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(57) ABSTRACT 

Techniques for measuring and modeling club-like sports 
instrument inertial motion sensing signals are disclosed. The 
disclosed method and system generate corrected output of a 
motion sensing circuit, Which circuit includes an inertial 
measurement unit and associates With a club-like sports 
instrument. One aspect of the disclosed subject matter 
includes a method and system for isolating analysis posi 
tions of a golf sWing, Which analysis positions facilitate 
measuring and modeling the sWinging motion. Another 
aspect of the disclosed subject matter includes a method and 
system for correcting golf sWing measurement errors for 
more accurately measuring and modeling the sWinging 
motion. Yet another aspect of the disclosed subject matter 
provides a method and system for determining an impact 
position of a sWinging sports instrument. 
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METHOD AND SYSTEM FOR ACCURATELY 
MEASURING AND MODELING A SPORTS 

INSTRUMENT SWINGING MOTION 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

[0001] This patent application is a continuation in part and 
claims the bene?t of US. patent application Ser. No. 10/810, 
168 ?led on Mar. 26, 2004, and claims the bene?t of US. 
Provisional Patent Applications Ser. Nos. 60/591,636; 
60/640,632, and 60/640,634. 

FIELD 

[0002] This disclosure pertains generally to a sports train 
ing system and, more particularly, to a method and system 
for measuring and modeling sports instrument inertial 
motion sensing signals an intelligent sports club, bat or 
racquet that takes quantitative measurements of a sWing for 
real-time feedback and subsequent analysis and display. 

BACKGROUND OF THE DISCLOSED SUBJECT 
MATTER 

[0003] Various devices exist to assist golfers’ efforts to 
improve their sWing. One category of devices involves 
systems of restraints on the player’s body or on the sports 
instrument to force the player into a perfect sWing. Restraint 
based systems operate on the premise that by forcing a 
player into a given stance or sWing pattern, the player Will 
inculcate the lesson as a form of muscle memory that can 
then be employed While gol?ng With a standard club. 
HoWever, a player’s natural tendency is to resist the restraint 
system and thereby learn a stance or sWing pattern predi 
cated on the presence of the restraint system. In the absence 
of the restraint system, the player’s neW stance or sWing 
pattern is incorrect. 

[0004] Another category of devices is electronic in nature 
and entirely external to the golf club, typically involving 
some type of sWing motion capture. These systems typically 
employ arrays of sensors and cameras con?gured around the 
player. Visualization and analysis of individual frames as 
Well as sloW motion animation of the golf sWing is dif?cult 
With conventional video analysis because of the high frame 
rates required. Further, high frame rates require large 
amounts of data storage and processing poWer. In some 
instances, the players must also affix indicators or sensors on 
their person and/or their club. The inconvenience and com 
plexity of these externally con?gured systems prevent this 
technology category from gaining Widespread appeal in the 
gol?ng community. In addition, because of the nature of 
these systems, golfers are not able to play a round of golf 
While using these systems. 

[0005] A class of electronic devices exists that requires 
players to mount the devices on the outside of the shaft of 
the sports instrument. The Weight of these devices changes 
the sports instrument’s sWing characteristics and renders 
sWing lessons less meaningful. The externally mounted 
devices signi?cantly change the look of the sports instru 
ment and may loosen or move on the shaft. In addition, such 
devices may distort a sWing, because of added air resistance, 
and possibly due to interference With normal usage. For 
example, such a device mounted in the middle or at the base 
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of a golf grip could cause certain golfers to unduly and 
detrimentally struggle With the device, instead of improving 
their sWing. 

[0006] In US. Pat. No. 6,048,324, issued to Socci et al., 
the speci?cation discloses headgear for detecting head 
motion and providing an indication of head movement. An 
object of this disclosure is to provide players With a device 
to teach proper golf ball striking in a variety of sports 
including golf by tracking head motion. Devices designed to 
monitor exclusively monitor a subset of the player’s motions 
do not adequately capture the various motions required for 
a human to hit a golf ball. Therefore, these devices cannot 
precisely predict the path of the golf club during a sWing. 

[0007] Lastly, in US. Pat. No. 6,648,729, issued to Lee et 
al., a device is disclosed to capture and analyZe data related 
to a golf club or sports instrument sWing. That device 
includes electronic components in the distal end of the sports 
instrument shaft With additional circuitry in the head of the 
sports instrument. The presence of components in the modi 
?ed golf club head degrades the players’ experience by 
providing a different tone at golf ball strike. Furthermore, by 
locating critical components in the club head, the region of 
the sports instrument, Which experiences the highest rates of 
acceleration, the device, is more susceptible to mechanical 
degradation and failure. The sports instrument requires a 
Wired link to doWnload sWing data to a computing device. 
This Wired link is cumbersome for players. Finally, the 
sports instrument provides feedback to the player regarding 
their sWing only after data is doWnloaded to a computing 
device. This lack of real-time feedback, during the course of 
the sWing, provides a less meaningful learning experience to 
the player. 

[0008] Accordingly, there is need for a sports training 
system that uses a lightWeight, normally formed and used 
golf club or sports instrument to provide real-time feedback, 
during the course of a sWing. This Would signi?cantly 
enhance the sports learning experience by measuring and 
modeling the sWinging motion, e.g., the golf club sWing. 
With any of these and other systems designed to measure 
and model a sports instrument sWinging motion, there is the 
need for accurate data from Which a player may learn of his 
motions and improve his performance. In particular, there is 
the need for a method and system for isolating analysis 
positions of the sWinging motion. By accurately providing 
the analysis positions, better measuring and modeling of the 
sWinging motion could result. Still, a need exists for a 
method and system that reliably determines the point at 
Which the sWinging sports instrument impacts an object, 
such as a golf ball or baseball. Moreover, there is the need 
for a method and system that corrects any golf sWing 
measurement errors that may occur in such systems for 
measuring and modeling the sWinging motion. 

SUMMARY 

[0009] Techniques for accurately measuring and modeling 
a sports instrument sWinging motion are disclosed. One 
aspect of the disclosed subject matter includes a method and 
system for isolating analysis positions of a golf sWing, Which 
analysis positions facilitate measuring and modeling the 
sWinging motion. Another aspect of the disclosed subject 
matter includes a method and system for correcting golf 
sWing measurement errors for more accurately measuring 
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and modeling the swinging motion. Yet another aspect of the 
disclosed subject matter provides a method and system for 
determining an impact position of a swinging sports instru 
ment. 

[0010] The disclosed subject matter, including a method 
and system for isolating analysis positions of a golf sWing, 
provides for analyZing a sWinging motion of a sports instru 
ment. The sWinging motion occurs for contacting an object 
and the sports instrument includes an embedded inertial 
measurement unit. The method and system generate a plu 
rality of signals from the inertial measurement unit. The 
plurality of signals includes a plurality of gravity signals and 
a plurality of acceleration signals. The disclosed subject 
matter receives the plurality signals from the inertial mea 
surement unit in a signal processing circuit. The signal 
processing circuit analyZes the plurality of gravity signals 
and the plurality of acceleration signals. From the analysis 
of at least the plurality of gravity signals, the disclosed 
subject matter determines the point at Which the sports 
instrument is at an at-address position relative to the object. 
From the analysis of at least plurality of acceleration signals, 
the disclosed subject matter determines When the sports 
instrument is at a top-of-sWing position relative to the object. 
From the analysis of the signals from the inertial measure 
ment unit, the disclosed subject matter determines When the 
sports instrument is in a sWinging motion. Furthermore, 
from the analysis of at least the plurality of accelerometer 
signals the disclosed subject matter determines When the 
sports instrument is at an impact point at Which the sports 
instrument contacts the object. 

[0011] The disclosed subject matter, Which includes a 
method and system for determining an impact position at 
Which the sports instrument impacts an object, generates an 
acceleration measurements stream from the inertial mea 
surement unit. The acceleration measurements stream 
includes a plurality of acceleration signals from the inertial 
measurement unit. The plurality of acceleration signals are 
associated With movement of the sports instrument. Each of 
the plurality of acceleration signals corresponds to a move 
ment of the sports instrument. The disclosed subject matter 
receives the acceleration measurements stream in a signal 
processing circuit. The signal processing circuit relates the 
acceleration measurements stream to movement of the 
sports instrument. The disclosed subject matter furthermore 
determines the presence of a shock vibration measurement 
Within the acceleration measurements stream. Then, inertial 
measurement unit relates the shock vibration to the sports 
instrument impacting the object, e.g., the golf ball. In 
another aspect of the disclosed subject matter, impact may 
be inferred from the signals themselves, i.e., by means of 
noticing a sudden change in measurements over an interval. 
This may be especially in the event that sensors are padded 
against vibration. 

[0012] The disclosed subject matter further includes a 
method and system for correcting sWing analysis data deriv 
ing from an inertial measurement unit that senses the motion 
associated With a sports instrument. This aspect of the 
disclosure generates a plurality of signals from the inertial 
measurement unit in response to movement of the sports 
instrument. The plurality of signals includes a plurality of 
orientation measurements and a plurality of acceleration 
measurements. The disclosed subject matter corrects the 
orientation measurements in response to rotation of the 
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sports instrument occurring When the sports instrument 
impacts the object. The disclosed subject matter, further 
more, corrects acceleration measurements to remove inac 
curacies deriving from the orientation of at least one accel 
erometer and the orientation of at least one gyroscope 
differing from the point at Which the sports instrument 
contacts the object. 

[0013] These and other aspects of the disclosed subject 
matter, as Well as additional novel features, Will be apparent 
from the description provided herein. The intent of this 
summary is not to be a comprehensive description of the 
claimed subject matter, but rather to provide a short over 
vieW of some of the subject matter’s functionality. Other 
systems, methods, features, and advantages here provided 
Will become apparent to one With skill in the art upon 
examination of the folloWing FIGUREs and detailed 
description. It is intended that all such additional systems, 
methods, features and advantages that are included Within 
this description, be Within the scope of the accompanying 
claims. 

BRIEF DESCRIPTION OF THE FIGURES 

[0014] For a more complete understanding of the present 
disclosure, and the advantages thereof, reference is noW 
made to the folloWing brief descriptions taken in conjunc 
tion With the accompanying draWings, in Which like refer 
ence numerals indicate like features. 

[0015] FIG. 1 shoWs selected aspects of an instrumented 
golf club system Which may use the disclosed subject 
matter; 

[0016] FIG. 2 shoWs a partially exploded vieW of an 
instrument golf club (IGC) Which may incorporate an iner 
tial measurement unit (IMU) consistent With the teachings of 
the disclosed subject matter; 

[0017] FIG. 3 shoWs a partially cut-aWay vieW of an IGC 
depicting a printed circuit board (PCB) capable of contain 
ing the circuitry and instructions for one embodiment of the 
disclosed subject matter; 

[0018] FIG. 4 shoWs an exploded vieW of the top portion 
of the IGC grip; 

[0019] FIG. 5 shoWs three vieWs of an IMU incorporating 
the claimed subject matter; 

[0020] FIG. 6 shoWs a three-dimensional frame of refer 
ence corresponding to the IGC With respect to a three 
dimensional frame of reference corresponding to the World; 

[0021] FIG. 7 shoWs an exemplary sWing path data model 
used to store information collected by the IGC; 

[0022] FIG. 8 shoWs selected functional and demonstra 
tive vieWs of an exemplary analysis graphical player inter 
face (GUI) for demonstrating the results of the claimed 
subject matter; 

[0023] FIG. 9 is a ?oWchart of a overall data collection 
process associated With the IGC of the disclosed subject 
matter; 

[0024] FIG. 10 is a ?oWchart of the process sWing func 
tions performed during an exemplary operation of a data 
collection process of FIG. 9; 
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[0025] FIG. 11 shows a ?owchart of the “at address” 
determination process of the present disclosure; and 

[0026] FIGS. 12 and 13 provide ?oWcharts relating to the 
impact position determination process of the present disclo 
sure. 

DETAILED DESCRIPTION OF THE FIGURES 

[0027] Although described With particular reference to a 
golf club, the claimed subject matter for measuring and 
modeling accelerometer measurements and gyroscopic mea 
surements of an inertial measurement unit associated With 
sports instrument may ?nd bene?cial use in many types of 
devices. FIG. 1 shoWs selected aspects of an instrumented 
golf training system 10, Which may use the disclosed subject 
matter. In FIG. 1, instrumented golf training system 10, 
processes measured golf club sWing data 12 on computer 14. 
A player may control computer 14 using keyboard 16 to 
communicate With instrumented golf IGC 18 and achieve a 
highly interactive process that may be formed and may 
operate as here disclosed. 

[0028] The claimed subject matter for modeling the golf 
club sWinging motion and performing the measurement 
corrections here claimed applies to all types of golf clubs, 
including irons, fairWay Woods, Wedges, and putters. 
Another type of sports device that may bene?t from the 
claimed subject matter is a racquet. All racquet sports 
include tennis, racquetball, squash, and badminton racquet. 
With minor software modi?cations to the disclosed embodi 
ment, the advantages of real-time sWing feedback, sWing 
data storage, transmission, and advanced analysis can be 
extended to the players of racquet sports. Further, additional 
embodiments may include bats such as those used in base 
ball, softball, t-ball, cricket, polo, hockey, etc. Yet more 
generally, the disclosed subject matter may apply to any 
sport using an instrument to strike another instrument, Which 
may even include a leg (e.g., as in kicking a soccer ball or 

football) or an arm (e.g., as in boxing or playing handball). 
With minor softWare modi?cations to the disclosed embodi 
ment, the advantages of real-time sWing feedback, sWing 
data storage, transmission, and advanced analysis could be 
extended to the players of bat sports. 

[0029] An additional embodiment of the present correc 
tion process may be adapted for use With a video game 
controller or computer game controller. Real time data 
transmission from an instrumented game controller alloWs 
for real-life sWing data to be directly fed into any sports 
video or computer game. In addition, the portions of the 
disclosed subject matter can be instrumented in softWare, 
hardWare, or a combination of softWare and hardWare. The 
hardWare portion can be instrumented using specialiZed 
logic; the softWare portion can be stored in a memory and 
executed by a suitable instruction execution system such as 
a microprocessor, tablet personal computer (PC), or desktop 
PC. 

[0030] In addition, the concepts of an IMU may also be 
employed in a system associated With a telecommunications 
system for the purpose of communicating betWeen the sports 
instrument and a remote site. As such, the remote site may 
receive data relating to the movement of the sports instru 
ment. Such data may be used to provide a more accurate 
evaluation and a more timely player coaching from the 
remote location. For example, remote vieWing could be used 
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for evaluation/coaching, as Well as for displaying the sWing. 
In particular, applications such as vieWing a golf shot Where 
there are no cameras exist on the golf course, or With 
computer game applications, such as displaying an actual 
sWing to a remote vieWer/competitor. Moreover, a coach 
may produce a make a demonstration sWing for use by a 
student using the method and system of the disclosed subject 
matter 

[0031] Several exemplary objects and advantages of an 
electronic sports instrument With Which the measurement 
correction and modeling process and associated system of 
present embodiment may cooperate are described in US. 
patent application Ser. No. 10/810,168 ?led on Mar. 26, 
2004, Which is entitled “METHOD AND SYSTEM FOR 
GOLF SWING ANALYSIS AND TRAINING” and is com 
monly assigned With this present application. Such objects 
and related features and bene?ts are here expressly incor 
porated by reference. Other aspects, objectives, and advan 
tages of the claimed subject matter Will become more 
apparent from the remainder of the detailed description 
When taken in conjunction With the accompanying FIG 
UREs. 

[0032] The folloWing terms and de?nitions are herein 
provided for the purpose of illustration and not for limita 
tion. There may be other equivalent de?nitions for the terms 
herein provided and any used for explanatory or demonstra 
tive purposes. Accordingly, it is only by reference to 
appended claims that the scope of the present disclosure and 
the various embodiments herein is and can be limited. 
HoWever, because of their bene?cial ability to establish the 
novel concepts of the present disclosure they are here 
provided. 
[0033] For purposes of the disclosed subject matter, the 
term “inertial measurement unit” or “IMU” ascribes to one 
or more sensor groupings of nominally three accelerometers 
and nominally three gyroscopes. Each of such groupings 
align along the same set of mutually perpendicular axes, 
hoWever, such sensors may align to one of the three sensors 
along an axis that is not mutually perpendicular or may align 
along a different set of coordinate axes. Ultimately, the 
groupings of accelerometers, gyroscopes, or other sensors 
all cooperate to provide appropriate sensor readings to 
establish IMU movement detection in a three-dimensional 
coordinate axis system. 

[0034] Moreover, devices different from accelerometers 
and/or gyroscopes may be used to obtain the desired mea 
surements of acceleration and changes in inertial measure 
ments. The disclosed subject matter, therefore, provides an 
IMU for use in measuring movement of a sports instrument, 
Which movement measurements include analyZing a strok 
ing motion of the sports instrument, determining the point at 
Which the sports instrument contacts an object, and correct 
ing for differences betWeen measured signals and actual 
signals. In one embodiment, the IMU may be classi?ed as a 
six-degree-of-freedom measurement unit, and may include 
six sensors. HoWever, any number of sensors may be used 
to achieve the IMU measurements. For example, more than 
six sensor readings may be bene?cial for certain applications 
to improve accuracy, Which measurements may use redun 
dant sensors to reduce noise or capture high speed motion 
versus loW speed motion. 

[0035] The term “Frame-of-reference” or “FoR” relates to 
a system Within a system. For example, When a golfer rides 
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in a car, the player is motionless in the player’s frame of 
reference, While the World appears to move around the 
player. In an IMU for use With the disclosed subject matter, 
a FoR has its oWn coordinate system, so the IMU FoR has 
a set of coordinate aXes ?xed relative to IMU. 

[0036] In the gol?ng application of the disclosed subject 
matter, the term “square clubface” describes a situation that 
occurs When a vector normal to the sWeet spot of the face lies 
in the vertical plane along the target line. In other Words, in 
such an orientation, a target line runs along the ground, and 
a normal vector may point into the ground or up in the air. 
The “neutral at-address position” occurs When a club is 
positioned so that the sports instrument face is square and 
the shaft is leaning neither toWards the target nor aWay from 
the target. In contrast, the “at-address” position means the 
golfer has positioned the club face square to the target line 
and has ceased human-perceptible motion for a period of 
time. 

[0037] In such applications, this description provides de? 
nitions for various frames of reference as bene?cial for 
illustrative purposes only and not for limitation in any 
manner. For instance, a “World FoR” or “World frame of 
reference” has a set of coordinate aXes Where the X-aXis is 
the direction a right-handed player faces, the Y-aXis is the 
target line of the golf shot, and the Z-aXis is up. Referring 
brie?y to FIG. 6, in the World FoR, the origin is at the center 
of the golf ball. The “club FoR” or “club frame of reference” 
includes the coordinate aXes given a neutral at-address 
position for the sports instrument, Where the Z-aXis is up 
center of club shaft, the X-aXis is the “top” of the sports 
instrument grip and should lie in World XZ plane in a neutral 
at-address position, and further Where the Y-aXis-positions 
toWards target and should be parallel to World Y-aXis is a 
neutral at-address position. In the sports instrument FoR, the 
origin is ?Xed distance from top of board. 

[0038] With the above terms and de?nitions as a basis and 
With a focus on the correction process of the disclosed 
subject matter, FIG. 2 shoWs a partially eXploded vieW of an 
instrument golf club (IGC) 18 Which may incorporate an 
inertial measurement unit (IMU) consistent With the teach 
ings of the disclosed subject matter. IGC 18 includes a head 
20 and a shaft 22, both of Which are similar to shafts and 
heads on a typical golf club. Although illustrated as a driver, 
head 20 can be any type of golf club, including but not 
limited to, an iron, a Wedge, a Wood, and a putter. As 
mentioned above, the claimed subject matter is not limited 
to golf clubs but can be applied to many types of bats, 
racquets, and game controllers. Attached to the top of shaft 
22 is a grip 24, into Which the claimed subject matter is 
incorporated. Grip 24 includes a PoWer On/Mute/PoWer Off 
button 26, a battery recharge connector 28, a battery 
recharge connector cover 30, a grip faceplate 32 and a Flag 
SWing button 34. 

[0039] PoWer On/Mute/PoWer Off button 26 is pushed 
once to poWer on the IGC 18. Once the IGC 18 is poWered 
on, off button 26 is pushed to toggle on and off an audio 
feedback signal that indicates to a player When a particular 
sWing has broken a plane representing a correct sWing. Note 
that such audio feedback is not a necessary, but rather a 
possible feature of the disclosed embodiment. Other forms 
of feedback and other modes of communication may occur 
With similar embodiments of the disclosed subject matter. 
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[0040] To poWer off the IGC 18, off button 26 is pushed in 
and held for four or more seconds. In addition, one embodi 
ment of IGC 18 may turn off When held upside doWn and 
stationary for ?ve seconds. Battery recharge connector 28 is 
a socket into Which a battery recharger may be inserted to 
charge a battery pack Within IGC 18. Flag sWing button 34 
is pushed When a player desires to mark the data corre 
sponding to a particular sWing of IGC 18 for future inves 
tigation using an analysis application on an associated 
computing device. A saved sWing can also become a bench 
mark, or reference sWing, against Which subsequent sWings 
can be compared, including setting a reference for the 
breaking planes sounds. 

[0041] Grip 24 includes a PoWer On/Mute/PoWer Off 
button 26, a battery recharge connector 28, a battery 
recharge connector cover 30, a grip faceplate 32 and a Flag 
SWing button 34. PoWer On/Mute/PoWer Off button 26 is 
pushed once to poWer on IMU 44. Once IMU 44 is poWered 
on, off button 26 is pushed to toggle on and off an audio 
feedback signal that indicates to a player When a particular 
sWing has broken a plane representing a correct sWing. To 
poWer off the IMU 44, off button 26 is pushed in and held 
for four or more seconds. 

[0042] Battery recharge connector 28 is a socket into 
Which a battery recharger is inserted to charge a battery pack 
Within IMU 44. Battery recharge connector cover 30 is a 
plastic cover that has tWo protruding posts, post 36 plugs 
into the connector 28 and keeps moisture and dirt from 
entering connector 28 When battery recharger is not con 
nected to IMU 44. Post 38 plugs into anchor hole 40 to retain 
cover 30 after retracing post 36 from connector 28. When 
IMU 44 requires recharge, cover 30 is lifted and rotated 
around the second protruding post to eXpose connector 28 
and a battery recharger is inserted into connector 28. Grip 
faceplate 32 is a ?nishing piece for IMU 44 that ?ts Within 
grip 24 

[0043] FIG. 3 shoWs a partially cut-aWay vieW of IGC 18 
depicting printed circuit board (PCB) or main board 42 to 
illustrate the dimensions of the disclosed subject matter as 
making IGC 18 capable of ?tting Within grip 24. FIG. 4 
shoWs club grip 24 and an eXpanded vieW of a top portion 
of IMU 44, Which ?ts Within IGC 18. Battery recharge 
connector cover 30, grip faceplate 32, poWer on/mute/poWer 
off button 26 and ?ag sWing button 34 Were introduced 
above in conjunction With FIG. 1. BeloW grip faceplate 32 
is an antenna board 46 that is employed in Wireless com 
munication betWeen IGC 18 and an associated RF link boX 
as described in Us. patent application Ser. No. 10/810,168. 
Tab 48 eXtends from main board 42 and serves to secure 
IMU 44 in a ?Xed position relative to grip 24. A second, 
opposing tab (not shoWn) protrudes from the other side of 
main board 42 and also serves to secure IMU 44 in position 
relative to grip 24. 

[0044] A microprocessor on main board 42 serves as a 
central processing unit for IGC 18. The microprocessor 
controls the other components of main board 42, collects 
sensor data, monitors system temperature, corrects sensor 
data for temperature related distortion, processes the cor 
rected sensor data into position, velocity, and acceleration 
vectors, stores the corrected sensor data in ?ash memory 
(not shoWn) for later doWnload, and performs real-time 
collision detection of IGC 18 With respect to the sWing 
planes. 
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[0045] FIG. 5 shows three views of IMU 44. In particular, 
an outer vieW 60, an inner, exploded vieW 62, and an inner, 
assembled vieW, or assembly 64. Outer vieW 60 shoWs a tube 
66 into Which assembly 64 ?ts. Also shoWn is a screW 68 that 
secures assembly 64 to tube 66. Exploded vieW 62 includes 
antenna board 46 and a full vieW of main board 42, both of 
Which Were introduced above in conjunction With FIG. 3. 
Antenna board 46 is coupled both mechanically and elec 
trically to main board 42. Also coupled mechanically and 
electrically to main board 42 are a club transceiver chip 70, 
a sounder 72, an accel/gyro board 84 and a Z-gyro board 78. 

[0046] Club transceiver chip 70, Which in this example is 
a 2.4 GHZ transceiver, is responsible for Wireless commu 
nication betWeen IGC 18 and the associated RF link box. 
Transceiver chip 70 employs a quarter Wave monopole 
antenna (not shoWn) located on antenna board 46. Sounder 
72 provides an audio feedback signal to a player of IGC 18 
When a particular sWing falls outside of acceptable param 
eters. ScreW 68 extends through one Wall of tube 66, through 
one tube insert 76, through main board 42, through second 
tube insert 76 and through the opposite Wall of tube 66. 
ScreW 68 serves as a main position of structural integrity 
Within IMU 44. In other Words, screW 68 and tube inserts 76 
prevent the various components of assembly 64 from vibrat 
ing Within tube 66. 

[0047] IMU 44 employs three solid-state gyroscopes, such 
as Analog Devices’ ADXRS160, to measure angular rates 
around axes CX, CY, and CZ. A gyroscope located on 
accel/gyro board 84 measures the angular rate of rotation 
around CX, a gyroscope located on main board 42 measures 
the angular rate of rotation around CY, and a gyroscope 
located on the Z-gyro board 78 measures the angular rate of 
rotation around CZ. 

[0048] IMU 44 makes possible corrected output from the 
gyroscope sensor measurements from accel/gyro board 84. 
These gyroscopes are con?gured With a bandWidth of 1320 
degrees per second in order to record a typical golf sWing, 
although other bandWidths are possible depending upon the 
particular application. Additional signal conditioning and 
analog to digital conversion circuitry (not shoWn) supports 
the three gyroscope sensors. 

[0049] IMU 44 also provides tWo dual-axis accelerom 
eters, such as Analog Devices ADXL210e, to measure linear 
acceleration along axes CX, CY, and CZ. An accelerometer 
on main board 42 measures linear acceleration along CX and 
CZ axes. An accelerometer on accel/gyro board 84 measures 
linear acceleration along CY axis and duplicated data along 
the CZ axis. Although one embodiment uses only one chan 
nel of the CZ data, another embodiment may compare both 
channels of CZ data for such bene?ts as increased accuracy 
and/or signal noise reduction. It should be noted that accel 
erometers can measure both linear acceleration and forces 
due to gravity. The ability to measure the effects of gravity 
alloWs for the resolution of a gravity vector that in effect tells 
IGC 18 Which direction is doWn With respect to the sur 
rounding World. 

[0050] SWing data is stored on 8 MB of serial ?ash 
memory (not shoWn) on main board 42. One embodiment of 
the claimed subject matter employs approximately 72 kB of 
memory per recorded sWing therefore alloWing over 100 
sWings to be stored on the ?ash memory before the ?ash 
memory is consumed. Another embodiment of the claimed 
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subject matter may use higher quantities of memory that 
Would alloW for data captured for a higher number of 
sWings. For example, addtional memory may store addi 
tional sensor readings, if additional sensors or groups of 
sensors are used for performing the disclosed movement 
measurements. 

[0051] In addition, other embodiments may sample feWer 
data positions per sWing, thereby alloWing for data to be 
captured from a higher number of sWings. Furthermore, 
other embodiments may employ data compression algo 
rithms to alloW for more data to be captured from a higher 
number of sWings. For completeness, exploded vieW 62 
further shoWs tube inserts 76, battery standoff 80, battery 
pack 82, and battery pack Wires 84. 

[0052] The disclosed subject matter provides a compre 
hensive system for accurately measuring and modeling a 
sWing sports instrument, such as IGC 18. For such accurate 
measurements and sWing modeling, a coordinately set of 
analysis points, impact points, corrections and calibrations 
are necessary. One aspect of the disclosed subject matter, 
therefore, includes a method and system for isolating analy 
sis positions of a golf sWing. Another aspect of the disclosed 
subject matter provides a method and system for determin 
ing an impact position of a sWinging sports instrument. 
Another aspect of the disclosed subject matter includes a 
method and system for correcting golf sWing measurement 
errors for more accurately measuring and modeling the 
sWinging motion. US. patent application Ser No. , 
entitled “METHOD AND SYSTEM FOR CALIBRATING 
SPORTS IMPLEMENT INERTIAL MOTION SENSING 
SIGNALS,” having commonly inventorship and assignment 
to the present disclosure describes the relevant calibrations. 

[0053] The disclosed subject matter of a method and 
system for isolating analysis positions of a golf sWing as 
here described and claimed, therefore, provides for analyZ 
ing a sWinging motion of a sports instrument. The sWinging 
motion occurs for contacting an object and the sports 
instrument includes an embedded inertial measurement unit. 
The method and system generate a plurality of signals from 
the inertial measurement unit. The plurality of signals 
includes a plurality of gravity signals and a plurality of 
acceleration signals. The disclosed subject matter receives 
the plurality signals from the inertial measurement unit in a 
signal processing circuit. The signal processing circuit ana 
lyZes the plurality of gravity signals and the plurality of 
acceleration signals. From the analysis of at least the plu 
rality of gravity signals, the disclosed subject matter deter 
mines the point at Which the sports instrument is at an 
at-address position relative to the object. From the analysis 
of at least plurality of acceleration signals, the disclosed 
subject matter determines When the sports instrument is at a 
top-of-sWing position relative to the object. From the analy 
sis of the signals from the inertial measurement unit, the 
disclosed subject matter determines When the sports instru 
ment is in a sWinging motion. Furthermore, from the analy 
sis from at least the plurality of accelerometer signals the 
disclosed subject matter determines When the sports instru 
ment is at an impact point at Which the sports instrument 
contacts the object. 

[0054] To understand these various aspects of the present 
disclosure, the folloWing discussion establishes a frame of 
reference for discussion and exemplary mode of displaying 
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the swinging motion measurements and modeling provided 
herein. To begin, FIG. 6 shows coordinate system 90 in 
Which IGC 18 associates With tWo three-dimensional frames 
of reference, a frame 92 plotted With reference to a typical 
position for IGC 18 and a frame 94 plotted With reference to 
gravity corresponding to the World and is established rela 
tive to the golfer. Frame 92 corresponds to a coordinate 
system in Which the positive club X-axis is identi?ed as 
‘CX’, the positive club Y-axis is identi?ed as ‘CY’ and the 
positive club Z-axis is identi?ed as ‘CZ’. Frame 94 corre 
sponds to a coordinate system in Which the positive World 
X-axis is identi?ed as ‘GX’, the positive World Y-axis is 
identi?ed as ‘GY’ and the positive World Z-axis is identi?ed 
as ‘GZ’. 

[0055] During processing of data collected by ICG 18 both 
frames 92 and 94 are applicable. Frame 92 corresponds to a 
frame of reference for measurements taken by accel/gyro 
board 84 and Z-gyro board 78. Frame 92 corresponds to a 
frame of reference of a user of IGC 18 and a display for 
providing feedback to the player. Those With skill in the 
mathematical arts can easily convert measurements back and 
forth betWeen frames 92 and 94. 

[0056] FIG. 7 shoWs an exemplary sWing path data model 
100 used to store information collected by IGC 18 and 
processed by computing device 14. SWing path data model 
100 includes a sWing info header 102, Which stores data 
related to a particular sWing of IGC 18, and multiple sWing 
data elements 104. Each sWing data element 104 stores 
measurement information from sensors on main board 42, 
accel/gyro board 84 and Z-gyro board 78 for a particular 
moment in time of a particular sWing corresponding to 
sWing data header 102. In one embodiment, if IGC 18 
employs a sampling rate of 2 k HertZ, then there are 2,000 
instances of sWing data element 104 generated for each 
second that a particular sWing takes, eg if a sWing takes 2 
seconds, there are 4,000 instances of sWing data element 104 
generated for that particular sWing. 

[0057] SWing info header 102 includes a sWing info iden 
ti?er (ID), Which uniquely identi?es a particular sWing, a 
club ID, Which identi?es a particular club used for the sWing, 
a sWing start timestamp, Which stores a start time for the 
sWing, a sWing duration data element, Which stores data on 
hoW long the sWing took from beginning to end, a sWing 
?agged data element, Which indicates Whether or not the 
player has indicated that the corresponding sWing is of 
special interest for later use and analysis, and a temperature 
data element, Which stores the ambient temperature from a 
temperature sensor on main board 42 for use in analyZing 
output from the accelerometers and gyroscopes. The player 
sets the SWing Flagged data element by pushing Flag SWing 
button 34, typically folloWing a particularly good sWing. 

[0058] Each sWing data element 104 includes a sWing info 
ID, Which enables a particular sWing data element 104 to be 
associated With a particular sWing info header 102, a 
sequence number, Which indicates an ordering of multiple 
sWing data elements 104 associated With a particular sWing 
info header 102, and various data elements corresponding to 
measurements taken from main board 42, accel/gyro board 
84 and Z-gyro board 76. 

[0059] An X-axis accelerometer data element corresponds 
to a measurement of movement in the CX axis of IGC 18 
taken from an accelerometer on main board 42. A Y-axis 
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accelerometer data element corresponds to a measurement 
of movement in the CY axis of IGC 18 taken from the same 
accelerometer on accel/gyro board 84 that measures the CX. 
A Z-axis accelerometer data element corresponds to a mea 
surement of movement in the CZ axis of IGC 18 taken from 
the accelerometer on main board 42. 

[0060] An X-axis gyroscope data element corresponds to 
a measurement of angular rotation around the CX axis of 
IGC 18 taken by the gyroscope located on accel/gyro board 
76. A Y-axis gyroscope data element corresponds to a 
measurement of angular rotation around the CY axis of IGC 
18 taken by the gyroscope located on main board 42. A 
Z-axis gyroscope data element corresponds to a measure 
ment of angular rotation around the CZ axis of IGC 18 taken 
by the gyroscope located on Z-gyro board 76. 

[0061] SWing path data model 100 illustrates one particu 
lar format for storing data generated by IGC 18. Those With 
skill in the computing arts should appreciate that there are 
other Ways to store the data as Well as other data, and 
corresponding data structures, employed by IGC 18. For 
example, computer 14, may convert linear acceleration and 
angular rate measurements into orientation and position 
information, Which requires particular data structures. In an 
alternative embodiment, IGC 18 converts linear acceleration 
and angular rates into positional and orientation information. 

[0062] FIG. 8 shoWs selected functional and demonstra 
tive vieWs of an exemplary analysis graphical player inter 
face (GUI) for demonstrating the results of the claimed 
subject matter. In particular, FIG. 8 provides an outline for 
exemplary graphical user interface (GUI), or analysis appli 
cation 110 that provides a user an interface to IGC 18. One 
With skill in the programming arts should easily understand 
hoW to program analysis application 110. The disclosed 
subject matter provides the ability to isolate analysis points, 
impact points, and make corrections for meaningful dem 
onstration of player performance using analysis application 
110. 

[0063] With reference to FIG. 8, analysis application 110 
offers extensive golf sWing related analytics using sWing 
path data model 100, Which is collected from IGC 18 by a 
data collection process, stored on computer 14, and pro 
cessed by a data display process described in more detail 
beloW. In an alternative embodiment, analysis application 
110 employs orientation and position data, derived from 
sWing path data model 100. 

[0064] Speci?c sWing path data model 100 records are 
displayed in a sWing record panel 112. SWing record panel 
112 also displays previously doWnloaded sWing path data 
model 100 records. Records displayed in sWing record panel 
112 can be constrained and ?ltered using functionality 
located in a sWing record ?lter panel 114. SWing record ?lter 
panel 114 enables a user of analysis application 110 to limit 
displayed records by time stamp and other characteristics. 
SWing path data model 100 records are selected by the 
player in sWing record panel 112 and then loaded by analysis 
application 110 into other constituent panels of analysis 
application 110. 

[0065] Once a sWing path data model 100 record has been 
selected by the player, the player can vieW an animated 
reconstruction of the sWing in sWing vieWing panels 116, 
118, and 120. Analysis application 110 enables visualiZation 
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and analysis of individual frames of the swing, of sloW 
motion and real-time animation of the golf swing, and of 
pre-set key points of the sWing such as at address, the top of 
the sWing, ball impact, etc. Animation controls are located in 
a sWing replay control panel 124. Pre-set key points of the 
golf sWing are accessed through a sWing key point control 
panel 126. The animated sWing can be vieWed from mul 
tiple, different simultaneous perspectives in panels 116, 118, 
and 120, for example, front, side, and top-doWn perspec 
tives. 

[0066] Analysis application 120 may use inverse kinemat 
ics, for example, to animate a human FIGURE and give 
context to the golf sWing visualiZation. One embodiment of 
the disclosed subject matter provides computeriZed anima 
tion for a body reference, such as When a golfer chooses an 
idealiZed reference sWing based upon the golfer’s measure 
ments. A speci?c algorithm commonly referred to as cyclic 
coordinate descent alloWs the position and orientation of 
sWing path data model 100 records to drive the state of a 
simpli?ed human skeleton vieWable in sWing vieWing pan 
els 116, 118, and 120. Another tool provided by analysis 
application 120 is the display of upper and loWer sWing 
planes during sWing visualiZation. With such an application 
120, upper and loWer sWing planes may be based either upon 
a golfer’s measurements or entered manually. 

[0067] Analysis application 120 provides the ability to 
compare a golfer’s sWing to a reference sWing. This refer 
ence sWing may derive from several sources. For example, 
analysis application 120 may create an ideal reference sWing 
based on a user’s physical characteristics, a previously 
recorded sWing from another golfer, such as a touring 
professional golfer, or the player can designate one of their 
best personal sWings as the reference sWing. The overlaying 
of a sWing With a reference sWing during replay and visu 
aliZation provides additional analysis context and alloWs the 
golfer to analyZe their sWing for ?aWs and strengths. 

[0068] Beyond visual analysis, analysis application 110 
offers extensive primary analytics derived from a sWing path 
data record 100. These analytics are mainly presented in 
tabbed WindoWs Within the sWing analytics panel 128 and 
Within context sensitive analytics panel 122. 

[0069] Analytics include, but are not limited to, a variety 
of examples such as the folloWing. Ashaft 22 angle analysis 
at key positions in the sWing also is possible. An analysis of 
the address line, i.e., the position of the sports instrument 
shaft 22 at address corresponding to the line perpendicular 
to the target line, may occur. Analytics of the IGC 18 face 
position and club head/hands position at key positions in 
sWing are possible. Club head speed and acceleration; arc 
inscribed by hands and club head; angles of backsWing 
planes, transition planes, and doWnsWing planes all may take 
place. Angle of attack on the golf ball, i.e., the club head 
angle prior to golf ball impact, the estimated golf ball ?ight 
distance, a time of pause at top-of-sWing, and club head drop 
at beginning of doWnsWing analytics may also take place. 
Furthermore, analytics are possible for the estimated Wrist 
angle/cock angle at top-of-sWing, maximum rate of accel 
eration on doWnsWing or rate of acceleration at impact, and 
position in doWnsWing of highest velocity. The lag distance, 
i.e., the distance of the butt of IGC 18 from the address line 
When IGC 18 is parallel to the earth on a doWnsWing may 
also be analyZed. 

Nov. 24, 2005 

[0070] The disclosed subject matter also permits analyZ 
ing a “lag angle” (When the butt of IGC 18 is some preset 
distance from the address line on a doWnsWing, as Well as a 
coil angle (i.e., a measurement of the rotation of IGC 18 at 
its furthest position from address during backsWing). The 
“lag angle” may be considered based upon the club orien 
tation When the Wrists release on the doWnsWing. Moreover, 
the lag angle may further include a determination of the 
release point based upon angular accelerations and/or linear 
accelerations. In such case, the hands Will see a sloWdoWn 
When the club releases because of the momentum transfer 
ring to the club head. 

[0071] An estimated launch angle of the golf ball, the type 
of spin imparted to the golf ball, the escape velocity of the 
golf ball may also be analyZed. IMU 44 also supports 
analyZing the angle of incidence (i.e., the club head path at 
impact versus target line at-address) and the impact position 
on the IGC 18 face. 

[0072] The disclosed subject matter, furthermore, supports 
additional analytics that combine information from multiple, 
primary analytics are available in analysis application 110. 
Examples of composite analytics include, but are not limited 
to, a quality of release analysis that may use the acceleration 
at impact combined With shaft 22 lean at impact to determine 
the quality of the timing of the release. Alternative, the 
location of maximum club head speed during the sWing may 
be used for quality of release in place of the acceleration at 
impact. A tempo analysis scores the smoothness and rhythm 
of a golf sWing. IMU 44 determines smoothness by any 
rapid/unexpected accelerations and decelerations during a 
backsWing and doWnsWing. The rhythm determination looks 
at the time during the backsWing versus the time during the 
doWnsWing. 

[0073] An analysis of the divergence of a measured sWing 
from a reference sWing to provide a quality of sWing 
measurement may also occur. The term “quality of sWing” 
may also be knoWn as “quality of plane,” each term having 
essentially the same or similar de?nition. In one embodi 
ment of the disclosed subject matter, a “quality of sWing” 
analytic may based on a combination of the other composite 
analytics, such as, for example, an average of tempo ana 
lytic, combined With a release analytic and a plane analytic 
to derive a sWing determination. 

[0074] The reference sWing may be a reference profes 
sional sWing, a previously recorded player sWing, or a sWing 
recorded from another player. Analysis application 110 may 
notify the player When a measured sWing deviates an unac 
ceptable distance aWay from the reference sWing. 

[0075] Analysis application 110 provides for data trans 
mission With other installations of analysis application 110 
over the internet or other communication medium. The 
ability to share sWing path data records 100 alloWs for one 
player to record data regarding their sWing and then transmit 
the data to a second player for further visualiZation and 
analysis. In fact, in one embodiment, a second player may 
annotate sWing path data records 100 With comments and 
then transmit the annotated ?les to their originator. The 
ability to transmit annotated data betWeen players alloWs for 
remote instruction and feedback. 

[0076] Understanding the disclosed subject matter 
includes understanding the context Within Which one may 
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practice the disclosed swinging motion measurement and 
modeling functions and features. An exemplary context is 
described in US. patent application Ser. No. 10/810,168 as 
previously referenced. For the purpose of illustration, FIGS. 
9 and 10 depict the overall data collection process and the 
process sWing methods therein described. FIG. 9, thus, 
provides a ?oWchart of a data collection process 140 asso 
ciated With IGC 18 and IGC. Processing starts in a “begin 
operate IGC” step 142, Which is initiated When a user 
presses poWer on/mute/poWer off button 26 of IGC 18 Prior 
to the initiation of process 140, IGC 18 is in an “off” state, 
during Which IGC 18 is in a very loW poWer mode Where all 
components are off and the central processing unit (CPU) 
clock is stopped. The CPU is con?gured to Wake When the 
player presses poWer on/mute/poWer off button 26 or When 
a battery recharger is inserted into battery recharger con 
nector 28. 

[0077] From step 142, control proceeds immediately to an 
“initialize IMU” step during Which process 140 initialiZes 
the central processing unit (CPU), memory, poWer on/mute/ 
poWer off button 28 and ?ag sWing button 34 and tempera 
ture sensor of IGC 18. In addition, process 140 initiates a 
beep from sounder 72 so that the player can check sounder 
72 functionality and checks both battery pack 82 and the 
availability of an RF connection With an RF link box. It 
should be noted that IGC 18 is able to operate and collect 
data Without a RF connection available. Data transfer and 
processing can occur off-line at a more convenient time. 

[0078] FolloWing step 144, control proceeds to a “Wait for 
input” step 146 during Which IGC 18 is in a “doze” state. In 
this state, IGC 18 performs periodic checks for the presence 
of an RF link box 121. This permits determining Whether or 
not IGC 18 should transition to an “at-address” state and to 
determine if poWer on/mute/poWer off button 26 has been 
depressed for a period of four (4) seconds, indicating that the 
player Wishes to return IGC 18 to the off state. These 
periodic checks are illustrated by a transition of control by 
process 140 through a “link box detected” query 148, an 
“address detected” query 152 and an “off signal detected” 
query 154. In “doze” state and during the periods betWeen 
at-address checks, most IMU 141 devices are poWered doWn 
in order to conserve poWer of battery pack 82. 

[0079] In the absence of detected events, as indicated by 
the “no” paths of steps 148, 152 and 154, the transition 
through steps 148, 152 and 154 occurs every 100 ms. During 
step 148, IGC 18 poWers up club transceiver chip 70 to 
check for the presence of an RF link box 121. If an RF link 
box is detected, then control proceeds to a “process link 
box” step 150. FolloWing step 150, control returns to step 
146 and processing continues as described above. If, in step 
148 an RF link box 121 is not detected, then control 
proceeds to “address detected” query 152. 

[0080] During step 152, process 140 takes acceleration 
readings from CZ and CX axes accelerometers, resolves the 
angle of the gravity vector, and reads an angular rate from 
the CX axis gyroscope to determine a lack of rotation. If IGC 
18 determines that IGC 18 is being held in a upright manner 
consistent With the stance of a golfer prior to a sWing and 
that IGC 18 is not being sWung or moving around the CX 
axis, IGC 18 moves from the doZe state into the at-address 
state and control proceeds to a “process sWing” step 154. 
FolloWing step 154, control returns to step 146 and process 
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ing continues as described above. If, in step 152, IGC 18 
does not detect that the player is addressing the ball, then 
control proceeds to off “signal detected” query 154. 

[0081] During step 154, IGC 18 determines Whether or not 
poWer on/mute/poWer off button 26 has been pressed for a 
sustained period of time, eg four (4) seconds. If not, then 
control returns to 146 and processing continues as described 
above. 

[0082] If poWer on/mute/poWer off button 26 has been 
pressed for a sustained period of time, then control proceeds 
to a “poWer doWn” step 158, during Which IGC 18 takes 
actions necessary to return to the off state in Which, as 
described above, IGC 18 is in a very loW poWer mode Where 
all components are off and the central processing unit (CPU) 
clock is stopped. Finally, control proceeds from step 158 to 
an “End Operate IGC” step 160 in Which process 140 is 
complete. 
[0083] It should be noted that, although process 140 is 
described here as a “polling” process, process 140 could also 
be engineered as an event or interrupt driven process. Those 
With skill in the computing arts should appreciate the both 
the advantages and disadvantages of the different 
approaches. 
[0084] NoW, With reference to FIG. 10, there appears 
?oWchart 170 for the process sWing functions performed 
during an exemplary operation of a data collection process 
of FIG. 9. Process sWing ?oWchart 170 begins With process 
sWing step 172. “Begin process sWing” step 172 causes 
control to proceed immediately to a “Wait for motion” step 
174 during Which IMU 44 periodically samples all gyro 
scopes and accelerometers simultaneously every 0.0005 
seconds, for a sampling rate of 2 kHZ. At this point, IMU 44 
is still in the at-address state. 

[0085] After each sample, control proceeds to a “suf?cient 
rotation” step 174 during Which IMU 44 calculates the 
rotational rate of the club around the CX axis and thereby 
determines Whether or not IGC 18 has started sWinging. If 
the rotation rate does not exceed the threshold, then control 
proceeds to a “timeout” step 178 during Which IMU 44 
determines Whether or not IGC 18 has been at the at-address 
state for longer than a predetermined amount of time. If so, 
control proceeds to an “end process sWing” step 188 in 
Which step 172 is complete. If the predetermined period of 
time has not been exceeded, then control returns to step 172 
and IMU 44 Waits for another sample. 

[0086] If, in step 176, the rotation rate around the CX 
exceeds the set threshold rate, IMU 44 enters a “sWinging” 
state and control proceeds to a “sample sensors” step 180. 
During step 180, IMU 44 samples all gyroscopes and 
accelerometers and stores the sWing generated sensor data 
201 to ?ash memory. As explained above in conjunction 
With FIG. 7, sWing data collected by IMU 44 is stored as 
sWing path data model 100 comprised of sWing info header 
102 With multiple sWing data elements 104. SWing info 
header 102 contains information such as initial timestamp, 
sWing duration, sWing ?ag status, and temperature. Each 
sampling IMU 44 sensors is stored in a sWing data element 
?le 104. Each sWing data element ?le 104 contains data 
regarding accelerations along CX, CY, and CZ axes and 
angular rate data around CX, CY, and CZ axes. Therefore, for 
a given sWing, there exists a one-to-many relationship 
betWeen sWing info header 102 record and the multiple 
sWing data elements 104. 
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[0087] The described embodiment of the claimed subject 
matter employs a ?xed sampling rate, i.e. 2 kHZ. Therefore, 
given the initial timestamp and a ?xed time betWeen 
samples, a sWing path can be chronologically recreated. 
IMU 44 also monitors its position With respect to the upper 
and loWer sWing planes. While in the sWinging state, if club 
head 20 breaks either the upper or loWer sWing planes, 
sounder 76 produces an audible tone. This audible feedback 
can be toggled betWeen a sound on and a sound off, or mute, 
con?guration by brie?y depressing poWer on/mute/poWer 
off button 117. 

[0088] After each sampling interval, control proceeds 
from step 180 to a “time exceeded” query 182 during Which 
process 170 determines Whether more time has elapsed than 
necessary to complete a sWing of IGC 18. If so, control 
proceeds to a “Write data” step 186 during Which the data 
samples captured during iteration through step 180 are 
copied to and stored in a memory. IMU 44 then returns to a 
doZe state and control proceeds to an “end process sWing” 
step 188 in Which step 172 is complete. 

[0089] If, in step 182, process 170 determines that the 
sWing has not exceeded the maximum alloWable time, then 
control proceeds to an “insufficient rotation” query 184 
during Which process 170 determines Whether or not IGC 18 
is moving suf?ciently fast still to be considered in the 
process of a sWing. IMU 44 determines the end of the sWing 
by monitoring the moving average of rotation vector mag 
nitude. The magnitude of the rotation vector is calculated by 
taking the square root of the sum of the squared values of 
angular rate around the CX, CY, and CZ axes. If the moving 
average falls beloW a set threshold, the sWing is declared 
complete, and control proceeds to “Write data” step 186 and 
processing continues as described above. If, in step 184, 
process 170 determines the sWing is still active, i.e. the 
moving average is above the threshold, then control returns 
to step 180 and more data samples are collected as described 
above. 

[0090] Having described the overall data collection pro 
cess and the process sWing method that may associate With 
the disclosed subject matter, noW an understanding of the 
present method for measuring and modeling a sWinging 
motion, including the isolation of key sWing points, the 
determination of impact points, and the correction of certain 
errors may occur. Accordingly, the key analysis positions of 
the golf sWing that the disclosed subject matter measures 
and models are (1) an at-address position, (2) a top-of-sWing 
position, and (3) an impact position. The vibration occurring 
at impact substantially limits inertial measurement analysis 
after the impact position. This is because the shock vibration 
occurring at impact makes measurements after impact often 
unreliable. The primary purpose of the at-address analysis is 
to determine the orientation of the sports instrument. Using 
mathematical induction, the at-address position may be 
considered as the n=0th position. By analyZing the gravita 
tional orientation at the at-address position, it is possible to 
determine the other positions in the algorithmic process and 
determine all other positions of interest in the golf sWing. 

[0091] FIG. 11 shoWs a ?oWchart of an “at-address” 
determination process 190 consistent With the present dis 
closure. There are other at-address algorithm that may fall 
Within the scope of the disclosed subject matter. For 
example, an at-address algorithm that Works backWards to 
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?nd a single point that meeting a single set of at-address 
criteria may also fall Within the scope of the claimed subject 
matter. With reference to the embodiment of FIG. 11, 
though, at-address algorithm 190 begins at step 192 for 
?nding the narroWest parameter set Where an interval during 
address quali?es as “at-address.” At query 194, a test occurs 
of Whether there is a section of at least a predetermine 
number of consecutive points that qualify as “at-ad 
dress.” If not, then process How continues to step 196 
Wherein there is a determination of Whether a Wider param 
eter set exists. If the result of the query of step 196 is 
negative, then process How continues to step 198 Wherein 
the process result is that no address position is found. On the 
other hand, if the step 196 returns a positive result, then 
process How goes to step 200 to obtain a Wider parameter 
set, after Which process How goes to back to the query of 
step 194. 

[0092] If the step 194 query result is positive, then process 
How for address algorithm 190 goes to step 202 Wherein the 
process chooses the latest section of a predetermined num 
ber of consecutive at-address points. The next step 204 
?nds the “best” address points Within a stationary section. 
Then, process How goes to the query of step 206 to test 
Whether there is another section of intervals With at least a 
predetermined number consecutive “at-address” points. 
If so, then, at step 208, process How includes checking for 
a better address point Within the other section. Then, if a 
better address point exists, at step 210, such point is selected 
as the address. Finally, With either (a) the better address 
point determined at step 210 or (b) the existing address point 
as determined at step 204, process How continues to step 212 
to provide the address algorithm 190 output of a returned 
address position. 

[0093] There are tWo different components of the at 
address position. The at-address position alloWs IMU 44 to 
determine the orientation and a best position for the true 
start-of-sWing. RaW data readings permit for determining the 
sports instrument initial orientation. Alternatively, orienta 
tion may be determined using external information, such as 
an alignment device. With this information, IMU 44 may 
determine sports instrument velocity. A ?rst address com 
ponent includes a gravity vector that provides a parameter 
useful for determining the correct initial orientation. IMU 44 
requires the player to bring the sports instrument to a rest at 
some position during the address. That is, When IMU 44 is 
stationary, the only measurements reported by IMU 44 are 
preferably Will be acceleration due to gravity (and noise/ 
other data inaccuracies). 

[0094] Process 190 for determining the at-address posi 
tion, therefore, involves determining that the sports instru 
ment is in a valid address orientation. IMU 44 determines 
that the sports instrument is being moved into address by the 
individual accelerometer readings. IMU 44 knoWs the basic 
range of readings for each accelerometer that indicate the 
sports instrument is oriented as if to address the golf ball, for 
example. Therefore, the disclosed subject matter records 
minima and maxima readings for each accelerometer to 
determine that the player is addressing the golf ball. 

[0095] When the sensors register their loWest levels of 
movement, e.g., When the club is motionless, IMU 44 may 
accurately read the direction of gravity. IMU 44 determines 
this by checking that the magnitude of the acceleration 
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vector is close to the gravitational constant, g, While the 
magnitude of the angular rate vector is close to Zero. Due to 
correction errors and noise, IMU 44 controls these using sets 
of parameters that start out tight and gradually expand. IMU 
44 iterates through these parameter sets to look for the best 
possible positions ?rst, and gradually move to the Wider sets 
until a range of valid positions is found that may be 
evaluated as motionless. 

[0096] The gravity vector is not suf?cient for establishing 
a coordinate system. Speci?cally, a gravity vector is suf? 
cient for determining the inclination of IMU 44, but is not 
sufficient for establishing the coordinate axes for the IMU 44 
FoR. In the World FoR, the gravity vector Will produce the 
angle of IMU 44 relative to vertical, but IMU 44 cannot 
determine the need for a “tWist” in the orientation around the 
World Z-axis. Therefore, IMU 44 requires additional infor 
mation. IMU 44 obtains this information by assuming that 
the player squares the sports instrument face With the golf 
ball or object. By assuming a square clubface, IMU 44 can 
determine the target line of IMU 44 (World FoR Y-axis) and 
therefore extrapolate the tWist of the unit about the World 
Z-axis. 

[0097] In the at-address position determination, it is desir 
able to have IMU 44 as ?xed or motionless as possible. This 
is because at such a position the player is addressing the golf 
ball in preparation for taking the golf sWing. This at-address 
position may orient the sWing analysis that IMU 44 accom 
plishes. The present disclosure aligns the bore that holds 
IMU 44 to be parallel in alignment With the sports instru 
ment face and in the direction of the hitting motion. Thus, 
With the ability to determine the position of IMU 44 and the 
at-address position it is possible to determine a set of vectors 
that change and permit the measurement of club head 
position as the sWing progresses. Aligning IMU 44 With the 
at-address position using a gravity vector permits inferring 
that the sports instrument face is square. Thus, these tWo 
parameters of the position of IMU 44 and the at-address 
position permit determining the orientation of IMU 44. 

[0098] Another consideration relating to the use of the 
at-address position includes the ability to determine the 
position of an origin to be the location of the golf ball. IMU 
44 divides the golf sWing into segments, including super 
segments and sub-segments. Through these segments it is 
possible to identify an “address segment,” a “backsWing 
segment,” a “doWnsWing segment,” and a “folloW-through 
segment.” Within each of these super-segments are an 
appropriate number of sub-segments. Thus, for example, at 
the address segment a set of sub-segments may include a 
segment beginning With an initial preparation and continu 
ing until motion stops or, at least, goes to a minimum level 
of motion. A second segment begins at such a stopped 
motion state to player’s taking the sports instrument aWay 
from the golf ball as the backsWing begins. Other sub 
segments relating to the backsWing, doWnsWing, and folloW 
through segments could be partitioned and analyZed accord 
ingly. 

[0099] Certain sources of error affect the ability to calcu 
late orientation from address. A ?rst error source is sensor 
noise. Sensor noise results in gravity vectors that are not 
precisely 9.8 m/s2 and misalignments in the direction of the 
gravity vector. IMU orientation Within the sports instrument 
shaft provides a further error source. The shaft keeps IMU 
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44 almost perfectly vertical, to the position Where IMU 44 
does not Worry about it. HoWever, even a small amount of 
tWist Within the shaft may produce a signi?cant orientation 
error. Player alignment of the sports instrument face also 
may produce measurement errors. It is very easy to set up 
With the sports instrument face off by one or tWo degrees 
from the direction the player is trying to sWing. Measure 
ment errors may also arise due to the face of a club head 
being curved, Which further complicates measurements. 

[0100] Because of the measurement errors, IMU 44 deter 
mines the most accurate orientation When the sports instru 
ment addresses the golf ball in a “hands-neutral” position. 
The hands-neutral position occurs When the hands are nei 
ther in front of nor behind the sports instrument face. This 
is because, in this position, the face of IMU 44 Within the 
sports instrument is close to parallel With the sports instru 
ment contact surface. In addition, in this position IMU 44 is 
approximately vertical to the Y-axis, thereby further mini 
miZing measurement errors. That is, IMU 44 approximates 
a horiZontal angle to the Y-axis. This is because the shaft still 
is at an angle close to the lie angle (i.e., approximately at a 
45° angle) With the ground. With this signi?cant angle With 
the vertical, a neutral at-address position provides the closest 
estimation possible of a square club face. 

[0101] IMU 44, in operation, seeks to identify the vertical 
position during the address WindoW to establish the IMU 44 
orientation. IMU 44 iterates through various position mea 
surements seeking a stable accelerometer readings having 
consistently loW Y-accelerometer reading values. IMU 44 
needs to establish consistency to avoid selecting a position 
that happens to spike into the correct range due to noise and 
to avoid selecting a position that occurs during movement. 
IMU 44 does this by ensuring there are a threshold number 
of positions that meet the parameter set. 

[0102] Because IMU 44 seeks a certain orientation of the 
sports instrument, the process often selects a position too 
early in the address WindoW. Picking a position too early 
may result in displaying a lack of motion or part of the 
player’s address routine that does not matter. Therefore, 
IMU 44 selects the latest “motionless” position during 
operation as the start-of-sWing to eliminate such problems. 

[0103] To achieve this result, IMU 44 starts from the end 
of the 800-ms address WindoW, Where IMU 44 knoWs the 
sWing has begun. At such point, IMU 44 may track back 
Wards from the end of the interval and examine the recorded 
output from tWo key sensors. These sensors are the Y-ac 
celerometer and the X-gyroscope. Right-handed sWings 
experience strongly negative Y-accelerometer and X-gyro 
scope readings during the backsWing. IMU 44, therefore, 
examines these negative readings and tracks back until IMU 
44 readings tend toWard Zero. IMU 44 also looks for 
positions that qualify as at-address and try to pick an interval 
Within a stable set of positions that seem motionless. The 
disclosd subject matter applies a similar approach for left 
handed golfers? 

[0104] Theoretically, the ?rst set of motionless positions 
should contain the start-of-sWing, but there are scenarios 
that may made this determination dif?cult. Once IMU 44 
initiates start-of-sWing checking, the at-address algorithm 
Will change to ?nd the at-address position and the start-of 
sWing. IMU 44 Will establish the initial orientation at the 
at-address position, and then carry only the orientation 
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calculations through to the start-of-sWing. Since IMU 44 is 
establishing an early orientation in many cases, IMU 44 Will 
have more information at the disposal. It is possible to 
calculate position and velocity values from the at-address 
position, and use position change to determine the best start 
of sWing location. 

[0105] Another aspect of the disclosed subject matter 
includes a method and system for determining an impact 
point of a sWinging sports instrument. This aspect deter 
mines an impact position at Which the sports instrument 
generates an acceleration measurements stream from the 
inertial measurement unit. The acceleration measurements 
stream includes a plurality of acceleration signals from the 
inertial measurement unit. The plurality of acceleration 
signals are associated With movement of the sports instru 
ment. Each of the plurality of acceleration signals corre 
sponds to a position of the sports instrument during the 
movement. The disclosed subject matter receives the accel 
eration measurements stream in a signal processing circuit. 
The signal processing circuit relates the acceleration mea 
surements stream to movement of the sports instrument. The 
disclosed subject matter furthermore determines the pres 
ence of a shock vibration measurement Within the accelera 
tion measurements stream. Then, IMU 44 relates the shock 
vibration to a position at Which the sports instrument 
impacts the object. 

[0106] To illustrate one approach to achieving these 
results, FIGS. 12 and 13 provide ?oWcharts relating to the 
impact position determination process of the present disclo 
sure. FIG. 12 depicts the impact position determination 
process 220 of IMU 44. Impact algorithm 220 determines 
Whether a section of data is experiencing vibration at step 
222, Wherein an input starting interval for search for vibra 
tion occurs. Then, at step 224, impact algorithm starts a 
search for a neW section of vibration. Thereafter, at step 226, 
impact algorithm 220 determines if a data position is vibrat 
ing. To make this determination process How goes to FIG. 
13, Which begins at step 228, Wherein there is a determina 
tion of Whether a vibrating data position exists. That is, upon 
determining that one or more accelerometers is vibrating at 
step 228, impact algorithm 220 continues to step 230 at 
Which position a query occurs of Whether tWo of the three 
accelerometers are vibrating. If so, then a determination of 
a vibration at the sports instrument is made at step 232. If 
feWer than tWo of the three accelerometers are vibrating, 
then, at step 234, the determination occurs that no data 
position is vibrating. 

[0107] Then, process How returns to FIG. 12. If a data 
position is vibrating, then the step 236 query causes process 
How to proceed to step 238, Wherein the process adds 1 to 
the vibration section count. After either (a) it is determined 
that a data position is not vibrating at step 236, or (b) 1 is 
added to the vibration section count at step 238, process How 
proceeds to the query of step 240 to test Whether the process 
has iterated through a predetermined number of data 
positions. If not, then process How goes to step 242 Where 
impact algorithm 228 moves to the next position, Which 
position is analyZed by step 226, Wherein an analysis of 
Whether the data position is vibrating. 

[0108] If, on the other hand, the query of step 240 deter 
mines that the predetermined number data positions 
have been iterated, then impact algorithm 220 process How 
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proceeds to the query of step 244 Where a test occurs of 
Whether enough data positions in the section are vibrating. 
If so, then process How goes to step 246 Wherein impact 
algorithm proceeds to the return starting interval as the 
impact position. On the other hand, if there are not enough 
positions in the section vibrating, then process How proceeds 
to step 248, Where impact algorithm 220 adds 1 to the 
starting interval. After step 246, process How returns to step 
224 for starting a neW search for a neW section of vibration. 
Thereafter, impact algorithm 220 continues as previously 
described herein. 

[0109] At impact, therefore, a shocking vibration deter 
mines the position at Which the club head impacts or hits the 
golf ball. With IMU 44, the measure of vibration is set to that 
Which Would occur upon the club head striking a Whiffle 
ball. This loW threshold assures that the sWing analysis Will 
occur With at least this level of vibration and that the impact 
position analysis can occur. Of course, With a more precise 
determination of the golf ball location, using the concepts 
for at-address and golf ball orientation already described, it 
may be possible to avoid the need to use the Whif?e-ball 
vibration threshold analysis for determining the golf ball 
impact position. 

[0110] Acasual examination of typical accelerometer data 
stream during a sWing reveals a relatively smooth trend 
during the sWing. HoWever, at impact, the vibration causes 
the reading to spike signi?cantly over consecutive intervals, 
resulting in a strong spike at the beginning folloWed by a 
gradual dampening of the spiking as the vibration dissipates. 

[0111] An accelerometer is considered to experience 
vibration under one of tWo conditions. The ?rst condition is 
that there is a signi?cant change in acceleration. This is 
controlled by examining a predetermined parameter. 
Another Way for an accelerometer to report a shocking 
vibration occurs With a smaller change in acceleration 
coupled With a reversal in direction. A smaller acceleration 
change sometimes appears outside of a vibration position, 
but a reversal With this type of change indicates a shocking 
vibration to exist. 

[0112] The disclosed subject matter also determines the 
data position at Which vibration occurs. One novel aspect of 
determining vibration relates to the value read by the accel 
erometer is someWhat random during vibration. Vibration 
causes an acceleration spike that oscillates back and forth 
around the true value of acceleration at the frequency of the 
vibration. Depending on Where the accelerometer reading is 
taken, the offset caused by vibration can be anyWhere from 
the maximum of the spike to the minimum of the spike. 

[0113] For example, if the spike oscillates betWeen 10 and 
—10 m/s2, the actual acceleration “X” Will produce a ?nal 
value of betWeen X-lO m/sec and x+10 m/sec, depending on 
the moment the acceleration is measured. Therefore, it is 
possible for a shocking vibration to produce no noticeable 
change betWeen certain intervals. As such, IMU 44 some 
What liberally declares a position as vibrating. For example, 
if tWo of the three accelerometers experiencing vibration, 
IMU 44 determines that the associated position is experi 
encing vibration. 

[0114] In addition to determining the position at Which 
vibration occurs, the disclosed subject matter also deter 
mines Whether a section of data in the acceleration mea 














