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GOLF BALL TRACKING SYSTEM

1.0 TECHNICAL FIELD

[0001] This invention relates to a golf ball measurement system. More particularly, the
invention relates to a method and system to accurately measure and track the trajectory of a golf

ball.

2.0 RELATED APPLICATION

[0002] This application claims priority to provisional patent application SN 62/620479
entitled “Golf Ball Tracking System” filed on January 23, 2018, the entire contents of which are

incorporated herein by reference.

3.0 BACKGROUND

[0003] A golf ball launch monitor is an electronic device for assisting a golfer in improving
his or her game. More particularly, the monitor is used to analyze the initial path of the golf ball
after it is struck by a golf club, and to present to the golfer the likely flight path information for
the ball. Typically, the flight path information will include ball speed, ball direction, spin, and a
projected flight path or distance. The launch monitor typically has an imager piece, which
couples to a processor and to a display. The imager piece is placed close to where the golfer is
expected to hit the ball, with the imager's sensor directed toward the ball or tee.

[0004] Usually, the launch monitor is pre-aligned to a target line, with an optional step to
change the target line. The monitor, based on the initial flight parameters and its current
alignment, calculates the flight characteristics of the golf ball, including the ultimate position of
the ball. Such a monitor is described in various previous patent applications by the inventor of
the present invention, including U.S. Patent 7,324,663 entitled “Flight Parameter Measurement
System” and issued on January 29, 2009, U.S. Patent 7,292,711 entitled “Flight Parameter
Measurement System” and issued on November 6, 2007, U.S. Patent 7,641,565 entitled “Method
and Apparatus For Detecting The Placement of a Golf Ball for a Launch Monitor” and issued on
January 5, 2010, U.S. Patent 7,497,780 entitled “Integrated Golf Ball Launch Monitor” and
issued on March 3, 2009, U.S. Patent 7,540,500 entitled “Foldable Launch Monitor For Golf”
and issued on June 2, 2009, and U.S. Patent 8,951,138 entitled “Golf Club Head Measurement
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System” and issued on February 10, 2015; the contents of all these patents are incorporated
herein by reference in their entireties.

[0005] However, a launch monitor can only predict the trajectory of a golf ball and not its
actual trajectory. What is needed, therefore, is a system and method that tracks the actual

trajectory and position of multiple golf balls.

4.0 SUMMARY

[0006] This patent describes a method for accurately locating where golf balls land, roll, and
stop after being struck by a golfer in a multi-bay driving range. There are no requirements for
specially marked balls, either with passive methods like markings on the ball, or active methods,
like embedding radio frequency emitting devices inside the ball. The major challenge, then, is
how to map golf balls located down range to its originating bay. This patent describes a method
to map the driving bay golf shots to the down range ball detection using a prediction algorithm
that integrates information from several sub-systems, as detailed described henceforth. In
addition, the mapping algorithm is also used to command visual effects down range when a
golfer successfully hits a target.

[0007] The preferred embodiment of this invention can be used in target-based games for
multi-level, multi-bay golf driving ranges, where virtual targets depicted in a computer
simulation software are mapped to real targets down range, and golf ball hits are represented in
the simulator in semi-real time. If golf balls land, roll or stop within a certain target boundary,
points can be attributed to the golfer that played the ball.

[0008] Specifically, a ball tracking system is disclosed that includes a display, sensors, a
launch monitor and a processor that receives data from the sensors and from the launch monitor
and outputs a rendering to the display. Specifically, the down range sensors are positioned to
detect a plurality of observed ball flight paths, each in the plurality originating from a different
ball strike at a different location. The sensors are correlated to three-dimensional space. The
launch monitor is positioned to detect one of the ball strikes and to measure the launch
parameters of that ball strike. The processor performs the following steps: (a) receive the launch
parameters from the launch monitor; (b) calculate a predicted ball flight path based on the launch
parameters; (c) receive image data from the sensor; (d) identify an observed ball flight path and a

landing event for each of the plurality of observed ball flights paths; () determine the landing



10

15

20

25

30

GOLF BALL TRACKING SYSTEM

location for each identified landing event; (f) based on the predicted ball flight path, determine a
multidimensional matching distance for each of the plurality of landing locations; (g) select the
matching multidimensional distance (as described later in this document, the distance need not
be simply a Euclidean distance, but may also include other parameters like predicted landing
time, descent angle, etc.) that is closest to the predicted ball flight path; (h) morph the predicted
ball flight path with the observed ball flight path and landing location associated with the closest
distance; and (i) communicate to the display a video rendering based on the morphed ball flight
path. The system may include various refinements to increase the matching accuracy.

[0009] Additional aspects, alternatives and variations, as would be apparent to persons of
skill in the art, are also disclosed herein and are specifically contemplated as included as part of
the invention. The invention is set forth only in the claims as allowed by the patent office in this
or related applications, and the following summary descriptions of certain examples are not in

any way to limit, define or otherwise establish the scope of legal protection.

5.0  BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The invention can be better understood with reference to the following figures. The
components within the figures are not necessarily to scale, emphasis instead being placed on
clearly illustrating example aspects of the invention. In the figures, like reference numerals
designate corresponding parts throughout the different views and/or embodiments. Furthermore,
various features of different disclosed embodiments can be combined to form additional
embodiments, which are part of this disclosure. It will be understood that certain components and
details may not appear in the figures to assist in more clearly describing the invention.

[0011] FIG. 1 illustrates a stylized view of the golf ball hitting facility with multiple driving
bays.

[0012] FIG. 2 is a plan view of a golf ball hitting facility with multiple driving bays.

[0013] FIG. 3 is a view of a driving bay looking down range, illustrating the various
positions of the launch monitor.

[0014] FIG. 4 illustrates the golf ball tracking system, including the connections between a
central processor, sensors, displays and launch monitors.

[0015] FIG. 5 illustrates control and display function with a customer operated device.
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[0016] FIG. 6 is a plan view of the golf ball hitting facility, along with the top view of the
trajectories of balls hit from the multiple driving bays.

[0017] FIG. 7 is a flowchart used in the golf ball tracking system to match the predicted
flight path to the observed flight path.

[0018] FIG. 8A illustrates the target processor image processing.

[0019] FIG. 8B illustrates the target processor image processing.

[0020] FIG. 9A illustrates the ball launch parameters.

[0021] FIG. 9B illustrates the ball launch parameters.

[0022] FIG. 9C illustrates the ball launch parameters.

[0023] FIG. 10 illustrates the ball flight parameters for both the predicted and observed ball
landings.

[0024] FIG. 11 is a flowchart used in the golf ball tracking system to match the observed and
predicted ball data.

[0025] FIG. 12 is illustrates ball strikes from two adjacent driving bays.

6.0 DETAILED DESCRIPTION

[0026] Reference is made herein to some specific examples of the present invention,
including any best modes contemplated by the inventor for carrying out the invention. Examples
of these specific embodiments are illustrated in the accompanying figures. While the invention
is described in conjunction with these specific embodiments, it will be understood that it is not
intended to limit the invention to the described or illustrated embodiments. To the contrary, it is
intended to cover alternatives, modifications, and equivalents as may be included within the
spirit and scope of the invention as defined by the appended claims.

[0027] In the following description, numerous specific details are set forth in order to
provide a thorough understanding of the present invention. Particular example embodiments of
the present invention may be implemented without some or all of these specific details. In other
instances, process operations well known to persons of skill in the art have not been described in
detail in order not to obscure unnecessarily the present invention. Various techniques and
mechanisms of the present invention will sometimes be described in singular form for clarity.
However, it should be noted that some embodiments include multiple iterations of a technique or

multiple mechanisms unless noted otherwise. Similarly, various steps of the methods shown and
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described herein are not necessarily performed in the order indicated, or performed at all in
certain embodiments. Accordingly, some implementations of the methods discussed herein may
include more or fewer steps than those shown or described. Further, the techniques and
mechanisms of the present invention will sometimes describe a connection, relationship or
communication between two or more entities. It should be noted that a connection or relationship
between entities does not necessarily mean a direct, unimpeded connection, as a variety of other
entities or processes may reside or occur between any two entities. Consequently, an indicated
connection does not necessarily mean a direct, unimpeded connection, unless otherwise noted.
[0028] The following list of example features corresponds with FIGS. 1-12 and is provided
for ease of reference, where like reference numerals designate corresponding features throughout
the specification and figures:

[0029] Golf Ball Hitting Facility 5

[0030] Golf Ball Driving Bays  10A, 10B, 10C, 10D, 10E

[0031] Launch Monitor 15

[0032] Overhead Launch Monitor 15A
[0033] Simulators 18

[0034] Display 20

[0035] Golf Ball Tracing System 22

[0036] Down Range Sensors 25, 25A, 25B, 25C, 25D
[0037] Side-positioned Down Range Sensor ~ 25E

[0038] Atmospheric Sensor(s) 25F

[0039] Targets T1, T2, T3

[0040] Central Processor 30

[0041] Fusion Processor 32

[0042] Target Processor 34

[0043] Facility Control Panel/Processor 35

[0044] GPS Receiver/Optical Fiducial Complex 36
[0045] Golf Ball and Tee 37

[0046] Portable Player Operated Device 39

[0047] Down Range Sensors’ Field of View 40A, 40B, 40C, 40D
[0048] Ball Strike Trajectories 45A, 45B, 45C, 45D, 45E
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[0049] Data From Down Range Sensor to Central Processor 50

[0050] Data From Launch Monitor to Central Processor 55A, 55B
[0051] Data From Central Processor to Launch Monitor/Display 55AA, 55BB
[0052] Ball Speed 60

[0053] Launch Angle 65
[0054] Ball Spin Speed 70
[0055] Ball Spin Angle 75
[0056] Launch Azimuth 80

[0057] Descent Angle (Predicted) 82
[0058] Impact Speed (Predicted) 84
[0059] Landing Position (Predicted) 86
[0060] Descent Angle (Observed) 88
[0061] Impact Speed (Observed) 90

[0062] Landing Position (Observed) 92

[0063] Ball Rest Position Observed 94

[0064] Method For Matching the Predicted Flight Path to the Observed Flight Path 100

[0065] Steps in Method For Matching the Predicted Flight Path to the Observed Flight Path
105-175

[0066] Method for Ranking and Matching Possible Observed and Predicted Ball Data Pairs
200

[0067] Steps in Method for Ranking and Matching Possible Observed and Predicted Ball

Data Pairs 205-245

[0068] FIG. 1 is a stylized view of a gold ball hitting facility with three bays. FIG. 2

illustrates a golf ball hitting facility 5 with five golf ball hitting bays (10A, 10B, 10C, 10D, 10E).

The facility 5 also has four down range sensors (25A, 25B, 25C, 25D). More details of the

mounting of the down range sensors may be found in the “DTS Target Requirements” document,

filed as part of the provisional application 62/620479 and incorporated herein by reference. Also

submitted as part of the provisional application 62/620479 is a document entitled “Downrange

System: Vision and High Level Requirements”, the contents of which are incorporated herein.

Of course, the system described herein may have a different number of bays or down range

sensors.
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[0069] The facility may be entertainment oriented with the player attempting to hit the ball
into various targets (T1, T2, T3) and earning points when doing do. Players may compete
against other players in different driving bays, or with other players in their own driving bays.
More details of the facility 5 may be found in the “Commercial & Entertainment Range
Solutions” document, filed as part of the provisional application 62/620479 and incorporated
herein by reference.

[0070] Each driving bay may include a launch monitor 15 and a display 20. The launch
monitor 15 measures the initial launch conditions of the ball strike, while the monitor can display
information regarding the ball strike, such as speed, distance, trajectory, and position. If the
player is in a competition mode, it may also display a score along with the scores of other
players, or other information regarding the current game. It would be apparent that the display
20 could also be used to promote other commercial activities, such as food, beverages, and
apparel.

[0071] FIG. 3 is a front view of a driving bay 10A looking through the bay and down range.
This illustrates that the launch monitor 15 may be placed on the floor. This placement has the
limitation of only being able to detect a ball strike from one side of the monitor. So, in FIG. 3,
the position of launch monitor 15 would accommodate a right-handed golfer. For a left-handed
golfer, the monitor would have to be moved to the other side, or an additional monitor would
have to be placed on the other side. As another alternative, overhead monitors 15A may be used
in addition to or in lieu of the floor-based monitor. An advantage of the overhead monitor is
that it can accommodate both left and right-handed golfers.

[0072] FIG. 4 illustrates the golf ball tracking system 22, including the connections between
a central processor, displays and launch monitors in each driving bay, and down range sensors.
Specifically, the down range sensors (25A, 25B, 25C, 25D) are connected to a central processor
30. The launch monitors 15 from each driving bay (10A, 10B, 10C, 10D, 10E) are also
connected to the central processor 30. These connections can be wireless or wired. The facility
may have a control panel/processor 35 that allows the operator of the facility to monitor the
gameplay and to provide announcements to the players.

[0073] The central processor 30 may include various subcomponents. For example, it may
further include launch simulators 18, which may receive launch parameters from the launch

monitor 15 and may produce a rendering of flight path that can be displayed on the display 20.
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While FIG. 4 shows that each launch monitor 15 has its own simulator 18, a single simulator 18
with multiple inputs from each of the launch monitors 15 may instead be used. The simulators
18 exchange data to and from the fusion processor 32. The camera/sensors 25A-E provide(s)
data to a target processor 34 that then provides data to the fusion processor 32. While the target
processor 34 is shown as a single processor, multiple processors may be used. It should
therefore be apparent that the central processor 30 may be more than one processor.

[0074] FIG. 5 illustrates a player-controlled device 39 that is in communication with the
launch monitor 15 and/or the central processor 30. The device 39 may be the player’s own smart
phone or tablet, running an appropriate application. The device 39 may be used instead of, or in
conjunction with, the display 20 to display relevant data from a ball strike. The device 39 may
also be used to order merchandise, food of beverages. The device 39 can also control the
monitor 15. As a non-limiting example, the system 22 may direct a first player to strike the ball,
and, after registering the trajectory, may direct a second player to strike the ball. A player,
however, may have decided to take a mulligan on the first strike and would like to re-strike the
ball. To do so, the player must communicate with the launch monitor 15 or central processor 30
that the next hit should be associated with the first player and not the second. This override
control may be available on the device 39, as well as other controls.

[0075] FIG. 6 is a plan view of the golf ball hitting facility, along with the top view of the
trajectories of balls hit from the multiple driving bays. Multiple players may simultaneously
strike several ball strike trajectories (45A, 45B, 45C, 45D, 45E). The down range sensors have
a specific field of view (FOV). For example, down range sensor 25A has a FOV 40A, and
sensor 25B has a FOV 40B, and so on. Ball strike 45A enters the FOV of other sensors 25A and
25B and lands within the FOV of both of these sensors as well. However, strike 45B enters the
FOV 40B of sensor 25B and then exits it.

[0076] The data from these sensors is used in conjunction with the parameters from the
launch monitors located at or near the bays to accurately determine the actual trajectory and
position of the ball strike. Because the locations of the sensors (25A, 25B, 25C, 25D) and their
orientation is known, as are their FOVs (40A, 40B, 40C, 40D), the central processor 30 can
analyze the data stream from the sensors, and can determine the actual positions and trajectories
of the golf balls relative to the golf ball hitting bays. This association is used in the matching

process described below. This location and orientation may be made during the installation of
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the system. For example, a high accuracy GPS receiver mounted on a structure with an optical
fiducial may be used within the FOV of the down range sensors. From the GPS data and the
location of the optical fiducial within the down range sensor data stream, a highly accurate
position and orientation of the down range sensors can be achieved. This GPS receiver/ optical
fiducial complex 36 may be left in place at the facility (as shown in FIG. 4), and the
position/orientation of the down range sensors can be re-calibrated periodically. Alternatively,
the GPS receiver/ optical fiducial complex may be mounted to a mobile structure, such as a golf
cart, and may be moved throughout the facility so that each down range sensor can detect it
within its respective FOV. Once detected, each down range sensor can be re-calibrated.

[0077] It should be noted that the down range sensors can be placed at various locations,
such as that shown in sensor 25E. Other sensors, such as an atmospheric sensor 25F, can be used
to more accurately track the ball strikes. The atmospheric sensor 25F, for example, may measure
atmospheric air pressure, humidity, temperature and/or wind speed/direction.

[0078] FIG. 7 is a method 100 used to match the predicted flight path to the observed flight
path. When a player strikes a golf ball, the launch monitor 15 detects a strike and measures the
initial launch parameters, which may include ball speed, launch angle, ball spin speed, ball spin
angle, and launch azimuth. These various parameters are shown graphically in FIGS. 9A — 9C.
These launch parameters are provided to the simulator 18, which performs steps 135 — 160.
After receiving the launch parameters, the simulator 18 calculates a predicted ball flight path
(steps 135, 140) that may include a time and position of landing, and may further include the
predicted angle of descent and the impact speed, which is provided to the fusion processor 32
(step 175). This is shown graphically in FIG. 10. The simulator 18 may also use environmental
data, including air temperature, humidity, wind speed, wind direction, air pressure and terrain 3D
model, to refine the predicted ball flight path (step 137).

[0079] Because it will take time for the golf ball to come into the field of view of the
camera/sensors, and it will take time for the target processor 34 to perform image processing and
for the fusion processors 32 to match the data, the simulator 18 cannot fully render the golf flight
path with the actual landing position and the final resting place of the golf ball. So in step 145,
the rendering of the ball flight path is delayed or slowed to allow the system 22 time to match the
predicted and observed ball flight path. The rendering may begin in step 150, and such a
rendering is based on the predicted flight path; this rendering may be displayed as a video where
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the golf ball is moving through space. Once the fusion processor 32 has made an appropriate
match such that the actual landing and final position of this particular golf ball strike is known,
then the simulator 18 can correct the simulated flight path rendering with the actual flight path by
morphing the two in step 155 and then rendering the new flight path that is sent to the display
(step 165). The displayed flight path may further include the final post landing travel of the ball
and the ball rest position. It should be noted that the post landing travel is difficult to accurately
predict because the interaction with the ground can be variable and imprecise to model. By
having the actual observed post landing travel data from the target processor 34, the rendering
shown on the display 20 can be highly accurate.

[0080] In an entertainment venue, customers may have a less pleasant experience if they
must wait for the ball flight path to be displayed, while the system makes a final match between
the predicted and actual ball flight paths. To promote better customer experience, the system
may display the launch parameters immediately for a few seconds, and then begin to render and
display the flight path based on the simulator model. This provides the delay necessary for the
system to make the match. However, the simulated ball flight path will differ from the actual
flight path, and that difference may be noticeable. The morphing of the predicted to the actual
ball flight path, therefore, may require a noticeable change to the rendered ball flight path. If a
static viewing angle for the rendering in maintained, then the morphing may look disjointed and
unnatural (e.g., the flight path requires an impossible mid-air turn to arrive at the actual landing
spot).

[0081] Step 160 is included to mask this, and provide a more visually appealing rendering.
The first part of the rendering (step 150) may be displayed from one angle, and when the paths
are morphed, the angle can be changed (step 160). It is during this change that the actual flight
path can be included in the rendering. So, for example, the initial camera angle may be a side
view located adjacent to the driving bay. This view may be static and may be maintained during
the rendering based on the simulator. Once the morphing begins, the camera angle may sweep
from the side view to a perspective view from a vantage point that is at a location that is near the
ball landing position. During this change in the virtual camera (step 160), the correction
(morphing) is performed such that the customer cannot visually detect the correction on the ball
flight path that is displayed. In other words, the system is blending the predicted trajectory with

the observed trajectory to form a seamless trajectory that is displayed in a video-like fashion to

10
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the customer in near-real time. The change in virtual camera (step 160) need not be a sweep, but
may be a two separate camera angles with a discrete transition between them.

[0082] If, for whatever reason, the central processor 30 cannot perform a match, the system
22 can display the trajectory to the user based completely on the predicted trajectory. When the
system 22 is able to perform the matching, however, the morphed trajectory can again be used
and displayed.

[0083] Now, the processing performed by the target processor 35 will be discussed. When
the system is first installed, the pixels from each of the camera/sensors are mapped to actual
locations on the ground, referring to herein as calibration pixel mapping. In other words, the
sensor’s FOV is correlated to three-dimensional space. This means that if an object detected on
a camera/sensor is located at a pixel position that is previously map as a ground location, the
system will know the actual position of that object. When the target processor 35 receives image
data from the camera/sensor 25, it captures the frames (step 105). The background is subtracted
from the frames (step 110), using, by way of a non-limiting example, a Gaussian Mixture Model
for background subtraction (MOGQG) algorithm. Other background subtraction methods may also
be used. It should further be noted that the background subtraction algorithm may be fine-tuned
to more robustly subtract everything except the movement of a golf ball. For example, if the
detected movement is slow (e.g., a groundskeeper walking in the FOV or a bird flying) compared
to the expect speed of a golf ball, the algorithm may be tuned to subtract those slower
movements as well.

[0084] The resulting frames would reveal an object or objects moving through successive
frames, and that image may be identified as a ball (step 115). The identification of the object as
a ball (blob detection) may be assisted by comparing the position of the object in successive
frames to the expected arch trajectory of a golf ball. If the object follows such a trajectory, then
it may be a golf ball. The point where the object enters the camera/sensor FOV may also be used
to refine the golf ball detection, with objects that enter the FOV at locations that are not
consistent with the expected golf ball trajectory being rejected as golf ball candidates. Also, the
speed of the object may be used.

[0085] Each of the discovered balls in successive frames is then chained, and from the
chaining an event can be detected (steps 120, 125). The event may be the landing of the ball

and/or the ball coming to rest. Because the pixel locations for the events are known, the actual
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time-stamped location of events can be determined in step 130 because of the calibration pixel
mapping. This information is transferred to the fusion processor in step 170.

[0086] Once the fusion processor 32 receives the time and location of the observed landing
(step 170) and the predicted ball flight data (step 175), the fusion processor 32 can match the
observed landing to the predicted ball flights in step 200. The steps in performing such a match
are discussed below with reference to method 200. Once that match is made, the observed flight
path is provided to the simulator 18 in step 300 so that the simulator 18 can morph the flight
paths (step 155).

[0087] FIG 8A and 8B illustrate the frame capture, background subtract, ball discovery, ball
chaining and event detection (steps 105-125) performed by the target processor 34. FIG. 8A
represents nine successive frames captured (step 105) by the target processor, wherein each
frame has had the background subtracted (step 110), resulting in only the object in the image.
The object may be identified as a ball by using a number of criteria, including but not limited to:
the object speed, location within the FOV, and the position of the object in successive frames.
Once the object is identified as a ball (step 115), the identified golf balls can be chained to each
other. FIG. 8B illustrates the nine frames of FIG. 8A layered onto one frame, and each of the
identified balls are chained together (step 120). The chaining identifies a rough trajectory of the
golf ball and helps to determine the spot where the golf ball landed. Looking at the last three ball
positions, the chain between the second-to-last and the third-to-last is at a marked different angle
and direction than the chain between the second-to- last and the last. This is an event where the
ball changed its ball path abruptly because it landed. This detected event (step 125) may then be
correlated to a time-stamped actual position of the landing based on the calibration pixel
mapping. It should be noted that FIGS. 8A and 8B illustrate much of the ball trajectory in only
nine frame captures. In practice, a ball trajectory may be in the camera’s FOV for 4 to 6
seconds (even longer) and at a frame rate of 30FPS (or more), this would represent 120 to 180
frames (or more), from which the target processors can extract the necessary information. This
increased granularity would allow for a more precise location of the ball landing in pixel space,
and therefore a more precise actual landing location, to be detected.

[0088] While the example provided above tracks only one ball, the same process may be
used to track several balls simultaneously. The chaining for multiple-simultaneous balls may be

performed based on the time and/or shape of the trajectory. Balls that enter the FOV at the same
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time, or close to the same time, will be from different driving bays, so their trajectories will be
different. The possibility of multiple golf balls flying within the camera’s FOV is evaluated on
every frame. For every new frame, multiple candidate balls (already filtered out by MOG and
blob detection) can be found. Each candidate ball has its likelihood of belonging to an existing
chain evaluated. After such an evaluation, the candidate ball is assigned to the chain that has the
greatest likelihood. If the candidate ball does not fit into any existing chain (likelihood index is
below a certain threshold), then it starts a new chain. The likelihood of one ball belonging to an
existing chain uses a range of possible values on parameters that include ball speed, direction and
angle of descent. It follows that by not forcing a candidate ball to be included into a chain, and
instead by creating another unity chain, it allows multiple chains (ball trajectories) to be
simultaneously tracked.
[0089] Now the method 200 for ranking and matching possible observed and predicted ball
data pairs implemented in the fusion processor 32 will be detailed. The process of matching the
down range sensor data to the launch monitor measure launch parameters is performed by
comparing several predicted landing parameters such as impact location, impact velocity vector,
angle of incidence and real-time global clock with the observed tracking data as reported by the
down range sensors. Because there are several simultaneous ball strikes, the predicted landing
parameters are paired with observed data and assigned a probabilistic score to each pairing. The
highest scoring pairing that achieves a minimum threshold of probability is selected. If a
successful pairing is detected, the observed tracking data from the down range sensors is
matched with the data from the driving bay, and that is sent to the originating driving bay.
[0090] From the simulator 18, the following data from the predicted ball flight path may be
provided to the fusion engine 32 in step 175:

e t,timeof landing (predicted)

e s, speed of impact (predicted) (84)

e A, descent angle (predicted) (82)

e (x,¥,2), landing position (predicted) (86)

[0091] And from the target processor 34, the following data may be provided to the fusion
engine 32 in step 170:

e t,time of landing (observed)

13
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e s, speed of impact (observed) (90)
e A, descent angle (observed) (88)
e (x,v,2)o landing position (observed) (92)

[0092] These various parameters as shown graphically in FIG. 10. The fusion processor 32

may then use Eq. 1 to determine a multi-dimensional matching distance:

t,—t 2
1 tlfi:nemjt! X K+ \/(xp - xO)Z + (3 —¥0) +(z - ZO)Z X Kp Eq.1
where:

e timeout, time window during which observed landings are considered
e K, time calibration constant
e K, position calibration constant

[0093] The equation has two components, one temporal and one spatial. The temporal
component compares the time predicted to the observed landing time. The greater the
difference/distance, the larger its influence on the multi-dimensional matching distance DI.
Therefore, even if the ball landing is detected in precisely the same location as a predicted
landing, if the landing occurs at a time difference/distance that is too great, then it is likely that
they are not a match. Likewise, the timeout may be used to further increase processing speed
and accuracy, by a priori removing from consideration observed landings that occurred too far in
time from the predicted landing. By having this temporal cutoff, the fusion processor 32 need
not waste time and storage resources comparing candidates that logically have no chance of
matching.

[0094] Equation 1 also has a spatial component; the greater the difference/distance in the
landing location, the larger influence on D1.

[0095] For each predicted data set provided to the fusion processor 32, Eq. 1 is calculated for
all the observed landings that meet the temporal cutoff. The results are sorted, and the lowest D1
is the match. The lowest match distance represents the match distance that is closest to the
predicted ball flight path. It would be apparent to those skilled in the art that the inverse of Eq.1
could be used, and therefore the highest D1 value is the match. In either event, the spatial and

temporal distances are used to determine what is closest to the predicted ball flight path. The
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GOLF BALL TRACKING SYSTEM

fusion processor 32 provides the match to the simulator 18 that provided the initial predicted data
set the observed ball flight data (step 300).
[0096] The fusion processor 32 may be more robust by using more predicted and observed

flight parameters. For example, Eq. 2 may be used:

D, = Dy + s, —so| X Ks + |4, — Ao| X Ky Eq.2
where:
e K, speed calibration constant
e K, decent angle calibration constant

[0097] The constants in Eq. 1 and Eq. 2 may be adjusted to increase the accuracy of the
system. These values may be adjusted based on heuristics and artificial intelligence. The system
may look at prior system accuracy and automatically adjust the calibration constants in an
attempt to further increase accuracy. These constants allow the system’s engineer to specify
where to mount the camera in mutual relationship between target and typical ball path. The
position and orientation of the camera affects how ball flights are represented in pixel space.
Therefore, using those constants provides a means of normalizing the distance equation for all
systems.

[0098] Equation 2 may be used when the original sorting of Eq. 1 (D1) yields more than one
result that is within a margin of tolerance. By not performing this more robust calculation on all
the possible observed landing under consideration, the system can more efficiently and quickly
arrive at a match.

[0099] Shown in FIG. 11 is a flowchart showing the various steps that may be used to
implement the method 200 for ranking and matching possible observed and predicted ball data
pairs. The first part of the method is to receive the time and location of observed landings (step
170) and the predicted ball flight data from the simulator (step 175). At step 205, the various
observed landing data sets are compared to the predicted ball landing time to make sure they are
within the timeout value. If there are no such observed landing data sets, then the system sends a
“No Match” indication to the simulator that originated the predicted ball flight data (steps 210,
300a). For those observed data sets that are within the timeout, a D1 value is calculated using

Eq. 1 (step 220). The lowest D1 is determined and checked against a margin of confidence M1
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GOLF BALL TRACKING SYSTEM

(steps 225 and 230). This margin is intended to ensure that D1 is sufficiently small such that the
system has confidence that there is a likely match. A second refinement margin M2 may be used
to further confirm accurate matching. At step 235, all observed location data sets with D1 values
within the refinement margin M2 of the lowest D1 value are checked using Eq. 2 (steps 235,
240). The lowest D2 value is therefore considered a match, and the associated observed location
data set is provided to the simulator that originated the predicted ball path data (steps 245 and
300c). Returning to step 235, if there are no other D1 values within the refinement margin, the
lowest D1 value is considered a match, and the associated observed location data set is provided
to the simulator that originated the predicted ball path data (step 300b).

[00100] The margin of confidence M1 and the refinement margin M2 may be adjusted to
increase the accuracy of the system. These values may be adjusted based on heuristics and
artificial intelligence.

[00101] FIG. 12 illustrates a simplified system limited to bays 10A, 10B. The down range
camera/sensor 25A is positioned to detect the observed ball flight paths originating from a
different ball strikes (45 A and 45B) at a different location (bay 10A and bay 10B). The sensor
25A has been calibration pixel mapped — i.e., the sensor’s FOV is correlated to three-
dimensional space. A launch monitor 15 is positioned to detect one of the ball strikes (45A) and
to measure the launch parameters of that ball strike. A central processor 30 is connected to the
display 20, the sensor 25A and the launch monitor 15. The central processor performs the
following steps: (a) receive the launch parameters from the launch monitor; (b) calculate a
predicted ball flight path based on the launch parameters; (c) receive image data from the sensor;
(d) identify an observed ball flight path and a landing event for each of the plurality of observed
ball flights paths; (e) determine the landing location for each identified landing event; (f) based
on the predicted ball flight path, determine a multi-dimensional matching distance for each of the
plurality of landing locations; (g) selecs the multi-dimensional matching distance that is closest
to the predicted ball flight path; (h) morph the predicted ball flight path with the observed ball
flight path and landing location associated with the closest distance; and (i) communicate to the
display a video rendering based on the morphed ball flight path. The same is done for ball strike
45B. If the players are in competition, the central processor 30 may grant points to the player in

bay 10B because his ball strike 45B landed in the target area T1.
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[00102] Finally, it should be noted that the embodiments used herein reference a golf ball
strike and tracking of that ball’s trajectory. The same system and methods described herein may
be used for other sports. For example, the launch monitor may be used in a baseball batting
cage, and the sensors may be use to more precisely define and render the hit baseball trajectory.
It should be apparent that the system and methods describe herein are not limited to golf.

[00103] The above description of the disclosed example embodiments is provided to enable
any person skilled in the art to make or use the invention. Various modifications to these
example embodiments will be readily apparent to those skilled in the art, and the generic
principles described herein can be applied to other example embodiments without departing from
the spirit or scope of the invention. Thus, it is to be understood that the description and drawings
presented herein represent a presently preferred example embodiment of the invention and are
therefore representative of the subject matter which is broadly contemplated by the present
invention. It is further understood that the scope of the present invention fully encompasses
other example embodiments that may become obvious to those skilled in the art and that the

scope of the present invention is accordingly limited by nothing other than the appended claims.
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CLAIMS

1.

A ball tracking system comprising:

a display;

a sensor positioned to detect a plurality of observed ball flight paths, each in the

plurality originating from a different ball strike at a different location; and

wherein the sensor is correlated to three-dimensional space;

a launch monitor positioned to detect one of the ball strikes and to measure the

launch parameters of that ball strike;

a processor connected to the display, sensor and launch monitor, wherein the

processor is adapted to perform the following steps:

a.
b.
c.

d.

receive the launch parameters from the launch monitor;
calculate a predicted ball flight path based on the launch parameters;
receive image data from the sensor;
from the image data, identify an observed ball flight path and a landing
event for each of the plurality of observed ball flights paths, further
comprising the steps of;
(1) capturing image frames;
(2) performing ball detection within the image frames;
(3) grouping detected balls based on spatial position and time
that is characteristic of a ball in motion to form a ball
trajectory; and
(4) performing landing event identification based on a
discontinuity in the ball trajectory in successive image frames;
determine a landing location for each identified landing event;
based on the predicted ball flight path determine a matching distance
for each of the plurality of landing locations; and
select the matching distance that is closest to the predicted ball flight
path.

2. The ball tracking system of claim 1, wherein the processor is adapted to perform the

following additional steps:
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h. morph the predicted ball flight path with the observed ball flight path
and landing location associated with the closest distance to create a
new flight path; and

1. communicate to the display a video rendering based on the new flight

path.

3. The ball tracking system of claim 2, wherein step (g) includes:
g(1) compare the closest matching distance to a confidence margin;
g(2) if the closest matching distance is within the confidence margin then
continue to steps (h) and (i); and
g(3) if the closest matching distance is not within the confidence margin
then skip steps (h) and (i), and communicate to the display a video

rendering based on predicted ball flight path.

4. The ball tracking system of claim 2, wherein:
steps (a), (b), (h) and (i) are performed by a simulator;
steps (c), (d) and (e) are performed by a target processor; and

steps (f) and (g) are performed by a fusion processor.

5. The ball tracking system of claim 2, wherein:
step (i) is delayed for a time period after the launch monitor detects the
ball strike; and
a beginning portion of the rendering is based on the predicted ball flight
path, and an ending portion of the rendering is based on the observed
ball flight path and landing location associated with the closest

distance.
6. The ball tracking system of claim 5, wherein the beginning portion has a rendering
perspective view, and the ending portion has a second rendering perspective view that

is different from the first.

7. The ball tracking system of claim 6, further comprising a rendering transition from the

first to the second rendering perspective views, and wherein the transition is discrete.
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8.

10.

11.

12.

13.

The ball tracking system of claim 6, further comprising a rendering transition from the
first to the second rendering perspective views, and wherein the transition is not

discrete.

The ball tracking system of claim 1, wherein:
step (e) further includes determining the time of the landing event; and
the matching distance in step (f) includes a temporal and a spatial measure of

distance.

The ball tracking system of claim 9, wherein:
step (e) further includes determining an observed descent angle and an observed
impact speed prior to the landing event; and
the matching distance in step (f) is based on the observed descent angle and an

observed impact speed.

The ball tracking system of claim 1, wherein the predicted ball flight path of step (b)
includes t, (time of landing) and (x, y, z),, (landing position), and wherein the
landing location for each identified landing event of step (e) includes
t, (time of landing) and (x, y, z), (landing position), and wherein the matching

distance is based on the following equation:

|t _tl \/ 2 2 2
Dy = tifnemjt X Ke+ (= x0)" + (3 —30) +(2p—20)" xKp

where timeout is a preset time, and K, , K, are respectively the time and position

calibration constants.

The ball tracking system of claim 11, wherein the calibration constants are

automatically adjusted based on prior system accuracy.

The ball tracking system of claim 11, wherein the predicted ball flight path of step (b)
includes s, (impact speed)and A,, (descent angle), and wherein the landing location
for each identified landing event of step (e) includes
So (impact speed) and Ay(descent angle), and wherein the matching distance is
further based on the following equation:

Dy = Dy + s, —so| X Ks + |4, — Ao| X K,
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

where K, and K, are speed and angle calibration constants, respectively.

The ball tracking system of claim 13, wherein D2 is performed on a subset of plurality

of observed ball flight paths whose D1 values are within a refinement margin.

The ball tracking system of claim 14, wherein the refinement margin is based on the

closest D1 value.

The ball tracking system of claim 13, wherein the calibration constants are

automatically adjusted based on prior system accuracy.

The ball tracking system of claim 1, the system further comprising
an atmospheric sensor connected to the processor that measures environmental
data, wherein the predicted ball flight path is further based on the

environmental data measured.

The ball tracking system of claim 1, further comprising a plurality of sensors and a

plurality of launch monitors.

The ball tracking system of claim 18, wherein each launch monitor of the plurality of

launch monitors is located in a separate driving bay.

The ball tracking system of claim 1, wherein the launch monitor comprises a side-

positioned launch monitor and an overhead launch monitor.

The ball tracking system of claim 1, wherein the display comprises a portable device.

The ball tracking system of claim 1, wherein the processor is adapted to perform the
following additional step of assigning a point value to the ball flight path associated
with the closest distance, wherein the point value is based on the landing location

associated with the closest distance.

A method for ball tracking for use with a display and with a sensor positioned to

detect a plurality of observed ball flight paths, each in the plurality originating from a
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different ball strike at a different location, and wherein the sensor is correlated to
three-dimensional space, a launch monitor is positioned to detect one of the ball
strikes and to measure the launch parameters of that ball strike, the method
comprising the steps of:

a. receive the launch parameters from the launch monitor;

b. calculate a predicted ball flight path based on the launch parameters;
receive image data from the sensor;

d. from the image data identify an observed ball flight path and a landing
event for each of the plurality of observed ball flights paths,
comprising the steps of:

(1) capturing image frames;

(2) performing ball detection within the image frames;

(3) grouping detected balls based on spatial position and time
that is characteristic of a ball in motion to form a ball
trajectory; and

(4) performing landing event identification based on a
discontinuity in the ball trajectory in successive image frames;

e. determine a landing location for each identified landing event;

f. based on the predicted ball flight path, determine a matching distance
for each of the plurality of landing locations; and

g. select the matching distance that is closest to the predicted ball flight

path.

24. The method of claim 23 further comprising the steps of:
h. morph the predicted ball flight path with the observed ball flight path
and the landing location associated with the closest distance to create a
new flight path; and
1. communicate to the display a video rendering based on the new flight

path.
25. The method of claim 23, further comprising the step of assigning a point value to the

ball flight path associated with the closest distance, wherein the point value is based

on the landing location associated with the closest distance.
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26. A data processing apparatus, comprising a processor configured to perform the

method of claim 23.

27. The data processing apparatus of claim 26 wherein the processor is further configured
5 to perform the followings steps:
morph the predicted ball flight path with the observed ball flight path and the
landing location associated with the closest distance to create a new
flight path; and
communicate to the display a video rendering based on the new flight path.
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