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DETECTING MOVEMENT CHARACTERISTICS 
OF AN OBJECT 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates to systems and methods of 
detecting the movement characteristics of an object, in 
particular, a sports object such as a baseball, golf ball or 
other sports object. 

[0003] 2. Description of Related Art 

[0004] It is desirable to be able to predict the trajectory and 
ultimate movement path of an object by measuring charac 
teristics of the object at some point in time. This is particu 
larly true for sports objects. For example, at a driving range 
With a limited movement area or many golfers, a golfer 
striking a golf ball Would like to knoW the projected full 
movement of a struck golf ball. By measuring movement 
characteristics of the ball, some prior art systems attempt to 
determine the projected movement characteristics of the 
ball, i.e., distance traveled in air and direction. Some prior 
art systems modify the ball in a Way that is obvious and 
potentially distracting to the user. 

[0005] In addition, prior art systems are large and com 
plex. A need exists for a system that may be used by an 
individual in an enclosed environment, such a backyard or 
garage that is accurate and affordable. Such a system should 
also be extendable to other struck objects such as a baseball 
at a batting cage. The present invention provides such a 
system and method. 

SUMMARY OF THE INVENTION 

[0006] The present invention is system that measures and 
displays information about the movement of an object, in 
particular a sports object such as a golf ball. In particular, the 
device measures the speed and direction of movement, as 
Well as spin rate and spin axis orientation of the object. 

[0007] A method and article of manufacture of the inven 
tion for determining a movement characteristic of an object 
includes re?ecting electro-magnetic energy from a sensor off 
the object. The electro-magnetic energy re?ected off the 
object at the sensor is then received and parameters of a 
model of the movement of the object determined based on 
the re?ected electro-magnetic energy. Then a movement 
characteristic of the object based on the determined model 
parameters is determined 

[0008] The movement characteristic of the object that the 
method may determine includes the speed, distance, loca 
tion, spin angle, or spin rate. In a preferred embodiment, 
electro-magnetic energy from three sensors may be re?ected 
off the object and the electro-magnetic energy re?ected off 
the object may be received at the three sensors. Further, each 
sensor’s electro-magnetic energy transmission path may be 
non-parallel to the movement path of the object. 

[0009] The sensor may be a Doppler radar sensor or a 
continuous Wave Doppler radar sensor. In a further embodi 
ment, the electro-magnetic energy from the sensors may be 
re?ected off a contrast marker of the object and the electro 
magnetic energy re?ected off the contrast marker of the 
object may be received at the sensors. The contrast marker 
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of the object may be highly re?ective of the electro-mag 
netic energy generated by the sensors. 

[0010] An apparatus of the invention for determining a 
movement characteristic may include an object having a 
movement path and an electro-magnetic sensor. The sensor 
generates electro-magnetic energy to be re?ected off the 
object and receives the electro-magnetic energy re?ected off 
the object. The apparatus also includes means for determin 
ing parameters of a model of the movement of the object 
based on the re?ected electro-magnetic energy and means 
for determining a movement characteristic of the object 
based on the determined model parameters 

[0011] The means for determining a movement character 
istic may includes means for determining one of the speed, 
direction, location, spin angle, and spin rate of the object 
based on the determined model parameters. The apparatus 
may also include a second and a third electro-magnetic 
sensor. The second sensor generates electro-magnetic 
energy to be re?ected off the object and receives the electro 
magnetic energy re?ected off the object. The third sensor 
also generates electro-magnetic energy to be re?ected off the 
object and receives the electro-magnetic energy re?ected off 
the object. In the apparatus, the sensor’s electro-magnetic 
energy transmission path may be non-parallel to the move 
ment path of the object. 

[0012] The sensor of the apparatus may be a Doppler radar 
sensor or a continuous Wave Doppler radar sensor. Further, 
the object of the apparatus may include a contrast portion or 
contrast marker. In this apparatus, the sensor generates 
electro-magnetic energy to be re?ected off the contrast 
marker of the object and receives the electro-magnetic 
energy re?ected off the contrast marker of the object. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a side vieW diagram of an exemplary 
system of the present invention being used to determine 
characteristics a golf ball struck by a golfer. 

[0014] FIG. 2 is a top vieW diagram of the exemplary 
system of the present invention shoWn in FIG. 1. 

[0015] FIG. 3 is a diagram of sensor arrangement enclo 
sure for detecting movement characteristics of a golf ball 
according to the present invention. 

[0016] FIG. 4 is a block diagram of a sensor system 
according to an embodiment of the present invention. 

[0017] FIG. 5 is a ?oWchart of a method for determining 
movement characteristics of an object based on received 
sensor data according to the present invention. 

[0018] FIG. 6 is a plot of a digitiZed Doppler radar signal 
generated by a golf ball passing a sensor at approximately 49 
m/s (109 mi/hr) With its closest point of approach to the 
sensor at 82.9 milliseconds at a distance of 0.729 m (28.7 

in). 
[0019] FIG. 7 is a plot of the frequency domain represen 
tation of the digitiZed Doppler radar signal shoWn in FIG. 6 
Where the vertical or frequency axis has been converted to 
velocity. 
[0020] FIG. 8 is a ?oWchart of a method for determining 
the parameters of a speed/distance model according to the 
present invention. 
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[0021] FIG. 9 is a diagram of the basic geometry that 
exists betWeen an object at point A passing a radar sensor 
110. 

[0022] FIG. 10 is a ?owchart of a method for determining 
the spin rate and angle of a target object according to the 
present invention. 

[0023] FIG. 11A is a side cut aWay vieW diagram of golf 
ball With tWo contrasting regions according to the present 
invention. 

[0024] FIG. 11B is a top cut aWay vieW diagram of the 
golf ball shoWn in FIG. 11A. 

[0025] FIG. 12A is a side cut aWay vieW diagram of golf 
ball With a single contrasting region according to the present 
invention. 

[0026] FIG. 12B is a top cut aWay vieW diagram of the 
golf ball shoWn in FIG. 12A. 

[0027] FIG. 13 is a cut aWay vieW diagram of golf ball 
With a four contrasting regions arranged in a tetrahedron 
con?guration according to the present invention. 

[0028] FIG. 14A is a front cut aWay vieW diagram of golf 
ball With tWo contrasting regions Where the siZe of the 
contrasting regions is different according to the present 
invention. 

[0029] FIG. 14B is a side cut aWay vieW diagram of the 
golf ball shoWn in FIG. 14A. 

[0030] FIG. 15 is a ?oWchart of a method for identifying 
the times contrasting marks of a target object appear in a 
radar beam according to the present invention. 

[0031] FIG. 16 is a ?oWchart of an exemplary method for 
determining a spin angle from amplitude peak measure 
ments. 

[0032] FIG. 17 is a diagram of the geometry associated 
With determining a spin angle based on tWo amplitude peak 
measurements. 

[0033] Like reference numbers and designations in the 
various draWings indicate like elements. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0034] Throughout this description, the preferred embodi 
ment and examples shoWn should be considered as exem 
plars, rather than as limitations on the present invention. 

[0035] FIG. 1 is a side vieW diagram and FIG. 2 is a top 
vieW of an exemplary system 10 according to the present 
invention. The system 10 measures and displays information 
about the movement of an object, in this case golf ball 42 
struck by a user 44. In particular, the system 10 determines 
the speed and direction of movement 40 of the golf ball 42, 
as Well as the spin rate and spin axis orientation of the ball 
42. The system includes a sensor array enclosure 20 and 
personal computer 118 coupled by a cable 22. In this 
embodiment, a user 44 strikes a golf ball 42 from a mat 60. 
When the ball passes in the ?eld of vieW of the sensor array 
20, the sensor array generates signals transmitted to the 
personal computer 118 via cable 22. The personal computer 
118 determines the speed and direction of movement 40 of 
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the golf ball 42, as Well as spin rate and spin axis orientation 
of the ball 42 from the sensor array 20 signals. 

[0036] As shoWn in FIG. 1 and FIG. 2, the sensor array 
20 has a vertical ?eld of vieW 52 and a horiZontal ?eld of 
vieW 50. The sensor array’s 20 ?eld of vieW varies as a 

function of the type of sensors, numbers of sensors, and 
position of sensors in the sensor array 20. An exemplary 
sensor array 20 is shoWn in FIG. 3. The sensor array 20 
includes three radar front-end sensors 110, 112, and 114, a 
radar signal processor 30, and a signal transmission cable 
22. In an exemplary embodiment, each front-end sensor 110, 
112, 114 is a continuous Wave (“CW”) Doppler radar. Using 
the data generated by each sensor 110, 112, and 114, the 
invention can determine the range to the object at every 
point in time and the actual speed of the object, regardless 
of the direction of movement through the sensor’s ?eld of 
view. 

[0037] The signal processor 30 in the sensor enclosure 20 
stores the stream of digitiZed samples in a circular buffer in 
local memory (RAM 120 as shoWn in FIG. 4). As it stores 
each triplet of samples (one from each sensor 110, 112, and 
114), the processor 30 examines the signal values. When all 
three sensors generate a sample value above 200 (out of 
maximum 256) Within 256 samples of each other, a trigger 
is registered. When a trigger is registered, the processor 30 
gathers the previous 50 milliseconds of data, records an 
additional 150 milliseconds Worth of data, and transmits 
these 200 milliseconds of data to the personal computer 118 
for further processing. 

[0038] When the personal computer 118 receives the 200 
milliseconds of data from the three sensors, it proceeds With 
the signal processing as described beloW. Once the system 
10 determines the launch parameters, in particular the ball’s 
location, speed, direction, spin rate, and spin axis orienta 
tion, the system 10 may also 1) communicate the computed 
values on the personal computer 118 With text, graphics, or 
audio; 2) store the computed values in a database, along With 
information about the golfer 44 and the club used; 3) 
compute the projected trajectory of the ball 42 including 
bounces and roll; 4) display the projected movement graphi 
cally as Well as summary statistics, such as distance traveled 
to the ?rst bounce (carry distance), distance from the target 
line at the ?rst bounce (carry dispersion), distance traveled 
to the ?nal resting place (total distance), and distance from 
the target line at the ?nal resting place (total dispersion), 
peak height; and 5) compute and display statistics (e.g., 
averages) of the computed values (launch parameters as Well 
as values derived from the trajectory prediction) from a 
series of shots. FIG. 4 is a block diagram of an exemplary 
radar signal processor 30 according to the present invention. 
The radar signal processor 30 includes an ampli?er 111, an 
Analog-to-Digital “A/D” converter/processor 116, and a 
random access memory (“RAM”) 120. The radar system 
processor 30 is coupled to the radar front-end sensors 110 
(112 and 114 as shoWn in FIG. 3). Each radar front-end 
sensor 110, 112, and 114 feeds a signal to the ampli?er 111. 
The ampli?er 111 increases the signal strength of the radar 
sensor signals for conversion from an analog signal to a 
digital signal by the A/D converter/processor 116. The AID 
converter/processor 116 converts the analog signal to a 
digital signal by sampling the signal at a ?xed rate and 
converting the analog samples to digital samples and stores 
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uthe data in the RAM 120 for batch processing by the 
personal computer (“PC”) 118. 

[0039] In an exemplary embodiment, each radar sensor 
110, 112, and 114 is a commonly available K-band (24.125 
GHZ) Doppler radar front end With radar antenna. In another 
embodiment, each sensor is a commonly available X-band 
(10.5 GHZ) Doppler radar front end With radar antenna. In 
a further embodiment, each sensor is a commonly available 
Ka-band Doppler radar front end With radar antenna. For 
simplicity, the description beloW refers only to the K-band 
sensor embodiment although it is understood that an X-band 
or Ka-band sensor could also be employed. The signal 
generated by each Doppler sensor is a variable voltage 
frequency signal Where the voltage frequency re?ects the 
velocity of an object moving toWards or aWay from the 
sensor. The radar antenna for each sensor has ?eld of vieW 
of about 120 degrees both horiZontally and vertically. The 
ampli?er 111 is a product of Orion Engineering of Clear 
Water, Fla. The ampli?er 111 includes a ?lter to remove loW 
frequency (less than 500 HZ) and high frequency (greater 
than 15 KHZ) components from each radar sensor signal. 

[0040] The A/D converter/processor 116 is a product of 
Summit Engineering of Encinitas, California. The processor 
116 communicates With the PC 118 using a universal serial 
bus (“USB”) protocol. The processor 116 samples the analog 
sensor signal at a ?xed rate of 28,000 HZ and generates an 
8-bit digital sample for each analog sample. The digital 
samples may be initially stored in the RAM 120 prior to 
transmission to the PC 118. The PC 118 may be any 
commercially available PC that includes a USB interface. 

[0041] FIG. 5 is a ?oWchart of the process 200 performed 
by the radar processor 30 and PC 118 to convert the analog 
Doppler signal from each sensor 110, 112, and 114 to 
speed/distance data about an object 42 passing the sensors. 
In step 202, the radar signal is converted to a digital signal. 
The radar signal processor 30 performs this step. The digital 
data representing the analog Doppler signal is transmitted to 
the PC 118 via a USB. FIG. 6 is a plot of a digitiZed Doppler 
radar signal generating by a golf ball passing a sensor at 
approximately 49 m/s (109 mi/hr) With its closest point of 
approach to the sensor at 82.9 milliseconds at a distance of 

0.729 m (28.7 in). As can be seen from this plot at approxi 
mately 65 milliseconds, a ball enters the radar beam of a 
sensor 110, 112, or 114, and the amplitude of the Doppler 
radar sensor signal starts increasing. The Doppler radar 
sensor signal amplitude continues to rise and the frequency 
of the signal decreases until the approximate time point of 81 
milliseconds. The amplitude increases because the ball is 
moving into the central part of the sensor beam and is getting 
closer to the radar sensor. The sensor signal frequency 
decreases because of the increasing cosine error of the 
sensor, in particular the velocity of the ball relative to the 
radar appears to be decreasing as the ball approaches and 
crosses the radar beam. 

[0042] BetWeen 82 milliseconds and 84 milliseconds, the 
signal generated by the golf ball 42 is nearly absent. At this 
time point the ball is moving past the radar sensor With 
minimal movement either toWard or aWay from the radar 

sensor. The frequency and the amplitude of the signal at this 
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time are approximately Zero. After the ball 42 passes the 

sensor 110, 112, and 114 (betWeen time points 84 millisec 
onds and approximately 142 milliseconds) the amplitude 
decreases and the frequency increases. The radar signal 
amplitude decreases as the ball 42 moves aWay from the 

radar sensor 110 and the frequency increases as the cosine 

error decreases, i.e., the angle betWeen the ball’s 42 velocity 
vector and a vector from the radar sensor 110 to the ball 42 

decreases. In this plot, the radar signal also includes tem 
porary increases in the amplitude in the time period from 
100 to 120 milliseconds and after 140 milliseconds due to a 

club head (Which struck the ball 42) entering the ?eld of 
vieW. In this plot at approximately 142 milliseconds, the ball 
strikes a net (not shoWn). The present invention uses the 
characteristics of Doppler signal generated by ball 42 pass 
ing transverse to a sensor, to determine the speed/distance 
model for the ball in step 208. 

[0043] At step 204 (FIG. 5) the time domain, digital data 
representing the Doppler signal from each radar sensor is 
transformed to its corresponding frequency domain signal. 
In one embodiment, the PC 118 performs discrete Fourier 
transforms at regular time intervals across the voltage or 
time domain digital Doppler data to generate the corre 
sponding frequency domain signal data. An exemplary FFT 
algorithm is described by Press, William H., et al. Numerical 
Recipes in C. Cambridge University Press. 1992, Which is 
incorporated by reference for its teachings on FFT algo 
rithms. A short time period or small number of digital 
samples are used to generate each Fourier transform so the 
frequency components at any given instant may be deter 
mined. 

[0044] In detail, the preferred embodiment uses a Fast 
Fourier Transform (“FFT”) to transform the time domain 
Doppler signal into a set of cosine components that When 
added together represent the untransformed Doppler signal. 
Acomplex FFT generates a phase and an amplitude for each 
cosine component. In the preferred embodiment, only the 
amplitude is needed so a real FFT may be used to determine 
the cosine components in each set of Doppler signal digital 
samples. In one embodiment, the PC 118 applies a Black 
man WindoW to every 150 Doppler digital samples (approxi 
mately ?ve milliseconds) and then Zero-pads the WindoWed 
data to yield 512 digital samples. The resultant 512 digital 
time domain samples are converted to frequency domain 
samples using an FFT. 

[0045] FIG. 7 is a plot of the frequency domain signal 
generated from the digital data signal shoWn in FIG. 6. In 
FIG. 7, high amplitude frequency components are darker. 
The prominent V-shaped response represents the frequency 
response of the radar sensor 110 as the golf ball passes the 
sensor. The additional high amplitude (dark) responses 
beginning around 100 milliseconds represent the frequency 
response of the radar sensor 110 as the golf club and perhaps 
part of the golfer pass the sensor. The steep line that is 
evident above the departing ball is a harmonic of the ball 
signal. In FIG. 7, the vertical axis represents the velocity of 
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the ball Where the frequency data has been converted to 
velocity data. The frequency data is converted to velocity 
data at step 206. 

[0046] In particular, the data is scaled from frequency to 
velocity by applying the Well-known Doppler equation. The 
Doppler equation is 

._ Cf_D 
_ 2fc 

[0047] Where v is the velocity in units of 

m 

T 

[0048] that corresponds to the measured Doppler shift 
frequency fD in units of HertZ (as reported by the radar 
sensor), c is the speed of light in units of 

“IS 

[0049] and f0 is the radar carrier frequency in units of 
HertZ. For the K-band sensor We are using, fc=24,125,000, 
000 HertZ. Accordingly, the frequency data can be scaled to 
the velocity data inherent in the Doppler radar signal. 

[0050] In the neXt step 208, the converted velocity digital 
data is used to derive a speed and distance model for the 
object 42 for each sensor. In one embodiment, a speed/ 
distance equation is employed, the speed/distance equation 
is: st=Ft(S,R,TR) Where S1 is the speed that the sensor 
observes at time t. As shoWn in this equation, the parameters 
of the speed/distance model F include the target or object 
speed S, the time of closest approach to the sensor TR, and 
the distance of closest approach to the sensor R. In this 
embodiment, F is de?ned as 

(I — TR)S 

[0051] The derivation of this equation is described beloW. 

[0052] FIG. 8 is a ?oWchart of an eXemplary method of 
determining the speed/distance model parameters that pro 
vide the best ?t to the measured data. The quality of ?t of the 
measured data to a proposed set of speed/distance model 
parameters is determined by computing the sum of the 
measured amplitude at each t and velocity F(t): As shoWn in 
FIG.8 at step 210, the method ?rst estimates the object’s 
speed parameter S. In this embodiment, the sum of the 
amplitudes at each velocity is computed. The highest veloc 
ity that has a sum above background noise present in the 
signal is selected as an estimate of the ball’s true speed S. 

[0053] Parameters TR and R are estimated at step 212. In 
particular at every one millisecond interval, TR is set to the 
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current time. In addition, R is set to each of ten evenly 
spaced intervals from 0.01 meters to 1.6 meters. For each 
combination of these parameters, their quality of ?t to the 
measured data is determined. Those combinations of param 
eters having the best quality of ?t are selected as the initial 
estimate of parameters TR and R. 

[0054] At step 214, the initial estimate of the parameter TR 
is re?ned. In particular, the method evaluates the quality of 
?t of the parameter to the data at 0.1 millisecond intervals for 
the time one millisecond before and after the initial estimate 
of the parameter TR. The estimate of the parameter TR that 
?ts the data most closely is selected as the re?ned estimate 
of the parameter. 

[0055] At step 216, the initial estimate of the parameter R 
is re?ned. In particular, the method evaluates the quality of 
?t of the parameter to the data at 0.03-meter intervals over 
the range from 0.01 meters to 1.6 meters using the re?ned 
estimate of the parameter R. The estimate of the parameter 
R that ?ts the data most closely is selected as the re?ned 
estimate of the parameter. 

[0056] At step 218, a ?nal re?nement of the parameters 
S,TR and R is simultaneously performed. In particular, these 
parameters are simultaneously re?ned by applying a doWn 
hill simpleX optimiZation method in multidimensions as 
described by Press, William H., and et al. Numerical Recipes 
in C. Cambridge University Press. 1992, Which is incorpo 
rated by reference for its teachings on doWnhill simpleX 
optimiZation methods in multidimensions. The application 
of this optimiZation method to the current estimates of the 
parameters Will further re?ne or adjust the parameters to 
values that optimiZe the quality of the ?t to the measured 
data for all the parameters simultaneously. 

[0057] Above, F Was de?ned as 

(I — TR)S 

[0058] This de?nition is eXplained With reference to FIG. 
9. FIG. 9 is a diagram of the basic geometry that eXists 
betWeen an object at point Apassing a radar sensor 110. As 
shoWn in this ?gure, a right triangle ABC can be de?ned 
Where B is at the location of the radar, C is the location of 
the target (or object) at its closest distance to the radar and 
A is the current position of the target at time t. In this 
triangle, the lengths of the sides are a, b and c. By de?nition 
a=R, i.e., the minimum distance betWeen the target and the 
radar. Further, the time at Which the target is at location C is 
by de?nition TR. 

[0059] Given that the target is moving along its path at 
speed S, the time required to travel betWeen points C and A 
is t—TR. Accordingly, b=|(t—T1QS|. By applying Pythagorean 
theorem to this result, it is noted c=\/(t—TR)2S2+R2. Further 
When the target is at position A at time t, the radar measures 
an apparent speed st. The apparent speed is determined by 
the cosine error of the radar and thus is s=S COSO. Where 0t 
is the angle betWeen the target’s direction and the direction 
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from the target to the radar. In this case, 0t is the angle at 
vertex A of the right triangle ABC. Given that the cosine 
function is de?ned as 

b 
cosA : — 

C 

[0060] for a right triangle, accordingly, it folloWs that 

(I — T105 

[0061] The speed/distance model assumed a constant 
actual target speed S. The speed of the object is presumed to 
be constant or changing sloWly and the observation time of 
the sensor of the object is short enough that a change in 
speed is not evident for the application shoWn in FIG. 1 and 
FIG. 2. The speed/distance can be modi?ed to support 
varying speeds or velocities. For example, the speed/dis 
tance model may include another parameter such as constant 
acceleration, i.e., st=Ft(S, A, R, TR) Where A is the accel 
eration constant. Using a method similar to the method 
shoWn in FIG. 8, the parameters A, S, R, and TR can be 
estimated by applying them to the actual data and re?ned by 
using the optimiZation method. 

[0062] In FIG. 3, it Was shoWn that the present invention 
employs three radar sensors 110, 112, and 114 to determine 
a three dimensional (3-D) velocity vector for the object 42. 
The speed/distance model for a single sensor used the 
function F(S,R,TR). The speed/distance function can be 
extended to a system that employs multiple sensors. For a 
system employing three sensors, the speed/distance function 
is de?ned as (Sot, Slt, S2t)=Ft(S,RO, TRO, R1, RRl, TR2,TR2) 
Where sit is the speed that the sensor i observes at time t; S 
is the actual speed of the target; Ri is the minimum distance 
betWeen the target and sensor i for all values time t; and TR, 
is the time at Which the target is at the minimum distance R 
from sensor i. 

[0063] Using the three-sensor speed/distance model, the 
system 10 (FIG. 1 and FIG. 2) can compute the 3-space 
movement direction of the target object 42 by combining the 
range measurements from the individual sensors. In particu 
lar, the system 10 determines and displays a linear (in 
3-space) direction vector and the constant speed for the 
object. In addition, the system 10 can determine non-linear 
curves for the speed and direction in 3-space by revising the 
speed/distance model. Based on the path observed by the 
radar sensor, the system 10 can also extrapolate the path of 
the object before or after the period of observation. In the 
case of a golf ball, the system 10 can determine the move 
ment characteristics of the golf ball 42 after a golfer strikes 
it. The system 10 can extrapolate the observed speed and 
direction back to the initial moment (and position) of the 
ball’s movement. The system can then determine the initial 
conditions of the golf ball movement, rather than the con 
ditions after the ball has moved several feet through the air. 

[0064] In FIG. 3, a coordinate system 32 is shoWn, this 
coordinate system 32 applicable in this case to measurement 
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of the movement of a golf ball. This system 32 is used to 
provide a frame of reference for any direction vectors that 
the system 10 may determine. We must reference the mea 
sured direction information to a coordinate system. When a 
golf ball is struck, there is a preferred direction of movement 
of the golf ball, knoWn as the target line. The target line is 
the direction the golfer 44 is attempting to hit the ball. In this 
embodiment, the system 10 uses a three-dimensional (x, y, 
Z) rectangular coordinate system. In this coordinate system, 
the Z-axis is parallel to the acceleration vector of Earth’s 
gravity, With the negative Z-axis pointing in the direction of 
the gravitational vector (straight doWn). The x-y plane is 
thereby, parallel to the nominal ground surface. The positive 
x-axis is parallel to the target line. The positive y-axis 
extends to the right of the target line. 

[0065] As shoWn in FIG. 3, the coordinate system 32 has 
a particular location relative to the sensor enclosure. In 
particular, the origin of the coordinate system 32 is at the 
edge of the rectangular enclosure that lies on the target line 
and is closest to the golfer. The placement of the enclosure 
determines the orientation of the coordinate system (e.g., 
ground (x-y) plane, target line, etc.). For example, the 
enclosure Will typically have a target-line (x-axis) indicator 
on it to align the ideal target line. The enclosure is also 
ideally leveled With the ground. In the system 10, each 
sensor is positioned and oriented Within the enclosure so that 
all three sensors 110, 112, and 114 have a clear vieW of the 
movement path of interest. For measuring the movement of 
golf balls 42, the sensors are placed at meter coordinates 

(0.143,0.302,0.024), (0.652,—0.533,0.024) and 
(0.624,0.510,0.024) relative to coordinate system 32. In 
addition, the center of each radar beam is oriented to point 
upWard at a 45-degree angle and across the target line at a 
45-degree angle. The system 10 considers the position of 
each sensor relative to the arbitrary coordinate system origin 
is an input parameter When computing the desired param 
eters of the speed/distance model. Using the above coordi 
nate system, 3-space model and data shoWn in FIG. 1, the 
method of FIG. 8 computes the speed/distance parameter 
values shoWn in Table 1. 

TABLE 1 

Parameter Value Units 

S 49.005 m 

s 

RU 0.729 m 
TRD 0.8285 s 

1 0.872 m 

TRl 0.93 65 s 
R2 0.998 m 
TR2 0.9203 S 

[0066] The system 10 can also use the speed/distance 
model to determine target location in 3-space at a particular 
time t. First, the range rOi to the target from each sensor Xi 

at the current time t is rti=\/(t—TR1_)2S2+Ri2. Each sensor Xi 
is located at coordinates (xt,yt, Zt). The system 10 used the 
sensor’s location and target range ri‘ to generate the surface 
of a sphere that represents all of the possible locations (xt, 
yt, Zt) of the target at time t, the sphere de?ned by the 
equation ri‘2=(xt—xi)2+(yt—yi)2+(Zt—Zi)2. A sphere may be 
determined for each of the three sensors for a given time t. 
Accordingly, the target location at time t is simply the 
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intersection of three spheres. The system 10 computes this 
intersection by simultaneously solving the three sphere 
equations for the three unknoWn variables (xt, yt, Z). 

[0067] Due to possible measurement errors that result in 
no intersection or a non-unique intersection, the system 10 
computes the target location (xt, yt, Zt) that minimiZes the 
distance from the surface of the spheres of the sensors X. 
The system 10 chooses an arbitrary starting point, and 
iteratively improves the target location until iterative change 
is less than 1x10‘1O meters. For each iteration the next target 
location is the arithmetic mean location of the current target 
location projected onto each sphere. It is noted that the 
projection of (x, y, Z) onto the sphere for sensor xi is pi=(xpi, 
ypi, Zpi) Where: 

+261 

[0068] The system 10 then chooses tWo or more times to 
compute the target’s location. In the golf ball 42 embodi 
ment, the system selects tWo times that are the minimum and 
maximum values for TR], For the data shoWn in FIG. 1, these 
times are 0.8285 and 0.9365 seconds. The ball’s computed 
location at each of these times is (—0.0884,—0.1075,0.5810) 
and (0.4172,—0.1338,0.7628). Noting the point-to-point dif 
ference and timing data, the target object speed is computed 
to be 49.8 meters per second With a launch angle (angle from 
horiZontal) of 19.75 degrees and side angle (left/right devia 
tion from the target line) of 2.98 degrees left. 

[0069] Variations of the above-described embodiments are 
contemplated and readily appreciable to one skilled in the 
art. For example, there are several different methods for 
determining the speed of the target. In one alternative 
method, the speed is determined from the distance and time 
differences from the ?rst to the last computed positions for 
the target. In another embodiment, a speed versus time curve 
is determined by computing the distance and time differ 
ences betWeen consecutive pairs of computed positions for 
the target. 

[0070] In addition, the accuracy of the system 10 can be 
improved by detecting the target using more than one 
instance of the system 10 or With more than three sensors. 
When employing multiple system 10 over the same period, 
the computed values Would be averaged over the set of 
device. When employeing multiple systems over differenct 
periods, the extrapolated trajectory parameters may be more 
accurate. It is also desirable to determine the spin axis and 
spin rate of the object. Using the concrete example of a golf 
ball, the problem is to modify the golf ball in such a Way that 
speed, direction, spin and spin axis angle can be remotely 
measured Without perceptively changing the appearance or 
apparent properties (surface ?nish, mass, elasticity, mag 
netic properties, etc.). To implement remore sensing of 
speed, direction, spin and spin axis angle of an object, the 
sensing device ideally sees (1) the target object and (2) the 
rotation of the target object. 
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[0071] In order to enable a radar sensore 110 to vieW the 
rotation of a target object, one embodiment places a con 
trasting marking material beneath the visually opaque sur 
face of the target object (e.g., beneath the outer layer of a 
golf ball 42 or other object such as a baseball). In another 
embodiment, a contrasting portion that represents a pre 
existing contrasting region of the object is observed. The 
description that folloWs refers only to the use of a contrast 
ing marking material although it is understood that a con 
trasting portion of the object could also be considered. Then 
a remote sensing device, such as radar sensor 110 is used to 
sense the contrasting marking material by using an electro 
magnetic Wavelength that passes through the visually 
opaque surface material. As the object spins, the sensor 
detects signal variations due to the contrasting material 
spinning in and out of radar beam vieW. 

[0072] One advantage of this embodiment is that the 
modi?cation of the target object is not visible to a user, such 
as a golfer 44. As relates to golf balls, they are generally 
manufactured With a visually opaque cover material that is 
transparent to K-band, X-band, and Ka-band radar emissions 
of the sensors 110, 112, and 114 of the present invention. The 
contrasting material placed beneath the cover of a golf ball 
is either more or less re?ective than the golf ball’s core 
material to K-band X-band, and Ka-band radar emissions. It 
is important that ball modi?cation does not alter the mass or 
performance characteristics of the ball. Accordingly, the 
material should be thin, highly re?ective (or having a 
substantially different re?ectivity than the ball’s score), have 
a density that is approximately the same as the cover 
material of the ball, and have a small surface area relative to 
the surface area of the ball’s core. 

[0073] It is noted that the more radar re?ective regions 
under the surface of a target object may be aid the determi 
nation of the speed/direction parameters as described above. 
In particular, the sensors 110, 112, and 114 may receive a 
stronger amplitude singal over a Wider range of their respec 
tive beams When the target object includes one or more such 
re?ective contrast regions. This is particularly true for a 
target object that is not highly re?ective such as a baseball 
for example. Accordingly, the contrast region con?gurations 
described beloW may also be used to improve the determi 
nation of the speed/distance parameters for a target object. 

[0074] In one embodiment of the invention one or more 
pieces of aluminum tape are placed on the surface of a golf 
ball’s core beneath the cover material. The aluminum tape 
acts as a contrasting material that is highly re?ective for 
K-band, X-band, and Ka-band sensors, much more so than 
the solid core of the golf ball. In one embodiment the 
aluminum foil tape is an off the self product of Tyco 
AdhesivesTM of NorWood, Mass., in particular “Nashua 
322.” The Nashua 322 aluminum foil tape has a thichness of 
0.05 millimeters and the adhesive is rubber-based. 

[0075] Several different con?gurations of contrast mate 
rial placement are possible in this embodiment Where the 
diameter of the core 312 is about 1.51 inches, such as shoWn 
FIG. 11A to FIG. 14B. As shoWn in FIG. 11A and FIG. 
11B, the contrast material 314 may include tWo round dots 
each .75 inches in diameter of aluminum at opposite poles 
of the ball 42 Where the contrast material 314 is placed on 
the core 312 of the ball 42 and under the visually opaque 
surface 310 of the ball 42. In another embodiment shoWn in 
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FIGS. 12A and 12B, the contrast material 314 includes one 
round dot With .75-inch diameter of aluminum foil. The 
contrast material diameter may also have different siZe 
diameters including one inch, for eXample. FIG. 13 depicts 
another contrast material con?guration that includes four .25 
inch round dots 314 placed on the vertices of a tetrahedron. 
FIG. 14A and FIG. 14B depicts another con?guration of 
contrast material 314 Where the round dots have different 
siZes, in particular, .75 inches and .25 inches in diameter 
With centers approZimately 110 degrees apart. 

[0076] FIG. 10 is ?oWchart of an exemplary method of 
determining the spin rate and spin angle for target modi?ed 
as described above. In brief, at step 302, the mark times of 
the spinning object 42 are identi?ed. As the target object 
spins, the contrasting markings spin into and out of radar 
beam of the sensor. When in the beam, the highly re?ective 
markings cause a temporary change in the amplitude of the 
signal received by the sensor. By noting the times of the 
amplitude changes, the system 10 can determine When the 
markings appear at each sensor. In step 304, the direction 
vector of the target object is identi?ed. Using the computed 
trajectory of the object (location, speed and direction) as 
described, the system 10 can compute a direction vector 
from the sensor to the object that is associated With each of 
the marking appearances identi?ed at step 302. 

[0077] At step 306 the spin rate of the target object 42 is 
determined based on the identi?ed mark times and direction 
vectors. The identi?ed mark times are interpreted in light of 
hoW the object is marked With contrast material. For 
eXample, assume the object is marked With one round dot. 
System 10 computes spin rate by ?rst computing the angle 
of rotation betWeen tWo mark observations via the direction 
vectors. Because the ball has is moving past the sensor as it 
rotates, the computed angle is not based on a complete 
revolution. The spin rate is then determined from the angle 
of rotation and the elapsed time betWeen mark observations. 
It is noted that multiple pairs of mark observations from 
multiple sensors may be used to reduce any spin rat mea 
surement error. Note also that the target object can have 
multiple contrast markings to provide multiple observations 
per revolution of the target. Using multiple contrast mark 
ings thus increase the number of measurements made during 
each revoluation of the target object and reduces the time 
required to obverse multiple marks and thus determine the 
spin rate. 

[0078] At step 308, the spin angle of the target object is 
computer. In the present invention, the system 10 creates a 
line of longitude that indicates a great semi-circle on the 
sphere of the object that intersects the spin aXis tWice. By 
noting the object spin causes any point on the line of 
longitude to move perpendicular to that line of longitude, the 
spin angle is computed by ?rst identifying a pair of mark 
observations for the same contrast mark during one revolu 
tion as seen by tWo different radar sensors. It is noted that 
When these tWo mark observations occur, the mark’s line of 
longitude is also passing a line betWeen the center of the ball 
and the sensor, i.e., the direction vector. Then the points on 
the target object Where direction vector is pierced are 
computed. The position of the line of longitude of the mark 
at tWo different times is computed based on the spin rate and 
elapsed time betWeen the mark observations. Based on these 
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calculations, the spin aXis is de?ned as the intersection of 
tWo planes de?ned by the tWo positions of the line of 
longitude. 

[0079] FIG. 15 is a ?oWchart of a preferred method for 
identifying marks times 302. In the ?rst step 322, the target 
signal amplitude is computed over time. In detail, the system 
10 transforms the time domain, signal data to the frequency 
domain using a maXimum entropy method as described by 
Press, William H., and et al. Numerical Recipes in C. 
Cambridge University Press. 1992, Which is incorporated by 
reference for its teachings on maXimum entropy algorithms. 
The system 10 converts the time domain voltage signal to 
the frequency domain at intervals of approximately 3.6 
microseconds. The system 10 uses 81 samples centered at 
the time of interest, With th number of poles for the maXi 
mum entropy method set to 75 to generate the frequency 
domain representation of the signal. System 10 computes the 
sume of the amplitude values at 100 evenly spaced fre 
quency values for data having a frequency range of plus and 
minus 500 Herts based on the frequency domain information 
derived for the speed/distance as described above. 

[0080] At step 324, the method 302 identi?es the locally 
minimum points on the amplitude curve determined at step 
322. In detail, system 10 locates amplitudes that are loWer 
than both the samples at the prior and subsequent times 
(times adjacent samples). The system 10 generates the curve 
of the located amplitudes by using linear interpolation 
betWeen minuma samples, It is noted that the generated 
curve represents the signal strength generated by the radar 
sensore When the radar signal re?ects off areas of the target 
Without contrast markings. 

[0081] At step 326, the identi?ed minimum points are 
adjusted. In particular, they are normaliZed With respect to 
the generated minima curve. They can be normaliZed 
according to the folloWing equation: 

[0082] Where a is the amplitude and m is the value of the 
minima curve. The (a-m) term represents the signal With the 
contribution of the ball to the signal. The 

[0083] term represents the ratio of the brightness (radar 
signal sensitivity) of the contrast marking as compared to the 
core of the ball 42. The other constants in the equation are 
used to scale the amplitude values and eliminate relatively 
slight amplitude peaks that may be spurious. 

[0084] At step 328, the amplitude curve peak times are 
identi?ed. It is noted that there is an amplitude peak asso 
ciated With each stretch of non-Zero amplitude values in the 
adjusted amplitude curve. The system 10 identies the maXi 
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mum value for each non-Zero sequence. The time of the 
amplitude peak is the center of the time range de?ned by 
linearly inter polating the half-height amplitude peaks. 
Using the computed trajectory of the object (location, speed 
and direction) as described, the system 10 computes a 
direction vector from the sensor to the object that is asso 
ciated With each of the marking appearances identi?ed at 
step 328. 

[0085] As noted at step 306 the spin rate is computed. In 
detail, for each consecutive pair of amplitude peaks for each 
sensor, the system 10 computes a value for the spin rate. The 
system 10 then computes the median of the spin rate 
measurements. Then any measurements that differ from the 
mediam spin rates value by more than ten percent are 
elminated. The mean of the remaining measurements is 
computed as the ?nal spin rate. In further detail, the system 
10 computes the angle 0t betWeen the each set of direction 
vectors in units of radians. The computed angle is the 
differential from a full rotation of the object due to the 
movement of the object past the sensor. Other contrast 
marking con?gurations (such as shoWn in FIG. 11A to FIG. 
14B) may enable the system 10 to observe more than one 
full revoluation betWeen appearances of the same marker. It 
is noted that the spin rate is computed in units of radians per 
second implied by amplitude peaks at times t0 and t1 in units 
of seconds based on the equation: 

s inrate: . 
p 11-10 

[0086] At step 308, the spin angle of the target object is 
computed. In brief, the system 10 identi?es pairs of ampli 
tude peaks that are generated by same contrast marking on 
the same revolution as measured by tWo different sensors 
and computes the spin angle from each pair. Any angle 
measurements that differ from the median of all of the angle 
measurements by more than ten percent are eliminated. The 
?nal spin angle is then computed as the mean of the 
non-elminated measurements. The computation of a spin 
angle implied by a pair of amplitude peak measurements is 
explained in detail With reference to FIG. 16 and FIG. 17. 
FIG. 16 is a ?oWchart of an exemplary method for deter 
mining a spin angle from amplitude peak measurements. 
FIG. 17 is a diagram of the geometry associated With 
determing a spin angle based on tWo amplitude peak mea 
surements. 

[0087] In ?rst step of the method 308 for determining the 
spin angle (step 332), the system 10 locates the intersection 
of the tWo direction vectors With the surface of a unit sphere 
centered at the origin. A computed point measured at time tO 
as PO and the point measured at time t1 as P1 shoWn in FIG. 
17 do not represent the position of the marking at time t0 and 
t1 , but rather to points on a line of longitude containing the 
marking at those times. 

[0088] At step 334, the system 10 computes the location of 
a second point P‘1 on the line of longitude at time to. By 
de?nition, the point P1 on the line of longitude moves 
perpendicular to the line of longitude as the ball spins. 
Accordingly, the system 10 computes point P‘1 such that 
points P0, P1 and P‘1 on the surface of the unit sphere form 
a right triangle Where the hypotenuse of the triangle is a 
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segment connecting PO and P1. The system 10 computes the 
lenght of this segment as the Euclidean distance betWeen PO 
and P1 the distance betWeen P1 P‘1 from the spin rate and the 
elapsed time from tO to t1. At step 334, the system 10 
computes a second point P‘O on the line of longitude at time 
t1 used the process for computing P1. 

[0089] At step 338, the system 10 computes the spin axis 
by constructing and intersecting tWo planes. One plane 
contains the origin and points PO P‘ 1, the other plane contains 
the origin and points P‘1 and P1. The line of intersection of 
these tWo planes is the spin axis. At step 340, the system 10 
determines the spin axis as a spin angle relative to the ball’s 
initial velocity vector. Accordingly, the spin axis determi 
nation is then not dependent on the exact orientation of any 
coordinate system. 

[0090] While this invention has been described in terms of 
a best mode for achieving this invention’s objectives, it Will 
be appreciated by those skilled in the art that variations may 
be accomplished in vieW of these teachings Without deviat 
ing from the spirit or scope of the present invention. For 
example, the present invention may be implemented using 
any combination of computer programming softWare, ?rm 
Ware or hardWare (e.g., a softWare language other than Java, 
such as C++ or others may be used to implement the 
invention). As a preparatory step to practicing the invention 
or constructing an apparatus according to the invention, the 
computer programming code (Whether softWare or ?rm 
Ware) according to the invention Will typically be stored in 
one or more machine readable storage mediums such as 

?xed (hard) drives, diskettes, opticaly disks, magnetic tape, 
semiconductor memories such ROMs, PROMs, etc., thereby 
making an article of manufacture in accordance With the 
invention. The article of manufacture containing the com 
puter programming code is used by either executing the code 
directly from the storage device, by copying the code from 
the storage device into another storage device such as a hard 
disk, RAM, etc. or by transmitting the code on a netWork for 
remote execution. 

What is claimed is: 
1. A method of determining a movement characteristic of 

an object, comprising the steps of: 

a) re?ecting electro-magnetic energy off the object; 

b) receiving the electro-magenetic energy re?ected off the 
object at a sensor; and 

c) determining a movement characteristic of the object 
based on the re?ected electro-magnetic energy. 

2. The method of determining a movement characteristic 
of an object of claim 1. Wherein step 

c) includes determining one of the speed, direction, dis 
tance, location, spin rate, and spin axis orientation of 
the object based on the re?ected electro-magnetic 
energy. 

3. The method of determing a movement characteristic of 
an object of claim 1, Wherein step a) includes: 

i) aligning the electro-magnetic energy transmission path 
to be non-parallel to the movement path of the object; 
and 

ii) re?ecting electro-magnetic energy off the object. 
4. The method of determing a movement characteristic of 

an object of claim 1, Wherein step b) includes: 
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i) aligning a sensor’s electro-magnetic energy reception 
path to be non-parallel to the movement path of the 
object; and 

ii) receiving the electro-magnetic energy re?ected off the 
object at the sensor. 

5. The method of determining a movement characteristic 
of an object of claim 3, Wherein step b) includes: 

i) aligning a sensor’s electro-magnetic energy reception 
path to be non-parallel to the movement path of the 
object; and 

ii) receiving the electro-magnetic energy re?ected off the 
object at the sensor. 

6. The method of determining a movement characteristic 
of an object of claim 1, Wherein step c) includes: 

i) determing a parameters of a model of the movement of 
the object based on the re?ected electro-magnetic 
energy; and 

ii) determining a movement characteristic of the object 
based on the determined model parameters. 

7. The method of determining a movement characteristic 
of an object of claim 6, Wherein step ii) includes determining 
one of the speed, direction, distance, locations, spin rate, and 
spin aXis orientation of the object based on the re?ected 
electro-magnetic energy. 

8. The method of determining a movement characteristic 
of an object of claim 1, Wherein the sensor is one of a 
Doppler radar sensor and a continuous Wave Doppler radar 
sensor. 

9. The method of determining a movement charachteristic 
of an object of claim 1, Wherein step b) includes receiving 
the electro-magnetic energy re?ected off the object at tWo 
sensors. 

10. The method of determing a movement characteristic 
of an object of claim 1, Wherein step b) includes receiving 
the electro-magnetic energy re?ected off the object at three 
sensors. 

11. The method of determining a movement characteristic 
of an object of claim 1, Wherein step a) includes re?ecting 
electro-magnetic energy off a contrasting portion of the 
object and step b) includes receiving the electro-magnetic 
energy re?ected off the contrasting porition of the object at 
the sensor. 

12. The method of determining a movement characteristic 
of an object of claim 11, Wherein step c) includes determin 
ing one of the speed, direction, distance, location, spin rate, 
and spin aXis orientation of the object based on the re?ected 
electro-magnetic energy. 

13. The method of determining a movement characteristic 
of an object of claim 11, Wherein step b) includes receiving 
the electro-magnetic energy re?ected off the contrasting 
portion of the object at tWo sensors. 

14. The method of determining a movement characteristic 
of an object of claim 11, Wherein step b) includes receiving 
the electro-magnetic energy re?ected off the contrasting 
portion of the object at three sensors. 

15. The method of determining a movement characteristic 
of an object of claim 11, Wherein the contrasting porition of 
the object is not discernable at the visible light spectrum. 

16. The method of determining a movement characteristic 
of an object of claim 11, Wherein the contrasting portion of 
the object is highly re?ective of the electro-magnetic energy. 
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17. The method of determining a movement characteristic 
of an object of claim 11, Wherein the contrasting portion of 
the object is a contrasting marker. 

18. The method of determing a movement characteristic 
of an object of claim 17, Wherein step c) includes deter 
minging one of the speed, direction, distance, location, spin 
rate, and spin aXis orientation of the object based on the 
re?ected electro-magnetic energy. 

19. The method of determining a movement characteristic 
of an object of claim 17, Wherein the contrasting marker of 
the object is highly re?ective of the electro-magnetic energy. 

20. The method of determining a movement characteristic 
of an object of claim 17, Whereing the contrasting marker of 
the object is not discernable at the visible light spectrum. 

21. The method of determining a movement characteristic 
of an object of claim 20, Wherein step c) includes determin 
ing one of the speed, direction, distance, location, spin rate, 
and spin aXis orientation of the object based on the re?ected 
electro-magnetic energy. 

22. An article of manufacture for use in determining a 
movement characteristic of an object, the article of manu 
facture comprising computer readable storage media includ 
ing program logic embedded therein that causes control 
circuitry to perform the steps of: 

a) directing electro-magnetic energy to be re?ected off the 
object; 

b) receiving the electro-magnetic energy re?ected off the 
object at a sensor; and 

c) determining a movement characteristic of the object 
based on the re?ected electro-magnetic energy. 

23. The article of manufacture for use in determining a 
movement characteristis of an object of claim 22, Wherein 
step c) includes determining one of the speed, direction, 
distance, location, spin rate, and spin aXis orientation of the 
object based on the re?ected electro-magnetic energy. 

24. The article of manufacture for use in determining a 
movement characteristic of an object of claim 22, Wherein 
step a) includes: 

i) directing the electro-magnetic energy transmission path 
to be non-parallel to the movement path of the object; 
and 

ii) directing the electro-magnetic energy to be re?ected off 
the object. 

25. The article of manufacture for use in determining a 
movement characteristic of an object of claim 22, Wherein 
step b) includes: 

i) directing the electro-magnetic energy reception path to 
be non-parallel to the movement path of the object; and 

ii) receiving the electro-magnetic energy re?ected off the 
object at the sensor. 

26. The article of manufacture for use in determining a 
movement characteristic of an object of claim 24, Wherein 
step b) includes: 

i) directing the electro-magnetic energy reception path to 
be non-parallel to the movement path of the object; and 

ii) receiving the electro-magnetic energy re?ected off the 
object at the sensor. 

27. The article of manufacture for use in determining a 
movement characteristic of an object of claim 22, Wherein 
step c) includes: 
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i) determining parameters of a model of the movement of 
the object based on the re?ected electro-magnetic 
energy; and 

ii) determining a movement characteristic of the object 
based on the determined model parameters. 

28. The article of manufacture for use in determining a 
movement characteristic of an object of claim 27, Wherein 
step ii) includes determining one of the speed, direction, 
distance, location, spin rate, and spin aXis orientation of the 
object based on the re?ected electro-magnetic energy. 

29. The article of manufacture for use in determining a 
movement characteristic of an object of claim 22, Wherein 
the sensor is one of a Dopple radar sensor and a continuous 
Wave Doppler radar sensor. 

30. The article of manufacture for use in determining a 
movement characteristic of an object of claim 22, Wherein 
step b) includes receiving the electro-magnetic energy 
re?ected off the object at tWo sensors. 

31. The article of manufacture for use in determining a 
movement characteristic of an object of claim 22, Wherein 
step b) includes receiving the electro-magnetic energy 
re?ected off the object at three sensors. 

32. The article of manufacture for use in determining a 
movement characteristic of an object of claim 22, Wherein 
step a) includes directing electro-magnetic energy to be 
re?ected off a contrasting portion of the object and step b) 
includes receiving the electro-magnetic energy re?ected off 
the contrasting portion of the object at the sensor. 

33. The article of manufacture for use in determing a 
movement characteristic of an object of claim 22, Wherein 
step c) includes deetermining one of the speed, direction, 
distance, location, spin rate, and spin aXis orientation of the 
object based on the re?ected electro-magnetic 

34. The article of manufacture for use in determining a 
movement characteristic of an object of claim 32, Wherein 
step b) includes receiving the electro-magnetic energy 
re?ected off the contrasting portion of the object at tWo 
sensors. 

35. The article of manufacture for use in determining a 
movement characteristic of an object of claim 32, Wherein 
step b) includes receiving the electro-magnetic energy 
re?ected off the contrasting portion of the object at three 
sensors. 

36. The article of manufacture for use in determining a 
movement characteristic of an object of claim 32, Wherein 
the contrasting portion of the object is not discernable at the 
visible light spectrum. 

37. The article of manufacture for use in determining a 
movement characteristic of an object of claim 32, Wherein 
the contrasting portion of the object is highly re?ective of 
the electro-magnetic energy. 

38. The article of manufacture for use in determining a 
movement characteristic of an object of claim 32, Wherein 
the contrasting portion of the object is a contrasting marker. 

39. The article of manufacture for use in determining a 
movement characteristic of an object of claim 38, Wherein 
step c) includes determining one of the speed, direction, 
distance, location, spin rate, and spin aXis orientation of the 
object based on the re?ected electro-magnetic energy. 

40. The article of manufacture for use in determining a 
movement characteristic of an object of claim 38, Wherein 
the contrasting marker of the object is highly re?ective of the 
electro-magnetic energy. 
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41. The article of manufacture for use in determining a 
movement characteristic of an object of claim 38, Wherein 
the contrasting marker is not discernable at the visible light 
spectrum. 

42. The article of manufacture for use in determining a 
movement characteristic of an object of claim 41, Wherein 
step c) includes determining one of the speed, direction, 
distance, location, spin rate, and spin aXis orientation of the 
object based on the re?ected electro-magnetic energy. 

43. An apparatus for determining a movement character 
istic, comprising: 

a) an object having a movement path; 

b) an electro-magnetic sensor, the sensor generating elec 
tro-magnetic energy to be re?ected off the object and 
receiving the electro-magnetic energy re?ected off the 
object; and 

c) means for determining a movement characteristic of the 
object based on the re?ected electro-magnetic energy. 

44. The apparatus for determining a movement charac 
teristic of claim 43, Wherein the means for determining a 
movement characteristic includes means for determining 
one of the speed, direction, distance, location, spin rate, and 
spin aXis orientation of the objected based on the re?ected 
electro-magnetic energy. 

45. The apparatus for determining a movement charac 
teristic of claim 43, Wherein the sensor’s electro-magnetic 
energy transmission path is non-parallel to the movement 
path of the object. 

46. The apparatus for determining a movement charac 
teristic of claim 43, Wherein the means for determining a 
movement characteristic includes: 

i) means for determining parameters of a model of the 
movement of the objects based on the re?ected electro 
magnetic energy; and 

ii) means for determining a movement characteristic of 
the object based on the determined model parameters. 

47. The apparatus for determining a movement charac 
teristic of claim 46, Wherein the means for determining a 
movement characteristic includes means for determining 
one of the speed, direction, distance, location, spin rate, and 
spin aXis orientation of the object based on the re?ected 
electro-magnetic energy. 

48. The apparatus for determining a movement charac 
teric of claim 43, Wherein the sensor is one of a Doppler 
radar sensor and a continuous Wave Doppler radar sensor. 

49. The apparatus for determining a movement charac 
teristic of claim 43, further comprising a second electro 
magnetic sensor, the second sensor generating electro-mag 
netic energy to be re?ected off the object and receiving the 
electro-magnetic energy re?ected off the object. 

50. The apparatus for determining a movement charac 
teristic of claim 43, further comprising a second electro 
magnetic sensor, the second sensor generating electro-mag 
netic energy to be re?ected off the object and receiving the 
electro-magnetic energy re?ected off the object and a third 
electro-magnetic sensor, the third sensor generating electro 
magnetic energy to be re?ected off the object and receiving 
the electro-magnetic energy re?ected off the object. 

51. The apparatus for determining a movement charac 
teristic of an object of claim 43, Wherein the object includes 
a contrasting portion and the sensor generates electro 
magnetic energy to be re?ected off the contrasting portion of 




