (13) 

0259. As discussed above, the one of the equations (13) 
that is used to calculate the distance traveled by the user 
during a given footstep may be determined based upon a 
comparison of the measured foot contact time (Tc) with the 
threshold value discussed above (e.g., “420 ms) in connec 
tion with FIG. 8. Therefore, to calculate the total distance 
traveled by the user 112 during a particular outing, the values 
Tc and Ts may be monitored during each footstep taken by the 
user 112, and each monitored Tc and Ts value may be iden 
tified as having been measured either when the user 112 was 
walking or when user 112 was running. After having been 
identified as either "walking Tc and Ts values (Tc and Ts) 
or “running Tc and TS values (Tc and Ts), a running total 
of each of the values Tc, Tsi, Tc, and Ts obtained during 
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the outing may be stored, and the total distances traveled by 
the user while running and walking may be calculated using 
the equations: 

Total Walking Distance=X(TS/Tc) MS+ 
XT's Bs. (14) 

Total Running Distance=X(Ts/Tc)*Ms+XT's Bs (15) 

0260 Therefore, the total distance traveled by the user 
during the outing (regardless of whether the user is walking or 
running) may be calculated by adding together the equations 
(14) and (15), thereby yielding the equation: 

Total Distance=X(TS/Tc) MS+XTSBS-XCTS/ 
Tc)*Ms+XT's Bs (16) 

0261. Using these equations, the values X (Ts/Tc), 
XTSX(Ts/Tc), and XTs (“the Tc/TS and TS Sum values') 
may be cumulatively updated by the foot-mounted unit 102 as 
the user 112 is walking or running, and the Teas and TS Sum 
values accumulated by the foot-mounted unit 102 may be 
periodically transmitted (e.g., once every millisecond) to the 
wrist-mounted unit 104. When the wrist-mounted unit 104 
receives a transmission from the foot-mounted unit 102 
including updated Tc/Ts and TS Sum values, these values may 
be combined with the calibration values Ms. BS, Ms and 
Bs in accordance with equation (16) to calculate the total 
distance traveled by the user 112 during the outing for which 
the Tcf.Ts and Ts sum values were accumulated. 

0262. When the user provides an indication to the wrist 
mounted unit 104 that the user 112 wants the wrist-mounted 
unit to begin measuring a total distance traveled by the user 
112 (e.g., by depressing one of the buttons 306), the wrist 
mounted unit 104 may, for example, record the values of the 
Tc/Ts and Ts sum values last received from the foot-mounted 
unit 102 as “starting values.” The wrist-mounted unit may 
then subtract the recorded starting values from any updated 
Tc/Ts and Ts sum values later received from the foot 
mounted unit 102 to obtain an accurate measurement of the 
Tc/TS and TS Sum values accumulated that have been accu 
mulated since the user instructed to the wrist-mounted unit 
102 to begin a total distance measurement. 
0263. Alternatively, each measured foot contact time (Tc) 
and step time (Ts) may be transmitted from the foot-mounted 
unit 102 to the wrist-mounted unit 104 or another device, and 
the wrist-mounted unit 104 or the other device may perform 
all of the calculations described herein based these values. In 
fact, in some embodiments, the signal from the sensor 418 
may be the only information that is transmitted (wirelessly) 
from the foot-mounted unit 102 w the wrist-mounted unit 104 
or another device, and the wrist-mounted unit 104 or the other 
device may itself perform the analysis of the sensor signal 
during which foot contact times, etc., are measured, as well as 
performing all or some of the other calculations described 
herein involving Such measured values. 
0264. In light of the universal pivot points 1106 and 1108 
identified in the graph of FIG. 11 for the lines 802 and 804, 
respectively, we have recognized that, for each of the two 
lines 802 and 804, each individual user may be assigned a 
single calibration “value” that identifies the location of that 
line. For example, each user may be assigned a first calibra 
tion value between “1” and “200 that identifies a correspond 
ing angular orientation of the “running line” 802 about the 
pivot point 1106, and may be assigned a second calibration 
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value between “1” and “200 that identifies a corresponding 
angular orientation of the “walking line'804 about the pivot 
point 1108. 
0265. In one embodiment, a “baseline' value of a foot 
contact time (Tc) is selected, and an equation including the 
single calibration value (e.g., a number between “1” and 
“200') as a variable is used to define the pace that corresponds 
to the baseline foot contact time (Tc). Thus, each change in 
the value of the single calibration value causes a correspond 
ing change in the value of the pace associated with the base 
line foot contact time (Tc). In this manner, a point is defined 
on the Pace vs. To graph of FIG. 11 through which an appro 
priate one of the lines 802 and 804 may be interpolated, with 
the other point through which the line is interpolated being 
one of the universal pivot points 1106 and 1108. In one 
illustrative embodiment, this relationship is defined (for each 
of the lines 802 and 804) using the following equation: 

: Pace TeBASELINEmcaval CalValb Cagigi. (17) 

10266) Wherein CalVal is the single calibration value (e.g., 
a number between “0” and “200') and m and b are 
constants defining, respectively, the slope and Y-intercept of 
the relationship between Pace, serve and CalVal. It 
should be appreciated that the relationship between the single 
calibration value and pace, for the baseline foot contact time 
(Tc), may alternatively be non-linear, and the invention is not 
limited to a linear relationship Such as that shown. 
0267. In one embodiment of the invention, after a value of 
CalVal is set initially (for either running or walking), this 
value can later be optimized whenever the user runs or walks 
a reported distance (e.g., a five mile race), and obtains a 
measured distance for the race (e.g., “3.1 miles) using the 
foot-mounted unit 102 and/or wrist-mounted unit 104. This 
optimization may be achieved in response to the user input 
ting only the reported distance and the measured distance, and 
may be performed by one or more of the foot-mounted unit 
102, the wrist-mounted unit 104, the computer 428, and the 
network server 442, as follows. 
0268 Referring to FIG. 11, the user may run or walk a 
reported distance (e.g., five miles), while the foot-mounted 
unit 102 and/or the wrist-mounted unit 104 calculates a mea 
Sured distance (e.g., “3.1 miles') based upon measured foot 
contact times and the initial value of CalValp. Next, using the 
line corresponding to the initial value of CalValp, the value of 
Tc corresponding to an arbitrarily-picked value of Pace (e.g., 
seven minutes/mile) may be determined. In addition, the arbi 
trarily-picked value of Pace (e.g., seven minutes/mile) may be 
multiplied by the reported distance (e.g., five miles) to obtain 
a time value (e.g., "17.5' minutes). Next, this time value (e.g., 
“17.5' minutes) may be divided by the measured distance 
(e.g., 3.1 miles), which was calculated using the line corre 
sponding to the initial value of CalValp, to obtain a calculated 
value of Pace (e.g., “5.64 minutes/mile). A point on the graph 
of FIG. 11 may then be identified having a “Pace' coordinate 
corresponding to the calculated value of Pace (e.g., “5.64 
minutes/mile) and a “Tc' coordinate corresponding to the 
value of Tc corresponding to the arbitrary pace (e.g., seven 
minutes/mile) identified above. Finally, a new line may be 
interpolated between this identified point and the universal 
pivot point discussed above, which line represents a newly 
calibrated Pace vs. Tc line for the user. Based upon the posi 
tion of this line, a new value of CalValp may be determined 
and may be stored in memory for the user. This new value of 
CalVale, and the line corresponding thereto, may then be used 
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for future measurements by the foot-mounted unit 102 and/or 
the wrist-mounted unit 104. This procedure may be used to 
optimize either the walking line 802 or the running line 804 of 
FIG 11. 

0269. It should be appreciated that this technique can like 
wise be performed in other situations wherein a set of lines is 
known for which a single calibration value and/or a single 
point defines each line in the set. For example, the above 
described technique may also be employed in connection 
with the set of lines identifying the relationship between 
Speed and 1/Te, explained below in connection with FIG. 13, 
because a single calibration value can be used therein to 
define each line in that set of lines. 

0270. As discussed above, each line in the graph of FIG. 
11 can be translated into a corresponding line in the graphs of 
FIG. 13 (e.g., by selecting a few reasonable values of Tc and 
Pace, calculating values of 11Tc and Speed based thereupon, 
plotting points corresponding to the calculated values, and 
interpolating a line between the points so plotted). Therefore, 
because a single calibration point can identify the position of 
each of the curves 802 and 804 in the graph of FIG. 11, a 
single calibration point can also be used to identify the posi 
tion of each of the curves 1302 and 1304 in the graph of FIG. 
13. In this regard, it should be understood that, while each 
single calibration “value' used in connection with the graph 
of FIG. 11 identifies a corresponding degree of rotation of one 
of the lines 802 and 804 about its pivot point, each of the 
“single' calibration values used in connection with the graph 
of FIG. 13 identifies both a corresponding degree of rotation 
and a corresponding degree of translation of one of the lines 
1302 and 1304 with respect to the Speed and 1/Tc axes of the 
graph. 

0271 Based upon empirical measurements of the relation 
ships between Tc and Pace and 1/Tc and Speed for a large 
number of users, we have discovered universal relationships 
between the calibration constants Mpc and Bs and between 
the calibration constants Mp, and Bs, of the equations (3) 
and (I1), respectively, that have enabled us to derive respec 
tive equations (each including a single, user-specific con 
stant) that identify corresponding rotational and translational 
positions of the curves 1302 and 1304 in the graph of FIG. 13. 
Therefore, using these equations, each user may simply be 
assigned a first calibration constant that defines that user's 
“walking curve” 1302 in the graph of FIG. 13 and second 
calibration constant that defines that user’s “running curve” 
1304. This may compared to the alternative technique of 
using two separate calibration constants (i.e., the calibration 
constants Ms. and Bs, or Ms. and Bs of equations (9)) to 
define each of the lines 1302 and 1304. 

0272. The discovered relationships between the constants 
Mp and Bs from the equations (3) and (11), respectively, are 
identified by the following equations: 

wherein Cland C2 are universal constants. The constants Cl 
and C2 are referred to hereinas the “Darley constants.” named 
after their discoverer, Jesse Darley, of Watertown, Mass. 
When the units used in the graphs of FIGS. 11 and 13 are 
employed, we have discovered that the Darley constant Cl is 
equal to “4” and that the Darley constant "C2 is equal to 
“-111.4062 (which can be approximated by the fraction 
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0273 Because the locations of the universal pivot points 
1106 and 1108 (i.e., the Tc values when pace is equal to “0”) 
are known, the equations (3) can be simplified to: 

Bp--PP-Mpi-Bp-PPMP (19) 

wherein PP is equal to the Tc value at the pivot point 1106 of 
the line 802 (i.e., Mstep), and PP is equal to the To value at 
the pivot point 1108 of the line 804 (i.e., Mstep). In the units 
used in the graph of FIG. 11, the values of PP and PP are 
“200 and “75, respectively. 
0274 As shown below, the equations (18) and (19) may be 
combined to yield the equations: 

The equations (3) and (11) may be solved for Tc and Ms. 
respectively, to yield the equations: 

Tc=(Pace-Bpt). Mpi-Tc(Pace-Bp)Mp (21) 

Ms-Tc(Speed-Bs) Ms=Tc(Speed-Bs) (22) 

The equations (19) and (20) then may be combined to yield 
the equations: 

Msir (SpeedEpir-Bst)*(Pacerpur-Bpur)/Mpur 

MSR-(SpeedEPR-Bsr)*(Pacerr-Bpr)/Mpr (23) 

wherein Speed, and Pace, represent, respectively, the 
speed at one of the “end points' 1306 and 1308 of the line 
segment 1302a of the “walking line 1302 and the pace (i.e., 
1/Speed) corresponding therewith, and Speed and 
Pace represent, respectively, the speed at one of the "end 
points' 1310 and 1312 of the line segment 1304a of the 
“running line 1304 and the pace (i.e. 1/Speed) correspond 
ing therewith. The speed with which each of the endpoints is 
associated therefore corresponds precisely with a pace on one 
of the lines 802 and 804 in the graph of FIG. 11, whereas the 
speeds with which central portions of the line segments 1302a 
and 1304a are associated may not correspond precisely with 
paces on the lines 802 and 804 in the graph of FIG.11 because 
of the slight bend in the curves 1202 and 1204 between the 
endpoints of the line segments 1302a and 1304a, respec 
tively. 
(0275. With the units used in FIGS. 11 and 13, the endpoint 
paces (Pace) corresponding to the endpoint speeds 
(Speed) of the line segment 1302a of “4” and “4.5' MPH 
are “15” and “13.333 minutes/mile, respectively, and the 
endpoint paces (Pace) corresponding to the endpoint 
speeds (Speed) of the line segment 1304a of “7.5” and “9 
MPH are “8” and “6.666' minutes/mile, respectively. 
0276. As shown below, the equations (18), (20), and (23) 
may be combined to yield the following values for Ms w and 
MSR: 

Ms (SpeedPR-Bs)*(Pacep--PP*C2Bs), 
(C2*Bs) (24) 

0277 Thus, in the equations (24), the value of each of the 
constants in the equations (11) (i.e., MS-or Ms) is defined in 
terms of the other constant (i.e., Bs, or Bs) in the same 
equation. The equations (24) therefore can be combined with 
the equations (11) to yield the following equations for speed 
that depend on only one user-specific constant (i.e., Bs, or 
Bs): 
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Speed=(1/Tc)*(Speed-Bs)*(Pacele-- 

0278 Finally, the equations (12) and (25), may be com 
bined, in a manner similar to that by which the equations (II) 
and (12) above were combined to yield equation (17), to yield 
the following equation: 

Total Distance=X(TS/Tc)*(Speed-Bs)*(Pa 
cept--PP*C*Bs)/(C1*Bs)/(C1*Bs)+ 

0279. As mentioned above, when the unit shown in the 
graphs of FIGS. 9 and 11 are used in the equation (26), the 
values of the Darley constants C1 and C2 may be “-1 and 
“-24s. respectively, the values of the constants PP, and PP 
may be “200' and “75’ms, respectively, the constants Speed 

and Pace-maybe “4” MN-I and “15” minutes/mile (or 
and “4.5” MPH and “13.333 minutes/mile), respectively, 
and the constants Speed, and Pace, may be “7.5” MPH 
and “9” minutes/mile (or and “9” MPH and “6.666' minutes/ 
mile), respectively. Thus, the only unknowns in the equation 
(26) are the accumulated values of XTS, XTc, XTs, and 
XTc, and the user-specific constants BS and Bs. 
0280 When the equation (26) is used and the user 112 
wishes to set the value of the user-specific constants Bs, the 
user can simply walk a known distance (e.g., “114 of a mile) 
While permitting the values XTS, XTC, XTs, and XTc to 
accumulate during the time period taken to walk the distance. 
Because the values XTs and XTc will be zero when the user 
is walking, the constant BS drops out of the equation, and the 
equation (26) can be solved for the value of Bs. This value of 
Bs, can then be stored and used in the equation (26) to 
calculate distance traveled by the user 112 during normal 
operation. Alternatively, the user can select a calibration 
mode specifically for walking, and only the portion of the 
equation (26) relating to walking can be used to calculate the 
value of Bs after the user walks a known distance. 
0281 Similarly, when the equation (26) is used and the 
user 112 wishes to set the value of the user-specific constants 
Bs, the user can simply run a known distance (e.g., “/4” of a 
mile) while permitting the values XTs, XTc, XTs, and 
XTc to accumulate during the time period taken to walk the 
distance. Because the values XTs, and XTct will be Zero 
when the user is running, the constant BS drops out of the 
equation, and the equation (26) can be solved for the value of 
Bs. As with the value of Bs, this value of Bs can then be 
stored and used in the equation (26) to calculate distance 
traveled by the user 112 during normal operation. Alterna 
tively, similar to the walking calibration discussed above, the 
user can select a calibration mode specifically for running, 
and only the portion of the equation (26) relating to running 
can be used to calculate the value of Bs after the user runs a 
known distance. 
0282) Regardless of the equation(s) used to determine the 
user's pace or speed, and regardless of the calibration tech 
nique(s) used to optimize those equation(s), in one illustrative 
embodiment of the invention, as discussed above in connec 
tion with FIG. 4, user-specific information (such as one or 
more calibration constants) may be stored somewhere in the 
system for each of several users (e.g., family members or 
members of a track team), and Such information, be selec 
tively accessed and used in response to the user entering his or 
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her name, user ID or other identifier into the wrist-mounted 
unit 104 or elsewhere. In addition, to the extentauser's choice 
of running or walking shoe or other accessory (e.g., a knee or 
ankle brace) has any effect on the proper selection of his or her 
calibration constant(s), each user may also input another code 
to indicate the user's choice. In response to the entry of Such 
data, the wrist-mounted unit 104 (or other device) may then 
access and use previously-stored calibration information cor 
responding to the user's choice. In addition, the entry of Such 
information may also permit the appropriate device to place 
accumulated information (e.g., distance traveled) into a log 
corresponding to the choice. For example, data Such as total 
distance traveled may be separately logged for each pair or 
shoes worn by the user. 
0283 FIG. 14 shows and illustrative example of a primary 
routine 1400 that may be performed by the processor 422 of 
the foot-mounted unit 102 (FIG. 4) in accordance with one 
embodiment of the present invention. The processor 422 may, 
for example, execute a plurality of instructions stored in the 
memory 424 or another computer-readable medium to per 
form the various method steps and routines of the primary 
routine 1400. Alternatively, of course, the primary routine 
1400 can be implemented using dedicated hardware or firm 
ware, or any combination of hardware, firmware and Software 
capable of achieving a similar result. 
(0284 With regard to the illustrative routine 1400 and the 
constituent routines thereof, it should be appreciated that the 
precise order of the method steps and routines is not critical, 
and that the invention is not limited to embodiments that 
perform method steps and routines precisely in the order 
shown. Additionally, it should be appreciated that the method 
steps and routines described herein represent only one of 
numerous possible routines that can achieve the desired 
result, and the invention is not limited to the particular routine 
shown. Further, it should be understood that some embodi 
ments of the invention can perform fewer than all of the 
functions performed by the method steps and routines 
described herein, and that the invention is not limited to 
embodiments which employ all of the functions performed by 
the illustrated routines. 

0285. The primary routine 1400 may be best understood 
with reference to FIG. 7 in conjunction with FIG. 14, as the 
primary routine 1400 is concerned primarily with identifying 
the various characteristics in a signal Such as that shown in 
FIG. 7 that are indicative of particular events during a user's 
footsteps (e.g., the heel-strike events 702a-b and toe-off 
events 704a–b of FIG. 7), and in performing calculations and 
analyses based upon measured time periods between Such 
eVentS. 

0286 As shown, the primary routine 1400 is a continuous 
loop. As discussed below, various routines within the primary 
routine 1400 may be capable of performing functions such as 
responding to a user input to shut down the power of the 
foot-mounted unit 102, transmitting information from the 
foot-mounted unit 102 to the wrist-mounted unit 104, and 
altering a network address of the foot-mounted unit 102/ 
wrist-mounted unit 104 combination. For ease of description, 
however, these underlying functions will be ignored at the 
outset, and it will be assumed that the power in the foot 
mounted unit 102 remains on at all times. First, a high-level 
description of the primary routine 1400 will be provided, and 
then functionality of each of the constituent routines of the 
primary routine 1400 will be described in more detail below. 
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0287. For convenience, it may be assumed initially that the 
primary routine 1400 begins at a routine 1404, wherein the 
signals 710 and 712 are analyzed to attempt to identify one or 
more characteristics thereof indicative of a toe-off event 704. 

0288. When, during the “toe-off event?” routine 1404, a 
toe-off event is identified, the primary routine 1400 proceeds 
to a step 1406, wherein a foot contact time (Tc) is recorded 
based upon a measured time difference between the time of 
the identified toe-off even 704 and the time of a heel-strike 
event 702 previously identified in connection with a "heel 
strike event?” routine 1408 of the primary routine 1400 (as 
described below). It should be appreciated that, during the 
initial cycle of the primary routine 1400, the first identified 
toe-off event 704 does not follow a previously identified 
heel-strike event 702. Therefore, the initial recorded Tc value 
will be inaccurate. In light of this, the primary routine 1400 
may, for example, be permitted to cycle until data for at least 
one complete footstep has been accumulated before any Tc or 
Ts values are recorded or used (at the step 1406 or elsewhere) 
in performing distance, pace, speed, and/or energy expendi 
ture calculations based thereupon. Alternatively, a “dummy' 
Tc value may be recorded during the initial iteration of the 
step 1406. 
0289. When, during the “toe-off event?” routine 1404, a 
toe-off event 704 is not identified within a pre-determined 
period of time, the primary routine 1400 proceeds to a step 
1418, wherein an “activity flag” is set to false to indicate a 
lack of activity of the user 112. 
0290. After the step 1418, the primary routine 1400 pro 
ceeds to a step 1426, wherein the various timers used to 
measure the foot contact time (Tc), foot-air time (Ta), and 
step time (Ts) are reset because of the identified lack of 
activity. 
0291. After the step 1406 (discussed above), the primary 
routine 1400 proceeds to a "heel-strike event?” routine 1408, 
wherein it is determined whether one or more characteristics 
in the signals 710 and 712 can be identified that are indicative 
of a heel-strike event 702. 

0292. When, during the “heel-strike event?” routine 1408, 
a heel-strike event 702 is identified, the primary routine 1400 
proceeds to a step 1410, wherein the “activity flag” (if false) 
is set to true to indicate that the user 112 is currently active. In 
addition, at the step 1410, a “step error flag” (if true) is set to 
false to indicate that both a toe-off event 704 and a heel-strike 
event 702 were identified in connection with the current foot 
step. 
0293. After the step 1410, the primary routine 1400 pro 
ceeds to a step 1412, wherein a measured step-time (Ts) and 
a measured foot air time (Ta) are recorded. Because, during 
the initial iteration of the primary routine 1400, the step time 
(Ts) cannot be accurate, the primary routine 1400 may, for 
example, wait until both a toe-off even 704 and a heel-strike 
even 702 have been identified at least once before recording a 
value of Ts. Alternatively, a “dummy” value may be recorded 
as the value of Ts. Because both a toe-off event 704 arid a 
heel-strike event 702 were identified in the steps 1404 and 
1408, however, the value of the step air time (Ta) may be 
assumed to be accurate at this stage and that therefore may be 
recorded, if desired. 
0294. When, during the “heel-strike event?” routine 1408, 

it is determined that a heel-strike event 702 has not occurred 
within a predetermined time period, the primary routine 1400 
proceeds to a step 1420, wherein it is determined whether this 
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is the third consecutive time that a heel-strike event 702 was 
not identified during the “heel-strike event?’ routine 1408. 
0295). When, at the step 1420, it is determined that it is not 
the third consecutive time that a heel-strike event 702 has not 
been identified during the "heel-strike event?” routine 1408, 
the primary routine 1400 proceeds to a step 1422, wherein the 
value of Tc is set to the last recorded Tc value, rather than the 
current incorrect value, and the value of TS is set to maximum 
allowable value of Ts (i.e., the threshold Ts value that caused 
the “heel-strike event?” routine 1408 to “kickout” to the step 
1420. The value of Ts is not replaced by a substitute value in 
this situation because it is desirable to use cumulative Sum of 
all recorded Ts values as the total elapsed time of the outing, 
and Such replacement would result in an error in this value. 
0296. When, at the step 1420, it is determined that it is the 
third consecutive time that a heel-strike event 702 has not 
been identified during the "heel-strike event?” routine 1408, 
the primary routine 1400 proceeds to a step 1424, wherein the 
“step error flag” (if false) is set to true to indicate that a step 
monitoring error has occurred. As discussed below, the “step 
error flag may be passed to the wrist-mounted unit 104, and 
used thereby to indicate an anomaly to the user 112. 
0297. After the step 1424, the primary routine 1400 pro 
ceeds to the step 1426, wherein the Tc, Ta, and Ts timers are 
reset because of the identified missing of the heel-strike event. 
0298. Following either of the steps 1412 or 1426, the pri 
mary routine 1400 proceeds to a routine 1414 wherein a 
determination is made whether the foot-mounted unit 102 
should remain powered on, should be powered down, or 
should be temporarily set to a low-power “sleep” mode. As 
explained in more detail below in connection with FIG. 25. 
based upon the level of activity detected (i.e., whether and for 
how long the “activity flag has been false), the “check activ 
ity? routine 1414 may take appropriate action. For example, 
it may cause the foot-mounted unit 102 to enter a temporary, 
low-power sleep mode, or may set a flag that will cause the 
foot-mounted unit 102 to power down completely. 
0299. After the step 1414, the primary routine 1400 pro 
ceeds to a routine 1416, wherein the recorded values of Tc, Ts, 
and Ta accumulated during the previous iteration of the pri 
mary routine 1400 are evaluated and smoothed, and certain 
values are calculated based thereupon. Such values may, for 
example, be displayed to the user 112 via a display on the 
foot-mounted unit 102 and/or may be transmitted to the wrist 
mounted unit 104 or elsewhere for display to the user, pro 
cessing, and/or storage. 
(0300. After the routine 1416, the primary routine 1400 
proceeds to a routine 1402, wherein the primary routine 1400 
waits for a predetermined amount of time (see ignore time 
708 of FIG. 7) before attempting to identify the next toe-off 
event 704. 

(0301. After the routine 1402, the primary routine 1400 
returns to the "toe-off event?’ routine 1404 (discussed 
above). 
0302) The various routines of the primary routine 1400 
and a number of subroutines thereof now will be discussed. 
Each of these routines and subroutines may be best under 
stood with reference to FIG. 7, in conjunction with the flow 
diagram illustrating the same. An example implementation of 
the “wait” routine 1402 of the primary routine 1400 is illus 
trated in FIG. 15. 
0303 As shown, the routine 1402 begins at a step 1502, 
wherein it is determined whether the ignore time 708 has 
elapsed since the last heel-strike event 702. 
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0304. When, at the step 1502, it is determined that the 
ignore time 708 has not yet elapsed, the routine 1402 pro 
ceeds to the “process button” routine 1504, which is 
described below in connection with FIG. 16. 
(0305. After the process button routine 1504, the routine 
1402 proceeds to a process RF routine 1506, during which 
any necessary RF transmission/reception functions, e.g., 
information transmissions to and/or from the wrist-mounted 
unit 104 may be performed. 
(0306 After the routine 1506, the routine 1402 returns to 
the routine 1502 (discussed above). 
0307 An example implementation of the “process button” 
routine 1504 of FIG. 15 is shown in FIG. 16. As shown, the 
routine 1504 begins at step 1602, wherein it is determined 
whether the button 204 on the foot-mounted unit 102 is cur 
rently depressed. 
0308 When, at the step 1602, it is determined that the 
button 204 is not depressed, the routine 1504 proceeds to a 
step 1604, wherein it is determined whether the foot-mounted 
unit 102 is currently powered on. 
0309 When, at the step 1604, it is determined that the 
foot-mounted unit 102 is not yet powered on, the routine 1504 
proceeds back to the step 1602, wherein it is again determined 
whether the button 1502 is depressed. 
0310. When, at the step 1602, it is determined that the 
button 204 is depressed, the routine 1504 proceeds to a step 
1606, wherein it is determined whether the foot-mounted unit 
102 is powered on. 
0311. When, at the step 1606, it is determined that the 
foot-mounted unit 102 is not yet powered on, the routine 1504 
proceeds to a step 1608, wherein the foot-mounted unit 102 is 
powered up and initialized, and the routine 1504 terminates. 
0312. When, at the step 1606, it is determined that the 
foot-mounted unit 102 is already powered on, the routine 
1504 proceeds to a step 1610, wherein it is determined 
whether the button 204 has been depressed for more than 
three seconds. 
0313 When, at the step 1610, it is determined that the 
button has not been depressed for more than 3 seconds, the 
routine 1504 proceeds to a step 1626, wherein it is determined 
whether the shutting down flag is currently true. 
0314. When, at the step 1626, it is determined that the 
shutting down flag is currently true, the routine 1504 proceeds 
to a step 1628, wherein the shutting down flag is set to false, 
and the routine 1504 terminates. 
0315. When, at the step 1626, it is determined that the 
shutting down flag is not currently true, the routine 1504 
proceeds to a step 1630, wherein the shutting down flag is set 
to true, ant the routine 1504 terminates. As discussed below in 
connection with step 1622, after the shutting down flag has 
been true for more than thirty seconds, the foot-mounted unit 
is powered down. 
0316. When, at the step 1610 (discussed above), it is deter 
mined that the button 204 has been depressed for more than 
three seconds, the routine 1504 proceeds to a step 1614, 
wherein a new network address for the foot-mounted unit 102 
may be selected. In one embodiment of the invention, a new 
address is selected at random from a group of one-hundred 
possible addresses. 
0317. After the step 1614, the routine 1504 proceeds to a 
step 1616, wherein it is determined whether the button 
remains depressed. 
0318 When, at the step 1616, it is determined that the 
button remains depressed, the routine 1504 proceeds to a step 
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1618, wherein a new network address for the foot-mounted 
device is broadcasted by the transceiver 420. 
0319. When, at the step 1616, it is determined that the 
button is no longer depressed, the routine 1504 terminates. 
0320 When, at the step 1604 (discussed above), it is deter 
mined that the foot-mounted unit 102 is currently powered 
on, the routine 1504 proceeds to a step 1620, wherein it is 
determined whether the shutting down flag is true.-65– 
0321) When, at the step 1620, it is determined that the 
shutting down flag is true, the routine 1504 proceeds to the 
step 1622, wherein it is determined whether the shutting 
down flag has been true for more than thirty seconds. 
0322. When, at the step 1622, it is determined that the 
shutting down flag has been true for more than thirty seconds, 
the routine 1504 proceeds to a step 1624, wherein the foot 
mounted unit is powered down. 
0323. After the step 1624, the routine 1504 returns to the 
step 1602 (discussed above). FIG. 17 shows an illustrative 
implementation of the "toe-off event?” routine 1404 of the 
primary routine 1400. As shown in FIG. 17, the "toe-off 
event routine 1404 begins at a step 1701, wherein certain 
values (discussed below) are initialized. 
0324. After the step 1701, the "toe-off event?” routine 
1404 proceeds to a step 1702, wherein a sample of an output 
signal of the sensor 418 (i.e., a difference between the signals 
710 and 712 of FIG. 7), is taken. 
0325. After the step 1702, the "toe-off event?” routine 
1404 proceeds to an "update threshold” routine 1704, during 
which the value of a variable “threshold' which is used in 
connection with the "heel-strike event?” "heel-strike event?” 
routine 1408 (described below). An example of implementa 
tion of the “update threshold routine 1704 is described below 
in connection with FIG. 23. 
0326. After the routine 1704, the “toe-off event'?” routine 
1404 proceeds to a step 1706, wherein it is determined 
whether an amount of time has elapsed that is in excess of a 
maximum possible time of a foot-step (i.e., it is determined 
whether the toe-off event must have been missed because too 
much time has elapsed since the last heel-strike event 702). 
0327. When, at the step 1706, it is determined that an 
excessive amount of time has elapsed since the last heel-strike 
event 704, the "toe-off event?” routine 1404 proceeds to the 
step 1418 (discussed above in connection with the primary 
routine 1400). 
0328. When, at the step 1706, it is determined that an 
excessive amount of time has not yet elapsed since the last 
heel-strike event 704, the "toe-off event?” routine 1404 pro 
ceeds to a routine 1708, wherein it is determined whether a 
potential toe-off event 704 occurred in connection with the 
last sample taken at the step 1702. An example implementa 
tion of the routine 1708 is described below in connection with 
FIG. 18. 

0329. After the routine 1708, the “toe-off event?” routine 
1404 proceeds to an “air signature?" routine 1710, wherein it 
is determined whether an “air signature” 706 has been iden 
tified in the signals 710 and 712. An example implementation 
of the “air signature?" routine 1710 is described below in 
connection with FIG. 19. As shown in FIG. 7, an air signature 
in the signals 710 and 712 may be an extended period of 
relatively constant, negative acceleration during a footstep. 
0330. When, at the step 1710, it is determined that an “air 
signature” has not yet been identified in the signals 710 and 
712, the “toe-off event?” routine 1404 proceeds to the “pro 
cess button' routine 1506 (discussed above), then to the “pro 
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cess RF routine 1504 (also discussed above), and finally 
back to the step 1702, wherein another sample of the signals 
710 and 712 is taken. 
0331 When, at the step 1710, it is determined that an “air 
signature' has been identified in the sensor signal, the "toe 
off event?” routine 1404 proceeds to the step 1406 of the 
primary routine 1400. 
0332 FIG. 18 shows an illustrative implementation of the 
routine 1708 of FIG. 17, wherein it is determined whether a 
potential toe-off event 704 has occurred. 
0333. As shown in FIG. 18, the routine 1708 begins at a 
step 1802 wherein it is determined whether the most recent 
sample taken during the step 1702 is greater than the next 
most recent sample taken at the step 1702. 
0334. When, at the step 1802, it is determined that the most 
recent sample is greater than the next most recent sample, the 
routine 1708 proceeds to a step 1806, wherein a variable 
“count' is incremented by one. The variable “count' is one of 
the values that may be initialized in connection with the step 
1701 of the “toe-off event?’ routine 1404 of FIG. 17. 
0335. When, at the step 1802, it is determined that the most 
recent sample is not greater than the next most recent sample, 
the routine 1708 proceeds to a step 1804, wherein the variable 
“count” is reset to zero, and the routine 1708 then terminates. 
0336. After the step 1806 (discussed above), the routine 
1708 proceeds to a step 1808, wherein it is determined 
whether the variable “count' is greater than one. 
0337. When, at the step 1808, it is determined that the 
variable “count” is not greater than one, the routine 1708 
terminates. 
0338. When, at the step 1808, it is determined that the 
variable “count” is greater than one, the routine 1708 pro 
ceeds to a step 1810, wherein a variable “dill' is set to be equal 
to the value of the current sample minus the value of the third 
most recent sample, plus the value of the current sample 
divided by four. 
0339. After the step 1810, the routine 1708 proceeds to a 
step 1812, wherein it is determined whether the variable 
“cliff is greater than another variable “diff max. The vari 
able “diff max’ is one of the values which may be initialized 
in connection with the step 1701 of the “toe-off event?” 
routine 1404 of FIG. 17. 
(0340 When, at the step 1812, it is determined that the 
variable “dill' is greater than the variable “diff max, the 
routine 1708 proceeds to a step 1816, wherein the variable 
“diff max’ is set to be equal to the variable “diff.” 
(0341. After the step 1816, the routine 1708 proceeds to a 
step 1818, wherein, the current value of a timer used to 
measure foot contact times (the “Tc timer') is recorded as a 
possible foot contact time (Tc). The Tc timer may have been 
reset in connection with the identification of a heel-strike 
event 702 in the “heel-strike event?” “heel-strike event? 
routine 1408 of the primary routine 1400, or may have been 
reset in connection with the step 1426 of the primary routine 
1400. 
(0342. After the step 1818, the routine 1708 proceeds to a 
step 1820 wherein the timer used to measure foot air time (the 
“To timer') is reset so that, if the current sample is later 
determined to be an actual lift-off event, the Ta timer is set 
appropriately. After the step 1820, the routine 1708 termi 
nates. 

0343. When, at the step 1812 (discussed above), it is deter 
mined that the variable “cliff is not greater than the variable 
“diffmax... the routine 1708 proceeds to a step 1814, wherein 
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it is determined whether the variable “diff is greater than 
80% of the variable “diff max. 

0344) When, at the step 1814, it is determined that the 
variable “cliff is not greater than 80% of the variable “diff 
max, the routine 1708 terminates. 
(0345 When, at the step 1814, it is determined that the 
variable “cliff is greater than 80% of the variable “diffmax.” 
the routine 1708 proceeds to the step 1818 (discussed above), 
then to the step 1820 (also discussed above), and the routine 
1708 then terminates. 
0346 FIG. 19 illustrates an illustrative implementation of 
the “air signature?” routine 1710 of the “toe-off event?” rou 
tine 1404 of FIG. 17, during which the signals 710 and 712 are 
analyzed to identify an “air signature’ 706. 
0347 As shown, the “air signature?' routine 1710 beings 
at a step 1902, wherein it is determined whether the current 
sample is negative. As used herein, a “sample” refers to a 
voltage difference between the signals 710 and 712 at a par 
ticular moment in time. With reference to FIG. 7, assuming 
that the signal 710 is exactly at level “128, a sample would be 
positive if it were taken when the signal 712 is at a level 
greater than level “128, and would be negative if it were 
taken when the signal is at a level less than level “128.” 
(0348 When, at the step 1902, it is determined that the 
current sample is positive, the “air signature?' routine 1710 
proceeds to a step 1904, wherein a counter that keeps track of 
a time period during which sequential samples of the signals 
710 and 712 are negative (the “below O' counter) is reset, and 
a variable “max level below 0' also is reset. The variable 
max level below 0 represents the maximum negative accel 
eration that has occurred since the last time the “below 0 
COunter Was reset. 

(0349. After the step 1904, the “air signature?” routine 
1710 proceeds to the routine 1506 (as shown in FIG. 17). 
0350. When, at the step 1902, it is determined that the 
current sample is negative, the “air signature'?” routine 1710 
proceeds to step 1906, wherein it is determined whether the 
absolute value of the sample is greater than the variable max 
level below 0. 
0351 When, at the step 1906, it is determined that the 
absolute value of the sample is greater than the variable max 
level below 0, the “air signature?' routine 1710 proceeds to 
a step 1908, wherein the variable max level below O is 
updated to be equal to the absolute value of the sample. After 
the step 1908, the “air signature?” routine 1710 proceeds to a 
step 1910 (discussed below). 
0352. When, at the step 1906, it is determined that the 
sample is not greater than the variable max level below 0, 
the “air signature?” routine 1710 proceeds to the step 1910, 
wherein it is determined whether: (1) the “below O' counter 
has reached fifty milliseconds (ms), and (2) the variable max 
level below 0 is greater than seventeen. 
0353. When, at the step 1910, it is determined that both of 
these conditions are not met, the “air signature?' routine 1710 
proceeds to the routine 1506 as shown in FIG. 17. 
0354) When, at the step 1910, it is determined that both of 
these conditions are met, the “air signature?' routine 1710 
proceeds to a step 1912, wherein both the “below 0 counter 
and the variable max level below 0 are reset. 
0355. After the step 1912, the “air signature?” routine 
1710 proceeds to a step 1914, wherein it is determined 
whether at least one possible Tchas been recorded at the step 
1818 of the routine 1708 of FIG. 18. 
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0356. When, at the step 1914, it is determined that at least 
one possible Tc has been recorded, the “air signature?' rou 
tine 1710 proceeds to the step 1406 of FIG. 14 (discussed 
above). 
0357 When, at the step 1914, it is determined that no Tc 
has been recorded in connection with step 1818 of the routine 
1708, the “air signature?” routine 1710 proceeds to the “pro 
cess button routine 1506 as shown in FIG. 17. 
0358. As mentioned above, one of the events identified 
during each footstep taken by the user 112 is a heel-strike 
event 702. In accordance with one aspect of the invention, the 
signals 710 and 712 are analyzed to identify any of a plurality 
of predetermined criteria indicative of such an event. An 
example of one such criteria is illustrated in FIG. 20. 
0359. As shown, after an air signature 706 of the signal 
712 has been identified (i.e., it has been determined that the 
foot 114 of the user 112 is airborne), a subsequent sharp, 
positive peak 2002 in the signal 712 is one characteristic in the 
signal 712 that is indicative of the foot 114 of the user 112 
impacting the surface 108 Other criteria which, if satisfied, 
may also be indicative of a heel-strike event 702 are discussed 
below in connection with the routine 2110 (shown in FIGS. 
21 and 22). 
0360. In the example embodiment described herein, the 
“heel-strike event?” routine 1408 of the primary routine 1400 
is the routine responsible for performing this analysis. 
0361. An illustrative implementation of the “heel-strike 
event?’ routine 1408 is shown in FIG. 21. 
0362 Referring briefly to FIG. 7, the period during which 
the user's foot 114 is airborne (i.e., the period between each 
toe-off event 704 and the subsequent heel-strike event 702) is 
characterized by a relatively smooth signal that is Substan 
tially free of sharp transitions. Based upon this characteristic, 
one goal of the "heel-strike event?’ routine 1408 is to identify 
when one or more sharp transitions first begin to appear in the 
signal 712. When Such sharp transition(s) appearin the signal, 
it may be concluded that the foot 114 has impacted with the 
Surface 108. 
0363 As shown in FIG. 21, the “heel-strike event?’ rou 
tine 1408 begins at a step 2101, wherein certain values (dis 
cussed below) used in connection with the “heel-strike 
event?” routine 1408 are initialized. 
0364. After the step 2101, the “heel-strike event?” routine 
1408 proceeds to a step 2102, wherein a sample of the signals 
712 and 710 (discussed above) is taken. 
0365. After the step 2102, a value of the variable “thresh 
old' is updated in connection with the routine 1704 (dis 
cussed below in connection with FIG. 23). As explained 
below, the variable “threshold’ may be used in connection 
with the steps 2110 and 2112 to determine whether the user's 
foot 114 has, in fact, impacted with the surface 108. Advan 
tageously, the variable “threshold' is updated dynamically in 
response to measured characteristics of the samples taken 
during the preceding five footsteps taken by the user 112. 
0366. After the routine 1704, the “heel-strike event?' rou 
tine 1408 proceeds to a step 2106, wherein a variable “quali 
fying cycles' is incremented by one. The variable “qualifying 
cycles' may, for example, be one of the values that was 
initialized in connection with the step 2101 discussed above. 
0367. After the step 2106, the “heel-strike event?” routine 
1408 proceeds to a step 2108, wherein it is determined 
whether an excessive amount of time has elapsed since the 
"heel strike event?” routine 1408 began looking for a heel 
strike event 702. That is, it is determine whether the sought 
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after heel-strike event 702 must have been missed by the 
"heel-strike event?’ routine 1408 because the currently-mea 
sured step time (Ts) has reached a value that is outside of a 
predetermined range of acceptable step times for human 
beings. In one embodiment, this upper limit on acceptable 
step time (Ts) is approximately "1360 milliseconds. In this 
regard, it should be appreciated that, in addition to or in lieu of 
the maximum acceptable step time (Ts), other variables Such 
as a foot air time (Ta) may also or alternatively be examined 
at the step 2108 to determine whether the sought-after heel 
strike event 702 must have been missed. 
0368. When, at the step 2108, it is determined that the 
current step time (Ts) value has exceeded that maximum 
acceptable step time, the "heel-strike event?” routine 1408 
proceeds to the step 1420 of the primary routine 1400, as 
shown in FIG. 14. 
0369. When, at the step 2108, it is determined that an 
excessive amount of time has not elapsed since the "heel 
strike event?” routine 1408 began looking for a heel-strike 
event even 702, the “heel-strike event?” routine 1408 pro 
ceeds to a step 2110, wherein it is determined whether any of 
a number of predetermined landing criteria have been met as 
a result of the most recent sample taken at the step 2102. An 
example implementation of the routine 2110 is described 
below in connection with FIG. 22. 
0370. When, during the routine 2110, it is determined that 
at least one of the several predetermined landing criteria was 
met as a result of the most recent sample taken at the step 
2102, the “heel-strike event?” routine 1408 proceeds to a “is 
landing qualified?” “is landing qualified?” routine 2112, 
wherein additional analysis may be performed to ensure that 
the satisfied landing criteria was definitely the result of a 
heel-strike event 702. An example implementation of the “is 
landing qualified?” “is landing qualified?” routine 2112 is 
described below in connection with FIG. 24. 
0371. When, during the “islanding qualified?” “islanding 
qualified?” routine 2112, it is determined that a heel-strike 
event 702 has indeed been identified, the “heel-strike event?” 
routine 1408 proceeds to steps 2114, 2116, 2118, and 2120. 
wherein various variables are set based upon the value of a 
so-called “down correction' timer. As explained below, this 
“down correction' timer would have been preset previously 
in connection with the routine 2110 (FIG.22) in response to 
one of the plurality of landing criteria being met. 
0372. In essence, the “down correction' timer is used to 
measure the amount of time that has elapsed since the iden 
tification of the first of several samples that are determined to 
satisfy one of the landing criteria. For example, if three 
samples are used to satisfy a landing criteria, recognizing that 
the first of the three samples occurred two sample periods 
prior to the third sample, the “down correction' timer would 
have been preset during the routine 2110 to a value equal to 
two sample periods, and would therefore reflect a time period 
that has elapsed since the time of that first sample. 
0373 At the step 2114, the value of Ts is set to be equal to 
the current value of the Ts timer minus the current value of the 
“down correction' timer. The Ts timer may have been preset 
to the value of the “down correction' timer in connection with 
a step 2120 (described below) during a previous iteration of 
the “heel-strike event?” routine 1408, or may have been reset 
in connection with the step 1426 (discussed above) of the 
primary routine 1400. 
0374 Similarly, at the step 2116, the value of Ta is set to be 
equal to the current value of the Ta timer minus the current 
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value of the “down correction' timer. Therefore, the value of 
Taalso takes into account the time at which the first of several 
samples used to satisfy one of the landing criteria was taken. 
The Ta timer may have been reset at the step 1820 of the 
routine 1708 (FIG. 18), or it may have been reset at the step 
1426 of the primary routine 1400. 
0375. At the steps 2118 and 2120, the Tc timer and Ts 
timer each are preset to the current value of the “down cor 
rection' timer. 
0376. After the step 2120, the “heel-strike event?” routine 
1408 proceeds to the step 1410 of the primary routine 1400, as 
shown in FIG. 14. 
0377. When, during the routine 2110 (described above), it 

is determined that none of the landing criteria were met as a 
result of the most recent sample taken at the step 2102, the 
"heel-strike event?” routine 1408 proceeds to step 2122, 
wherein it is determined whether a variable “qualifying 
cycles' is greater than seven. The significance of the variable 
“qualifying cycles, as well as the so-called "qualification 
flag,” will be explained below in connection with the descrip 
tion of the “is landing qualified?” routine 2112 (FIG. 24). 
0378 When, at the step 2122, it is determined that the 
variable "qualifying cycles' is not greater than seven, the 
"heel-strike event?” routine 1408 proceeds first to the rou 
tines 1504 and 1506 (discussed above), and then back to the 
step 2102, wherein another sample of the signals 710 and 712 
is taken. 
0379 When, at the step 2122, it is determined that the 
variable “qualifying cycles” is greater than seven, the "heel 
strike event?” routine 1408 proceeds to steps 2124 and 2126, 
wherein the variable “qualifying cycles' is reset to Zero, and 
the “qualification flag is set to false. 
0380. After the step 2126, the “heel-strike event?” routine 
1408 proceeds first to the routines 1504 and 1506 (discussed 
above), and then back to the step 2102, wherein another 
sample of the signals 710 and 712 is taken. 
0381. When, at during the “islanding qualified?” routine 
2112, it is determined that a heel-strike event 702 has not yet 
been confirmed, the “heel-strike event?” routine 1408 pro 
ceeds first to the routines 1504 and 1506 (discussed above), 
and thenback to the step 2102, wherein another sample of the 
signals 710 and 712 is taken. 
0382 FIG. 22 shows an example implementation of the 
routine 2110 shown in FIG. 21. As mentioned above, the 
routine 2110 serves to identify one or more characteristics in 
the signals 710 and 712 that satisfy at least one of a plurality 
of predetermined criteria consistent with the occurrence of a 
heel-strike event 702. 
0383. As shown, the routine 2110 begins at a step 2202, 
wherein it is determined whether the difference between a 
current sample and the next most recent sample is greater than 
the variable “threshold.” As mentioned above, the value of the 
variable “threshold’ may be dynamically adjusted based 
upon at least one characteristic of one or more previously 
taken samples. For example, in the illustrative routine 1704 
described below in connection with FIG. 23, samples taken 
during the last five footsteps of the user 112 are used to 
dynamically set the value of the variable “threshold.” It 
should be appreciated, however, that the quantity “threshold' 
may alternatively be a fixed (i.e., non-variable) value, and the 
invention is not limited to embodiments that employ a 
dynamically-adjusted value as the “threshold.” 
0384. When, at the step 2202, it is determined that the 
difference between the current sample and the next most 
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recent sample is greater than the value of the variable “thresh 
old,” the routine 2110 proceeds to a step 2204, wherein a 
variable “down correction value' is set to be equal to the 
single sample period between the two samples. The variable 
“down correction value' is used to preset the “down correc 
tion' timer in connection with the “is landing qualified?” “is 
landing qualified?” routine 2112 (see FIG. 24). 
(0385 After the step 2204, the routine 2110 proceeds 
immediately to the “is landing qualified?” “islanding quali 
fied?” routine 2112 of the “heel-strike event?” routine 1408, 
as shown in FIG. 21. 
(0386. When, at the step 2202, it is determined the differ 
ence between the two most recent samples is not greater than 
the value of the variable “threshold, the routine 2110 pro 
ceeds to a step 2206, wherein it is determined whether the sum 
of the last three differences (i.e., the three differences between 
consecutive ones of the last four samples) is greater than two 
times the value of the variable “threshold.” 
(0387 When, at the step 2206, it is determined that the sum 
of the last three differences is greater than two times the value 
of the variable “threshold, the routine 2110 proceeds to a step 
2208, wherein it is determined whether the first one of the last 
three differences is greater than two-thirds of the value of the 
variable “threshold. 
(0388. When, at the step 2208, it is determined that the first 
of the last three differences is greater than two-thirds of the 
value of the variable “threshold, the routine 2110 proceeds to 
a step 2210, wherein the variable “down correction value” is 
set to be equal to three times the sample period. The variable 
"down correction value' is set to this value because it is 
recognized that three sample periods have occurred since the 
first of the four samples analyzed in connection with the steps 
2206 and 2208 was taken. 
(0389. When, at the step 2208, it is determined that the first 
of the last three differences is not greater than two-thirds of 
the value of the variable “threshold, the routine 2210 pro 
ceeds to a step 2212 (described below). 
0390 When, at the step 2206, it is determined that the sum 
of the last three differences is not greater than two times the 
value of the variable “threshold,” the routine 2110 also pro 
ceeds to the step 2212. 
0391) At the step 2212, it is determined whether three of 
the last four differences (i.e., the differences between con 
secutive ones of the last five samples) are greater than two 
thirds of the value of the variable “threshold. 
0392. When, at the step 2212, it is determined that three of 
the last four differences are greater than two-thirds of the 
value of the variable “threshold, the routine 2110 proceeds to 
a step 2214, wherein it is determined whether the first one of 
the last four differences is greater than two-thirds of the value 
of the variable “threshold. 

0393 When, at the step 2214, it is determined that the first 
one of the last four differences is greater than two-thirds of the 
value of the variable “threshold, the routine 2110 proceeds to 
a step 2216, wherein the variable “down correction value” is 
set to be equal to four times the sample period. The variable 
"down correction value' is set to this value because it is 
recognized that four full sample periods have elapsed since 
the first of the five samples analyzed in connection with the 
steps 2212 and 2214 was taken. 
0394. When, at the step 2214, it is determined that the first 
of the last four differences is not greater than two-thirds of the 
value of the variable “threshold, the routine 2110 proceeds to 
a step 2218, wherein the variable “down correction value” is 
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set to be equal to three times the sample period. The variable 
"down correction value' is set to this value because it is 
recognized that the first of the last five samples was not used 
in satisfying a criterion of the steps 2212 and 2214, but that 
the second of the last five samples must have been so used. 
Therefore, three sample periods would have elapsed between 
the second of the last five samples and the most recent one of 
the last five samples. 
0395. When, at the step 2212, it is determined that three of 
the last four differences are not greater than two-thirds of the 
value of the variable “threshold, routine 2110 proceeds to a 
step 2220, wherein it is determined whether the difference 
between any two of the last four samples is greater than “40 
levels (using the scale of 0-256 levels discussed above in 
connection with FIG. 7). 
0396. When, at the step 2220, it is determined that the 
difference between two of the last four samples is greater than 
“40” levels, the routine 2110 proceeds to a step 2222, wherein 
the variable “down correction value' is set to be equal to a 
single sample period. 
0397. After the step 2222, the routine 2110 proceeds to the 
“is landing qualified?” routine 2112 of the routine 1408, as 
shown in FIG. 21. 

0398. When, at the step 2220, it is determined that no 
difference between any two of the last four samples is greater 
than “40” levels, the routine 2110 proceeds to the step 2122 of 
the “heel-strike event?” routine 1408, as shown in FIG.2L 
0399 FIG. 23 shows an example implementation of the 
routine “update threshold 1704, which may be performed 
after each of the steps 1702 and 2102 of the “toe-off event?” 
routine 1404 and the “heel-strike event?” routine 1408, 
respectively. 
(0400. As shown in FIG. 23, the “update threshold” routine 
1704 begins at a step 2302, wherein it is determined whether 
the sample is less than "-64. Again, it should be appreciated 
that each “sample taken represents a difference between the 
current level (on a scale of 0-255) of the active signal 712 and 
the current level of the reference signal 710. Therefore, a 
given sample will be less than “-64’ only when the current 
level of the active signal 712 is more than “64 levels below 
the current level of the reference signal 710. 
04.01. When, at the step 2302, it is determined that the 
current sample is not less than “-64, the “update threshold' 
routine 1704 terminates. 

0402. When, at the step 2302, it is determined that the 
current sample is less than “-64, the “update threshold' 
routine 1704 proceeds to a step 2304, wherein a variable 
“neg Val” is set to be equal to the absolute value of the sample 
(which will be positive and greater than “64) minus “64. 
0403. After the step 2304, the “update threshold” routine 
1704 proceeds to a step 2306, wherein it is determined 
whether five consecutive “valid’ steps have been identified in 
connection with the primary routine 1400 of FIG. 14. A valid 
step may be identified, for example, when the “activity flag” 
is true and the “step error flag is false for five consecutive 
iterations of the primary routine 1400. 
04.04. When, at the step 2306, it is determined that five 
consecutive valid steps have not yet been identified, the 
“update threshold’ routine 1704 proceeds to a step 2312, 
wherein the variable “threshold' is set to be equal to a default 
value of “25, 
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(0405. After the step 2312, the “update threshold” routine 
1704 terminates. 
(0406. When, at the step 2306, it is determined that five 
consecutive valid steps have been identified, the “update 
threshold’ routine 1704 proceeds to a step 2308, wherein the 
current value of the variable “neg val' is averaged with all 
other values of the variable “neg Val’ that have been obtained 
during the last five footsteps taken by the user 112, thereby 
obtaining another variable “ave neg Val.” 
(0407. After the step 2308, the “update threshold” routine 
1704 proceeds to a step 2310, wherein the variable “thresh 
old' is set to be equal to “15” plus the value of the variable 
“ave neg Val divided by 2. 
(0408. After the step 2310, the “update threshold” routine 
1704 terminates. 
04.09 FIG. 24 is a flow diagram of an example implemen 
tation of the “islanding qualified?” routine 2112Of the "heel 
strike event?” routine 1408 shown in FIG. 21. As shown in 
FIG. 24, the “is landing qualified?” routine 2112 begins at a 
step 2402, wherein it is determined whether the “qualification 
flag is true. The “qualification flag’’ may, for example, be one 
of the values initialized in connection with the step 2101 
(FIG. 21), so that the “qualification flag” is set to be false 
when the “is landing qualified?” routine 2112 begins. 
0410. When, at the step 2402, it is determined that the 
“qualification flag” is not yet true, the “is landing qualified’ 
routine 2112 proceeds to a step 2410, wherein the “qualifica 
tion flag” is set to true. Because the “is landing qualified?” 
routine 2112 is entered only when at least one of the several 
landing criteria of the routine 2110 has been met, the “quali 
fication flag is set to true in connection with the step 2410 
only after at least one of these landing criteria has been met. 
As explained in more detail below, the setting of the “quali 
fication flag” to true in connection with the step 2410 enables 
a heel-strike event 702 to possibly be qualified during a sub 
sequent iteration of the “is landing qualified?” routine 2112. 
0411. After the step 2410, the “islanding qualified?” rou 
tine 2112 proceeds to a step 2412, wherein the “down correc 
tion' timer is set to be equal to the current value of the variable 
"down correction value.” The variable “down correction 
value' may have been set, for example, in connection with the 
routine 2110 of FIG. 22. By so setting the “down correction 
timer at the step 24.12, the “down correction' timer correctly 
reflects the time period that has elapsed since the first of 
several samples that satisfied one of the landing criteria of the 
routine 2110 was taken. In this manner, when a heel-strike 
event 702 eventually is qualified in connection with a subse 
quent iteration of the “heel-strike event?’ routine 1408, the 
value of the “down correction' timer can be used to “correct 
the values of the Ts and Ta timers in connection with the steps 
2114 and 2116, respectively, of the "heel-strike event?” rou 
tine 1408 of FIG. 21. 
0412. After the step 24.12, the “islanding qualified?” rou 
tine 2112 proceeds to steps 2414 and 2416, wherein the 
variables “qualifying cycles' and “sum of diffs are each 
reset to zero. In accordance with one embodiment of the 
invention, after the “qualification flag” is set to true at the step 
2410 in response to one of the landing criteria of the routine 
2110 being met, the “heel-strike event?” routine 1408 
requires again that one of the landing criteria be met, this time 
within the next six iterations of the "heel-strike event?” rou 
tine 1408. This is why, at the step 2122 of the “heel-strike 
event?” routine 1408, it is determined whether the variable 
“qualifying cycles' is greater than seven, and why the quali 
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fication flag is set to false at the step 2126 if more than seven 
qualifying cycles have elapsed. 
0413. After the step 2416, the “islanding qualified?” rou 
tine 2112 proceeds to the step 2102 of the “heel-strike event?” 
routine 1408, as shown in FIG. 21, wherein the next sample of 
the signals 710 and 712 is taken. 
0414. When, at the step 2402 (described above), it is deter 
mined that the “qualification flag” is true, the “is landing 
qualified?” routine 2112 proceeds to a step 2404, wherein it is 
determined whether the variable “qualifying cycles” is 
greater than seven. 
0415. When, at the step 2404, it is determined that the 
variable “qualifying cycles' is greater than seven, the "is 
landing qualified?” routine 2112 proceeds to a step 2418, 
wherein the “qualification flag is set to false, thereby pre 
venting the identified characteristic of the signals 710 and 712 
that initially caused the qualification flag to be set to true from 
being qualified as an actual heel-strike event 702. 
0416. When, at the step 2404, it is determined that the 
variable “qualifying cycles' is not greater than seven, the "is 
landing qualified?” routine 2112 proceeds to a step 2406, 
wherein it is determined whether more than one qualifying 
cycle has elapsed since the “qualification flag” was set to true. 
In other words, the step 2406 prevents the “islanding quali 
fied?” routine 2112 from qualifying a heel-strike event 702 
when a landing criterion is met only during two consecutive 
iterations of the "heel-strike event?” routine 1408. Rather, the 
step 2406 requires the “heel-strike event?” routine 1408 to 
undergo at least one iteration after a first landing criterion is 
met before a second landing criterion can be used to qualify a 
heel-strike event 702. 

0417. When, at the step 2406, it is determined that the 
variable "qualifying cycles' is not greater than one, the "is 
landing qualified?” routine 2112 proceeds to the step 2102 of 
the “heel-strike event?’ routine 1408 so that a new sample 
may be taken. 
0418 When, at the step 2406, it is determined that the 
variable “qualifying cycles' is two or greater, the “islanding 
qualified?” routine 2112 proceeds to a step 2408, wherein the 
variable “sum of diffs’’ is incremented by the difference 
between the current sample and the next most recent sample 
taken at the step 2102 of the “heel-strike event?” routine 
1408. 

0419. After the step 2408 (discussed above), the “island 
ing qualified?” routine 2112 proceeds to a step 2420, wherein 
it is determined whether the value of the variable'sum of 
diffs’’ is greater than two times the value of the variable 
“threshold' (discussed above). 
0420 When, at the step 2420, it is determined that the 
value of the variable “sum of diffs’’ is not greater than two 
times the value of the variable “threshold, the “is landing 
qualified?” routine 2112 proceeds to the step 2102 of the 
"heel-strike event?” routine 1408 so that the next sample may 
be taken. 

0421. When, at the step 2420, it is determined that the 
value of the variable “sum of diffs’’ is greater than two times 
the value of the variable “threshold, the “is landing quali 
fied?” routine 2112 proceeds to the steps 2114, 2116, 2118, 
and 2120 of the "heel-strike event?” routine 1408, as shown in 
FIG 21. 

0422 FIG. 25 is a flow diagram showing an example 
implementation of the “check activity? routine 1414 of the 
primary routine 1400 (FIG. 14). As shown, the “check activ 
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ity? routine 1414 begins at a step 2502, wherein it is deter 
mined whether the “activity flag” is true. 
0423. When, at the step 2502, it is determined that the 
“activity flag is true, the “check activity?” routine 1414 
terminates. 
0424. When, at the step 2502, it is determined that the 
“activity flag” is not true, the "cheek activity?” routine 1414 
proceeds to a step 2504, wherein it is determined whether the 
“activity flag has been false for more than sixty minutes. 
0425. When, at the step 2504, it is determined that the 
“activity flag has been false for more than sixty minutes, the 
routine “check activity? routine 1414 proceeds to a step 
2510, wherein the “shutting down flag” is set to false. As 
described above in connection with the “process button' rou 
tine 1504 (FIG.16), the placing of the “shutting down flag in 
the false state will cause the foot-mounted device 102 to be 
powered down unless the user 112 pushes the button 204 
within 30 seconds (see steps 1620-24). 
0426. When, at the step 2504, it is determined that the 
“activity flag has not been false for more than sixty minutes, 
the “check activity? routine 1414 proceeds to a step 2506, 
wherein it is determined whether the “activity flag has been 
false for more than five minutes. 
0427. When, at the step 2506, it is determined that the 
“activity flag has been false for more than five minutes, the 
“check activity? routine 1414 proceeds to a step 2508, 
wherein the foot-mounted unit 102 is placed into a low-power 
sleep mode for approximately five seconds. Thus, wheneverit 
is determined that the foot-mounted unit 102 has been inac 
tive for a particular period of time (e.g., five minutes), it may 
be kept in a low-power mode, waking up only briefly every 
five seconds or so to determine whether any new activity can 
be identified. 
0428. After the step 2508, the “check activity?” routine 
terminates. 
0429. When, at the step 2506, it is determined that the 
“activity flag has not been false for more than 5 minutes, the 
“check activity? routine 1414 terminates. 
0430 FIG. 26 is a flow diagram of an illustrative imple 
mentation of the “smooth and calculate' routine 1416 of the 
primary routine 1400 (FIG. 14). As shown in FIG. 26, the 
“smooth and calculate routine 1416 begins at a step 2602, 
wherein it is determined whether the “activity flag is true. 
0431 When, at the step 2602, it is determined that the 
“activity flag is not true, the “smooth and calculate routine 
1416 terminates. 
0432. When, at the step 2602, it is determined that the 
“activity flag is true, the “smooth and calculate routine 
1416 proceeds to a step 2604, wherein it is determined 
whether the “step error flag is false. 
0433. When, at the step 2604, it is determined that the 
“step error flag is false, the “smooth and calculate' routine 
1416 terminates. 
0434. When, at the step 2604, it is determined that the 
“step error flag is not false, the “smooth and calculate' 
routine 1416 proceeds to a routine 2606, wherein, for each 
footstep, the measured time between consecutive toe-off 
events 704 is compared to the measured time between corre 
sponding consecutive heel-strike events 702, and correction 
are (possibly) made based upon these comparisons. An 
example implementation of the routine 2606 is described 
below in connection with FIGS. 27 and 28. 
0435. After the routine 2606, the “smooth and calculate' 
routine 1416 proceeds to a routine 2608, wherein the values of 
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Te and Ts measured during the most recent iteration of the 
primary routine 1400 (as well as the ratio between these 
values) are checked to be sure that they fall within acceptable 
ranges. An example implementation of the routine 2608 is 
described below in connection with FIGS. 29 and 30. 
0436. After the routine 2608, the “smooth and calculate' 
routine 1416 proceeds to a routine 2610, during which an 
average value of the foot contact times (Tc) for the last 
several footsteps is calculated. In accordance with one 
embodiment, the number of Tc values used to calculate the 
value of Tcl is dependent upon the difference between the 
most recent Tc value and the last-calculated value of Tc. 
An example implementation of the routine 2610 is described 
below in connection with FIG. 31. 
0437. After routine 2610, the “smooth and calculate' rou 
tine 1416 proceeds to a step 2611, wherein it is determined 
whether the user 112 is walking. This determination may, for 
example, be made solely upon the most recently measured Tc 
value. According to one embodiment, when the most recent 
Tc value is greater than "420 milliseconds, it is determined 
at step 2611 that the user 112 is walking. On the other hand, 
when the most recent Tc value is less than '420 millisec 
onds, it is determined at the step 2611 that the user 112 is 
running. 
0438. When, at the step 2611, it is determined that the user 
112 is walking, the “smooth and calculate' routine 1416 
proceeds to a step 2612, wherein the most recent “walking 
Tc value (Tc) is added to a running total of previously 
obtained “walking” Tc values (XTc), and the current “walk 
ing’ TS value (Ts) is added to a running total of previously 
obtained “walking Ts values (XTs). 
0439. After the step 2612, the “smooth and calculate” 
routine 1416 terminates. 

0440 When, at the step 2611, it is determined that the user 
112 is not walking, the “smooth and calculate routine 1416 
proceeds to a step 2614, wherein the most recent “running Tc 
value (Tc) is added to a running total of previously-obtained 
“running Tc values (XTc), and the most recent"running’Ts 
value (Ts) is added to a running total of previously-obtained 
“running Ts values (ITs). 
0441. After the step 2614, the “smooth and calculate' 
routine 1416 terminates. 
0442. The running totals XTct XTS, XTc, and XTs 
may be stored, for example, in respective 12-bit registers, 
with each bit representing a particular discrete period of time. 
In one embodiment of the invention, the current Tc and Ts 
values are added to the respective registers regardless of 
whether such addition would cause the registers to drop a 
most significant bit of the current count (i.e., the registers are 
permitted to roll over to zero). In such an embodiment, the 
foot-mounted unit 102 and/or the wrist-mounted unit 104 
may be left to determine when such a roll over has occurred. 
0443 FIG. 27 is a timing diagram illustrating how step 
time (Ts) measurements between consecutive toe-off events 
704 and corresponding consecutive heel-off events 702 may 
be compared to ensure that each measured toe-off event 704 
and each measured heel-off event 702 was identified accu 
rately. In the example of FIG. 27, toe-off events 704 are 
indicated by hatch marks along the line 2702, e.g., the hatch 
mark 2702a. Two separate toe-to-toe step times (i.e., Ts(TT)- 
and Ts(TT)) are labeled between respective pairs of the hatch 
marks on the line 2702. Similarly, heel-strike events 702 are 
indicated by hatch marks along the line 2704, e.g., the hatch 
mark 2704a. Three separate heel-to-heel step times (i.e., 
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Ts(HH)-2, Ts(HH)., and Ts(HH)) are labeled between 
respective pairs of the hatch marks on the line 2704. 
0444 FIG. 28 is a flow diagram of an illustrative imple 
mentation of the routine 2606 of the “smooth and calculate' 
routine 1416 (FIG. 26). During the routine 2606, heel-to-heel 
and toe-to-toe step times, such as those illustrated in FIG. 27. 
may be compared to verify the accuracy of the identified 
occurrences of the heel-strike events 702 and toe-off events 
704 on which these values are based. 
0445. As shown in FIG. 28, the routine 2606 beings at a 
step 2802, wherein it is determined whether the heel-to-heel 
step time Ts(HH). is greater than the heel-to-heel step time 
Ts(HH). 
0446. When, at the step 2802, it is determined that the 
heel-to-heel step time Ts(HH) is greater than the heel-to 
heel step time Ts (HH), the routine 2606 proceeds to a step 
2804, wherein it is determined whether the heel-to-heel step 
time Ts(HH) is less than the toe-to-toe step time Ts(TT). 
0447. When, at the step 2804, it is determined that the 
heel-to-heel step time Ts(HH) is not less than the toe-to-toe 
step time Ts(TT), the routine 2606 terminates. 
0448. When, at the step 2804, it is determined that the 
heel-to-heel step time Ts(HH) is less than the toe-to-toe step 
time Ts(TT), the routine 2606 proceeds to a step 2818, 
wherein the current value of Tc is replaced with the next most 
recent value of Tc. It should be appreciated that, when the 
questions asked by the steps 2802 and 2804 are both answered 
in the affirmative, a determination has been made that the 
heel-strike event 702 corresponding to the hatch mark 2704a 
in FIG. 27 was identified too late, and that the Tc value 
obtained with respect to this “late landing should be replaced 
with a previously obtained “good Tc value. 
0449 When, at the step 2802, it is determined that the 
heel-to-heel Ts value Ts(HH)- is not greater than the heel-to 
heel step value Ts(HH), the routine 2606 proceeds to a step 
2806, wherein it is determined whether the heel-to-heel step 
time Ts(H14)- is less than the heel-to-heel step time Ts(HH). 
0450. When, at the step 2806, it is determined that the 
heel-to-heel step time Ts(HH). is less than the heel-to-heel 
step time Ts(HH), the routine 2606 proceeds to a step 2808, 
wherein it is determined whether the heel-to-heel step time 
Ts(HH) is greater than the toe-to-toe step time Ts(TT). 
0451. When, at the step 2808, it is determined that the 
heel-to-heel step time Ts(HH) is not greater than the toe-to 
toe step time Ts(TT), the routine 2606 terminates. 
0452. When, at the step 2808, it is determined that the 
heel-to-heel step time Ts(HH) is greater than the toe-to-toe 
step time Ts(TT), the routine 2606 proceeds to the step 2818, 
wherein the current value of Te is replaced with the next most 
recent value of Tc. It should be appreciated that, when the 
questions asked by the steps 2806 and 2808 are both answered 
in the affirmative, a determination has been made that the 
heel-strike event 702 corresponding to the hatch mark 2704a 
in FIG. 27 was identified too early, and that the Te value 
obtained with respect to this “early landing should be 
replaced with a previously obtained “good re value. 
0453 When, at the step 2806 (discussed above), it is deter 
mined that the heel-to-heel step time Ts(HH) is not less than 
the heel-to-heel step time Ts(HH), the routine 2606 proceeds 
to a step 2810, wherein it is determined whether the toe-to-toe 
step time Ts(TT) is greater than the toe-to-toe step time 
Ts(TT). 
0454. When, at the step 2810, it is determined that the 
toe-to-toe step time Ts(TT)- is greater than the toe-to-toe 
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step time Ts(TT), the routine 2606 proceeds to a step 2812, 
wherein it is determined whether the toe-to-toe step time 
Ts(TT) is less than the heel-to-heel step time Ts(HH). 
0455 When, at the step 2812, it is determined that the 
toe-to-toe step time Ts(TT) is not less than the heel-to-heel 
step time Ts(HH), the routine 2606 terminates. 
0456. When, at the step 2812, it is determined that the 
toe-to-toe step time Ts(TT) is less than the heel-to-heel step 
time Ts(HH), the routine 2606 proceeds to the step 2818, 
wherein the current value of Tc is replaced with the next most 
recent value of Tc. It should be appreciated that, when the 
questions asked by the steps 2810 and 2812 are both answered 
in the affirmative, a determination has been made that the 
toe-off event corresponding to the hatch mark 2702a in FIG. 
27 was identified too late, and that the Tc value obtained with 
respect to this “late takeoff should be replaced with a previ 
ously obtained “good Tc value. 
0457. When, at the step 2810 (discussed above), it is deter 
mined that the toe-to-step time Ts(TT)- is not greater than the 
toe-to-toe step time Ts(TT), the routine 2606 proceeds to a 
step 2814, wherein it is determined whether the toe-to-toe 
step time Ts(TT)- is less than the toe-to-toe step time Ts(TT). 
0458 When, at the step 2814, it is determined that the 
toe-to-toe step time Ts(TT). is less than the toe-to-toe step 
time Ts(TT), the routine 2606 proceeds to a step 2816, 
wherein it is determined whether the toe-to-toe step time 
Ts(TT) is greater than the heel-to-heel step time Ts(HH). 
0459. When, at the step 2816, it is determined that the 
toe-to-toe step time Ts(TT) is not greater than the heel-to-heel 
step time Ts(HH), the routine 2606 terminates. 
0460. When, at the step 2816, it is determined that the 
toe-to-toe step time Ts(TT) is greater than the heel-to-heel 
step time Ts(HH), the routine 2606 proceeds to the step 2818, 
wherein the current value of Tc is replaced with the next most 
recent value of Tc. It should be appreciated that, when the 
questions asked by the steps 2814 and 2816 are both answered 
in the affirmative, a determination has been made that the 
toe-off event corresponding to the hatch mark 2702a in FIG. 
27 was identified too early, and that the Tc value obtained with 
respect to this “early takeoff should be replaced with a 
previously obtained “good Tc value. 
0461) When, at the step 2814 (discussed above), it is deter 
mined that the toe-to-toe step time Ts(TT). is not less than 
the toe-to-toe step time Ts(TT), the routine 2606 terminates. 
0462 FIGS. 29A and 29B are graphs representing, respec 

tively, ratios of the values of Tc and Ts measured for multiple 
individuals throughout a variety of walking and running 
speeds. Based upon empirical measurements, we have dis 
covered that, when a user is walking, each of the measured 
ratios of Tc, to Ts (e.g., each of the points 2902W) tends to 
fall between a first pair of lines identified by respective equa 
tions involving Tc, and Ts. Similarly, we have discovered 
that, when a user is running, each of the measured ratios of 
Tc to Ts (e.g., each of the points 2902R) tends to fall 
between a second pair of lines identified by respective equa 
tions involving Tc and Ts. 
0463. In light of these discoveries, in one embodiment of 
the invention, for each footstep taken by the user 112, the ratio 
of Te to Ts is checked to make sure it falls within the bounds 
identified by these lines. That is, for Tc values in the walking 
range (e.g., above 420 milliseconds), each measured ratio of 
Tc, to Ts is checked to make Sure it falls between the lines 
2904a and 2904b of FIG. 29A. Similarly, for Tc values in the 
walking range (e.g., less than 420 milliseconds), each mea 
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Sured ratio of Tc to Ts is checked to make Sure it falls 
between the lines 2906a and 2906b of FIG. 29B. Each of the 
Tc and TS values also may be separately checked to ensure 
that, by itself, it falls within a reasonable range for such 
values. As shown, the lines 2904a and 2904b may be defined 
by the equations Teuta Tsui Xi-Air, and 
Tctav-Tsu-Y--B. respectively, wherein the values X 
and Y are slopes of the respective lines, and the values Aw 
and B are the respective Y-intercepts thereof. Similarly, as 
shown, the lines 2906a and 2906b may be defined by the 
equations Tcl-X+A and Terry-TSY--B. respec 
tively, wherein the values X and Y are slopes of the respec 
tive lines, and the values A and B are the respective Y-in 
tercepts thereof. 
0464 FIG. 30 is a flow diagram illustrating an example 
implementation of the routine 2608 of the “smooth and cal 
culate' routine 1416 shown in FIG. 26. Pursuant to the routine 
2608, the values of Tc and Ts are checked individually to 
ensure that each falls within an acceptable range, and each 
ratio of these two values is checked as well to ensure that it 
falls within the bounds of the lines discussed above. 
0465. As shown, the routine 2608 begins at a step 3002, 
wherein it is determined whether the measured Tc value is 
less than '420 milliseconds. 
0466 When, at the step 3002, the measured Te value is 
determined to be less than '420 milliseconds, it is deter 
mined that the user 112 is running, and the routine 2608 
proceeds to a step 3004, wherein it is determined whether the 
measured Tc value is greater than “120 milliseconds. 
0467. When, at the step 3004, it is determined that the Tc 
value is not greater than “120 milliseconds, it is determined 
that the Tc value is outside of the acceptable range for Tc 
values for running, and the routine 2608 proceeds to a step 
3020, wherein the measured Tc value is replaced with the next 
most recent Tc value, and the routine 2608 then terminates. 
0468. When, at the step 3004, it is determined that the 
measured Tc value is greater than “120 milliseconds, the 
routine 2608 proceeds to a step 3006, wherein it is determined 
whether the measured Ts value is between “400 and “910 
milliseconds (i.e., an acceptable range of TS values for run 
ning). 
0469 When, at the step 3006, it is determined that the 
measured Ts value is not between “400 and “910 millisec 
onds, it is determined that the Ts value is outside of the 
acceptable range for TS values for running, and the routine 
2608 proceeds to the step 3020, wherein the measured Tc 
value is replaced with the next most recent Te value, and the 
routine 2608 then terminates. 

0470 When, at the step 3006, it is determined that the 
measured Ts value is between “400 and '910' milliseconds, 
the routine 2608 proceeds to steps 3008 and 3010, wherein it 
is determined whether the ratio of the measured Tc and Ts 
values falls between “running” lines 2906a and 2906b of FIG. 
29. 

0471) When, at the steps 3008 and 3010, it is determined 
that the ratio of the measured Tc and Ts values falls above the 
line 2906a (step 3008) or below the line 2906b (step 2910), 
the routine 2608 proceeds to the step 3020, wherein the mea 
sured Tc value is replaced with the next most recent Tc value, 
and the routine 2608 then terminates. 

0472. When, at the steps 3008 and 3010, it is determined 
that the ratio of the measured Tc and Ts values falls both 
below the line 2906a (step 3008) and above the line 2906b 
(step 2.910), the routine 2608 terminates. 
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0473. When, at the step 3002 (described above), it is deter 
mined that the measured Tc value is not less than '420 
milliseconds, it is determined that the user 112 is walking, and 
the routine 2608 proceeds to a step 3012, wherein it is deter 
mined whether the measured Tc value is less than “900' 
milliseconds. 

0474. When, at the step 3012, it is determined that the 
measured Tc value is not greater than “900 milliseconds, it is 
determined that the Tc value is outside of the acceptable range 
for Tc values for walking, and the routine 2608 proceeds to 
the step 3020, wherein the measured Tc value is replaced with 
the next most recent Tc value, and the routine 2608 then 
terminates. 

0475 When, at the step 3012, the measured Tc value is 
determined to be less than “900' milliseconds, the routine 
2608 proceeds to a step 3014, wherein it is determined 
whether the measured Ts value is between “700' and “1360' 
milliseconds (i.e., an acceptable range of TS values for walk 
ing). 
0476. When, at the step 3014, it is determined that the 
measured Ts value is not between “700' and “1360 milli 
seconds, the routine 2608 proceeds to the step 3020, wherein 
the measured Tc value is replaced with the next most recent 
Tc value, and the routine 2608 then terminates. 
0477. When, at the step 3014, it is determined that the 
measured Ts value is between “700 and “1360 millisec 
onds, the routine 2608 proceeds to steps 3016 and 3618, 
wherein it is determined whether the ratio of the measured 
values of Tc and Ts falls between the lines 2906a and 2906b 
of FIG. 29. 

0478. When, at the steps 3016 and 3018, it is determined 
that the ratio of the measured values of Tc and Ts falls above 
the line 2906a (step 3016) or falls below the line 2906b (step 
3018), the routine 2608 proceeds to the step 3020, wherein the 
measured Tc value is replaced with the next most recent Tc 
value, and the routine 2608 then terminates.—85— 
0479. When, at the steps 3016 and 3018, it is determined 
that the ratio of the measured values of Tc and Ts falls both 
below the line 2906a (step 3016) and above the line 2906b 
(step 3018), the routine 2608 terminates. 
0480 FIG. 31 is a flow diagram showing an illustrative 
implementation of the routine 2610 of the “smooth and cal 
culate' routine 1416 shown in FIG. 26. As shown, the routine 
2610 begins at steps 3102 and 3104, wherein it is determined 
whether the current Tc value and the next most recent Tc 
value are each more than eight seconds greater than the cur 
rently-stored value of Tcl (i.e., the average value of Tc over 
the last several steps). 
0481. When, at the steps 3102 and 3104, it is determined 
that the current Tc value and the next most recent Tc value are 
each more than eight seconds greater than the currently 
stored value of Tc, the routine 2610 proceeds to a step 
3110, wherein the two most recent Tc values obtained (in 
cluding the current Tc value) are averaged to obtain a new 
value of Tc, and the routine 2610 then terminates. 
0482. When, at the steps 3102 and 3104, it is determined 
that either the current Tc value or the next most recent Tc 
value is not more than eight milliseconds greater than the 
currently-stored value of Tc, the routine 2610 proceeds to 
steps 3106 and 3108, wherein it is determined whether the 
current Tc value and the next most recent Tc value are each 
more than eight milliseconds less than the currently-stored 
Value of Tcz. 
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0483. When, at the steps 3106 and 3108, it is determined 
that both the current Tc value and the next most recent value 
are each more than eight milliseconds less than the currently 
stored value of Tc, the routine 2610 proceeds to the step 
3110, wherein the two most recent Tc values are averaged to 
obtain a new value of Tcl and the routine 2610 then termi 
nates. 

0484. Therefore, the steps 3102-3108 ensure that, if at 
least two Tc values suddenly deviate from a current value of 
Tcl by more than eight milliseconds, the value of Tcl 
will be updated using only the two most recent values of Tc. 
This technique ensures that the value of TC responds 
quickly to a new pace of the user 112 so that the user can 
receive instant feedback regarding the same. 
0485 When, at the steps 3106 and 3108, it is determined 
that either the current Tc value or the next most recent Tc 
value is not more than eight milliseconds less than the cur 
rently-stored value of Tc the routine 2610 proceeds to 
steps 3112 and 3114, wherein it is determined whether the 
current Tc value and the next most recent Tc value are each 
more than four milliseconds greater than the currently-stored 
Value of Tcate. 
0486. When, at the steps 3112 and 2114, it is determined 
that the current Tc value and the next most recent Tc value are 
each more than four milliseconds greater than the currently 
stored value of Tc, the routine 2610 proceeds to a step 
3120, wherein up to four of the most recent Tc values are 
averaged to obtain a new value of Tcl and the routine 2610 
then terminates. 
0487. When, at the steps 3112 and 3114, either the current 
Tc value or the next most recent Tc value is determined to not 
be more than four milliseconds greater than the currently 
stored value of Tcl the routine 2610 proceeds to steps 3116 
and 3118, wherein it is determined whether the current Tc 
value and the next most recent Tc value are each more than 
four milliseconds less than the currently-stored value of 
Teave. 
0488. When, at the steps 3116 and 3118, is determined that 
the current Tc value and the next most recent Tc value are 
each more than four milliseconds less than the currently 
stored value of Tc, the routine 2610 proceeds to the step 
3120, wherein up to the four most recent Tc values are aver 
aged to obtain a new value of Tea, and the routine 2610 then 
terminates. 

0489. When, at the steps 3116 and 3118, it is determined 
that either the current Tc value or the next most recent Tc 
value is not more than four milliseconds less than the cur 
rently-stored value of Tc the routine 2610 proceeds to a 
step 3122, wherein up to nine of the most recent Tc values are 
averaged to obtain a new value of Tc, and the routine 2610 
then terminates. 
0490 Based upon the above, it should be appreciated that 
the routine 2610 ensures that the value Tcl will be updated 
at a rate commensurate with the rate at which the Tc values 
being measured are changing. In this manner, when the value 
Tcl is used to calculate the instantaneous pace of a user in 
locomotion on foot, the pace displayed to the user 112 may 
respond quickly to Sudden changes in the userspace, but may 
also be “smoothed' over several footsteps when the user's 
pace is relatively steady. 
0491 FIGS. 32A-H each shows the front face 308 of the 
wrist-mounted unit 104. In each of FIGS. 32A-H, the display 
412 of the wrist-mounted unit 104 has simultaneously dis 
played thereon a respective combination of parameters. Any 
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or all of these combinations of parameters may be made 
available to the user 112, and the user 112 may select (e.g., by 
pushing one or more of the buttons 306a-e) which combina 
tion is displayed at a given time. In one illustrative embodi 
ment of the invention, the user may use the computer 428 
(e.g., using Software running on the computer 428 and/or the 
network server 442) to select the combination of parameters 
to be displayed on the display 412, and information relating to 
the user's selection may then be selectively or automatically 
transmitted to the wrist and/or foot mounted units, e.g., via an 
RF communication channel. It should be appreciated that any 
other parameters or information relating to the operation of 
the wrist-mounted unit 104 and/or the foot-mounted unit 102 
(some of which are described herein) may also be generated 
by the user via the computer 428 and transmitted to the 
appropriate unit(s) in this manner. 
0492. In one illustrative embodiment of the invention, the 
display 412 has simultaneously displayed thereon at least one 
determined performance parameter of the user (e.g., pace) 
and at least one determined variable physiological parameter 
of the user (e.g., heart rate), each of which may be determined, 
for example, using the techniques and devices described else 
where herein. As used herein, “variable physiological param 
eter refers to any physiological condition of a user's body 
that may experience a measurable change when the user is 
exercising, and is intended to encompass parameters such as 
heart rate, respiration rate, body temperature, lactate level. 
etc. The term “variable physiological parameter' is not 
intended to encompass static physiological parameters such 
as weight, height, etc. As used herein, “performance param 
eter refers to any measurable amount, level, type or degree of 
physical activity engaged in by the user, and is intended to 
encompass parameters such as foot contact time, foot loft 
time, step time, instantaneous speed, average speed, instan 
taneous pace, average pace, energy expenditure rate, total 
energy expenditure, distance traveled, etc. 
0493. In the first example (FIG. 32A), the display 412 of 
the wrist-mounted unit 104 has displayed thereon: (a) the 
instantaneous pace of the user, (b) the average pace of the user 
during a particular outing, (c) the distance traveled by the user 
during the outing, and (d) a chronograph indicating the time 
that has elapsed during the outing. The advantages of simul 
taneously displaying these particular parameters are numer 
ous, especially for a runner engaged in a competition, e.g., a 
marathon, a 10K, or the like. For example, during a race, the 
user 112 may increase or decrease his or her current pace 
based upon the displayed value of the user's average pace thus 
far during the race. In this manner, the user 112 may ensure 
that the overall average pace for the completed race is close to 
a predetermined target value. 
0494. In lieu of a numeric display, this same advantage 
may be achieved, for example, using two so-called “pace 
fans' akin to the hands on a wristwatch. For example, one fan 
(e.g., a watch hand) may maintain an angular orientation 
indicative of the user's current pace, and the other fan may 
maintain an angular orientation indicative of the user's aver 
age pace. As yet another alternative, side-by-side graduated 
bar graphs may be displayed to the user, with the height of 
each bar graph corresponding to a respective one of the user's 
current pace and the user's average pace. The benefits of 
displaying the chronograph value and the distance traveled by 
the user, both separately and in combination with the other 
units in the example of FIG. 32A, are apparent and therefore 
will not be discussed further. In the next example (FIG.32B), 
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the display 412 of the wrist-mounted unit 104 has displayed 
thereon: (a) the total calories expended during an outing, (b) 
the distance traveled by the user during the outing, (c) the 
current heart rate of the user (or average heart rate of the user 
during the outing), and (d) a chronograph indicating the total 
time that has elapsed during the outing. 
0495. In the example of FIG.32C, only the time and date 
are displayed. The user may, for example, selectively choose 
this display combination when the user is engage in non 
athletic activities, and simply wants a typical wrist-watch 
display. 
0496. In the next example (FIG. 320), the display 412 of 
the wrist-mounted unit 104 has displayed thereon: (a) a chro 
nograph indicating the total time that has elapsed during the 
outing, (b) the distance traveled by the user during the outing, 
(c) the instantaneous pace of the user, (d) the average pace of 
the user during the outing, (e) the current heart rate of the user 
(or the average heart rate of the user during the outing), (f) the 
total calories expended by the user during the outing, (g) the 
instantaneous speed of the user, and (h) the average speed of 
the user during the outing. 
0497. In the example of FIG. 32E, the display 412 has 
displayed thereon an indication that a calibration procedure 
has been selected. Also displayed is an indication as to 
whether a “walk' calibration or a “run” calibration has been 
selected. In this mode, the user may start and stop a calibra 
tion procedure (e.g., by depressing one or more of the buttons 
306a-e) during which the calibration constants discussed 
above may be determined. 
0498. In the example of FIG. 32F, the display 412 of the 
wrist-mounted unit 104 has displayed thereon: (a) the instan 
taneous speed of the user, (b) the calories expended by the 
user during the outing, (c) a chronograph indicating the total 
time that has elapsed during the outing, and (d) the distance 
traveled by the user during the outing. 
0499. In the example of FIG. 32G, the display 412 of the 
wrist-mounted unit 104 has displayed thereon: (a) the instan 
taneous pace of the user, (b) the distance traveled by the user 
during the outing, (c) the average pace of the user during the 
outing, and (d) the current heart rate of the user. 
(0500 Finally, in the example of FIG.32H, the display 412 
of the wrist-mounted unit 104 has displayed thereon: (a) the 
instantaneous speed of the user, (b) the distance traveled by 
the user during the outing, (c) the average speed of the user 
during the outing, and (d) the current heart rate of the user. 
0501. With regard to the displayable values discussed 
above in connection with FIGS. 32A-H, it should be appre 
ciated that any of the values that are described as being 
monitored and displayed during a particular outing may addi 
tionally or alternatively be monitored and displayed during 
multiple outings. That is, the value displayed may alterna 
tively be the cumulative total or overall average value for each 
of the several outings. For example, the distance displayed 
may represent the distance traveled by the user 112 during all 
“runs’ engaged in by the user 112 during a week, a month, a 
year, etc., or the average pace displayed may represent the 
average pace of the user 112 during all “runs engaged in by 
the user 112 during a week, a month, a year, etc. 
0502. In addition, it should be appreciated that any or all of 
the parameters described as being displayable may addition 
ally or alternatively be displayed on a display on the foot 
mounted unit 102, or on a display disposed remote from the 
user 112, e.g., the computer 428 or another display (not 
shown) held by a track coach or the like. Other examples of 
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parameters that may be displayed on the wrist-mounted unit 
104 and/or the foot-mounted unit 102, either together with or 
separately from the examples shown in FIGS. 32A-H, include 
cadence (Stride rate), Stride length, and acceleration. Illustra 
tive techniques for determining and displaying each of these 
parameters are discussed elsewhere herein. 
0503. In one illustrative embodiment of the invention, the 
ARC processor 410 in the wrist-mounted unit 104 is config 
ured (e.g., by instructions stored in the memory 404) to cal 
culate time 'splits' automatically on a per-unit-distance basis 
(e.g., per mile or kilometer). For example, the ARC processor 
410 may calculate a time split for each of the twenty six miles 
of a marathon. Such splits may be displayed to the user 112 
during the event and/or may be stored in memory for later 
retrieval and analysis and/or display. Because information 
regarding total distance traveled and a chronograph are both 
maintained in the wrist-mounted unit 104. Such splits may 
readily be calculated by automatically recording the time of 
the chronograph each time a split distance is reached. Of 
course, splits may alternatively be determined using the foot 
mounted unit 102, or another device in the system that 
receives the necessary information. When the foot-mounted 
unit 102 is used to calculate splits, the foot-mounted unit 102 
can display the split information itself and/or it can transmit 
the information to the wrist-mounted unit 104 for display. 
0504. In one illustrative embodiment, in addition to being 
given information regarding the last split completed, the user 
can also be provided with feedback regarding progress on the 
split currently being measured. For example, the user may be 
provided with an indication regarding the user's average pace 
since the last split, or the projected time for the current split 
based upon the user's average pace since the last split. 
0505. In one embodiment of the invention, one or more of 
the devices in the system (i.e., the foot-mounted unit 102, the 
wrist-mounted unit 104, the computer 428, and/or the net 
work server 442) may be used to determine whether the 
speed, pace and/or heart rate of the user 112 are within par 
ticular Zones. As used herein, the term "Zone' refers to a range 
of values bounded by at least one threshold. Therefore, unless 
otherwise specified, Zone may refer to any one of: (1) all 
values greater than a certain value, (2) all values less than a 
certain value, and (3) all values falling between two different 
values. If it is determined that one or more of the monitored 
parameters falls outside the particular Zonetherefor, an output 
may be generated by the processor performing the monitor 
ing. This output may, for example, cause information repre 
senting the same to be stored in memory to later provide 
feedback to the user 112, or it may cause an output that is 
perceptible to the user to be generated so that the user is 
provided with immediate feedback. When employed, any of a 
number of outputs perceptible to the user 112 may be used, 
and the invention is not limited to any particular type of 
perceptible output. Examples of suitable output devices 
include: audio indicators such as buZZers, chimes, or Voice 
synthesizers; visual indicators such as those capable of dis 
playing numbers, text, symbols, and/or lights; and physical 
indicators such as vibrators. 

0506. When immediate feedback is provided to the user 
112, the user may, in response to Such feedback, adjust his or 
her workout, if necessary, to bring the monitored parameter(s) 
back into the particular Zone(s). The user 112 may, for 
example, preset the Zone(s) prior to beginning a workout, 
and/or may adjust the Zones (or even disable the Zone moni 
toring function entirely, or perhaps only the feedback func 
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tionality thereof) during the workout if he or she desires a 
more or less intense workout. In one illustrative embodiment, 
the user 112 may “program' a particular Zone-specific work 
out, during which Zones are adjusted automatically during the 
workout in response to time and/or distance measurements. 
For example, the user may program a workout during which 
a first Zone (e.g., a warm up Zone) is set during a first time 
period or distance interval, a second Zone (e.g., a workout 
Zone) is set during a second time period or distance interval, 
and a third Zone (e.g., a cool down Zone) is set during a third 
time period or distance interval. In another example, the user 
may set Zones on a per-mile or per-minute basis so as to 
perform interval training The number of possibilities of Zone 
adjustments in response to distance and/or time goals being 
met is virtually without limit, and the user may preset his or 
her workout to his or her particular tastes or needs. It should 
be appreciated that, when both heart rate and speed orpace are 
monitored simultaneously, negative feedback (i.e., an indica 
tion that workout intensity should be increased) may be pro 
vided only in response to one or more combinations of the 
monitored parameters falling outside of the preset Zones. For 
example, during a particular time period or distance interval, 
negative feedback may be provided to the user only when 
both heart rate or speed/pace fall outside the preset Zones 
therefor. 

0507. In one illustrative embodiment, the wrist-mounted 
unit 104 and/or the foot-mounted unit 102 can be pro 
grammed so as to provide the user with feedback in response 
to one or more particular distances being traveled or in 
response to one or more time periods elapsing during a work 
out. Such time periods and/or distances may, for example, be 
preprogrammed or selected by the user. For example, a per 
ceptible indication may be provided to the user 112 each time 
the user 112 has traveled a mile or each time the user 112 has 
been running or walking for an additional ten minutes. This 
sort offeedback can enables the user to monitor the progress 
of his or her workout, and to be reminded as to the progress in 
achieving a certain goal, e.g., to run ten miles or to walk for 
one hour. Alternatively, the user may program the wrist 
mounted unit 104 and/or the foot-mounted unit 102 such that 
feedback is provided when each of several different time 
and/or distance intervals are completed. For example, during 
a workout, the user may be provided with a first perceptible 
indication after a “warm up' distance has been completed or 
after a “warm up' time period has elapsed, may be provided 
with a second perceptible indication after a “workout' dis 
tance has been completed or after a “workout' time period has 
elapsed, and may be provided with a third perceptible indi 
cation after a “cool-down” distance has been completed or 
after a “cool-down time period has elapsed. A perceptible 
indication may also be provided to the user instructing the 
user to rest (i.e., slow down considerably or stop exercising 
completely) during one or more particular time intervals or 
following one or more particular distance intervals. 
0508. In one illustrative embodiment, the user may pro 
gram the wrist-mounted unit 104 and/or the foot-mounted 
unit 102 with a predetermined distance to be achieved during 
an outing, as well as an indication as to how the user desires 
to receive feedback during the race. For example, the user 
may enter a certain goal distance (e.g., five mites), and request 
to be given feedback each time a certain fraction (e.g., one 
fourth) of the goal distance has been completed. If the fraction 
is chosen to be one-half, the user may complete an “out and 
back walk or run (i.e., an outing during which the user travels 
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back and forth along the same path) of a certain distance, and 
may be given a perceptible indication as to exactly when to 
turn around and go in the opposite direction. 
0509. In one embodiment, the user may program the foot 
mounted unit 102 and/or the wrist-mounted unit 104 with 
information regarding a distance to be traveled during an 
outing, and one or both of (1) a goal time in which the user 
wishes to complete the distance, and (2) a goal average speed 
or pace the user wishes to achieve during the outing. Based 
upon this information, as well as a measured distance traveled 
during the outing, the user can be provided with real-time 
feedback regarding future performance during the outing that 
is required for the user to achieve the input goal(s), e.g., the 
average speed or pace required during the remainder of the 
race in order to achieve the input goal(s). In addition, based 
upon an input goal distance, the measured elapsed time dur 
ing an outing, the measured distance traveled thus far during 
the outing, and the measured current pace of the user, the user 
also can be provided with feedback regarding a projected time 
in which the user will complete the goal distance if the user 
maintains his or her current pace. Many other forms offeed 
back using one or more other combinations of such input and 
measured parameters also are possible in connection with 
different embodiments of the invention, and the invention is 
not limited to any particular form of feedback. 
0510. As discussed above in connection with FIG. 8, in 
one embodiment of the invention, the foot-mounted unit 102 
and/or the wrist-mounted unit can readily determine whether 
the user 112 is walking or running during each footstep taken 
by the user. Therefore, in such an embodiment, the user may 
program the foot-mounted unit 102 and/or the wrist-mounted 
unit 104 such that the user is instructed to walk or run during 
certain distance and/or time intervals. When so programmed, 
the device may provide a perceptible indication to the user 
that the user should be running or walking, if the user is 
walking when he or she should be running, or vice versa. Any 
variety and/or number of interval lengths during which the 
user should walk and run during an outing may be pro 
grammed. In one embodiment, the respective total amounts of 
time that the user walks and runs during an outing is displayed 
to the user and/or stored in memory for later use. Such feed 
back to the user may help the user optimize a workout, for 
example, if the user wishes to walk and run equal distances 
during an outing. Ratios of “walk time' to “run time” and/or 
“walk distance' to “run distance,” or other ratios of such 
values, may also be calculated and displayed to the user 
and/or stored in memory for later use. 
0511. As discussed above, one way the user can program 
workouts or input parameters such is those discussed above is 
to use Software executing on the computer 428 and/or the 
network server 442 to preset the parameters for his or her 
workout, and then cause the programmed information to be 
transmitted to the wrist-mounted unit 104 and/or the foot 
mounted unit 102. 

0512. In embodiments of the invention wherein both the 
heart rate (HR) and foot contact times of a user are measured, 
a pair of so-called "fitness indexes” (one for walking and one 
for running) may be calculated by a processor receiving this 
information. The fitness indexes (FI) for a particular user 
may, for example, be calculated according to the following 
equations: 

FI-HR* Tc, FIHR* Tc (27) 
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0513. Significantly, we have discovered that the values of 
a user’s “walking fitness index (FI) and “running fitness 
index (FI) are substantially unaffected by changes in the 
user's speed when the user is walking and running, respec 
tively. That is, as a user's speed increases, the amount that the 
user's heart rate (HR) increases tends to offset the amount that 
the value of Tc decreases, so that the product of the two 
variables remains substantially constant. Similarly, as a 
user's speed decreases, the amount that the user's heart rate 
decreases tends to offset the amount that the value of Tc 
increases. 

0514. In one embodiment of the invention, an average 
fitness index (FI) for a user 112 is calculated each time the 
user walks or runs for a particular period of time, and the 
value of this average fitness index (FI) may be used as an 
indicator of the user's physical fitness level. A user's average 
fitness index (FI) for aparticular outing may be calculated, 
for example, by multiplying each foot contact time (Tc) value 
obtained during the outing by the user's heart rate (HR) at the 
time that the foot contact time (TO value is measured, and 
maintaining a running Sum of all such products of Tc and HR. 
The running sum then may be divided by the total number of 
foot contact time (Tc) values obtained during the outing to 
yield the average fitness index value. 
0515. The calculated average fitness index value (FI) 
may, for example, be calculated and/or displayed on the wrist 
mounted unit 104, the foot-mounted unit 102, and/or another 
device such as a personal computer linked to the foot 
mounted unit 102 and/or the Wrist-mounted unit 104 via a 
wireless communication link. The fitness index value may be 
displayed simultaneously with any of the other “displayable' 
information discussed above in connection with FIGS. 32A 
H, or may be displayed separately therefrom. 
0516) Given the relationships between foot contact time 
(Tc) and other performance parameters (e.g., pace, speed, 
energy expenditure, etc.) that are either described herein or 
are known in the art, we have recognized that other equations 
including both heart rate and one or more of Such other 
performance parameters as variables therein would, when the 
variables are properly combined, likewise yield a constant 
value. Therefore, such other performance parameters may be 
used in lieu of or in addition to measured foot contact times in 
an equation used to calculate a fitness index (FI) value. For 
example, a fitness index (FI) value may be obtained using an 
equation having both: (1) heart rate (HR), and (2) any one of 
Speed, Pace, and energy expenditure as variables therein. In 
this regard, it should be appreciated that, to the extent that 
other techniques may be used to obtain Such other perfor 
mance parameters (i.e., techniques other than measuring foot 
contact times and calculating the performance parameters 
based thereon). Such other techniques may be used to obtain 
values of one or more of these performance parameters, and a 
fitness index may be calculated based thereupon. Therefore, 
in some embodiments, a fitness index value may be obtained 
without requiring the measurement of foot contact times. In 
the illustrative embodiment described herein, the measure 
ment of foot contact times and/or other performance param 
eters, and the calculation of a fitness index based thereupon, 
are performed by one or more devices that are ambulatory 
(i.e., may be supported by the user while the user is in loco 
motion on foot). 
0517 Significantly, once a fitness index value is deter 
mined for a particular user, the user's heart rate can be esti 
mated based solely upon one or more measured foot contact 
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times of the user, or based upon one of the other measured 
performance parameters discussed above. This may be 
accomplished, for example, by rewriting the equations (27) as 
follows: 

0518. Using the equations (28), the user's instantaneous 
heart rate HR can be estimated by: (1) measuring a foot 
contact time during a footstep taken by the user, (2) determin 
ing whether the user was walking or running when the foot 
contact time was measured, and (3) including the measured 
foot contact time in an appropriate one of the equations (28) 
(depending on whether the user was walking or running) 
along with the previously-determined average fitness index 
value (FI). Therefore, in one embodiment of the invention, 
an ambulatory device or system (i.e., a device or group of 
devices that may be carried by the user while the user is in 
locomotion on foot) may be used to measure the heart rate of 
a user based upon the measurement of a parameter other than 
the user's pulse. While, in the illustrative embodiment 
described herein, this measured parameter is the foot contact 
time (Tc) of the user, it should be appreciated that other 
performance parameters may alternatively be measured and 
used to estimate a user's heart rate (HR) in a similar fashion. 
For example, measured values of a user's Pace, Speed, or 
energy expenditure may be used to estimate the user's heart 
rate (HR) based upon a known relationship between such a 
measured value and heart rate for the user. 

0519 We have recognized that, when a user first begins 
walking or running, the FI values tend to be less consistent 
than after the user has “warmed up.' Therefore, it may be 
desirable to wait for a period of time after a user begins 
walking or running to begin measuring fitness index (FI) 
values. Any of a number of alternative techniques can be used 
to implement this “waiting function, and the invention is not 
limited to any particular technique for accomplishing the 
same. In one illustrative embodiment, for example, after a 
user begins walking or running, the percentage differences 
between consecutive FI values is determined, and FI values 
are accumulated for the purpose of calculating an average 
fitness index (FI) only after the percentage difference 
between consecutive FI values is less than a predetermined 
threshold. Alternatively, the device performing the calcula 
tions may simply wait a predetermined period of time or wait 
until the user has traveled a predetermined distance before it 
begins accumulating 'good FI values. 
0520. After a user's fitness index has leveled out during an 
exercise session (e.g., after the user has warmed up), the 
fitness index may be monitored for abnormal deviations from 
its expected value. Such deviations may, for example, be 
indicative of conditions such as dehydration, fatigue, stress, 
etc. In one embodiment, a user's fitness index is continuously 
monitored and, if it deviates from its expected value by more 
than a particular percentage, an indication is provided to the 
user that something may be wrong. As discussed above. Such 
an indication may be provided in any of a number of ways 
(e.g., text, Sound Such as beeps or buZZers, lights, etc.), and the 
invention is not limited to any particular type of indication. 
0521 Based upon the average fitness index (FI) mea 
Sured during each outing by a user 112, improvements in the 
user's fitness level will be marked by decreases in the value of 
FI, and decreases in the user's fitness level will be marked 
by increases in the value of FI. The user 112 may also 
compare his or her fitness index to the fitness indexes of other 
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people, and thereby compare his or her level of fitness to that 
of those people. For convenience, the value of FI or FI may 
be scaled by a constant value so as to yield a value that is 
within a common range (e.g., between “1” and “100). 
0522. While a user's fitness index (FI) is substantially 
constant when the user is walking or running on a flat surface, 
we have recognized that the calculated values of F1 tend to 
increase slightly as the grade on which the user is walking or 
running increases, and tend to decrease slightly as the grade 
on which the user is walking or running decreases. In light of 
this, the calculated value of a user's fitness index for a given 
measured foot contact time (Tc) value, may be used to ascer 
tain whether the user is walking or running on a grade at the 
time the foot contact time (Tc) is measured. As used herein, 
“grade” refers to the slope of a surface with respect to a level 
plane at the point the grade is measured. Most commonly, 
grade is measured in terms of the vertical rise in the Surface 
divided by the horizontal run of the surface along a particular 
distance, and its value is typically expressed as a percentage. 
It should be appreciated, however, that the invention is not 
limited in this respect, and that grade may be measured in any 
of a number of alternative ways. 
0523 Empirical measurements have shown that a user's 
fitness index (FI) increases and decreases approximately lin 
early with corresponding increases and decreases in the value 
of the grade of the surface on which the user is walking or 
running. Therefore, once the linear relationships between FI 
and the current walking or running grade are known for a 
given user, an approximation of the actual value of the grade 
on which the user 112 is walking or running may be made by 
analyzing changes in the value of FI with respect to the value 
of FI when the user walks or runs on a flat (i.e., “O %') grade. 
Alternatively, a higher-order polynomial may be generated to 
more accurately reflect the actual relationship between FI and 
the current walking or running grade. 
0524. This information regarding the grade of the surface 
on which the user 112 is walking or running may be used, for 
example, to correct calculated values of Pace, Speed, distance 
traveled, and/or expended energy to account for the changes 
in Surface grade. This value correction may be based upon a 
simple determination that a non-zero grade condition exists 
(e.g., determining that the user is on one of three Surfaces: 
negative grade, level Surface, or positive grade), or may be 
based upon a determination of the actual value of the grade 
(e.g., a percent grade). In addition, information regarding 
changes in Surface grade can be exploited to identify changes 
in the altitude of the user 112 while the user is walking or 
running. Information regarding altitude changes may be 
stored in memory, along with corresponding distance mea 
Surements, and may be used for a number of purposes. For 
example, in one embodiment of the invention, such informa 
tion may be transferred (e.g., via a wireless communication 
link) to the computer 428, where it may be displayed to the 
user in graph form. For example, a graph may be displayed 
that shows, for a particular outing, changes in altitude over the 
distance of the outing. In one embodiment, a second graph 
may be Superimposed over the altitude/distance graph show 
ing, for example, changes in pace over the distance of the 
outing. The computer 428 and/or the server 442 may analyze 
the received data to evaluate, for example, the degree by 
which a user's pace or speed changes in response to changing 
grades or altitudes. This information may therefore be used to 
provide feedback to the user regarding the effectiveness or 
effort level exerted during a given workout. 
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0525. It should be appreciated that any of a number of 
other measurable variable physiological parameters (i.e., 
physiological parameters such as respiration rate, blood pres 
Sure, body temperature, lactate level, etc.) may alternatively 
or additionally be determined and combined with a measured 
foot contact time or other performance parameter (e.g., speed, 
pace, energy expenditure, etc.) to yield a calculated parameter 
reflecting useful information. We have recognized that at least 
Some of Such variable physiological parameters, e.g., respi 
ration rate, are related to heart rate. Therefore, when a vari 
able physiological parameter such as respiration rate (which 
is related to heart rate) is combined with a measured foot 
contact time or other performance parameter (e.g., pace, 
energy expenditure or the like), a fitness index value may be 
yielded in a manner similar to that in which a fitness index 
value is yielded when heart rate and foot contact time or 
another performance parameter are combined as discussed 
above. When applicable, the fitness index so calculated may 
be used in any of the ways or for any of the purposes that the 
fitness index described above is used. It should be appreci 
ated, of course, that the invention is not limited to the com 
binations of performance parameters and variable physi 
ological parameters that yield Substantially constant values, 
as useful information may also be derived from combinations 
of performance parameters and variable physiological 
parameters having values that change in response to increases 
in the user's speed, etc. For example, a such a calculated 
parameter may be used as an indicator of the user's effort 
level during an outing. Therefore, various embodiments of the 
invention may combine any measured performance param 
eter (e.g., foot contact time, foot loft time, step time, speed, 
pace, energy expenditure, distance traveled, etc.) with any 
measured variable physiological parameter (e.g., heart rate, 
respiration rate, body temperature, lactate level, etc.) to yield 
a useful result. 

0526. As shown in FIG. 4, in one illustrative embodiment 
of the invention, the foot-mounted unit 102 includes an altim 
eter 426 to measure the current altitude (with respect to a 
reference altitude such as sea level) of the user 112. The 
altimeter 426 may be disposed on the user 112 in any of a 
number of ways, and need not be included in the foot 
mounted unit 112. 
0527. For example, the altimeter 426 may alternatively be 
disposed within the wrist-mounted unit 104, the chest 
mounted unit 106, or elsewhere on the user 112. The output 
from the altimeter 426 may be exploited in any of a number of 
ways. For example, information from the altimeter 426 may 
bestored in memory and/or transferred to the computer 428 or 
the server 442 for display on the display 438 and/or analysis, 
as discussed above. 

0528. In one embodiment, the output from the altimeter 
426, together with distance traveled measurements, may be 
used to determine a grade of the surface on which the user 112 
is walking or running. This determination of grade may then 
be used to calculate or correct calculated values such as Pace, 
Speed, distance traveled, energy expenditure, and the like, in 
a manner similar to that discussed above. Such performance 
parameters therefore may be calculated based upon measured 
altitudes of the user. 

0529. As discussed above, information regarding any of 
the parameters and values discussed herein may be transmit 
ted from the foot-mounted unit 102 and/or the wrist-mounted 
unit 104 to the computer 428, and possibly the network server 
442. Once this information is so transferred, software execut 
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ing on the computer 428 and/or the network server 442 may 
analyze and/or process it so as to provide meaningful feed 
back to the user, for example, in the form of graphs, charts, 
data logs, etc. For example, the user may view (e.g., on the 
display 438) displayed information Such as graphs (e.g., time 
lapse graphs), charts, and/or data logs representing: (1) daily, 
weekly, monthly, yearly values (and/or any of the forgoing 
measured to date) of: (a) total distance traveled while walking 
and/or running, (b) total time spent walking and/or running, 
(c) average pace or speed while walking and/or running, 
and/or (c) average fitness index; (2) average pace, speed, heart 
rate, stride length, cadence (stride rate), caloric burn rate, 
acceleration, and/or elevation per unit of choice (e.g., per mile 
or per minute) during a particular outing; and/or (3) mileage 
traveled by, or an amount of accumulated stress encountered 
by, a respective pairs of running shoes or by a particular user; 
etc. A few examples of Such graphs and charts that may be 
displayed to the user are discussed below in connection with 
FIGS. 33A-37. When appropriate, any combination of the 
above-identified items may be combined on the same graph 
So as to “tell the story of a particular outing. For example, a 
user's average pace, heart rate, and course elevation, may be 
shown simultaneously on a per-unit distance (e.g., per mile) 
basis, thereby giving the person reviewing the graph suffi 
cient information to understand the correlation between 
changes in Such values during the race, e.g., a significant 
increase in elevation may be found to correlate with the user's 
decrease in speed and increase in heart rate, or vice versa. 
0530. The graphs of FIGS.33A-36B and the chart of FIG. 
37 illustrate examples of how different types of information 
may be displayed to the user (e.g., using the display 438 of the 
computer 428) based upon data accumulated while the user is 
in locomotion on foot (i.e., data accumulated using an ambu 
latory device). 
0531. The graph of FIG.33A shows both measured speed 
and measured stride lengths of the user as a function of 
distance during a four hundred meter race. Specifically, the 
curve 3302A represents the measured speed of the user 112 as 
a function of distance during the race, and the curve 3304A 
represents measured stride lengths of the user 112 as a func 
tion of distance during the race. Curves 3302B and 3302B in 
the graph of FIG. 33B are based upon the same values as are 
the curves 3302A and 3302A, respectively; however, the val 
ues shown therein have been averaged over fifty meter inter 
vals. The stride length of a user is the distance between 
locations where the left foot and the right foot of the user, or 
Vice versa, make contact with the ground during a complete 
footstep (defined above) taken by the user. A user's stride 
length therefore may be calculated by dividing the distance 
traveled during a complete footstep by two. The stride length 
for a given footstep may be calculated, for example, either (1) 
by dividing the measured step time (Ts) for the footstep by 
two times the calculated pace during the footstep (i.e., TS/ 
(2*Pace) (and converting to different units, if desired), or (2) 
by multiplying the calculated speed during the footstep by the 
measured step time (Ts) for the footstep, and dividing the 
result by two (i.e., TsSpeed/2) (and converting to different 
units, if desired). 
0532. The graph of FIG. 34A shows both measured speed 
and measured Stride rate (cadence) of the user as a function of 
distance during a four hundred meter race. Specifically, the 
curve 3302A represents the measured speed of the user 112 as 
a function of distance during the race, and the curve 3402A 
represents the cadence of the user 112 as a function of dis 
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tance during the race. Curves 33028 and 3402B in the graph 
of FIG.34B are based upon the same values as are the curves 
3302A and 3402A, respectively; however, the values shown 
therein have been averaged over fifty meter intervals. The 
cadence for each footstep may be calculated, for example, by 
taking the inverse of the measured step time (Ts) for that 
footstep, and (if desired) adjusting the units of the value so 
obtained to a typical measure Such as StepS/minute. 
0533. The graph of FIG. 35A shows both measured speed 
and measured caloric burn rate of the user as a function of 
distance during a four hundred meter race. Specifically, the 
curve 3302A represents the measured speed of the user 112 as 
a function of distance during the race, and the curve 3502A 
represents the caloric burn rate of the user 112 as a function of 
distance during the race Curves 3302B and 35028 in the graph 
of FIG. 358 are based upon the same values as are the curves 
3302A and 3502A, respectively; however, the values shown 
therein have been averaged over fifty meter intervals. The 
caloric burn rate for each footstep may be calculated, for 
example, in the manner described in U.S. Pat. No. 5,925.001, 
incorporated by reference above. 
0534. The graph of FIG. 36A shows both measured speed 
and measured acceleration of the user as a function of dis 
tance during a four hundred meterrace. Specifically, the curve 
3302A represents the measured speed of the user 112 as a 
function of distance during the race, and the curve 3602A 
represents the acceleration of the user 112 as a function of 
distance during the race. Curves 3302B and 3602B in the 
graph of FIG. 36B are based upon the same values as are the 
curves 3302A and 3602A, respectively; however, the values 
shown therein have been averaged over fifty meter intervals. 
The acceleration for each footstep may be calculated, for 
example, by calculating the change in speed between foot 
steps (e.g., by Subtracting the speed measured during the 
footstep succeeding the current footstep from the speed mea 
Sured during the footstep preceding the current footstep), and 
dividing that value by the measured step time (Ts) for the 
current footstep (and converting to different units, if desired). 
0535. The chart of FIG. 37 includes entries for race time, 
split time, average speed (both meters-per-second and miles 
per-hour), average stride length (both meters and feet), aver 
age stride rate, average caloric burn rate, total calories burned, 
and acceleration, each calculated based upon fifty meterinter 
vals of a four hundred meter race. 

0536. In addition to calculating pace based upon the mea 
Sured foot contact time for a footstep (as discussed above in 
connection with FIG. 8), and calculating speed based upon 
the inverse of the measured foot contact time for a footstep (as 
discussed above in connection with FIG. 13), we have dis 
covered that it is also possible to calculate the Pace of a user 
during a particular footstep based upon the measured step 
time (Ts) for that footstep, and to calculate the Speed of the 
user during a particular footstep based upon the inverse value 
of the measured step time (1/Ts) for that footstep. Examples 
of empirically measured relationships between Pace and Ts 
and between Speed and 1/Ts for a particular user 112 (when 
the user 112 is walking) are shown as lines 3802 and 3902 in 
FIGS. 38 and 39, respectively. Because these relationships 
are approximately linear, linear equations can be derived that 
define them with Substantial precision, and Such equations 
can be used to calculate the pace and/or speed of the user 
while the user is in locomotion on foot simply by measuring 
the step times of the user. These lines may be identified and 
calibrated for a particular user using any of the techniques 
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discussed above in connection with the Pace vs. Tc and Speed 
vs. 1/Tc lines. The measured values of Speed and/or Pace 
obtained using the relationships of FIGS. 38 and 39 can also 
be used in any of the ways and for any of the purposes 
discussed elsewhere herein. For example, parameters such as 
distance traveled, average speed, average pace, etc. may be 
calculated based upon the calculated Speed and/or Pace val 
ues. Although only the “walking curves 3802 and 3902 are 
shown in FIG. 38, it should be appreciated that separate, 
different lines or curves may also be employed to calculate 
Speed and/or Pace values, based upon measured step times, 
when the user 112 is running. Whether a “walking” or “run 
ning line is to be used for a particular footstep may be 
determined in the same or similar manner as is done in con 
nection with the Pace vs. Tc and Speed vs. 1/Tc curves dis 
cussed above. 
0537. It is known that the average amount of force (F) 
exerted on the ground by a user during a footstep taken by the 
user may be calculated using the equation (29) below: 

wherein “W' is equal to the weight of the user. 
0538. In one embodiment of the invention, Ts and Tc 
values are measured during respective footsteps of the user 
during an outing, and the equation (29) is used to measure a 
value representing a total amount of stress exerted by the user 
(Accumulated Stress) during that outing. One way this can be 
accomplished is by maintaining a running total of per-foot 
step average force measurements (calculated using the equa 
tion (29)) throughout the outing, e.g., using the equation (30) 
below: 

Accumulated Stress=XF =X(WTS),(2*Tc). (30) 

0539 Alternatively, average values of Tc and Ts can be 
calculated for the outing and can be inserted in the equation 
(29) to obtain a value of Ft. The value of Ft. So obtained 
then can be multiplied by the number of steps taken by the 
user to yield the value of Accumulated Stress. In either case, 
foot-mounted unit 102 and/or the wrist-mounted unit 104 
may obtain the values of Ts and Tc, and either of these units, 
or one or more other devices, such as the computer 428 and/or 
the network server 442, may be employed to calculate the 
values of F and/or Accumulated Stress. It should be appre 
ciated that the value of Accumulated stress may be scaled by 
a particular factor to render a value that is easier to compre 
hend and store in memory. In Such a situation, the factor of 
two in the denominator of equations (29) and (30) could be 
omitted, as it would be included in the Scaling factor that was 
employed. Separate values of Force and/or Accumulated 
stress may be obtained forwalking or running, if desired. Any 
of the techniques discussed above for distinguishing between 
occasions when the user 112 is walking or running may be 
employed for this purpose. 
0540 Values of Accumulated Stress may also be accumu 
lated over more than one outing, if desired. One application 
for this type accumulated information is to measure the 
amount of stress encountered by a pair of shoes over the 
lifetime of the shoes. The stress accumulated on a per-outing 
basis can also be employed by a user to permit the user to 
gauge the stress encountered during each outing, and adjust or 
plan his or her workout routine accordingly to minimize the 
risk of injury or to optimize a workout regime during the 
current workout or during future workouts. For example, a 
beginning runner may be advised to increase the amount of 
stress encountered during Successive runs at a gradual rate, 
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and thereby minimize the risk of overexertion before his or 
her body is physically conditioned to withstand certain levels 
of stress. 

0541. We have recognized that, when Accumulated Stress 
is measured as discussed above, as the Speed of the user 
increases (and the user's Pace decreases accordingly), the 
amount of Accumulated Stress exerted per unit of time (e.g., 
per minute) tends to increase, whereas the amount of Accu 
mulated Stress per unit of distance (e.g., per mile) tends to 
decrease. This phenomenon is illustrated both in the chart of 
FIG. 40 and the graph of FIG. 41. 
0542. In the chart of FIG. 40, average values of Tc and Ts 
for a particular user (weighing 150 pounds) traveling at each 
of several paces and speeds are used to calculate correspond 
ing values of average ground force using the equation (29). 
The chart of FIG. 40 also shows values of Stress Per “/10 
Mile and Stress Per Minute, with each of these values being 
calculated by multiplying the average ground force value by 
the number of steps taken during the corresponding time or 
distance interval. The curve 4102 in FIG. 41 represents the 
relationship between Accumulated Stress measured on a per 
minute basis for a particular user and the Speed of the user. 
The curve 4104 in FIG. 41 represents the relationship 
between Accumulated Stress measured on a per-/10 mile 
basis for a particular user and the Speed of the user. If desired, 
these types of charts or curves for Accumulated Stress, or 
other information calculated based thereupon, can be gener 
ated and displayed using any of the devices in the system of 
FIG. 4. 

0543. It should be understood that each of the features, 
techniques, and capabilities of the devices and systems 
described herein may be employed in combination with any 
of the other described features, techniques, and capabilities, 
and the invention is not limited to the particular combinations 
of features, techniques, and capabilities described herein. For 
example, any of the described features, capabilities, or tech 
niques with regard to the display of certain performance 
parameters and/or variable physiological parameters, or 
graphs, charts, etc., based thereon, can be employed in com 
bination with any of the described features, capabilities or 
techniques involved with accumulating data during footsteps 
taken by the user, or performing or optimizing calculations 
based thereupon (e.g., calibrating Pace Vs. Tc or TS and/or 
Speed vs. 1/Tc or 1/Ts lines). 
0544 Having thus described at least one illustrative 
embodiment of the invention, various alterations, modifica 
tions and improvements will readily occur to those skilled in 
the art. Such alterations, modifications and improvements are 
intended to be within the spirit and scope of the invention. 
Accordingly, the foregoing description is by way of example 
only and is not intended as limiting. The invention is limited 
only as defined in the following claims and the equivalents 
thereto. 

We claim: 

1. A unitary apparatus configured to be worn by a user, 
compr1S1ng: 

a unitary body, further comprising: 
a processor, 

a user interface; 
a sensor in operative communication with the processor, 

and configured to capture motion data indicative of an 
elevation of the user; and 
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a non-transitory computer-readable medium comprising 
computer-executable instructions that when executed 
by the processor perform at least: 
receiving the motion data from the sensor; 
identifying, from the motion data, a change in eleva 

tion of the user over a period of time; 
estimating a heart rate of the userby correlating to the 

identified change in elevation of the user over the 
period of time; and 

generating a graphical representation of the estimated 
heart rate and outputting the graphical representa 
tion to the user interface. 

2. The unitary apparatus of claim 1, wherein rates of 
changes in elevation correlated to heart rates are stored in the 
non-transitory computer-readable medium. 

3. The unitary apparatus of claim 2, wherein the unitary 
apparatus is calibrated by: 

measuring heart rates of the user at different elevations. 
4. The unitary apparatus of claim3, wherein the measured 

heart rates are received from a heart rate monitor during a 
calibration process. 

5. The unitary apparatus of claim 1, wherein the user inter 
face is configured to display real-time activity information 
associated with motion of the user. 

6. The unitary apparatus of claim 5, wherein the real-time 
activity information displayed by the user interface includes 
the estimated heart rate of the user. 

7. The unitary apparatus of claim 5, wherein the real-time 
activity information displayed by the user interface includes 
an average speed of the user. 

8. The unitary apparatus of claim 1, wherein the unitary 
apparatus is configured to be worn on a wrist of the user. 

9. The unitary apparatus of claim 8, wherein the unitary 
apparatus is further configured to calculate an estimated heart 
rate of a second user using received second motion data for 
the second user. 

10. An apparatus, comprising: 
a processor; 
an interface; 
a sensor configured to capture motion data indicative of an 

elevation of a user, and 
memory storing computer-readable instructions that, when 

executed by the processor, cause the apparatus to: 
receive the motion data from the sensor; 
identify, from the motion data, a change in elevation of 

the user over a period of time; 
estimate a heart rate of the user by correlating to the 

identified change in elevation of the user over the 
period of time; and 

output the estimated real-time heart rate to the interface. 
11. The apparatus of claim 10, wherein the computer 

readable instructions, when executed by the processor, are 
configured to calibrate the apparatus by: 

measuring, using a hear rate monitor, heart rates of the user 
at a plurality of different elevations. 

12. The apparatus of claim 10, wherein the computer 
readable instructions, when executed by the processor, are 
further configured to: 

calculate an athletic performance parameter of the user 
from the motion data. 

13. The apparatus of claim 12, wherein the athletic perfor 
mance parameter comprises an energy expenditure of the 
USC. 
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14. The apparatus of claim 12, wherein the athletic perfor 
mance parameter comprises a running speed. 

15. The apparatus of claim 10, wherein the sensor com 
prises an accelerometer. 

16. The apparatus of claim 10, wherein the sensor com 
prises a locating-determining sensor. 

17. The apparatus of claim 10, wherein the apparatus is 
configured to be worn on a wrist of the user. 

18. The apparatus of claim 10, wherein the user is associ 
ated with a user profile accessible in the apparatus using a user 
ID. 

19. A non-transitory computer-readable medium compris 
ing computer-executable instructions that when executed by a 
processor are configured to perform at least: 

capture sensor data generated by a sensor as a result of a 
motion of a user, the sensor data indicative of an eleva 
tion of the user; 

identify, from the sensor data, a change in elevation of the 
user over a period of time; 

estimate a heart rate of the user by correlating to the iden 
tified change in elevation of the user over the period of 
time; and 

output the estimated heart rate to an interface. 
20. The non-transitory computer-readable medium of 

claim 19, wherein the instructions, when executed by the 
processor, are configured perform a calibration to calculate 
heart rates of the user at different elevations. 

k k k k k 


