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Problem Befinition

General Aim: Track a golf ball through all stages of flight. - If we assume a maximum launch angle of 45 degrees, this puts the maximum height of the ball

following a simple parabolic trajectory with 100m/s initial velocity at:
Detailed Requirements:

1. The system shall be capable of tracking a golf ball through all stages of its flight, - ~ 2sin? g
including as it bounces and rolls along the ground. _ 23
2. This tracking shall be accurate to within 0.1 m in the ball’s position and 0.01 m/s in the h = 255 metres

ball's velocity. For this assignment, a maximum height of 300 metres will be used to give a reasonable Tactor of

3. The system shall be man portable and quick and easy to set up. safety
4. The system shall be automated in its operation. .
iz? 5. The system shall display the ball's trajectory on a graphical interface. For the purpose of this assignment, it will be assumed that the golf ball has the following
' 6. Each shot trajectory shall be able to be analysed. characteristics (relative to the golfer} during its trajectory:
Target Characteristics: TN //szﬁ? _ Characteristic Value
The characteristics of golf balls are regulated by the governing ’ /,i\ Maximum Range (m) 500
bodies of golf, and are set out in the official rules of golf. These // Minimum Range (m) 0
rules stipulate that golf balls must have the following # : Maximum Height {m) 300
characteristics: /,/ : Maximum Velocity (m/s) 100
) i Minimum Velocity {m/s) 0 l/
it i £ S The extr is shown bel t to scale):
e The ball must be manufactured so that it is spherically \\_// e e extreme case is shown below (not to scale}:
symmetric. Figure 1. Golf ball dirmensions {in mm)

= o The minimum diameter of the ball may not be less than 5 4
42 .67 millimetres. '

® The maximum weight of the ball may not be more than 45.93 grams.

e The maximum range and velocity of the ball when launched from a test apparatus is

—_

!

restricted.

grmmmmm = W QOE- -~ — -3

These rules define the base characteristics of goif balls, but do allow some room variance. The most |
common variance from a perfect sphere is that many golf balls feature between 240 to 450 dimples
on their surface which serve to reduce the aerodynamic drag that the ball feels.

Figure 2. The maximum possible parameters the system will be designed to track.
In order to track a golf ball through the air knowledge of both typical and maximal distance

trajectories is required. No standard exists for the maximum length of a golf course, but the longest The next section of this report will evaluate different possible methods for tracking the golf ball over

' : ‘ this traj : .
drive on a standard golf course is recorded at 471 metres (575 yards). Longer travelling shots have IS trajectory /\)\
been recorded but these have been recorded on airfield tarmacs and were able to roll significantly [ L

further than they would be able to on a grass surface. The longest golf courses have a six shot par,
and are more than 630 metres long’. It is known that Tiger Woods typically hits the ball such that it
/ has an initial velocity of approximately 180 miles per hour, ar 80.5 metres per second®. Using this
v/ information, we can assume approximately 100 metres per second as the maximum ball speed.

' http://EO!f'abOUt.com/Od/handicapS/f/faq_parlengths.htm - e et e e e e L ST S e e i e e e e i - S e s ey s
? http://sportsillustrated.cnn.com/augusta/cool_stuff/physics/tiger.html o




Tracking technologies

Several methods could be used to track the golif ball through its trajectory, each with their own
benefits and drawbacks. These methaods are outlined below. It is anticipated that the final system
will be comprised of more than one of these methods.

Radar

Radio detection and ranging (RADAR) is probably the most obvious choice for tracking the range of
the ball as it flies through the air. In its most basic form a radar system works by transmitting
electromagnetic waves and locking for the reflection of these waves off objects.

Radar Cross Section

The strength of a radar target — how much energy is reflected back to the receiver - is dependant on
the target’s radar cross section and the transmitted frequency. For a golf ball we assume that the
target behaves as a perfect sphere. For a fixed diameter sphere, there are three regions which
define the radar cross section as a function of wavelength:

1. Where the radius (a) is much smaller than the wavelength (% < 1) the cross section drops
off with the wavelength to the power of four. This is the Rayleigh region.

2. Where the radius is comparable to the wavelength (1 < 3’? < 10). This is the Mie region
where interference effects result in a cyclical variation of RCS as a function of wavelength.

3. Where the radius is much larger than the wave length (E;f- > 10). This is the optical region,

and in this region the RCS is equal to the projected area of the sphere.

In order to ensure that the system makes use of the maximum RCS, we should ideally choose an
operational wavelength that satisfies criterion 3. For the goif ball this means:

4267 X«
— > 10

A< 1341 mm

For an electromagnetic wave this corresponds to a frequency of:

f> 2236 GHz ?;w}\ readand

This places it somewhere in the SHF {super high frequency) band.

Distance accuracy

Radars can gauge the distance to a target by using the principle of time of flight. To do this, a pulsed
signal can be sent from the antenna and the time measured between transmission and reception.
The range resolution of such a system can be estimated by:

In this case, the worst case range resolution should be 0.1 metres so we have that: «
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This requires a matched filter bandwidth of:
f=143GHz |t rionld b "y
g iﬁk/j .

Beam width

The beam width of a single antenna transmitter is inversely
proportional to the size of the antenna. A trade off must therefore
be made between positional accuracy and the total size of the unit.
The requirements state that the system must be man portable and
capable to a positional discrimination of 10 cm. in the intraduction
it was decided that the maximumn range of the unit would be 500m,
with a factor of safety built in to this value. At 500m range, 10 cm is
equal to a beam width of:

SRR TT, | ISERRRRSR Y

Bhoarm = 0.0057 °

Now, the beam width of the radar is a function of both the antenna - 500m

size and the operating frequency. It is given in degrees by: Figure 3. Calculation of required
beamwidth. '\_

3dB ~ d

L ) \Pau , LS *‘Yf&\t\u\ﬁ M@%‘h g
The wavelength of the system has been constrained by the radar cross section requirements in the
previous section. The diameter of the antenna, d, is constrained by the requirement that the system
be man portable. A reasonable maximum diameter to use would be 60 cm ~ using this and the
required beamwidth we can determine the allowable operational wavelengths:

A<50um
f>6THz

This wavelength places it in far infrared part of the spectrum — far too high a frequency to be useful
in a radar application. A time of flight sensor would not be practical for this reason.

Radar phased array

A phase array radar consists of multiple transmitters all separated from each other. In the most
common configurations the separation distance between transmitters is constant. Arrays can exist in
one, two or three different dimensions. A phased array varies the relative phase of the signal
transmitted from each of the sensors to create gain in a particular direction and reduce the gain in
other directions. By varying the phase the transmit beam direction can be effectively steered.

A two dimensional pha§éd array would allow for the golf ball to be tracked in three dimensions
through its trajectory. The advantage of a phased array is that no mechanical steering of the

apparatus is necessary and hence no moving parts are required. Iy

Unfortunately, a phased array would suffer from the same beamwidth problems as mentioned
previously.
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Doppler

it should be possible to use the Doppler shift to measure the velocity of the ball. Since we know the
initial position of the ball, integrating this could give us the position of the ball in space. The kind of
Doppler shifts expected can be calculated using:

If we assume the radar will operate at a wavelength of 1mm to ensure that we are well within the
Rayleigh region as specified above, then this gives the following Doppler shifts:

0.01 < v, < 100 (m/s)
10 < fz < 100,000 (Hz).

By mixing the transmitted signal with the receive signal, and then using a lowpass filter to remove
components above 100 kHz, we obtain a frequency measurement that is proportional to the velocity
of the ball normal to the sensor. In order to measure the velocity to within 0.01 m/s we must be able
to measure the frequency of the mixed signal to within 10 Hz. This is possible if we make frequency
measurements on 0.1 seconds of data.

This technique could be practically implemented to determine both the trajectory and velocity of the
ball.
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Active Acoustic

Acoustic sensors rely on transmitting and receiving sound waves from the target. They primarily
- wark using the time of flight principle for range and the Doppier principle for velocity. Most of these
. sensors use sound above the audible frequency range — typically 40 KHz ar higher. For the goif ball
tracker this would be a requirement as we wouldn’t want the crowd to hear the sensor being used.

The specifications of a typical ultrasonic sensor are shown below:

Model Sick UM30-215118
Max Range am

Frequency 80 KHz

Resolution 0.18 mm

For this sensor, the range is a limiting factor when compared against the requirements of the golf
ball tracker.

,.;
o

s

a

Acoustic sensors would be impractical for use in this situation for the following reasons:

e The maximum range of an ultrasonic sensor is severely limited by the attenuation of sound

through the air. For example, in a best case scenario an ultrasonic sensor operating at 40
KHz has an attenuation of about 1dB/m. Over a range of 500 metres to a target, this
transiates to 1000dB of round trip attenuation, not including the effect of spherical
spreading or target characteristics.

The angular spreading resolution of acoustic sensors is typically poor {greater than 20

degrees). This could be improved through the use of an ultrasonic phased array, but the B
range limitation is still present.
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Laser |
Laser based sensors operate using one of two main principles — either time of flight or triangulation. )

Time of flight laser ranging devices measure the time it takes for a transmitted light pulse to reflect
back to a receiver. Triangulation sensors monitor the position of a laser dot from an axis at a non-
parallel angle to the laser and in doing so can use trigonometric principles to determine the range 1o

the dot.

A CCD camera monitors the position of a laser dot in its field of view, shown as the shaded area. The
range can be determined by monitoring the position of this dot using the camera. Such a sensor -
would be impractical for tracking a golf ball for the following reasons:

Time of flight sensors

Time of flight laser distance sensors are ava

ilable from a number of manufacturers. They tend to

have an analogue or digital output. The characteristics of an example TOF sensor are shown below:

Sick DMT10-2-2211

155m

+-10 mm

20mm + (5mm * distance in metres)

Sensor
Max range
Accuracy
Beam size

As can be seen from this, the maximum range is relatively low —only 155m. Furthermore, the system
loses angular resolution quite severely as the target moves away from the sensar. At the maximum

range, the beam size is approximately 0.8 metres in diameter.

This sensor is typica! of a laser based sensing system —longer ranges than this require that a
reflactor be attached to the target which the rules of golf will not allow for. The system does not
meet our target range or the target angular resolution as calculated in the radar section.

Triangulation sensors

The principle of operation of a triangulation sensor is shown below:

Figure 4. Triangulation sensor principle of operation

L]

Extremely sensitive to ambient light conditions.
Poor range discrimination over the range requirement — a typical CCD resolution of 640

L My
" iL

pixels would give this many bins over a range of 500m, giving just under one meter of range
resolution. This is further degraded due to the spread of the beam with distance.
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