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(57) ABSTRACT 

A system for detecting, tracking, displaying and identifying 
repetitive movement, including a sensor configured to sense 
movement, and in particular static acceleration, along at 
least a first horizontal axis, and ideally about a second 
horizontal axis, with respect to a vertical axis and a proces­
sor to generate output signals therefrom for audible and 
visual display of information that can include movement 
identification, movement patterns, and to further include 
elapsed time, start and stop times, breathing patterns, and 
variations thereof from a reference. 
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Figure lA 

Figure 1B 
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Figure 3: The accelerometer is not submitted to 
elongation or compression forces. 
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Figure 4: The accelerometer is 
submitted to the force of 

gravity (static acceleration). 

Figure 5: System in free fall 
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Figure 6: Accelerometer laying at an angle 

Axis of Angle a Sinus a Aa 
Sensitivity 0 0.00 

10 0.17 0.17 
20 0.34 0.17 
30 0.50 0.16 
40 0.64 0.14 
50 0.77 0.13 

Axis of 
60 0.87 0.10 

Sensitivity 70 0.94 0.07 
80 0.98 0.04 
90 1 0.02 

Figure 7 Axes of sensitivity 
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Figure 8: Dynamic acceleration applied to the system 

1-------------------------------------, 
: 28 ~[ RJ~~i!v }- j : 2.0 

I
i -----~ I / 

I 
I 
I 

I 
I 
I 

I 
I 

I 
I 
I 
I 
I 
I 

I 
I 
I 

I 
I 
I 

I 
I 

21 

2. 2. 

Display Unit ~ 

2. 7 

SRAM 

23 
Micro-controller 

Accelerometer 
_ Sena! 

z~ compass 

31 Y-Ax1s .__ _ __,., Counter 1 

Figure 9 

IPR2025-00195 
Garmin EX1022 Page 6



Patent Application Publication Jul. 24, 2003 Sheet 6 of 20 

36 

34 A-B 

~-'""-' --\-?~~---·------+~-----

3 2.. 

Figure 10 

42 

US 2003/0138763 Al 

I 
~ 30 

i 

52. 

IPR2025-00195 
Garmin EX1022 Page 7



Patent Application Publication Jul. 24, 2003 Sheet 7 of 20 US 2003/0138763 Al 

Figure llA Figure llB 

Breaststroke 

Figure 12A Figure 12B 
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Figure 13A Figure 13B 

Backstroke 

Figure 14A Figure 14B 
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Figure 19: Example of digital samples captured by the accelerometer at SOHz 
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Figure 20: Illustration of an interval of confidence representing lOOms. Sample 8 is 
a peak centered within an interval of lOOms 
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Figure 21: 1st digital sample is compared to its 2 closest neighbors to the right 
(no data available to the left) 
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Figure 22: 2nd digital sample is compared to its 2 closest neighbors to the right 
and unique neighbor to the left 
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Figure 23: 3rd digital sample is compared to its 2 closest neighbors to the right and 
left (general situation) 
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Figure 24: ih digital sample is a peak 
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Figure 25: Last sample is compared to its 2 closest neighbors to the left. 
A total of three peaks were detected by the system 
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Figure 26: Digital sample 2 is compared to its immediate neighbors to the right and 
to the left. 
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The fast algorithm allows a comparison of peak contenders within 
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Figure 28 
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Smee Val(5)>Val(3), Val(3) is rejected as a peak and 
Val(5) is the new contender that must be compared 
to other contenders in the interval n/2 to his right. 
Including Val(S) the interval of comparison displayed 
in yellow covers 1 +n/2 samples. 
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Figure32 

Since Val(8) and Val(9) are not 

12 contenders, Val(?) becomes a peak 
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a peak in the interval of confidence 
n ! (see accompanying text) 
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Figure34 

IPR2025-00195 
Garmin EX1022 Page 17



Patent Application Publication Jul. 24, 2003 Sheet 17 of 20 US 2003/0138763 Al 

12 
11 
10 
9 

8 

7 • • 
6 • i • 5 • • 
4 • • • • • 
3 • • 
2 • • • 

t 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 35 

12 
11 
10 
9 
8 

7 • • 
6 • 5 • 
4 • • • 
3 • • 
2 • • 

t 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 36 

12 
11 
10 
9 

8 

7 • • 6 • • 5 • : :e 
4 • • • • • 3 • 
2 • • 

f: t 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 37 
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Figure 39 

12 

11 

10 

9 
8 

7 • • 
6 • 
5 • • 
4 • • • • 
3 • • 2 • • • 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 40 
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Figure 41: Three peaks 

I 
Figure 42: Butterfly (stroke frequency 0. 7 Hz). Maxima and minima are displayed 

Figure 43: Butterfly. Maxima and minima are displayed 
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Figure 44: Backstroke. Maxima and minima are displayed 

Figure 45: Backstroke (stroke frequency 0.4 Hz). Maxima and minima are displayed 

Figure 46 
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SYSTEM FOR MONITORING REPETITIVE 
MOVEMENT 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention pertains to a system for 
detecting, tracking, displaying, and identifying repetitive 
movement of the human body, and more particularly, to a 
method and apparatus for monitoring human performance, 
including identification of movements, displaying variation 
in movement patterns, and detecting breathing patterns. 

[0003] 2. Description of the Related Art 

[0004] Numerous methodologies and related devices exist 
for tracking movement of the human body, especially in the 
context of sporting activities, with the goals of improving 
performance and reducing injuries. One technique uses an 
accelerometer mounted on the body to detect movement by 
sensing acceleration and deceleration of the body. 

[0005] There are two components of acceleration, typi­
cally identified as "static acceleration" and "dynamic accel­
eration." Static acceleration is prolonged acceleration, usu­
ally in one direction, such as the acceleration from gravity; 
whereas dynamic acceleration is created by rapid variations 
in velocity, such as caused by vibration and shock. Accel­
erometers will always detect both static and dynamic accel­
eration. In the absence of any motion, an accelerometer will 
always detect a static acceleration, which is the acceleration 
from gravity. Depending on the conditions under which an 
accelerometer is used, one of these two components of 
acceleration will prevail. The static acceleration will be 
generated from a change in position of the accelerometer 
with respect to a vertical axis used as a reference. For 
example, in the case of a swimmer, the motion of the body 
(rotation of the torso in crawl and backstroke and tilting of 
the torso in breaststroke and butterfly) will create a static 
acceleration that is much larger than the dynamic accelera­
tion along the axis of motion resulting from the arm pull. On 
the other hand, an accelerometer used to measure accelera­
tion and deceleration of a vehicle on a flat, straight road will 
generally only detect the dynamic acceleration (or decelera­
tion). There will be no static acceleration relative to a 
vertical axis used as a reference because the position of the 
vehicle with respect to the vertical axis is unchanged. 

[0006] One example of an accelerometer used in detecting 
human movement is described in U.S. Pat. No. 5,685,722 
issued to Taba for electronic timing swimmer's goggles. 
Taba describes a three-axis accelerometer that is supposed to 
detect absolute variations in dynamic acceleration. The 
accelerometer is attached to the swimmer's goggles in a 
position to detect the swimmer's movement along an axis 
that is parallel to the direction of travel. Using a linear 
regression analysis method, Taba purports to count the 
swimmer's laps by determining when the swimmer starts, 
stops, and performs a turn. One disadvantage of this 
approach is the limited information it provides. Another 
disadvantage is poor performance due to the weak signals 
generated from the accelerometer because monitoring 
dynamic acceleration along the axis of motion produces very 
weak signals that tend to be lost or corrupted. 

[0007] More particularly, Taba asserts that his device can 
detect the motion of a swimmer along the axis of motion 
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from the dynamic acceleration. This would be true on a 
subject that moves without creating any static acceleration. 
An example would be a car or train on a flat, straight path. 
Because the body of a swimmer in Taba's application is 
constantly moving at any angle with respect to the vertical 
axis, a large static acceleration signal is generated that is 
superimposed on the weak dynamic acceleration signal. To 
remove this static component, it is necessary to have a fixed 
reference and have knowledge of the position of the swim­
mer with respect to the vertical axis at all times in order to 
subtract the static component from the global signal received 
by the sensor. Having the sensor attached to the swimmer as 
Taba teaches does not enable discrimination between the 
signal amplitude resulting from a change of angle with 
respect to the vertical axis and signal amplitude resulting 
from dynamic acceleration. Thus, the three-axis accelerom­
eter as taught by Taba fails to get the swimmer's position 
from a fixed reference at all times, and when this condition 
is not met, the motion of the swimmer along the axis of 
motion cannot be known. 

[0008] In addition, Taba teaches taking all the points of a 
received signal over one period and using a linear regression 
analysis method to characterize these points by two data 
defining a linear equation (m for slope and b for the linear 
equation y=m*x+b). Taba purports to repeat this process for 
a subsequent period and then compare the values of m and 
b, declaring the periods to be the same when these values are 
the same. However, Taba fails to teach how periodicity is 
determined. Without this fundamental teaching, Taba's 
invention cannot be practiced. In addition, Taba ignores the 
rupture of periodicity that occurs during starts and turn. 
Without detecting these ruptures and taking them into 
account, including extracting them mathematically, which 
Taba does not disclose, it is not possible to provide accurate 
and useful data. 

[0009] Hence, there is a need for a device that produces 
valid and reliable information regarding continuous repeti­
tive movement, including not just starting, stopping, and 
turning, but information regarding the type of movement, 
changes or variation in movement patterns, and other per­
formance parameters, such as breathing patterns. 

BRIEF SUMMARY OF THE INVENTION 

[0010] The disclosed and claimed embodiments of the 
invention are directed to a system for monitoring repetitive 
movement, and which can include the detection of breathing 
patterns, starts, stops, and turning movements, such as 
course reversals. In one embodiment, a device is provided 
for determining information about repetitive movement, 
ideally about repetitive movement of a human body. The 
device includes a sensor assembly mounted to the human 
body comprising at least one acceleration sensor generating 
at least one acceleration signal; and a processor coupled to 
the sensor assembly and configured to determine at least one 
from among movement identification, movement pattern, 
and breathing pattern. 

[0011] In accordance with another embodiment of the 
invention, a device is provided for determining and provid­
ing information about the repetitive movement of a swim­
mer's body, the device including a sensor comprising first 
and second accelerometers configured to generate first and 
second signals, and a processing circuit configured to 
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receive the first and second signals and to provide real-time, 
continuous signals of the swimmer's stroke pattern. Ideally, 
the system is also configured to provide real-time, continu­
ous signals identifying the swimmer's breathing pattern, and 
in addition the swimmer's kicking pattern. Preferably, the 
processor also provides an identification of the swimmer's 
stroke. 

[0012] In accordance with another aspect of the foregoing 
embodiment, a display device is provided for displaying a 
real-time, continuous signal of the swimmer's stroke pattern, 
and alternatively of the swimmer's breathing pattern, and in 
a further alternative of the swimmer's stroke identification, 
stroke pattern, kick identification, kick pattern, and breath­
ing pattern. The information may also be provided audibly, 
such as through an earpiece or a speaker. 

[0013] In accordance with another embodiment of the 
invention, a device for monitoring repetitive movement of a 
human body is provided. The device includes a sensor 
apparatus configured to be mounted to the human body and 
to generate signals corresponding to acceleration of the 
human body about a first axis and about a second axis, 
respectively; and a processor configured to receive the 
signals and to generate therefrom at least one movement 
signal corresponding to a movement pattern of the human 
body. In one embodiment, the first and second axes are 
orthogonal to each other and lie within a horizontal plane, 
and orientation with respect to a vertical axis is analyzed. 
Ideally, the processor is configured to generate a plurality of 
signals corresponding to one or more of movement identi­
fication, movement count, movement pattern, of a selected 
area of the human body, as well as the breathing pattern. 

[0014] In accordance with a further embodiment of the 
invention, a method is provided for monitoring repetitive 
movement of a human body, the method including mounting 
first and second accelerometers to the human body, the first 
accelerometer mounted to detect movement about a first axis 
that is parallel to the direction of movement of the human 
body, the second accelerometer mounted to detect move­
ment about a second axis that is perpendicular to the first 
axis, and to detect acceleration therefrom with respect to a 
vertical axis; receiving signals from the first and second 
accelerometers in response to movement of the human body 
about the first and second axes with respect to a vertical axis; 
and processing the signals to determine the identification of 
the movement of the human body about the first and second 
axes and the changes in the movement over time. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0015] The features and advantages of the disclosed and 
claimed embodiments of the invention will be more readily 
appreciated as the same become better understood from the 
detailed description when taken in conjunction with the 
following drawings, wherein: 

[0016] FIGS. lA-lC are side views of a swimmer per­
forming a butterfly; 

[0017] FIGS. 2A-2E are side views of a swimmer per­
forming a crawl stroke, and FIGS. 2F-2J are corresponding 
front views of a swimmer performing the crawl stroke; 

[0018] FIGS. 3-8 are diagrams illustrating the measure­
ment of static and dynamic acceleration under various 
conditions and orientations; 
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[0019] FIG. 9 is a block diagram of the components of a 
system formed in accordance with one embodiment of the 
invention; 

[0020] FIG. 10 is an isometric projection of the system of 
the present invention used in conjunction with a swimmer; 

[0021] FIGS. llA-llB, 12A-12B, 13A-13B, and 14A-
14B are illustrations of waveform displays generated in 
conjunction with corresponding illustrated butterfly, breas­
troke, crawl, and backstrokes, respectively, as actually per­
formed by a swimmer; 

[0022] FIGS. 15A-15B, 16, and 17 are illustrations of 
waveform displays generated in conjunction with illustrated 
flip turns and two starts, respectively, as actually performed 
by a swimmer; 

[0023] FIG. 18 is a diagram of one embodiment of the 
sensing and display system for goggles formed in a accor­
dance with the present invention; 

[0024] FIGS. 19-20 are plots of digital samples illustrating 
intervals of confidence; 

[0025] FIGS. 21-25 are plots of digital samples showing a 
first method of peak detection; 

[0026] FIGS. 26-41 are plots of digital samples illustrating 
a second method of peak detection; 

[0027] FIGS. 42-45 are plots of the performance of two 
swimmers showing peak detection of the second method of 
the present invention; and 

[0028] FIG. 46 is an illustration of the display of infor­
mation through the goggles as seen by the swimmer. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0029] A representative embodiment of the invention will 
now be described as used by an athlete in the context of 
swimming. However, it is to be understood that the present 
invention will have application to other activities involving 
continuous repetitive movement, such as running, walking, 
cycling, rowing, and the like. It will also have application to 
the physical re-education of injured parts of the body, such 
as arms and legs, as well as to "virtual coaching" where the 
quantitative data can be analyzed and coaching feedback 
provided in real time, including over the Internet and the 
like. 

[0030] While the use of accelerometers to detect accelera­
tion of the swimmer's body in a direction parallel to the 
direction of travel may be sufficient for determining starting 
and stopping times, the signals generated therefrom tend to 
be non-specific for characteristics of stroke, kick, and 
breathing. Because human skeletal components cooperate 
by hinged movement about rotational axes, their motion 
tends to be rotational instead of linear. Referring to FIGS. 
lA through lC, shown therein is the rotational movement 
of a swimmer's torso 12 about a transverse axis X at the 
swimmer's waist 14 during a butterfly stroke. Similarly, 
shown in FIGS. 2A-2J is the rotational movement of the 
swimmer's torso 12 about a longitudinal axis Y In crawl and 
backstroke, motion of the swimmer is mostly characterized 
by a rotation of the torso about the longitudinal axis Y. In 
breaststroke and butterfly, the motion of the swimmer's torso 
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is mostly characterized by a tilt (up/down movement), 
referred to herein as "pitch" about the transverse axis X. 

[0031] The disclosed embodiments of the invention rely 
primarily on detecting and measuring static acceleration. In 
order to understand the principles of operation of the present 
invention, it is necessary to review the function of acceler­
ometers in general. 

[0032] All accelerometers can be modeled by a spring 
attached to a mass. When the spring is not subjected to any 
elongation or compression forces, the center of gravity of the 
mass attached to it defines a reference or zero scale. This is 
illustrated in FIG. 3, where the system is laying on a 
horizontal plane (The arrow indicates a pointer to a gradu­
ated scale and not a vector). 

[0033] FIG. 4 shows the same system on a horizontal 
plane, but rotated 90 degrees counterclockwise in the front 
view so that the left side is now in contact with the horizontal 
surface. In this situation, the suspended mass creates an 
elongation ( dx) of the spring, proportional to the force of 
gravity. Since the system is idle, there is no other accelera­
tion force than gravity, and the relation P-R=0 exists, with 
P the downward force exercised on the mass m (P=m*g, m 
the mass and g the force of gravity), and the reaction R 
(minus sign indicates a force of opposite direction to P) 
resulting from the elongated spring. R=K*dx, with K a 
constant characterizing the elasticity of the spring. 

[0034] Therefore, proportionality between the elongation 
( dx) of the spring and the force of gravity (g) is established 
by the relation m*g=K*dx. The elongation of the spring 
caused by the force of gravity is also called the static 
acceleration. 

[0035] From this explanation, it is important to note that 
accelerometers measure and report the amplitude of the 
force that is modeled by the elongations of the spring. In the 
particular condition of FIG. 4, the accelerometer provides a 
direct measure of the force of gravity (static acceleration). 

[0036] Free Fall 

[0037] Another situation 1s the free fall of the whole 
system along a vertical axis (see FIG. 5). Under these 
conditions, the only force F applied to the system is its own 
weight P. The dynamics equation links the force F to the 
acceleration a by the relation: F m*a. On the other hand, 
p=m*g. Since F=P in the case of a free fall of the entire 
system, we can write a=g and demonstrate at the same time 
that the spring is not submitted to any elongation and that the 
acceleration "a" is independent of the mass "m" of the 
system. 

[0038] Accelerometer Tilted at an Angle a from the Hori­
zontal Plane 

[0039] A more general situation is the case of the system 
tilted at an angle a from the horizontal axis (FIG. 6). Since 
the system is idle, the sum of all forces applied to the mass 
m equal zero: P+R+S=O, with P the force resulting from the 
weight of the system, R the reaction of the elongated spring, 
and S the force exerted by the plane supporting the mass m 
and oriented at an angle a from the horizontal axis. P can be 
represented by its components Pa and Pb as indicated in 
FIG. 6. Pa compensates for the force S, and therefore: 
Pa+S=0. 
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[0040] Pb is related to P by cos(it/2-a)=Pb/P. This relation 
can also be written Pb=P*sin a. Since the sum of all forces 
applied to the mass m equal zero and Pa+S=0, we get 
Pb+R=0 or R=P*sin a (Rand Pb have opposite signs). Since 
R=K*dx, we show that the elongation of the spring is 
proportional to sin a. 

[0041] In conclusion, when an accelerometer is standing at 
an angle from the horizontal, it measures a value of the static 
acceleration proportional to the sine of this angle. 

[0042] Note that the accelerometer is most sensitive to tilt 
when its sensitive axes are perpendicular to the force of 
gravity, i.e., parallel to the earth's surface. FIG. 7 shows that 
the change in projection of a 1 g gravity-induced accelera­
tion vector on the axis of sensitivity of the accelerometer 
will be more significant if the axis is tilted 10 degrees from 
the horizontal than if it is tilted by the same amount from the 
vertical. 

[0043] Accelerometer Receiving a Dynamic Acceleration 
Along an Angle a from the Horizontal Plane 

[0044] If a dynamic acceleration "a" is applied to the mass 
m along the slope, it creates a force F related to the 
acceleration by the relation F=m*a, and the system is 
moving upwards (see FIG. 8). The total elongation of the 
spring is now dy and has increased by a value dx' with: 
dy=dx+dx'. 

[0045] From the law of dynamics, the vector equation is: 
F=P+S+R', with F=m*a, P=Pa+Pb, and R'=K*dy. 

[0046] Therefore: m*a=Pa+Pb+S+(K*dy). Since S=Pa 
and S and Pa are two vectors of opposite sign (see FIG. 8), 
S+Pa=0. In addition, K*dy=K*dx+K*dx'. When the system 
is not in motion (i.e. not subject to the acceleration a, see 
FIG. 6), then Pb=K*dx and K*dx and Pb are two vectors of 
opposite sign. Therefore, the following equation can be 
written: m*a=K*dx'. It has been shown that the incremental 
elongation of the spring dx' is directly proportional to the 
dynamic acceleration a. 

[0047] However, the direct measure of the elongation 
provided by the accelerometer is dy. This value represents 
the sum of the elongation dx caused by the static accelera­
tion due to gravity and the elongation dx' caused by the 
dynamic acceleration dx' due to movement. 

[0048] In applying these principles to the present inven­
tion, and more particularly in the context of swimming, it 
has been shown above that an accelerometer will be most 
sensitive to tilt when its sensitive axes are perpendicular to 
the force of gravity, i.e., in a horizontal plane. Therefore, the 
device is mounted as much as possible in a horizontal plane, 
such as on the back of the swimmer or around the swim­
mer's head. 

[0049] The amplitude of the dynamic acceleration result­
ing from the traction of the arms while swimming is far less 
than the amplitude of the static acceleration resulting from 
the motion of swimmer's body in the water. Because the 
motion of the body is caused by the arm stroke and breath­
ing, the signals resulting from the static acceleration provide 
direct information of the stroke count and breathing pattern. 
The periodicity of the signal results directly from the peri­
odicity of the arm stroke. In addition, since the position of 
the body changes dramatically when a turn is performed, a 
huge variation of the amplitude and a rupture of periodicity 
of the signal are observed. 
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[0050] The amplitude of the signal acquired by the accel­
erometer is the sum of the large amplitude of the static 
acceleration and the significantly smaller amplitude of the 
dynamic acceleration. This last component cannot be easily 
extracted from the signal, as it would require the knowledge 
of the variations of position of the accelerometer with the 
swimmer's body (angle a) at any time in order to subtract the 
static component of the acceleration. 

[0051] Referring next to FIG. 9, shown therein is a block 
diagram of one embodiment of a system 20 formed in 
accordance with the present invention. This is a general 
overview of the system 20, which includes a sensor assem­
bly 22 communicating with a processor 24. The communi­
cation may be by hard wire or via wireless transmission. The 
processor 24 in turn communicates with a display unit 26 
configured to provide a display to the user. 

[0052] The sensor assembly 22, the processor 24, and the 
display device 26 may be formed as a single unit, which 
would include the power supply 17 and display driver 21, or 
the sensor assembly 22 and the processor 24 may be formed 
in a single integrated chip along with driving circuitry for the 
display device 26. Such a chip may be an application 
specific integrated circuit (ASIC). Discrete components may 
be employed at separate locations. For example, the sensor 
assembly 22 may be mounted to the user's torso and the 
processor 24 and display unit 26, which would include the 
power supply 17 and display driver 21, may be mounted to 
the user's equipment as a separate unit, such as on goggles 
or a helmet, with communication performed via radio fre­
quency (RF) transmission or via wire. 

[0053] FIG. 9 also shows another embodiment wherein 
the processor communicates with a transmitter 27 to send 
signals to a remote system 28, which can be used by coaches 
for monitoring and analyzing performance. The display 26 
viewed by the user may be a visual display, such as a 
heads-up display (HUD), or it may consist of an audible 
sound presented to the user through a speaker mounted in the 
helmet or an earpiece placed in the user's ear, or a combi­
nation of the visual display and audible sound may be 
provided to the user. A computer having additional signal 
processing capabilities can be used to communicate in real 
time with the swimmer, and on a remote computer additional 
analysis tools can be used to provide a finer analysis of the 
swimmer's performance to observers in real time or at a later 
time. 

[0054] An electromagnetic compass 31 is shown in the 
block diagram as an optional component of the sensor 
assembly 22. The compass 31 will allow open water swim­
mers to maintain their heading while swimming. The benefit 
is that swimmers will not need to interrupt their swim or lift 
their head to assess their position and regularly correct their 
direction. A similar compass sensor as the one found in cars 
to indicates the heading while driving (N. NE, E, SE, S, SW, 
W, NW) can be used in this embodiment of the invention. 

[0055] The device is initialized and calibrated by having 
the swimmer face the target (finish line at the opposite end 
of a lake for example) while wearing the goggles and before 
starting the swim, and to press a button in order to record the 
direction. While swimming, the athlete will see a cursor 
marking the set direction (reference) and a second one 
showing his/her position relative to the reference. Therefore, 
the swimmer will be able to monitor the relative position of 
both cursors ( the reference cursor being fixed and the second 
one showing any drift) and correct any change of course 
immediately. 

4 
Jul. 24, 2003 

[0056] In a preferred embodiment, the sensor assembly 22 
comprises a two-axis accelerometer 29 configured to sense 
acceleration about a first axis "Y" that is parallel to the 
direction of travel and about a second axis "X" that is 
perpendicular to the first axis. Thus, as the body tilts along 
the Y-axis, the torso rotates about the X-axis at the hips or 
waist, generating a static acceleration signal on the Y-axis. 
Similarly, as the user's body rolls or twists, the body rotates 
about the Y-axis, with the head, shoulders, and hips moving 
accordingly, generating a static acceleration signal on the 
X-axis. 

[0057] As will be appreciated from the foregoing, the 
dynamic acceleration along the path of travel, which is 
parallel to the Y-axis, is not intended or necessary to be 
sensed. The static acceleration resulting from the change in 
the position of the accelerometer with respect to the vertical 
axis, produced by the rotational movement of the swimmer 
about the Y and X axes, is captured by the sensor assembly 
22, which generates first and second acceleration signals. 

[0058] The sensor assembly 22 may be formed of first and 
second accelerometers, or a two-axis accelerometer may be 
employed. Such devices are readily commercially available 
and will not be described in detail herein. Briefly, one such 
accelerometer is an ADXL202E sensor available from Ana­
log Devices of Norwood, Mass. The accelerometer may be 
of the capacitive type, which is a superior detector of static 
acceleration. The accelerometer may be an integrated micro 
electromechanical system (MEMS), which is small and of a 
light weight. 

[0059] The signals generated from the swimming action 
are immediately converted from continuous analog form 
into digital form by an ND converter 25, and are received 
at the processor 24, where signals are generated in response 
thereto for output to the display unit 26. 

[0060] The digital signals comprise digital samples that 
carry time values and amplitude values. The processor is 
configured to "process" the digital data to extract desired 
information, such as analysis of periodicity and peak detec­
tion for stroke count, stroke identification and breathing 
pattern, rupture of periodicity and change of waveform for 
starts, lap count, and stops. 

[0061] A software processing application is configured to 
extract this information and communicate it to the swimmer, 
coaches, and spectators via the display module. In one 
embodiment, the peak values correspond to stroke count, 
with one peak per stroke, and peaks of higher amplitude in 
the crawl and butterfly stroke correspond to the time the 
swimmer was breathing. Each peak in the breaststroke will 
correspond to a breathing action, because of the fundamental 
nature of the stroke itself. Ruptures of periodicity are 
marked by starts and turns, where the dynamic acceleration 
is the prevailing signal. 

[0062] The output may be displayed graphically, which 
can provide an easier interpretation than a mere table of data. 
Waveforms may be displayed, which are a representation in 
time of the signal sent by each axes of the accelerometer. 
While waveforms can be displayed to the swimmer, the 
representation of the information in this form is not easy to 
interpret while swimming. Ideally, the waveforms would be 
displayed oflline, i.e., outside of real-time, or in a second 
display available to coaches, that will provide more details 
about the workout and the swimming pattern. The informa­
tion can be communicated to the swimmer via a display 
module 26, which could be in the form of alphanumeric 
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characters (to indicate the number of strokes for a pool 
length), color schemes to indicate if a swimmer is ahead, on 
schedule, or behind a pace, and audio signals as previously 
discussed. Thus, from these signals information can be 
obtained about the characteristics of the swimmer's move­
ments, including detection of start, stop, and turns, stoke 
count, kick count, stroke signature, and breathing pattern. 

[0063] The processor 24 utilizes conventional components 
and will not be described in detail herein. Briefly, it includes 
the AID converter 25, a serial interface 23, and communi­
cates with a display driver 21, in one embodiment. Power is 
supplied to the system 20 from a power supply 17, which 
may be a battery for portable applications. 

[0064] FIG. 10 illustrates the system 30 formed in accor­
dance with the invention and configured for use with a 
swimmer 32. The system 30 includes a sensor assembly 34 
shown mounted on the back 36 of the swimmer's torso 38. 
It is shown here mounted between the shoulders 40. A 
processor 42 and display unit 44 are mounted on the 
swimmer's goggles 46. In this embodiment, the sensor 
assembly 34 communicates with the processor 42 via a 
connecting wire 48. In another embodiment an RF trans­
mitter is used to send data to the processor 42. The sensor 
assembly 34 may be placed on other areas of the swimmer 
32 as discussed more fully herein below. 

[0065] Preferably, the sensor assembly 34 includes a two­
axis accelerometer 50 mounted to have the first axis Y 
parallel to the direction of travel, shown by the arrow T, 
which corresponds to the longitudinal axis of the swimmer's 
body when in the water 52. The second axis X is perpen­
dicular to the Y-axis, and both axes will be approximately 
parallel to the surface 54 of the water 52, which is more or 
less horizontal, i.e., parallel to the surface of the earth. 

[0066] In this orientation, the accelerometer 50 will gen­
erate a first static acceleration signal when the swimmer's 
torso 38 pitches up and down, such as in the butterfly stroke 
or breaststroke. Rotational movement of the torso 38 about 
the X-axis characterizes this movement. The accelerometer 
50 will generate a second acceleration signal when the 
swimmer's torso 38 rolls, such as when performing a crawl 
or backstroke stroke. This movement is characterized by 
rotational movement of the torso 38 about the Y-axis. 

[0067] Because the axes of the accelerometer 50 are 
essentially parallel to the earth's surface, pitching up and 
down of the accelerometer 50 about the X-axis and rotating 
the same accelerometer 50 about the Y-axis will cause the 
generation of an oscillating output signal with respect to the 
vertical axis, and such signals will have sine-wave charac­
teristics. In other words, moving the sensitive axes of the 
accelerometer a few degrees (a) from the horizontal will 
generate a static acceleration with respect to the vertical 
axis, mathematically proportional to g*(sine a), where g is 
the force of gravity (32.2 ft./sec.2 or 9.8 m/sec.2). 

[0068] The placement of the sensor assembly 34 on the 
swimmer's body 32 has been found to be an important factor 
in capturing valid, reliable data. Studies conducted by the 
applicants found that placement of the sensor assembly 34 at 
one of three different locations on the swimmer's body 32 
produced the most desirable results. These locations were 
the upper torso or back, the lower back, and to the head. 
Having the axes of the sensor assembly 34 as parallel as 
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possible to the horizontal plane resulted in maximum sen­
sitivity. When the entire system is integrated into a swim­
mer's goggles 46, the accelerometer will reside next to the 
processor 42, shown in FIG. 10, which is basically at the 
level of the temporal artery of the swimmer. 

[0069] Automatic Detection of Start, Stop, and Turn 
Events 

[0070] Regardless of which of the three pos1t10ns the 
sensor assembly 34 was mounted, the execution of starts, 
stops, and turns is clearly detected on the first and second 
acceleration signals. The three events caused a sudden 
rupture in the periodicity of the signals and very high 
amplitudes. 

[0071] Stroke Count 

[0072] With the sensor assembly 34 attached to the swim­
mer's head, stroke count for the butterfly, crawl, and breast­
stroke was highly accurate. In addition, the swimmer's 
breathing pattern was clearly detectable. However, back­
stroke was not clearly detectable because the swimmer's 
head does not change pitch to the degree it does in the other 
three strokes. 

[0073] Positioning of the sensor assembly 34 on the upper 
or lower back of the swimmer yielded strong periodic 
signals for all four strokes. The sensor assembly 34 was very 
sensitive to the rolling motion of the swimmer's body 
resulting from the arm pull in the crawl and backstroke, as 
well as to the pitching motion of the swimmer's body 
resulting from the arm pull in breaststroke and the butterfly 
stroke. 

[0074] In addition, with the sensor assembly 34 positioned 
on the lower back, it is possible to detect the swimmer's kick 
pattern in the backstroke and crawl; and with the sensor 
assembly mounted on the lower extremities of the body, 
such as the thigh or calf, it is possible to detect the swim­
mer's kick pattern in all four strokes. 

[0075] Breathing Pattern 

[0076] The breathing pattern can readily be obtained from 
strokes that require the swimmer to raise and turn their head. 
The crawl, breaststroke, and butterfly are three examples us 
such patterns. In order the track the breathing pattern in 
these strokes, at least one accelerometer is mounted on the 
swimmer's head. Lifting of the head in the butterfly and 
breaststroke generates high-amplitude signals on the Y-axis 
(rotation about the X-axis), and rolling of the head for 
breathing in the crawl is manifested by high-amplitude 
signals on the X-axis (rotation about the Y-axis). Breathing 
patterns are not readily detectable with the sensor assembly 
mounted on the swimmer's back because it is difficult to 
detect head motion from that location. 

[0077] Stroke Signature 

[0078] Studies conducted on swimmer's stroke using the 
system of the present invention have found that each swim­
mer has a unique stroke signature for a given stroke. In other 
words, different swimmers performing the same stroke will 
each have a unique stroke signature. The stroke character­
istics for each swimmer are distinguishable from each other 
by the combination of waveforms obtained from the X and 
Y-axes. 
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[0079] Because stroke signatures are swimmer dependent, 
calibration will be required. That is, a comparison of the 
signals to the "calibrated stroke signature" using known 
signal processing techniques, such as auto correlation, will 
enable automatic stroke identification. 

[0080] Identification of the type of stroke is accomplished 
with the sensor assembly 34 mounted on either the swim­
mer's head or on the swimmer's back. In either location, the 
crawl and backstroke cause rolling of the body, generating 
high amplitude signals on the X-axis (rotation about the 
Y-axis). In contrast high amplitude signals on the Y-axis 
(rotation about the X-axis) are indicative of the breaststroke 
and the butterfly stroke. However, with the sensor assembly 
mounted on the swimmer's back, the distinction between the 
breaststroke and the butterfly stroke is subtler, yet still 
discernable by using the calibration technique described 
above. With the sensor assembly mounted on the swimmer's 
back, the same is true for the distinction between crawl and 
backstroke, and the calibration technique described above 
also solves the problem. However, when the sensor assem­
bly is mounted around the head or on the upper torso, the 
distinction between crawl and backstroke is obvious. This is 
due to the fact that signals generated by rotation of the head 
for breathing will be registered on the longitudinal axis, 
whereas no signal will be recorded on the longitudinal axis 
in backstroke (the head does not need to rotate for breath­
ing). The difference between breaststroke and butterfly 
remains subtler regardless of the position of the sensor on 
the swimmer's body. Generally, the period of the accelera­
tion signals distinguishes the butterfly and breaststrokes, 
with the breaststroke characterized by a larger period, 
regardless of the swimmer's abilities in performing the 
strokes. 

[0081] The processor 42 is configured to process the 
acceleration signals for extraction of the periodicity of the 
signal. Initially, the two acceleration signals are converted to 
digital form and are filtered using a time averaging tech­
nique to remove high frequency components. 

[0082] One of two techniques is then used to extract the 
periodicity of the signals, peak detection, and auto-correla­
tion. Peak detection is used to extract the stroke count from 
the signals. However, it can be combined with auto-corre­
lation to determine the periodicity of the signal and thus the 
stroke count. In the second case, the auto-correlation method 
is used to validate peak detection. 

[0083] Peak detection is also used for analysis of the 
breathing pattern. The motion of the head during breathing 
creates peaks of larger amplitude. A comparison of the 
amplitude of the peaks, as well as their sign, for the crawl 
stroke indicates when the swimmer is breathing and on 
which side of the body. 

[0084] The auto-correlation method can be used to detect 
ruptures in the periodicity, which are indications of start, 
stop, and turn events. These events are also characterized by 
large amplitude spikes on one or both of the axes. The peak 
detection combined with signal slope analysis can be used to 
confirm the results of the auto-correlation analysis. 

[0085] A correlation technique is also used to identify 
stroke signature. The received signal is correlated with a 
calibrated signal recorded for each of the swimmer's strokes. 
The correlation technique is based on the sum of the squared 
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difference of amplitudes between the signal being analyzed 
and a reference signal. A simpler method to detect turns is 
a direct exploitation of the peak detection algorithm. For 
each peak detected the time reference is known (i.e. when 
the peak occurred in the time scale). Because turns are 
characterized by a rupture of periodicity of the signal, the 
interval of time between the two peaks is no longer the same, 
which is an indication that a turn has occurred. If necessary, 
this information can be confirmed by using an auto-corre­
lation of the signal. 

[0086] Optionally, another technique that can be used to 
produce a finer analysis comprises identifying secondary 
oscillations by comparing the raw signal to the envelop of 
that same signal around peak values. The frequency of such 
oscillations can be detected by well-known analysis tech­
niques over large periods of time, validating breathing 
patterns for example or rotation of the body while swim­
ming. Such analysis techniques include the Fast Fourier 
Transform (FFT). 

[0087] Referring next to FIGS. 11-14, shown therein are 
examples of waveform signals corresponding to the four 
strokes using the device of the present invention. As previ­
ously explained, static acceleration signals are used to 
extract information regarding stroke count, breathing pat­
tern, stroke identification, starts, turns, lap counts, etc. The 
static acceleration signals are directly linked to the orienta­
tion of the accelerometer or transducer towards the vertical 
axis by the relation g*( cos(it/2-a)) with (it/2-a) corre­
sponding to the angle between the position of the acceler­
ometer and the vertical axis. When a=it/2, cos(it/2-a)=l, 
and the static acceleration is maximum. This corresponds to 
a vertical orientation of the accelerometer. When a=0, 
cos(it/2-a)=0, and there is no static acceleration. This 
situation corresponds to a horizontal position of the accel­
erometer. 

[0088] In the description corresponding to FIGS. 11-14, as 
well as FIGS. 15-18, a peak value of a waveform corre­
sponds to a position of the corresponding axis of the 
accelerometer as close as possible to the vertical. And when 
the signal crosses the baseline or X-axis, this indicates that 
the corresponding axis of the accelerometer was aligned 
along the horizontal axis. In each of FIGS. 11-18, the 
accelerometer was located in the lower back of a female 
swimmer. In the generated signals, the first waveform 110 is 
generated from signals received on the Y-axis, which cor­
responds to the swimmer's back pitching about the axis 
through the hips, which is the X-axis; and the second 
waveform 112 is generated from signals received on the 
X-axis, which corresponds to rotation of the swimmer's 
body about the longitudinal axis, which is the Y-axis. 

[0089] It is important to note that the peaks of the first and 
second waveforms 110, 112 correspond to the maximum 
angle between the position of the accelerometer and the 
horizontal plane, which is also the minimum angle between 
the position of the accelerometer and the vertical axis. Peaks 
on the waveform do not necessarily correspond to a par­
ticular position of the swimmer's arms. However, because 
undulation or pitches of the body about the X-axis and 
rotation of the body about the Y-axis result from the action 
of one arm, such as the crawl and backstroke, or of both arms 
together, such as during the butterfly and the backstroke, the 
number of peaks of static acceleration will equal the number 
of strokes. 
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[0090] It is also important to note that the sensitivity of the 
sensor to dynamic acceleration depends very much on the 
location of the sensor. If the accelerometer were placed at 
the fingertips of a swimmer, the dynamic acceleration would 
be more noticeable. Yet, regardless of the location of the 
sensor, angular variations from the vertical axis correspond­
ing to static acceleration are always clearly detectable. The 
motion of the hand under water is such that a sensor 
positioned at the fingertips would create a very strong static 
acceleration as well as dynamic acceleration. 

[0091] Referring first to FIG. llA, here the swimmer's 
back is angled upward toward the vertical axis and the lower 
back, where the accelerometer is attached, is at a maximum 
positive angle from the horizontal plane (minimum angle 
from the vertical axis). For this particular swimmer, this 
situation corresponds to the middle of the arm recovery. The 
vertical line 114 in FIG. llA bisects a peak of the first 
waveform 110, showing the moment in time at which the 
video frame was taken. In FIG. llB, the lower back is at a 
maximum negative angle from the horizontal plane ( corre­
sponding to a minimum angle from the vertical axis), and 
this corresponds to the end of the arm recovery for this 
particular swimmer. Here the vertical line 114 passes 
through a trough or negative peak of the first waveform 110, 
corresponding to the maximum negative angle from the 
horizontal plane of the swimmer's lower back. 

[0092] FIGS. 12A and 12B show waveforms correspond­
ing to the breaststroke. When the accelerometer is positioned 
on the lower back, breaststroke signals have the unique 
particularity of showing a clear mix of static and dynamic 
acceleration. Whereas the contribution of a dynamic accel­
eration is much more difficult to notice with other strokes, it 
can be seen more clearly in the breaststroke waveform 
signals. 

[0093] As can be seen from FIGS. 12A-12B, undulations 
of the body in the breaststroke are reflected by large digres­
sions of the first waveform signal 110 on the Y-axis and no 
significant information is detected on the X-axis. In FIG. 
12A, the reference line 114 passes through a peak 116 that 
corresponds to a peak of static acceleration. The upper part 
of the swimmer's body is rising to its highest position, while 
the arms begin recovery and the legs are pulling towards the 
buttocks. The position of the body is such that the acceler­
ometer is at an angle to the horizontal plane, creating the 
peak of static acceleration. In FIG. 12B, the larger and 
narrower peak 118 of the first waveform signal 110 is a peak 
of dynamic acceleration. This corresponds to the phase of 
energetic and fast kicking with both legs. 

[0094] FIGS. 13A and 13B show a swimmer performing 
the crawl. In this stroke, the rolling of the body about the 
longitudinal axis (Y-axis) creates strong signals of static 
acceleration as shown in the second waveform signal 112. 
The kick during the crawl stroke is responsible for the 
periodicity observed in the first waveform 110, principally 
due to the proximity of the sensor to the legs. The up-and­
down motion of the legs is responsible for the pitch detection 
by the sensor along the longitudinal axis, the Y-axis ( corre­
sponding to rotation about the X-axis). 

[0095] In these figures, the breathing pattern is not clearly 
detected because of the location of the sensor on the body. 
However, each breath is marked by a signal of higher 
amplitude. For breathing pattern detection, the sensor can be 
ideally positioned on top of the swimmer's head. 
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[0096] Referring to FIG. 13A, the swimmer is performing 
the crawl, and in this figure the rotation of the body towards 
the swimmer's left, with the left side deep in the water. This 
is shown to be at a maximum as indicated by the reference 
line 114 through the second waveform signal 112. In FIG. 
13B, the rotation of the body towards the right (right side 
deep in the water) is at a maximum, shown by the position 
of the reference line 114 in the trough 118 or negative peak 
in the second waveform signal 112. Thus, the left and right 
rotations of the body are of opposite sine. 

[0097] The backstroke is illustrated in FIGS. 14A-14B. A 
similar pattern as in the crawl is observed here. The rolling 
of the body in this stroke also creates strong signals of static 
acceleration on the second waveform signal 112, generated 
by rotation of the body about the longitudinal axis (Y-axis), 
corresponding to static acceleration on the X-axis (the 
transverse axis). Kicking of the legs in the backstroke is 
responsible for the periodicity observed on the first wave­
form signal 110, principally due to the proximity of the 
sensor to the legs. As in the crawl, the up-and-down motion 
of the legs is responsible for the slight pitch detected by the 
sensor along the Y-axis. 

[0098] In FIG. 14A, the rotation of the body towards the 
swimmer's left, with the left side deep in the water, is at a 
maximum. This is shown by the reference line 114 passing 
through the peak 116 on the second waveform signal 112. In 
FIG. 14B, the rotation of the body towards the right, with 
the right side deep in the water, is at a maximum. This is 
shown by the position of the reference line 114 passing 
through a trough or negative peak 118 in the second wave­
form signal 112. Here, the left and right rotations are of 
opposite sine. 

[0099] Starts and turns are also easily detectable from the 
waveform signals. For example, during a flip turn in crawl, 
the pitching of the body about the X-axis (along the Y-axis) 
generates a signal of large amplitude, as shown in FIG. 15A, 
where the reference line 114 is passing through a trough or 
negative peak 118 in the first waveform signal 110. In FIG. 
15B, the positive spike in the first waveform 110, which is 
indicated by the reference line 114, results from the dynamic 
acceleration created by the violent push-off from the wall. In 
FIGS. 15A and 15B, there is an obvious rupture of peri­
odicity in the first waveform signal 110. 

[0100] Turning next to FIG. 16, a similar spike on the first 
waveform 110 in the negative direction, creating a trough 
118, as indicated by reference line 114, corresponds to the 
beginning of the start in the crawl. FIG. 17 shows a similar 
positive spike 116 on the first waveform signal 110 at the 
start of the backstroke. These spikes are generated because 
the swimmer is pushing off strongly from the wall, as 
discussed above with respect to FIG. 15B. Similar spikes 
can be observed on the second waveform 112 for starts in the 
butterfly and breaststroke because of pushing off from the 
wall. 

[0101] Referring next to FIG. 18, shown therein is a 
representation of another embodiment of the invention 
wherein the system 70 is formed as a single unit. A housing 
72 is provided that includes batteries 74, a circuit board 75 
containing the sensor assembly 76, and the processor elec­
tronics 78. A display unit 80 is provided at one end 82 of the 
housing 72 that includes a display panel 84, a mirror 86, and 
an objective lens 88 through which the mirror 86 reflects the 
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displayed image (represented by dotted lines 90) from the 
display panel 84. Contacts 92 are provided on the side 94 of 
the housing 72, which can be used for external connections, 
such as charging the batteries 74, connecting to a transmitter, 
or coupling to a second display device for external viewing. 
In one embodiment, infra-red (IrDA) connections can be 
used for transmitting data. These connections offer the 
advantage of no direct exposure to the water, solving issues 
regarding waterproofing, and not cords are necessary. For 
battery charging, an induction charging technique can be 
used to avoid connectors and cords. 

[0102] The self-contained system 70 is designed for 
mounting to the swimmer's goggles such that the displayed 
image is viewable by the swimmer while swimming. In this 
case, the image projected through the objective lens 88 is 
received at an eyeglass lens 84 that is formed as part of the 
swimmer's goggles. With this system, the swimmer will 
have a real time, continuous visual display of their perfor­
mance. An example display is shown in FIG. 46. 

[0103] FIG. 46 is an illustration of the display of infor­
mation through the swimmer's goggles as seen by the 
swimmer. The display shows distance (DST) covered and 
the elapsed time. It is to be understood that other information 
may be displayed to the swimmer, such as stroke count, start 
time, and breathing patterns. 

[0104] The display may also be configured to use an LED 
display that projects a 45-degree lens. A portion of the light 
passes through the lens to a reflective surface at the bottom 
of the goggle structure. The light is reflected back to the lens 
and the 45-degree inclination directs the light to the retina of 
the swimmer. 

[0105] An optional earpiece (not shown) can be used to 
provide an audible signal to the swimmer. In one embodi­
ment, the swimmer can hear changes in the pitch of the 
waveform signal and determine their performance there­
from. A pitch can also be broadcast from a reference 
waveform, and the pitch corresponding to the action of the 
swimmer superimposed on the reference waveform. When 
both pitches match, the swimmer will hear a single tone, 
indicating the swimmer is in synch with the reference 
pattern. Information such as lap count, stroke count, elapsed 
time, etc., may also be provided through the earpiece in 
natural language using a voice synthesizer. 

[0106] The described embodiments of the invention 
implement a unique method of detecting, tracking, process­
ing, and displaying information about a swimmer's perfor­
mance, and in a broader context, in monitoring repetitive 
movement of the human body in a variety of activities. This 
can include physical therapy where the amplitude of each 
movement can be monitored to determine if they are the 
same and whether they are increasing from one physio­
therapy session to the next. The method can apply to sensing 
acceleration of specific areas of the body, preferably static 
acceleration about two perpendicular axes that are parallel to 
the earth's surface, and processing the acceleration signals 
generated therefrom to identify the movement, display the 
movement pattern, including the breathing pattern, and 
determining movement start, stop, directional change of 
travel, and movement count. The processed information is 
then displayed for the user to see or hear, as well as for 
coaches and spectators to monitor in real time. The sensor 
output may also be sent over the Internet for offline pro-
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cessing and analysis by coaches, physiotherapists, etc. The 
waveforms can then be more fully analyzed for a finer 
interpretation of the swimmer's performance. 

[0107] What follows next is a brief description of the 
software component of the present invention. It is config­
ured, in part, to deal with the important feature of detecting 
peaks (minimums and maximums) from the data received 
from both axes of the accelerometer. Such peaks are directly 
related to the repetitive motion, such as stroke count for the 
swimmer, and they also provide an excellent indicator of 
periodicity. This information can be compared to the results 
of an auto correlation method, which is the second technique 
used to detect periodicities in the signal. Ruptures of peri­
odicity, as well as analysis of the amplitude of the signal are 
both used to detect turns, starts and stops. 

[0108] FIG. 19 shows the values of digital samples 
directly received by one of the two axes of the accelerometer 
every interval of time dt. The sample rate of the accelerom­
eter is controlled at 50 Hz; therefore dt=1/so which is 20 ms. 

[0109] Peak detection based on an interval of confidence 
will now be discussed. Regarding the interval of confidence, 
a simple observation over a very large sample of swimmers 
shows that the four types of strokes are swum at a frequency 
of 1 to 2 seconds per stroke (1 to 0.5 Hz). In addition, the 
results of trials conducted by the applicants show the wave­
form representation of each stroke comparable to a sine 
wave in that it has periodicity with peaks and valleys. When 
the accelerometer is set to sample at 50 Hz (50 times per 
second or one sample every 20 ms), 50 to 100 samples 
would be necessary to represent the waveform associated to 
one stroke. 

[0110] The peak detection method is based on the com­
parison of one sample value to its closest neighbors. The 
number of samples used for the comparison defines an 
interval of confidence from which we declare a sample as a 
peak (see FIG. 20). Based on our comments in the previous 
paragraph, it is legitimate to consider an interval of confi­
dence in the order of magnitude of 1 to 2 seconds ( the period 
of the signal we observe). This means that the system will 
compare the value of each sample to its immediate 25 
neighbors to the left and to its immediate 25 neighbors to the 
right if a stroke frequency of 1 second is used, and imme­
diate 50 neighbors on each side if a stroke frequency of 2 
seconds is used. It is to be noted that the total number of 
samples involved in this discussion is in fact 25+1+25 or 
50+ 1 +50, as it simplifies the understanding and illustrations 
in this document. This means that the interval of confidence 
represents 1020 ms (51 samplesx20 ms). However, a sample 
can be compared to 25 neighbors to the left and only 24 
neighbors to the right to deal with 25+1+24=50 samples 
representing strictly 1 second. 

[0111] For simplicity and illustration purpose of this con­
cept, the balance of the description will consider an interval 
of confidence of 100 ms represented by one sample com­
pared to its two immediate neighbors on each side (see FIG. 
20). Also, the description will be directed only to the 
detection of a maximum. The methodology is essentially the 
same for the detection of a minimum. 

[0112] In FIG. 20, for the value of sample 8 to be 
considered a peak, it must be greater or equal than Val( 6), 
Val (7), Val(9) and Val (10). If one of these values is greater 
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than Val (8), then Val(8) cannot be retained as a maximum. 
In the case of FIG. 20, Val(8) is a maximum. 

[0113] Based on the foregoing, it can be understood that 
selecting an interval of confidence too small would lead to 
potentially detecting too many peaks; whereas choosing an 
interval of confidence too large would result in getting the 
opposite effect, i.e. detecting too few peaks. 

[0114] Of course, the comparison of a sample to its closest 
neighbors to the right cannot occur until these data have 
been captured (2dt=2*20 milliseconds later for this example, 
or ½ second to 1 second later in a real case). 

[0115] The algorithm would propagate as illustrated in 
FIGS. 21-25. In FIG. 21, the first digital sample is compared 
to its two closest neighbors to the right, and no data is 
available to the left. In FIG. 22, the second digital sample 
is compared to its two closest neighbors to the right and a 
unique neighbor to the left. Next, in FIG. 23, the third digital 
sample is compared to its two closest neighbors to the right 
and left (a general situation). The seventh digital sample 
shown in FIG. 24 is a peak. The last sample shown in FIG. 
25 is compared to its two closest neighbors to the left. A total 
of three peaks were detected by the system. 

[0116] As explained earlier, it is important to choose an 
interval of confidence slightly shorter than the stroke fre­
quency of the swimmer. The system can automatically 
determine the optimal interval of confidence by testing 
different potential values for the interval that would be 
applied to the first samples sent by the accelerometer. From 
the series of peaks extracted by the algorithm for each 
interval of confidence, the system will identify the peaks 
showing the best periodicity and retain the associated inter­
val of confidence. 

[0117] A second solution would consist in using an auto­
correlation method. The system would regularly perform an 
auto-correlation over a few cycles of the signal, in order to 
assess the periodicity of the signal and adjust the duration of 
the interval of confidence accordingly. 

[0118] However, a direct implementation of such a peak 
detection algorithm would be impractical because the num­
ber of operations would quickly overload the microproces­
sor. This number is proportional to: (the total number of 
samples)x(the number of samples defining the interval of 
confidence). As a result, peak detection would not occur in 
real time and the power consumption of the microprocessor 
would become a serious issue. 

[0119] Also, as shown in FIG. 25, two peaks are detected 
for two adjacent samples, which indeed should be treated as 
one single peak. Therefore the applicants have developed a 
faster algorithm based on the same principle, but involving 
far less microprocessor operations and solving the issue of 
duplicate peaks. 

[0120] Areal time algorithm will now be described. Based 
on the theory presented in the previous section, it can be 
observed that two consecutive maxima or two consecutive 
minima are always separated by at least n/2 samples when 
considering an interval of confidence of n+ 1 samples (n/2 on 
each side of the sample being evaluated as a possible peak). 

[0121] It can also be observed that a peak detected in an 
interval of confidence n, is also a peak for any interval of 
confidence smaller than n, in particular for an interval of 3 
(i.e. a sample is compared to its left and right neighbors). 

[0122] Therefore, a fast algorithm is provided that is based 
on the comparison of a sample to its immediate left and right 
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neighbors and that considers the sample to be a peak 
candidate if it is the greatest of the three (when looking for 
a maximum). Then, this candidate is compared to all the 
other peak candidates found among the next n/2 samples. 
The greatest among them shall be retained as a peak for an 
interval of confidence n+l. With this approach, a sliding 
comparison of a sample to its two immediate neighbors is 
performed, involving two operations only each time, with a 
limited number of comparisons between the potential peak 
candidates within an interval n/2. Compared to the theory 
presented previously, the resulting number of operations is 
dramatically reduced, allowing a real time identification of 
the peaks resulting from an interval of confidence n. 

[0123] An illustration of the fast algorithm using the same 
interval of confidence of 100 ms (involving 5 samples) is 
shown in FIGS. 26-41. 

[0124] In FIG. 26, the second digital sample is compared 
to its immediate neighbors to the left and to the right. The 
fast algorithm performs a comparison of peak contenders 
within the interval n/2+ 1. For an interval of confidence of 
100 ms, five samples are involved (n+l=S, therefore n/2+ 
1=3). In FIG. 29, since Val(S) is greater than Val(3), Val(3) 
is rejected as a peak and Val(S) is the new contender that 
must be compared to the other contenders in the interval n/2 
to its right. Including Val( 5) the interval of the comparison 
displayed in the boxed area that encompasses Val(S) covers 
1 +n/2 samples. 

[0125] In FIG. 33, Since Val(8) and Val(9) are not con­
tenders, Val(7) becomes a peak in the interval n/2+ 1. Val(7) 
is also a peak in the interval of confidence n. 

[0126] When comparing the results of the first algorithm 
(FIGS. 21-25) to the ones of the fast algorithm (FIGS. 
26-41) it can be seen that the second peak is not the same. 
The issue of detecting two peaks when two values of same 
amplitude fall within the interval of confidence was raised in 
the case of the first algorithm. This is no longer the case with 
the fast algorithm. 

[0127] Also, the signal chosen to illustrate the peak detec­
tion algorithms is closer to background noise than a periodic 
signal. This explains the detection of the second peak using 
the fast algorithm, because of the choice of an interval of 
confidence of 5 samples (2 on each side of the sample being 
evaluated as a possible peak), for the purpose of the 
example. If two peaks fall within the interval of confidence, 
the algorithm will detect only one. Conversely, if a signal is 
expected to have a frequency of F Hz and the interval of 
confidence is determined accordingly, but over time the 
frequency of that signal drops to less than F/2 Hz, then the 
algorithm will detect additional peaks other than the peaks 
for each period. 

[0128] In the example illustrating the fast algorithm, if the 
interval of confidence had been extended to 7 samples, for 
example (3 on each side of the sample being evaluated as a 
possible peak), the second peak would have never been 
detected and only Val(7) and Val (16) would have been 
detected as peaks. 

[0129] It should also be noted that when two samples of 
equal amplitude fall within the interval of confidence ( ex: 
Val(7) and Val(8) see FIG. 32) it was decided to retain the 
oldest sample as the unique peak (it could, have been 
decided to retain the most recent data). 

[0130] FIGS. 42-45 are illustrations of the results provided 
by the algorithm for two swimmers, one a top swimmer, 
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Pete, and the other one, a more ordinary swimmer, Gordon. 
Their respective stroke frequency was 0.7 Hz (1 stroke every 
1.3 s) for Pete in the butterfly and 0.4 Hz (1 stroke every 2.5 
s) for Gordon in the backstroke, but the interval of confi­
dence was set to 2.4 s (1.2 s from each side of a sample) for 
both swimmers in the four strokes they swam. The algorithm 
never missed a peak. 

[0131] The fast algorithm described above provided an 
automatic peak detection (maxima and minima) with 100% 
accuracy on all swimmers tested, when using an interval of 
confidence set around 2 s (1 s from each side of a sample to 
be tested as a peak). If necessary an optimal interval of 
confidence could even be automatically determined by the 
system by using an autocorrelation method from a few 
cycles of the signal, or a comparison of the results obtained 
with different intervals of confidence. This solution would 
cover a few extreme cases of swimmers showing huge 
variations of periodicity during their swim. 

[0132] Compared to the first algorithm, the fast algorithm 
uses fewer number of CPU operations, which enables real 
time detection and identification of the peaks with minimal 
power processing power. 

[0133] From the foregoing it will be appreciated that, 
although specific embodiments of the invention have been 
described herein for purposes of illustration, various modi­
fications may be made without deviating from the spirit and 
scope of the invention. For example, an ECG module may 
be incorporated into the system to acquire and display the 
ECG of the swimmer in real time. The pulse will be taken 
from one temporal artery (right or left) by using a sensor, 
such as a piezoelectric sensor, and the output processed and 
displayed in the swimmer's field of view. Accordingly, the 
invention is not limited except as by the appended claims 
and the equivalents thereof. 

1. A device for determining information about the repeti­
tive movement of a human body, the device comprising: 

a sensor assembly comprising at least one static accelera­
tion sensor configured to be mounted to the human 
body and to generate at least one static acceleration 
signal; and a processor coupled to the sensor assembly 
and configured to determine at least one from among a 
movement identification, a movement count, a move­
ment pattern, and a breathing pattern in response to the 
at least one acceleration signal. 

2. A device for determining and displaying information 
about the repetitive movements of a human body, the device 
comprising: 

a sensor assembly comprising a first acceleration sensor 
and a second acceleration sensor configured to be 
mounted to the human body and to generate first and 
second acceleration signals in response to movement of 
the human body; and a processor and display device 
coupled to the sensor assembly and configured to 
provide a real-time, continuous display of a movement 
pattern of a selected area of the human body in response 
to the first and second acceleration signals. 

3. The device of claim 2 wherein the processor and 
display device are also configured to display the movement 
pattern for each arm of the human body. 

4. The device of claim 2 wherein the processor and 
display device are also configured to display the breathing 
pattern of the human body. 
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5. A device for determining and displaying information 
about the repetitive movements of a swimmer's body, the 
device comprising: 

a sensor comprising a two-axis accelerometer configured 
to be mounted to the swimmer's body and to generate 
first and second signals in response to movement of 
selected areas of the swimmer's body; 

a processing circuit coupled to the sensor and configured 
to receive the first and second signals and to determine 
the swimmer's stroke pattern and breathing pattern in 
response to the first and second signals; and 

a display device for providing a real-time, continuous 
display of the swimmer's stroke pattern and breathing 
pattern. 

6. The device of claim 5 wherein the processor is con­
figured to determine the swimmer's stroke pattern, and the 
display device is configured to display the stroke pattern, the 
stroke pattern comprising at least a stroke count. 

7. The device of claim 6 wherein the processor is con­
figured to determine the swimmer's kick pattern, and the 
display device is configured to display the swimmer's kick 
pattern, the kick pattern comprising at least one kick count. 

8. The device of claim 5 wherein the processing circuit is 
configured to determine the swimmer's breathing pattern, 
and the display device is configured to display the swim­
mer's breathing pattern. 

9. The device of claim 5 wherein the accelerometer is 
positioned to detect the angle of a first axis parallel to the 
direction of travel of the swimmer's body and the angle of 
a second axis, which is perpendicular to the first axis, with 
respect to a vertical axis. 

10. The device of claim 5 wherein the first and second 
axes are positioned parallel to the surface of the earth. 

11. The device of claim 5 wherein the swimmer's stroke 
pattern comprises a stroke count, the starting of swimming, 
the stopping of swimming, and turns to reverse course. 

12. A device for determining and communicating infor­
mation about the repetitive movements of a swimmer's 
body, the device comprising: 

a sensor assembly configured for mounting to the swim­
mer's body and comprising a first accelerometer posi­
tioned to detect rolling motion of the swimmer's body 
about a longitudinal axis of the swimmer's body that is 
parallel to the direction of travel of the swimmer's 
body, and a second accelerometer that is positioned to 
detect tilting movement of the swimmer's body about 
an axis that is perpendicular to the longitudinal axis; 

a processor coupled to the sensor and configured to 
provide real-time, continuous signals identifying at 
least the swimmer's stroke type and the swimmer's 
stroke pattern; 

means for transmitting the real-time, continuous signals 
from the processor; and 

a communication device configured to receive the real­
time, continuous signals from the transmitting means 
and to communicate at least the swimmer's stroke type 
and stoke pattern. 

13. The device of claim 12 wherein the transmitting 
means comprise at least one bus to convey data from the 
processor to the communication device. 
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14. The device of claim 12 wherein the transmitting 
means comprise a radio frequency transmitter for transmit­
ting signals from the processor to the communication 
device. 

15. The device of claim 12 wherein the communication 
device comprises an earpiece coupled to the processor via 
the transmitting means and configured to generate audible 
sounds corresponding to at least the swimmer's stroke type 
and stroke pattern. 

16. The device of claim 12, wherein the transmitting 
means is configured to transmit signals from the sensor 
assembly to the processor. 

17. A device for monitoring repetitive movement of a 
human body, comprising: 

a sensor assembly configured to be mounted to the human 
body and to generate signals corresponding to accel­
eration of the human body about a first axis that is 
parallel to the direction of travel of the human body and 
a second signal corresponding to acceleration about a 
second axis that is perpendicular to the first axis; 

a processor configured to receive the first and second 
signals and to determine at least a movement type and 
a movement pattern of the human body therefrom; and 

a display device coupled to the processor and configured 
to display at least the movement type and the move­
ment pattern. 

18. The device of claim 17 wherein the display device is 
configured to display real-time, continuous information 
regarding the movement type and movement pattern. 

19. The device of claim 17, comprising an audio device 
coupled to the processor and configured to generate audible 
sounds corresponding to at least the movement type and the 
movement pattern. 

20. A device for monitoring repetitive movement of a 
human body the device comprising: 

a sensor apparatus configured to be mounted to the human 
body and to generate first and second signals corre­
sponding to acceleration about first and second axes, 
respectively; and 

a processor and output device configured to receive the 
first and second signals and to output real-time, con­
tinuous information corresponding to the first and sec­
ond signals, including an identification of the move­
ment patterns and variations in the movement patterns 
over time. 

21. The device of claim 20 wherein one of the movement 
patterns comprises the breathing pattern of the human body. 

22. The device of claim 20 wherein the movement pat­
terns comprise at least stroke count, starting of swimming, 
stopping of swimming, and turning movements to change 
course. 

23. The device of claim 20, comprising an audio device 
coupled to the processor and configured to generate audible 
sounds corresponding to at least the movement type and the 
movement pattern. 

24. A method for monitoring repetitive movement of a 
human body, the method comprising: 

mounting first and second accelerometers to the human 
body, the first accelerometer mounted along a first axis 
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that is parallel to the direction of movement of the 
human body, the second accelerometer mounted along 
a second axis that is perpendicular to the first axis, the 
first and second accelerometers configured to generate 
signals corresponding to variations in the position of 
the first and second accelerometers with respect to a 
vertical axis; 

receiving the signals from the first and second acceler­
ometers in response to movement of the human body 
about the first and second axes and processing the 
signals to determine the identification of the movement 
of the human body about the first and second axes and 
the changes in the movement over time. 

25. A method for monitoring repetitive movement of a 
swimmer's body, the method comprising: 

mounting a sensor assembly to the swimmer's body to 
detect and track movement of the swimmer's body 
about a first axis parallel to the direction of travel of the 
swimmer's body and movement of the swimmer's body 
about a second axis that is perpendicular to the first 
axis, both with respect to a vertical axis, and generating 
first and second signals therefrom; 

receiving and processing the first and second signals to 
determine at least variations in the swimmer's stroke 
pattern over time; and 

providing a real-time, continuous observable output of at 
least the variations in the stroke pattern. 

26. The method of claim 25, further comprising receiving 
and processing the first and second signals to determine the 
swimmer's breathing pattern and providing a real-time, 
continuous display of the swimmer's breathing pattern. 

27. The method of claim 25, further comprising receiving 
and processing the first and second signals to determine the 
swimmer's kicking pattern, and providing a real-time, con­
tinuous display of the swimmer's kicking pattern. 

28. The method of claim 25 wherein comprising provid­
ing an audible signal corresponding to the swimmer's stroke 
pattern. 

29. The method of claim 25 wherein the swimmer's stroke 
pattern comprises at least one from among periodicity, 
stroke count, start and stop of stroke, and stroke elapsed 
time. 

30. A method for monitoring repetitive movement, com­
prising: 

sensing repetitive movement of a selected area of the 
human body about first and second axes with respect to 
a vertical axis and generating first and second accel­
eration signals; 

processing the first and second signals using peak detec­
tion techniques and auto-correlation techniques to iden­
tify movement count, movement type, and to provide a 
display signal; and 

receiving the display signal and displaying a repetitive 
movement pattern corresponding to each of the first and 
second signals. 

* * * * * 
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