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1 The Pitchf/x Measurement System

Each pitch is viewed by two cameras whose video is analyzed by a computer. The com-
puter time stamps each frame of video and processes them to find blobs in the image. The
result of each image is then a measurement consisting of time, and screen position. These
data are further analyzed to generate a trajectory model for each pitch.

1.1 The Data and Model

The data for a pitch consists of a set of screen pts, s′i, at time, ti from a camera with
parameters, λ. With the two camera denoted by A and B the data can be notated as:
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(1)

The first thing we do to the measured blob data eq (1) is convert from distorted screen
pixels to undistorted screen pixels. We use a radial distortion model the details of which
are not given here. The result is a set of data consisting of undistorted pixel locations and
time from two cameras:

dA = {(tAi , sAi) , λA}CamA
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)
, λB

}
CamB

(2)

We want to fit a constant acceleration trajectory model to the data. The model we will use
is given by
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Where for now we take to to be the minimum of all the values contained in the data eq (2).
We can write the above model as a function of t which depends on the nine parameters
P9P = Xo, Yo, Zo, Vx, Vy, Vz, Ax, Ay, Az . This model is referred to as the 9P model.
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1.2 Mathematical Formulation of Problem

The undistorted screen pixels, s′i, are images of 3D world points - the location of the base-
ball at specific times along the pitch trajectory. The relationship between 3D points and
undistorted screen points is well modelled using the pin hole camera model in combina-
tion with a rigid body transformation. Using homogeneous coordinates allows the compo-
sition of these two transformations as matrices which results in a 3×4 matrix M relating
homogeneous 3D world points to homogeneous 2D undistorted screen points [1]:
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where k is an arbitrary overall scale factor.
Now we combine the world to screen transform of eq (4) with the 9P model eq (3) and

the data eq (2) to generate an equation relating 3D points along a 9P model trajectory to
measured screen data which have been undistorted:

(
sxi
syi

)
=


m11X(ti) +m12Y (ti) +m13Z(ti) +m14
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m31X(ti) +m32Y (ti) +m33Z(ti) +m34

 (5)

which we can re-arrange into the matrix equation:
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With ∆ti = ti − to and,

α = mC
11 −mC

31sx β = mC
12 −mC

32sx γ = mC
13 −mC
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23 −mC
33sy

(7)
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For each blob measurement two equations as given by eq (6) are generated in the overall
system matrix and thus for N ≥ 5 measurements we generate an over-constrained linear
system for the 9 parameters of eq (3) in the form:

Ax = b (8)

which can be solved by the method of Least Squares for the solution vector x.

1.2.1 Modificaiton of 9P - Known Position

We can incorporate a known initial position into the constant acceleration trajectory by
a reformulating eq (6) by moving the known quantities involving Xo, Yo, Zo to the right
hand side vector.
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(9)

2 Solution of Pitchf/x Parameters - Linear SVD

The SVD can be applied to the system given by (8), (6) to find the parameters, the residual
and estimages of the standard errors in the paramters [2, Ch. 15 - Modeling of Data]. First
the SVD of the m×n, m > n, matrix A is computed:

A = UΣVT (10)

where,

U =
[
u1 . . . un

]
(11)

Σ =


σ1 . . . . . . 0

0 σ2 . . . 0

0 0
. . . 0

0 . . . 0 σp
0 . . . . . . 0

 (12)

V =
[
v1 . . . vm

]
(13)

The diagonal elements of the m×n matrix Σ contain the singular values of A of which there
are at most p which are non-zero. Next the singular are edited, that is thresholded, so
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that only values larger than the threshold are used - the others are set to 0. Then the 9P
parameters, x9P are calculated via:

x9P =
m∑
i=1
σi 6=0

viu
T
i

σi
b (14)

= A†b

Where, A† is the pseudo-inverse of A. The 2n length residual vector is given by:

bres ≡ b− Ax9P (15)

and the covariance matrix is given by:

Cjk =
m∑
i=1
σi 6=0

VjiVki
σ2i

(16)
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