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PREFACE

This paper presents the results of an examination of a
method of arriving at values describing geometric distortions in
a displayed CRT image. A rigorous procedure was tested which
combines the traditional photogrammetric distortion and
orientation solutions with electronic distortions particular to
CRT viewing and display systems.
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INTRODUCTION

An analytical photogrammetric approach was used to determine
the geometric distortions of cursor coordinates on an image
viewing and measuring system which included a television camera,
the associated electronics and a cathode ray tube display.
Computer programs were developed to provide the determination of
common lens distortion parameters, the camera orientation and
additional distortions due to the electronic components, all 1in
several combinations. Measurements made with the wuse of a
calibrated grid were processed through a least squares solution.

The similarities between a frame photogrammetric camera and
a TV camera allow the application of photogrammetric principles
to the TV image. Both systems use an optical lens to focus the
image of a real object onto an imaging medium which is wused to
determine the spatial characteristics of the object. Electron
lenses and magnetic lenses, as they are commonly employed by
television systems, exhibit many of the distortion forms found in
optical lens systems although they may have different causes.
Successful analysis of television systems photogrammetrically for
the determination of accuracy and distortion has taken place
since 1968. The sources and patterns of distortions were derived
for the various components of spacecraft television systems.
These systems included return-beam vidicon cameras used for earth
resources evaluation, weather monitoring, 1lunar mapping and
martian observation.

The product of the investigation was to be a mathematical
procedure for determining geometric distortion and an estimation
of the significance of the input image point placement and
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environmental variation from the measured variances without an
attempt to separate any specific internal hardware influence
sources,

The necessity of acquiring accurate and precise coordinate
measurements of photographic images 1in photogramme try has
prompted extensive research into the investigation of the causes
and correction of error in the image recording and mensuration
process. The causes of positional error in a photographic system
may be divided into two broad categories: defects arising from
optical sources; and those caused by deformation of the imaging
material. Any influence which causes, in effect, a bending of
the theoretically straight line connecting an object to its ideal
photographic position (collinearity) is an error for which a
systematic correction would be beneficial.




TECHNICAL DISCUSSION

Error Sources and Mathematical Approximation

A typical precision television system camera contains a
reseau which is etched onto the cathode target plate of the
vidicon or orthicon camera tube which is measured accurately
prior to assembly. During subsequent operation of the camera,
light is focused onto the target plate through the camera lens.
A scanning electron beam, focused by magnetic c¢oils scans the
optical image and the etched reseau grid simultaneously and
delivers a video signal. The electrical hardware amplifies the
video signal and converts it into a radio signal which can then
be transmitted, or in the case of a closed circuit system, the
video signal can be sent directly to a display. The video image
can be measured through the use of an electronically generated
cursor, Through this process the 1image is sent through two
optical lenses, a number of electronic lenses and electronic
components.

The majority of the distortions typical in closed circuit
television systems are identical in form to those encountered by
photogrammetrists in common metric camera systems., The optical
lens, electronic lens and magnetic lens systems in a television
system exhibit similar forms of radial and tangential distortion.

The optical 1lens contributes all types of radial and
tangential distortions which are a result of imperfect design,
fabrication and centering of lens elements.

The magnetic and electron lenses together with typical CRT
geometry, camera tube geome try and the electromagnetic
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environment produce the same distortions due to non-uni form
deflection fields, fringe field effects, screen curvature,
external fields, lateral deflection at the camera tube and
imperfect synchronization.

Two other forms of image warping are common in television
systems. One is called trapezoidal and the other is stretch or
compression distortion. The two are related and each can
manifest themselves in the x and y directions. The four forms
are actually scale changes in x and y coordinates as a function

of x and y directions and y and x directions respectively as
shown in the figures below.

X Compression Distortion - Y Compression Distortion -
The scale of X coordinates The scale of Y coordinates
varies uniformly in the varies uniformly in the

direction of the X axis. direction of the Y axis.
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Y Trapezoidal Distortion - X Trapezoidal Distortion -
The scale of Y coordinates The scale of X coordinates
varies uniformly in the varies uniformly in the
direction of the X axis. direction of the Y axis.

It is obvious that specific combinations of these
distortions will simulate a perspective view which might be
corrected by an adjustment to two of the orientation angles of
the camera. This kind of combination is shown below.
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Composite distortion equations were formulated which serve
to combine the radial distortions of the lens and electronics and
treat them together in a least squares numerical solution. All
the distortions are solved for simultaneously wusing polynomial
formulae used in photogrammetry for optical distortions. Also
included are the standard photogrammetric parameters defining the
orientation of the camera. The equations were formulated in this
way:

Symmetric Radial Distortion:

2 4 6
(aX%) = X (1l-r + 1l-.r + ler + . . . )
sr 1 2 . 3
2 4 6
(aYy) = ¥ (l°r + ler + 1l°r + .. . )
sr 1 2 3

Symmetric Tangential Distortion:

3 5
(aX) = =y (ger + dger + ger + . . . )
st 1 2 3
3 5"
(ay) = X (gQer + ger + ger + . . . )
st 1 2 3

R i - T R R T IO AARrAN S —————




Asymmetric Radial and Tangential Distortion:

(AX) = - (ax + a-<x + aoxr + ... ) sine

(a¥) = (ax + a- + ar + ...) cose

Projective Equations:

)

AX = ~f . ( mll(X-Xo) + ml2(Y-Yo) + ml3(2-20) ) + xp =~
( m3l(X-Xo)} + m32(Y-Yo) + m33(Z2-20) )

AY = -f . ( m2l(X-Xo) + m22(Y-Yo) + m23(2~20) ) + yp - ¥
( m31(X-X0) + m32(Y-Yo) + m33(2-Z0) )

Composite Electronic Distortions:

2
(ax) = 4d.X-§y + e-.X + h
e
2
(ay) = k.-X-§y + n.y + s
e

—
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The expressions (AX)sr (ay)sr, (aX)st (aAy§)st, and (aX)a
(a¥)a are the corrections to the measured photocoordinates for
symmetric radial, symmetric tangential and asymmetrical
tangential and radial distortions respectively in the x and y
directions respectively,

The projective equations of photogrammetry are given where:
the parameters mij represent the elements of the orientation
matrix; X, Y and Z are the true object coordinates; Xo, Yo, and
Zo define the camera position in space; xp and yp define the
principal point position; x and y are the photocoordinates of the
target points corrected for camera orientation and position with
no distortions or deformations; and r is the distance between the
principal point and an image point.

If these equations are each applied in a distortion of a
square drid pattern, the resulting patterns may appear like
these:

Symmetric Radial Symmetri~ Tangential
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Asymmetric Projective

If the eqgua:ions are all applied to the distortion of one
grid, a composite pattern will appear like this:

Combining all four pairs of equations yields twoO oOnservation
equations:

e = X + (AX) + (AX) + (AX) + (AX) - x = 0




Through a least squares determination, where each known and

measured reseau point provides two observation equations, the
parameters which define the radial and tangential distortions and
orientation can be found, The equations rectify the image by
removing distortions which occur between the imaging of the
etched reseau and the measurement of the coordinates of the
displayed CRT image.
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EXPERIMENTATION

Overall Process

The purpose of the study undertaken here was to evaluate a
method for identifying the systematic geometric distortions
present in a «closed circuit TV coordinate display. Final
expected x and y coordinate accuracies will be defined to
establish a relationship between normally obtainable coordinates
and actual calibrated coordinates.

Target glass grids were measured by comparator to establish
calibrated coordinate values for each target. An operator
performed independent measurements using the calibrated grids
displayed through the system.

Programs were written to solve simultaneous observation
equations for four combinations of distortions to be compared:
lens, projective and electronic; lens and projective; lens and
electronic; and electronic only. A least squares approach
iterates to a solution for which the sum of the residual distance
squared between the calibrated and computed coordinates will be a
minimum,

To test and evaluate the distortion formulae and programs
for correctness, accuracy and feasibility, several ficticious
data sets containing all the distortions in various combinations
were computed and applied. The ficticious data was used to test
for proper formulation and debugging and each set of actual data
was applied to every solution method.

Analysis of variance routines were used to assess the
significance of outside influences upon measurement such as
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operators, target point placement within the image and
measurement sets.

Experimental Procedure

The chosen target shape was a circular dot. Three grids
were constructed on a clear glass plate consisting of 49 points
each in seven rows and seven columns. The grids had intervals of
5, 10 and 15mm respectively, giving complete dimensions of 30, 60
and 90mm. The dot sizes were directly proportional to the grid
dimensions. The three grids differed only in scale. Their
dimensions are summarized in the following table.

Calibrated Grid Characteristics

Grid Grid Total Target
Description Interval, mm Dimensions, mm Size, mm
small 5 30 x 30 0.25
medium 10 60 x 60 0.5
large 15 90 x 90 0.75

The grids were measured on a comparator with a least reading
of 1 micron and final calibrated coordinates were assigned the
average of three pointings.

The measurements on the system were made with four factors
varying: 2 coordinate directions (x and y); 5 setups (5
different grids and camera setup combinations); 7 rows of targets
and 7 columns of targets.
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The operator measured each setup-grid combination once
giving a total of 5 measurement sets, each consisting of 49
points, all with 9 pointings on each target. One pointing
consisted of one x and one y measurement., A total of 245 points
were measured by a total of 2195 pointings for 5 complete grid
measurement sets.

In each measurement set of 49 points, the target points were
measured in random order. The CRT screen illumination, displayed
target size and room temperature were kept constant throughout
the experiment.

Data Analysis

Pour sets of 49 ficticious x and y coordinate pairs were
generated to model the four distortion combinations of
lens-projective-electronic, lens projective, lens-electronic and
electronic. A 7 x 7 point grid with coordinates in increments of
10 mm was used for the computation of the changes in x and y from
the lens and electronic distortions. These were added to the
original coordinates and the resulting values were input as
photocoordinates in an analytical projective routine for which
the orientation was given.

The formulae used to compute the coordinate changes are
shown below. The final output ground coordinates were then used
as true calibrated coordinates and the original nominal
coordinates were treated as measured coordinates in the testing
of the solution programs.




Lens Distortionsg

2 4
Symmetric Radial: AX = X(l.x + 1. )
1 2
2 4
AY = J(l«x + l.x )
1 2
3
Symmetric Tangential: AX = -J(q-r + qar )
1 2
3
AY = X(g x + qe«x )
1 2
2 4
Asymmetric: AX = -=(a.rx + a-.x ) sin ©
1 2
2 4
AY¥ = (ax + a.x ) cos e
1 2
Projective Distortions
AX = Xo - (Z2j-20)-(mll-A + mli2-B + ml3:-C) - X
(m31-A + m32:B + m33-C)
AY = Yo - (2j)-20)-(m2l-A + m22-B + m23-C) - v

Where A
the orientation matrix.

(m31-2 + m32'B + m33-C)

X -X0, B=Y-Yo, C=12 - %20 and mij = an element

- 14 -
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Electronic Distortions

X Trapezoidal: AX = 4.X.y aY = 0

Y Trapezoidal: AX = 0 AY = k:X.§

X Compression: aAX = e 'Rz + h ay = 0

Y Compression: AX = 0 ay = n-?2 + s

The distortion equations above were combined to form two
observation equations which define the relationship between the
true image coordinates and the measured CRT coordinates:

2 4 3
E = ¥ + ¥1.oxr + lxr) - ¥(gqr + qeor ) -
X 1l 2 1l 2
2 4
sin® (a-r + a-r) + f-( mll{(X-Xo) + ml2(¥-Yo) + ml3(2-20) )
1l 2 { m31(X-Xo) + m§2(Y~Yo§ + m33(z-20§ )
2

+ 4.X9¢ + e-X + h = 0

2 4 3
E = §¢ + 9(1lr + 1) - %X(gqr + qgqr) -
Y 1 2 1 2
2 4
cos @ (a-r + ar) + f£-( m2l(X-Xo) + m22{(Y~-Yo) + m23(2-20) )
1 2 ( m3l(X-Xo) + m32(¥-Yo) + m33(2-Z0) )

2
+ k-X-§ + n.g + s

[}
(=]
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The unknown parameters are: 11, 12, ql, g2, O, al, a2, K,
0, W, Xo, Yo, 20, 4, e, h, k, n and s. The observation equations
were linearized in order to be applicable to a least squares
solution to obtain corrections for successive approximations of
the unknowns.

If the observation equations above are expanded by Taylor's
series and all second and higher order terms are neglected, they
are linearized. These partial derivatives of the observation

equations with respect to the unknown parameters are shown on the
following three pages.

If n calibrated points are known, a total of n pairs of
equations can be used. A minimium of 10 points are required for
a complete solution. A least squares solution has as its basis
the condition that V WV is minimized where V contains the
adjustment residuals and W is the weight matrix.

The least squares iterative solution computes successive
corrections to the unknown parameter approximations by solving
the following matrix equation for the correction vector:

6+ -l ]

Where B is the partial derivative matrix computed from the latest
approximations. New corrections are computed and applied to the
approximations until the sum of the squares of the residuals
stabilizes at a minimum value.

- 16 -




YT YT
R> 4 Tt .

e iv T

JEX 2 2Ex 4 2Ex JEX 3
= X.r = X.r = =-y-r = =y-r
211 912 aql 2q2
JEX 2 4 JEX 2 JEX 4
= -cos O(a .r + a r ) F =-sin O.r = =sin 6 .r
e 1l 2 20 EY:)
IEX -faA |2m3l Jm32 : sm33
= (X-Xo0) + (Y~-Yo) + (2-20) +
IK (oY of IK IK 2K
f jomll Jml2 oml3
—_— (X-Xo0) + (Y-Yo) + (Z-20)
C 2K IdK K
JEx ~-f-a I_am31 Jm32 am33
= (X-Xo) + (Y-Yo) + (2-20) +
1) C+C L:o 20 20
f |omll “oml2 _ Jml3
—_— (X-Xo) + (¥Y-Yo) + (2-20)
c| a¢ 2 29
JEX -f-A I)m31 am32 sm33
= (X-Xo) + (Y-Yo) + (Z2-20) +
"W C-.C oW ew ow
f |amll Jml2 oml3
—_— (X=-Xo0) + (Y-Yo) + (Z2-20)
C oW I w 3w
JEX -f Ex -£ ?Ex ~f
—=e—(m3l-A + mll:-C) ——=—(m32-A + ml2-C) =—(m33-A + ml3-C)
9Xo C Yo C 220 C
JEX JEx 2 2EX 2EX JEX JEX
—_—= XYy _ = x = ] = 0 =0 = (
sd Je h 2k In as
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211 @12 2ql 2q2
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20 1 2 79 20
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1
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The orientation matrix M:

cos ¢ cos K cos w sin K + sin w sin ¢ cos K
~cos ¢ sin K cos w cos K - sin w sin ¢ sin K
sin ¢ ~sin w cos O

sin w sin K - cos w sin ¢ cos K
sin w cos K + cos w sin ¢ sin K

cos O cos w

— ] » "
m2l m22 m23 0 -ml3 ml2
IM I M
—_— = -mll -ml2 -ml3 = 0 -m23 m22
dK Iw
0 0 0 0 -m33 m32
T — L.... —
-sin ¢ cos K mll-sin w -mll-cos w
M
—_— = sin § sin K m2l-sinw -m2l-cos w
a0
cos ¢ m3l:sinw -m3l:cos w
—_
A = mll(X-Xo) + ml2(Y-Yo) + ml3(z~Z0)
and B = m2l(X~Xo) + m22(Y-Yo) + m23(2Z-Zo0)
C = m3l(X-X0) + m32(Y-Yo) + m33(Z-Zo)
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equations

point can be represented in matrix form:

]
\
X

dEX

JEx

JEX

JEX JEx

JEx

JEX JEX

Ex

2EX

JEX

JEx

resulting from one known object

2EX

711

JEy

J12 9ql

)Ey

IBy

g2

JEy

J0 2al

?Ey ©9Ey

Ja2

°Ey

2K

aEy

JEy

oW

JEy

oXo

JEy

11

Ex

312

JEx JEX

2ql

IEX

ag2

Ex JEX

20 dal

Yo

Ey

dZo

OEy

’d

IEy

de

sh

JEy JEy

2k

JEY

In

JEy JEy

Js

sYo

2Zo0

2d

Jde

Jh

Ik

s
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aql
AQ2
AO
Aal
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AK
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AN
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A full 19 parameter solution was programmed following the
description above. Three other programs were written which
solved for: 13 unknown parameters for lens and projection; 13
for lens and electronic; and 6 for electronic distortions only.
These are subsets of the 19 parameter solution. After testing
with ficticious data a 17 parameter solution was written to
eliminate computation of the constants of electronic distortion,
but the coefficient routine was significantly poorer than the
other four and thus was not used any further.

Before the four solution methods were applied to the six
measurement sets the raw measurement means were rectified for x
and y scaling, translation and rotation by an affine
transformation. Each set was processed by each ‘-~ . +ion
routine for a total of 24 solutions for the. actual dis:o-tions,
The 24 solutions were given 49 known control points.

Each target pointing variance was computed for the ANOVA
analysis. The log of the variance values were input for a
four-way ANOVA <classification for levels of: coordinates (2),
rows (7), columns (7) and setups(5). An ANOVA table was
produced, F ratios were computed and tested at significance
levels of 0.01 and 0.05.

The null hypothesis stated that no significant difference
between parameters or interactions existed at the levels tested.
Rejection of the null hypothesis when it is true is a type I
error. A type I error might have ocurred one or five times in
100 if significance was found at each significance level,

A multiple range test was performed on the sample means tc
determine where significant differences existed among those
effects which were found to be significant by the F test.
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If k random sample of size n are found, the

range of any
subset

of p sample means must exceed the least significant range

before any of the means can be assumed to be different. The

least significant range is denoted by Rp = rp/(s + n).
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A full 19 parameter solution was programmed following the
description above. Three other programs were written which
solved for: 13 unknown parameters for lens and projection; 13
for lens and electronic; and 6 for electronic distortions only.
These are subsets of the 19 parameter solution. After testing
with ficticious data a 17 parameter solution was written to
eliminate computation of the constants of electronic distortion,
but the coefficient routine was significantly poorer than the
other four and thus was not used any further.

Before the four solution methods were applied to the six
measurement sets the raw measurement means were rectified for x
and y scaling, translation and rotation by an affine
transformation. Each set was processed by each distortion
routine for a total of 24 solutions for the. actual distortions.
The 24 solutions were given 49 known control points.

Each target pointing variance was computed for the ANOVA
analysis. The log of the variance values were input for a
four-way ANOVA classification for levels of: coordinates (2),
rows (7), columns (7) and setups(5). An ANOVA table was
produced, F ratios were computed and tested at significance
levels of 0.01 and 0.05.

The null hypothesis stated that no significant difference
between parameters or interactions existed at the levels tested.
Rejection of the null hypothesis when it is true 1is a type 1
error. A type I error might have ocurred one or five times in
100 if significance was found at each significance level.

A multiple range test was performed on the sample means to 1
determine where significant differences existed among those
effects which were found to be significant by the F test. ﬂ
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If k random sample of size n are found, the range of any
subset of p sample means must exceed the least significant range

before any of the means can be assumed to be different. The
least significant range is denoted by Rp = rp ﬂs £ n).
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RESULTS

Ficticious Testing

The overall ficticious results are represented in the
following table by the sum of squares of residuals in x and y for
each least squares solution. The largest sum of residuals
squared was observed in the 17 parameter solution and is the only
one large enough not to be caused by roundoff error in the
calibrated coordinates. The photocoordinates had been rounded to
the nearest 0.1 micron before input.

RESIDUALS

Solution Type and Final Total Total Avg X, mm Avg Y, mm
Distortions Used SSR X, mm Y, mm under under
Lens, Orientation -8

+ Electronic (19) 8 x10 0.0003 0.0001 0.000053 0.000051

Lens, Orientation -8
+ Electronic (17) {191 x10 0.0052 0.0053 0.00012 0.00012

Lens and -8
Orientation (13) 6 x10 0.0001 0.0 0.000051 0.000050
Lens and -8

Electronic (13) 9 x10 0.0007 0.0001 0.000057 0.000051

Electronic (6) 6 x10 0.0 0.0 0.000050 0.000050

Each method was forced through 4 iterations and then allowed
to stop upon minimization., all were given the same
approximations and did converge very rapidly. The following
tables contain the standard deviations of the unknowns from the
variance~covariance matrix and the percent error in the final
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Ficticious Solution Standard Deviation and Precent Error

Variable 19 Parameters 17 Parameters
Std. Dev. $ Error Std. Dev. % Error
11 0.0 0.055 0.0 0.245 *
12 0.0 0.045 0.0 0.0
ql 0.0 0.016 0.0 0.02
g2 0.0 0.022 0.0 0.022
© 0.000062 0.001 0.000284 0.009
al 0.0 0.004 0.0 0.012
! a2 0.0 0.005 0.0 0.242 *
0.000002 0.009 0.000008 0.087 *
0.000019 0.023 0.000058 0.708 ***
W 0.000025 1.106 * 0.0001 15,71 ***
Xo 0.000997 -0.0074 0.002036 0.036 ***
Yo 0.001258 0.0051 0.003510 0.0057 ***
Zo 0.000036 0.0 0.000146 0.002
|
d 0.000001 0.028 0.000003 4.48 ***
e 0.0 0.026 0.000002 0.866 ***
h 0.00097 2,56 *
k 0.0 0.036 0.000002 0.85 **=
n 0.0 0.033 0.000003 5.843 **+*
s 0.001344 1.7 *
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Ficticious Solution Standard Deviation and Percent Error (cont.)

Variable Lens and Projective Lens and Electronic
Std. Dev. % Error Std. Dev. % Error

11 0.0 0.037 0.0 0.009

12 0.0 0.0 0.0 0.0

ql 0.0 0.095 * 0.0 0.011

q2 0.0 0.093 * 0.0 0.032

e 0.000038 0.003 0.000058 0.001

al 0.0 0.009 0.0 0.033

a2 0.0 0.017 0.0 0.053

K 0.000001 0.066 *

¢ 0.0 0.003

w 0.0 0.001

Xo 0.000013 -0.00001

Yo 0.000013 0.0

Zo 0.000024 0.0

d 0.0 0.0

e 0.0 0.002

h 0.000011 0.027

k 0.0 0.005

n 0.0 0.007

s 0.00001 0.036
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Ficticious Solution Standard Deviation and Percent Error (cont.)

Variable Electronic Distortion Solution
Std. Dev. % Error

d 0.0 0.001
e 0.0 0.009
h 0.000006 0.014
k 0.0 0.0

n 0.0 0.011
s 0.000006 0.002

values for each method. An "***" jndicates those errors which,
if taken alone, would cause an error of at least 1 micron if x =
30mm and y = 30mm. An error value accompanied by "*" indicates
an approximation which would cause more than a 0.1 micron error
in adjusted coordinates.

Five unknowns in the 19 parameter solution and three from
the lens-orientation routine were inaccurate enough to produce a
0.1 micron error. 1In addition, eight more of the 17 parameters
were sufficiently imprecise to cause 1.0 micron errors.

The 17 parameter method was identical to the 19 unknown
solution attempt except that the constant term in the x and y
compression distortion formulae were dropped. When the 19
parameter results were obtained, some covariance between Xo and h
and the Yo and s was observed, indicating that some dependence
existed. Their respective variances were approximately equal
also. In an attempt to eliminate the dependence the 17 parameter
formulae were created by omission of the two coefficients. Any
difference observed between the four remaining ficticious
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solutions are insignificant., The 17 element solution was dropped

after the ficticious processing and was not used in the
subsequent analysis of real measurements. The relative success
of the real data results illustrated the comparative
effectiveness of the other four procedures used.

Real Data Testing

The five measurement sets were used as input for the four
distortion analysis procedures, The original raw input
coordinates were rectified by an affine transformation as a
tertiary treatment which would be routine. The affine
transformation had mean residuals as shown below remaining:

affine Transformation Residuals

Mean Residuals
(Scaled to 10 mm spacing)

Measurement Set X, mm Y, mm
1 0.1414 0.5476
2 0.2306 0.8605
3 0.1431 0.7167
4 0.2353 0.6654
5 0.2035 l.6161

The principal results of the 20 determinations are given in
the next table, including percent improvement of the mean
coordinates., Comparison of the values must be made with respect
to the scale of the grid which is represented by its interval
spacing. Between solution types the final SSR and mean residuals
can be related with respect to the scale. Aall twenty pairs of
scaled residuals and percent improvement can be compared
directly.
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Distortion Analysis Results from Real Data

Residuals Scaled | Mean Residual
Meas.| Solution | Grid Final to 10 mm % Improvement
Set |Type Used Int. SSR X, mm y,mm X y
1 (19) Lens, 5 6.00 0.134 0.504 15.1 7.9
2 10 60.87 0.196 0.770 15.2 10.5
4 Projective 10 38.85 0.151 0.562 35.7 15.5
3 15 82.10 0.110 0.714 23.3 0.3
5 Electronic 15 153.10 0.195 0.938 -43.0 13.0
1 5 7.02 0.129 0.523 8.9 4.5
2 (13) Lens, 10 72.72 0.223 0.856 3.3 4.8
4 10 49.45 0.202 0.658 14.1 1.1
3 Projective 15 95.42 0.129 0.750 10.0 -4,7
5 15 203.34 0.217 1.056 -60.0 1.9
1 5 6.91 0.128 0.523 8.9 4.5
2 (13) Lens, 10 65.41 0.234 0.768 3.0 10.8
4 10 45.63 0.216 0.619 8.1 7.0
3 Electronic 15 83.01 0.134 0.690 6.3 3.7
5 15 209.93 0.193 1.079 -42.1 -0.2
1 5 6.89 0.152 0.528 -7.5 3.6
2 (6) 10 64.38 0.232 0.782 -0.8 9.1
4 Electronic 10 45.05 0.236 0.605 -0.4 9.0
3 15 85.46 0.140 0.700 2.0 2.3
5 15 225,62 0.133 1.105 1.6 -2.6

All the data sets allowed for a convergent solution in the
four procedures. For each measurement set the sum of squared
residuals was smallest in the complete solution containing all
variables and indicates a higher degree of stability of that
procedure.

The fourth data set displayed the most consistent and
highest improvement with all distortion types. The coordinates
of set five became worse in almost every instance, although the
standard deviation of the solved for coefficients was smaller in
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All the data sets allowed for a convergent solution in the
four procedures. For each measurement set the sum of squared
residuals was smallest in the complete solution containing all
variables and indicates a higher degree of stability of that
procedure.

The fourth data set displayed the most consistent and
highest improvement with all distortion types. The coordinates
of set five became worse in almost every instance, although the
standard deviation of the solved for coefficients was smaller in
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measurement set five in nearly every case. The results from the
other three sets showed little improvement in residual error.

Results of the fourth data set analysis by the full 19
parameter procedure provided the highest percent coordinate
improvement. The distortion vectors which were found are given
in the following four figures.
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Total Removed Distortions. —— = 1.6 mm.

The average absolute magnitudes for each type of distortion
in x and y are shown below.

Mean Distortions Removed

Mean x Mean y
Distortion Magnitude, mm Magnitude, mm

Symme tric Radial 0.011 0.013
Symmetric Tangential 0.642 0.610
Asymmetric 0.033 0.040
Orientation 5.223 10.350
Trapezoidal 0.838 1.499
Compression 5.400 10.370
TOTAL 0.2545 0.2761
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Analysis of Significant Factors

The null hypothesis for the ANOVA computations states that
no difference exists between the factors and their interactions.
I1f significance is found it indicates a situation justifying a
rejection of the hypothesis.

Particular observations within a treatment combination are
assumed to show only chance variation since they were all treated
equally. Observations of different treatments within a level
differ due to the effect of the treatment combination plus the
variability within the level.

Under the assumptions made for multi-factor ANOVA, the sum
of squares for levels and treatments are independent. The F
tests themselves, however, are not. There 1is some dependency
between them due to their use of a common denominator. For 14 F
tests, there is a small probability that one will show a false
significance at the 0.05 level and a little chance that one will
be falsely significant at the 0.01 confidence level.

All 245 point measurements of 9 pointings each in x and y
were used to compute 490 variance values which were then
transformed by 1log 10 for the ANOVA routine. The 490
observations were partitioned into 4 levels: two coordinates;
seven columns; seven rows; and five data sets or setups. A full
ANOVA table was computed and follows. There was one observation
per combination so the sum of squares error was taken as the
treatment containing all levels. All F ratios were computed and
tested at the 0.05 and 0.01 level. Eight of the fifteen levels
and interaction effects were found to be significant at 0.05 and
seven were found at the 0.0l level,
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To test the interaction combinations within each treatment,
a multiple range test was used for comparison of consecutive
means at a 0.0l confidence level. The significance test for the
first four levels is shown below. A line connects those means
which do not differ significantly. The other level means for the
interaction and the significant difference test are only valid
for those levels already found to be different from the F tests.

Factor A, coordinate type, contained a very high degree of
significant difference, as expected. More than 14 significant
intervals were found to exist between the x and y coordinate
level nmeans. A large amount of overlap is present in the two
intervals containing the levels means for columns which had peen
significant at the 0.05 level only. The increased variability of
the column level illustrates the variance of the y coordinates.

Significant Intervals of Main Factors

Coordinates Columns Rows Setups
A B C D

1 0.48045 5 1.08018 5 1.10064 3 1.05787

2 1.47082 6 0.983890 7 1.09607| 1 1.00845
7 0.97838 6 1.07634 | 4 0.96988
4 0.96959 3 1.00271 Z 0.95687|
1 0.95907 4 0.89684 5 0.86509
2 0.94052 2 0.82893
3 0.91790 1 0.82788

All the treatments which contained coordinate type as a
factor were completely separated into their x and y components.
The x half of the AB, AC, AD, ABC, ABD and ACD 1levels always
differed by less than the y half and always spainned a smaller
number of intervals,
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Results of the significance tests for the other combinations

follow.

Coordinates
= Columns 1.59644
1.48977
1.48741
1.47459
1.43064
1.417S5
1.39734
0.56192
0.53921
0.53695
0.44941
0.43846
0.43073
0.40646

s d b = DN NNNNDN >
N Wb N WO bWRD

Coordinates = Rows
1.72632

1.71598

1.68169

1.50137|
1.34495,
1.22003‘
1.12552

0.53025
0.59406
0.,49100
0,48532
0.465813
0.44884
0.43783

Vs ph s e e = D NDNNNNDNN >
NP QU WrFEP NNABWOONAON

Coordinates ~Setups
1.67489
1.56244

1.54877l
1.43181

1.13619
0.59399
0.54795

0.44085
0.35130
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Columns =~ Rows

SN LA, JANNWARH A WAWAANR YN L LBNAWN SOV NI TN EEN WD

RN BB NWNWNGEAR WNAFRP NWWNSITURWRARDRA WAL dIUNNAGN
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1.32168
1.32041
1.25918
1.24199
1.23628
1.21859
1.15388
1.15192
1.14786
1.13841
1.13019
1.09188
1.06566
1.06186
1.04442
1.03820
1.03271
1.02852
1.02386
1.00873
1.004afs
0.99913
0.98228
0.97.675
0.9708S
0.94941
0.94184
0.91595
0.91513
0.90147
0.90058
0.90057
0.89818
0.89469
0.98947
0.38025
0.36858
0.86824
0.85554
0.84647
0.81710
0.79326
0.76390
0.76352
0.74316
0.74316




Columns = Setups

N W W
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0.72823
0.69830
0.67963

1.18724
1.14589
1.13649
1.13501
1.06957
1.06629
1.05130
1.04669
1.04362
1.,04345
1.01800
1.01745
0.99979
0.99588
0.99400
0.99374
0,98115
0.,97881
0.96636
0.96251
0.95857
0.94641

0,94526]

0.94523
0.94402
0.94278
0.,92000
0.91619
0.90395
0.88864
0.88484
0.81294
0.77804
0.77016
0.,75691
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Rows = Setups
1.28424
1.25035
1.21756
1.18851
1.17154
1.13675
1.11531
1.,11435
1.11136
1.10887
1.10882
1.04508
1.00916
0.99179
0.98359
0.97861
0.97022
0.96939
0.96524
0,959%44
0.94174
0.92019
0.90309
0.,37858
0.87617
0.86119
0.82864
0.81067
0.80883
0.781°'6
0.772 1
0.77249
0.77216
0.76947
0.76913
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Coordinates

Columns = Rows 2.11270
2.07958
2.05146
2.02316

1.94350
1.90702

1.74948
1.73190
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1.68432
1.67926
1.67394
1.672R0
1.62682
1.62448
1.61374
1.59390
1.55518
1.54894
1.53798
1.53016
1.47192
1.47102
1.45630
1.41954
1.41754
1.39214
1.38576
1.376136
1.37532
1.37088
1.34458
1.33130
1.32800
1.31280
1.29690
1.29578
1.29170
1.25892
1.19036
1.14478
1.13214
1.13090
1.12040
1.05241
1.01662
0.99932
0.99646
0.95346
0.73934
0.63590
0.62178
0.60304
0.59756
0.59238
0.59190




0.58574 |
0.58512
0.58238
0.57714
0.57486
0.56116
N.55868
0,55436
0.53016
0,52812
0.52772
0.,51162
0.50424
0.49014
0.48986
0.46614
0.46612
0.45658
0.45658
0.45186
0.44940
0.44450
0.44384
0.44314
0,42548
0.42090
0.40938
0.40518
0.40440
0.,403918
0.40124
0.39724
0.39566
0.39458
0.39262
0.39208
0.33308
0.35542
0.34780
0.34264
0.34096
0.30792
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Coordinates
Columns - Setups
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1.92534
1.82566
1.75703
1.73869
1.73430
1.694956
1.67411
1.65309
1.62764
1.61960
1.57074
1.56740
1.55723
1.53191
1.52659
1.49803
1.49659
1.48646
1.48030
1.47614
1.46997
1.45044
1.38946
1.36764
1.36650
1.,35543
1.34746
1.33666
1.31664
1.29537
1.23419
1.,20887
1.00439
0.96087
0.93329
0.569927
0.65627
0.64416
0.64019
0.60703
0.60050
0.59903
0.59019
0.57069
0.56493
0.55616
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0.55570
0.55324
0.55169
0.51186
0.49859
0.47949
0.,47459
0.46611
0.46474
0.46089
0.43453
0.41926
0.41079
0.40046
0.39249
0.39194
0.36533
0.34764
0.34341
0.34270
0.33021
0.32997
0.28323
0.27841

2.07384
1.98493
1.97500
1.96914
1.94874
1.84623
1.,81969
1.79673
1.77147
1,73274
1.65287
1.62597
1.61046
1.60047
1.55371
1.44947
1,42966
1.41537
1.,40877
1,40564
1,36744
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1.33584”
1.30323
1.26861
1.25539
1,23759
1.22467
1.16159
1.14463
1.09769
1.09286
1.31761
1.00310
0.99903
0.99849
0.75331
0.66154
0.61486
0.60466
0.59464
0.58637
0.58499
0.56884
0.55180
0.54650
0.53516
0.53000
0.52849
0.52670
0.51577
0.51323
0.49464
0.438490
0.476717
0.45607
0.45124
0.44126
0.43729
0.41969
0.40787
0.3980¢
0.33673
0.38247 .
0.37311 )
0.36807 3
0,35676
0,35493
0.33976
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= Setups
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0.32750
0.24239

1.75645
1.75080
1.74635
1.74485
1.66415
1.66085
1.64260
1.60085
1.57550
1.55080
1.55005
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1.52560
1.52085
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1.44905
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1.37035
1.36130
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1.35885
1.34160
1.33705
1.32920
1.32820
1.32070
1.31925
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1.29600
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1.25870
1.24735
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CONCLUSIONS / SUMMARY

An analytical photogrammetric procedure was developed and
tested in an attempt to define a mathematical method for
precisely measuring television camera position, attitude and
image distortion through mensuration of a calibrated grid viewed
through the system.

The similarities between frame photographic camcra geometry
and television camera geometry allowed analytical photogrammetric
principles to be applied to the problem of calibrating images
displayed on CRT devices, Additional mathematical expressions
were implemented to model distortions particular to the nature of
TV cameras and display sys ems,

Mathematical formulae describing the geometric affects of
camera location and attitude, 1lens distortion and electronic
distortions were combined in a least squares numerical solution.
Preliminary testing provided assurance that the formulae and
computer implementation were correct before the performance of
one simultaneous solution combining all the image distortion
formulae. Any remaining errors in image geometry were then
attributed to mensuration errors and/or interaction between the
distortion models. Both did contribute significant error in the
reduction of real data.

The figures on page 6 illustrate the similarity of several
combinations of possible image distortion. The very significant
interaction between camera position and electronic distortion is
illustrated on page 31 where orientation and position residuals
are nearly equal and opposite to those for electronic distortion.
This indicates the very nearly indeterminate solution caused by
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the interaction.

A nmultiple range test was performed on the raw measurment
data as well. 1In an effort to identify sources of mensuration
error, levels of coordinate type, point placement and measurement
sets were compared. The variances of coordinate levels x and y
were very significantly different. The high variability of y
coordinate measurements and measurment error did significantly
degrade the results. There was some difference in the accuracy
obtainable between the lower half and upper half of the display.
Approximately 81% of the points located within the bottom 3/7 of
the display had a higher position mensuration variance than the
other points.

The mathematical formulation of the variocus error types can
be used to determine the respective errors completely, but not in
a single simultaneous solution. 1Independent determinations of
electronic distortion and camera position must be wused and
coordinate mensuration errors should be monitored and minimized.

From the significant difference analysis it is also clear
that the variability of the y variance itself is typically
larger. Any differences among the other levels and interactions
is either small in comparison to, or may be directly affected by
the y coordinate measurement variance.
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