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I. Introduction

The success of the Fermilab 15-Ft. Bubble Chamber as a instru-
ment for high energy physics research depends critically on the
accuracy with which elementary particle tracks can be reconstructed
in space using the information recorded on the bubble chamber
photographs. There are six cameras located at the top of the
bubble chamber. Each camera views the track sensitive volume
of the chamber through three concentric hemispherical windows
and a wide angle distorting camera lens. Normally a subset of
three cameras is used to photograph the tracks each bubble chamber
cycle; these three views are then used for stereoscopic recon-
struction of the bubble chamber tracks in space from the two
dimensional images on the film. Since the camera positions and
the distortion coefficients of the lens-window system are only
approximately known, we have placed a set of 107 fiducial reference
marks on the bubble chamber walls. Most of these fiducials are
photographed by each camera along with the tracks. The fiducials
are then used to determine the optical constants of each camera

so that accurate track reconstruction in space is possible.

Some of the machines used to measure 15-Ft. bubble chamber
film have an accuracy of 1 u (107®m) in each of the two dimensions
on the film. With an average fiducial demagnification of 89 on
the film, this corresponds to a distance of 3.5 mils(0.0035 inch)
in space. Ideally the positions of the fiducials on the chamber

walls should be measured to this accuracy or better.

The fiducials were surveyed in February 1973, before the
chamber was cooled down or expanded for the first time, and all
physics results to date have been based on this survey. Since
that time the chamber has been cycled from roomtemperature to
25%°K and back over a dozen times and has been expanded about
three million times while cold. Also the four fiducials on the
ncse cone flange (B7,F7,DD6, and DD8) where removed -in March 1976,
while searching for a leak, and replaced in-only approximately their
original positions. These reasons provided ample justification

to repeat the fiducial survey in February—Maréh’l978.
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This second survey has shown that the chamber dimensions
have remained remarkably stable over the five year life of the
bubble chamber. However, the bottom row(I) fiducials have moved
an average of about 20 mils since the 1973 survey. Also there
are systematic differences between the surveys which were caused
by improper zeroing of the theodolite vertical angle scale during

at least one of the surveys.

‘II. Fiducial Description and Survey Method

Fiducials are located inside the 15-Ft.Bubble Chamber in nine
rows and 12 columns. The rows are labeled with a letter; starting
at the top with row A, 40 inches above the chamber center and
proceeding alphabetically downward to row I at the bottom, 72
inches below the chamber center, as shown in Figure 1. The 12
columns of fiducials are spaced 30° apart and are labeled with
a number (1 through 12). These numbers start with one at the
downbeam (north) end of the chamber and increase counterclockwise
with four on the west side of the chamber and seven at the upbeam
(south) end of the chamber. The nose at the upbeam end of the
chamber means that there are no fiducials C7,D7, or E7. Fiducials
B7 and F7 are on the nose cone flange as well as two additional
fiducials DD6 and DD8 which are at the same height as the D row
fiducials. Figure 1 also shows the position of the T2 theodolite

used to survey the chamber fiducials.

The fiducials are draftman's transfer lines' applied directly
on the scotchlite using the standard glue which comes on the
transfer sheets. The seemingly random orientation, width, and
length of the fiducial arms in the chamber were carefully calcu-
lated to give(as closely as possible) 1.5mm arm length, 15u
(geometrical) line width, and 90° crossing angle on film in each

of the six views.

Both the 1973 and 1978 fiducial surveys were done in essentially
the same manner. After the bubble chamber piston and cylinder
{2 section) have been removed from the bottom of the chamber, a

- standard survey stand is placed on top of a special survey plat-
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form I beam which is then bolted to the bottom flange of the
chamber (see Figure 1). The I beam platform is very heavy and
rigid to provide a stable support for the theodolite. The same

platform was used for both surveys.

A Wilde T2 Theodolite is placed on the survey stand at a con-
venient height and the horizontal and vertical angles of all the
fiducials are measured several times. The distance between the
reference point on the top of the T2 Theodolite and several
fiducials in the A and D rows is measured several times using a
stick micrometer. The height of the theodolite above the survey

platform is also measured.

The theodolite is then removed and a one-inch diameter steel
ball is placed on the survey stand in the same approximate posgition.
The stick micrometer is then used to measure the distance between
the ball and each fiducial. These measurements are repeated
several times. In order to make these distance measurements
accurately it is essential to place the end of the stick mike
exactly on the fiducial. By making a special small end for the
stick mike and by using a step ladder inside the chamber for the
surveyor at the fiducial end of the stick mike, consistent distance

measurements were obtained.

The final required measurement is the distance of the reference
point above the theodolite optic axis for the T2 used. This was
measured by the surveyors with a second theodolite in a separate
set up. The distance was 1.188"(1.183") inch in the first (second)

survey.

The coordinate system, used to report the survey measurements,
was approximately centered on the center of the bubble chamber
sphere with the Z axis vertically upward and the X axis along the
hadron beam direction. The Y axis is positive to the left, looking

downstream, which gives a right handed coordinate system.

The specific coordinate system used for survey number one (1973)
is as follcws:
1)} Vertical axis (z axis direction). Up as defined by

level in T2 Theodolite.
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2) Zero in horizontal angle. The scribe mark on the
center of the north(down beam} end of the survey
platform I Beam was taken to have horizontal angle
equal zero. The positive x axis is taken in this

direction | to the z axis defined above.

3) Y axis is defined | to the x and z axes, positive

to the west to make a right handed coordinate system.

4) The x=y=0 point was defined to be at the T2 position,
directly above (as measured with the T2 ) a centering
target inserted in the %" diameter hole in the center

of the survey platform I beam.

5) The z=0 point was taken at the nominal center of the
sphere, 77.469" above the survey platform I beam which
was bolted to the flange at the bottom of the cone.
The average of measurements at the north and south

ends of the I>beam was used.

I'ne same prescription was followed for survey #2(1978). Section
IV includes a discussion of why this prescription did not result
in exactly the same coordinate system and the procedure used to
correct this. Since all 15-ft. physics experiments to date have
used the survey #1 coordinate system, I have chosen to express

the new measurements in the 1973 system.

IIT. Calculation of Piducial Positions

Four steps are required to reduce the raw survey measurements
to the desired positions cf each fiducial in the bubble chamber
coordinate system. At least two complete sets of measurements of
the horizontal and vertical angles and distances for each fiducial
are required to achieve reliable results. First the two(or more)
sets of measurements are compared and obvious recording errors are
corrected. Such errors include angles that are ten minutes off
or distances that differ by one inch, etc. The measurements are
then averaged, which reduces the random errors below those involved
with each observation. The difference between measurements of the

same quantity yields an estimate of these errors. The exact posi-
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tion of the steel ball relative to the theodolite center is then
determined using the distance measurements of the subset of chamber
fiducials to the T2 reference point together with the averaged
angle and distance measurements for those fiducials. Finally,

the x,y, and z position of each fiducial are calculated in the

coordinate system defined in the previous section.

All raw survey measurements are punched on computer cards
and then processed with a computer program. This program first
converts the raw angles measured in degrees, minutes, and seconds
to degrees and decimal fractions. The horizontal angle is redefined
to be positive counterclockwise (as the positive x axis is rotated
toward the positive y axis) instead of the usual surveyor's con-
vention of being positive clockwise. Some of the angle measurements
in the 1978 survey were taken with the theodolite inverted, i.e.,
with it rotated 180° in horizontal and then vertical angles. Averag-
ing a set of normal angles with an inverted set will correct for
certain misalignments in the theodolite. These inverted angle
measurements are redefined by subtracting 180° from the horizontal
and vertical angles and then adding 360° if the result is negative.
The difference of each possible pair of measurements is caiculated
and printed, as well as histograms, averages, and distribution
widths for the horizontal angle(x), vertical angle(B), and distance
(d) differences. For convenience in checking the angle differences.
are converted to mils on a 75" radius sphere. Recording and key-
punch errors are obvious from this computer output. The input
cards are corrected and the program rerun until all such errors

are corrected.

In the 1978 survey, four complete sets of angle measurements
were made. Two of these were normal and two were inverted. This
checking program showed that pairs of B measurements had average
differences which exceeded 1.5 degrees in some cases, but the
expected small distribution width about this average. The surveyors
then discovered that the theodolite vertical angle scale had been
improperly zerced hefore the measurements. After properly zercing

the vertical angle scale, two more normal sets of £ measurements
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were made. The fiducial checking computer program was then modi-
fied to add the required amount to the vertical angle in measurements
one through four so that the average B of that set was the same as
the average of the two final sets. This problem shows the need

to make several measures of the fiducials and to check these
measurements quickly with the computer program while the survey

equipment is still set up in the bubble chamber.

The results of the fiducial checking program usually show which
measurements should be used and which should be rejected. Another
similiar program is used to average the acceptable data. The same
raw survey data cards are used and the same transformations and
corrections, as described above, are used. This program also

calculates an estimated error on each angle and distance measurement.

The next step is to determine the position of the steel ball,
used to measure distances, relative to the theodolite center. For
six fiducials in the A row and six fiducials in the D row, the
distance between the reference point at the top of the T2 Theodolite
and the fiducial was measured. The distance between this reference
point and the theodolite optic axis is known from a separate
measurement. This information, together with the averaged angles

“and ball distance to the 12 fiducials is input to another computer
program. This program varies the ball position relative to the T2
center (3 parameters) to minimize the sum of the squares of the
differences between the expected ball to fiducial distance and the
distance actually measured. The non-linear fitting program VARMIT?

is used for this.

The final step is to use the averaged fiducial angle and
distance measurements and the position of the steel ball to calcu-
late the x,y, and z positions in the coordinate system defined in
the last section. Two simple transformations are also made: The
horizontal angle is redefined so that the scribe mark on the north
end of the survey platform has zero horizontal angle, and a con-
stant is added to the z coordinate so that z=0 is at the design
center of the bubble chamber sphere, 77.469" above the survey

platform. These calculations are done by the same program which
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averages the fiducial measurements and a copy of this output is
supplied to each high energy physics group which is interested
in 15-ft. bubble chamber physics experiments. A copy of this
output for the 1978 survey appears as Appendix B to this memo.

IV. Comparison of the 1973 and 1978 Surveys

To compare the results of the two surveys it is necessary to
be sure that both are expressed in the same coordinate system.
While the prescription given in section II was followed in both
cases, small changes in the leveling of the chamber or the way
the survey platform was bolted to the chamber make significant
changes to the fiducial position differences between the two
surveys. To account for possible changes in the coordinate system
the following transformation was made on all the fiducials:

r

X =X + Q3Y - QzZ - Xy
Y” Y - Q3X + 2,2 - Yo
z” Z + QX - Q1Y - Zy

(1)

I

Here X,Y, and Z are the coordinates of the fiducial in the survey
2 coordinate system; Q;, Q:, and Q; are infinitesimal rotations
about the X,Y and Z axes; Xy, Yo and Z¢ are a translation of the
origin; and X”, Y*, and Z2° are the fiducial coordinates in the new
system. We then define x? as follows:
x?= I (X7=X1) %+ (¥'= ¥1)2+ (27- Z1)7
all

fiducials

used in fit
where X;, Y,, and Z: are the fiducial coordinates from survey #1.
The linear least-squares fitting program LINSQ® was used to find
the following values of the six rotation and translation para-

meters which minimized X?2:

Ry = -0.245 mr Xo = 0.6 mil
Q, = 0.238 nr Yo =39.7 mil
Q3 = —-0.845 mr Z¢ =21.9 mil

The first two parameters Q; and Q; represent a possible change 1in

the level of the bubble chamber of 0.342 mr (Ll minute 10 seconds)
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or 23 mils at the 67.5" radius support skirt. If the beam direc-
tion is defined as north, this says that the NW part of the chamber
is low now, compared to 5 years ago! The other four parameters

can be explained by small differences in bolting the survey plat-
from to the chamber and in measuring the T2 height above the
platform.

In order to understand-the importance of this transformation
it is helpful to define o, the root-mean-square (RMS) deviation

between the two surveys:

o = (X*/N)*
where N 1is the number of fiducials used in the fit. With no change
of the coordinate system ¢ = 73.6 mils; after the above translation
0 = 22.2 mils. These numbers represent the difference between
two surveys. To get the error on each survey, they should be
multiplied by (2)—%. Then, since this represents the error on
all three(X,Y,Z) coordinates, they should be multiplied by (3)‘%
to get the error on a single coordinate. The resulting value for
the error on a single coordinate and a single survey is 9.08 mil
which is 2.6 times the goal of 3.5 mil and thus repreéents 2.6u
on film. Possible causes of this error are random or systematic
errors in the survey and dimensional changes in the bubble chamber
body.

Possible Systematic errors between the two surveys include:
a difference in the vertical angle zero(B,), a difference in the
scale of the distance measurement (perhaps caused by a tempera-
ture difference of the bubble chamber body between the surveys),
and differences in the three lengths giving the ball position
relative to the T2 position. Unfortunately absolgté values of
these five parameters cannot be determined by comparing the two
surveys, only their difference betweem surveys can be found.
Since the bubble chamber is cylindrically symmetric and the
survey measurements were made in essentially spherical coordinates,
it is useful to re-express the differences between the two surveys
in cylindrical and spherical coordinate systems. Figure 2 shows
the definitions used; the origin was. chosen at the (1978 survey) .
T2 theodolite position. .
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The differences (survey 2 - survey 1) in these coordinates
are given in Table I. Rather than giving the information for
each fiducial, the data for each horizontal row has been averaged,
see Figure 1 for the locations of the fiducial rows. The "3

coordinate RMS" for each row is defined as:

N
"3 coordinate RMS" =[-3L£
Ni

2 2 2%
_+ 1N 2 2 2%
or —[—N——12=1 (RlABl) + (AR].) +(piAOLi) ]
where the sum runs over all fiducials in that row. The "average

RMS" for each coordinate is defined, for example
"Ap average RMS" = E%—Z (Api)z];'2
where the sum runs over all fiducials in the chamber used in the fit.

The low values in the pAa column of Table I show that horizontal
angles were well measured with no systematic errors; in fact if we
multiply the average RMS of 4.4 by (2)"'1/2 to get the error on a
single survey of 3.1 mil, we see that the desired goal of 3.5 mils
has been exceeded. The average RMS for the other coordinates are,
unfortunately, up to four times larger than this desired value. A
quick scan of the averages of these coordinate differences shows
systematic effects which depend on fiducial height in the chamber.
For example, the variation of average Ap with fiducial row(i.e., Z)

suggests a shift in the vertical angle zero between the two surveys.

To understand these systematic effects, we add a seventh para-
meter (RBy), which corresponds to a shift in the vertical angle zero
between surveys 1 and 2, to the least square fit described at the
start of this section. The results are given in Table II, which
is in the same form as Table I. The extra parameter has reduced
o to 14.5 mil(5.9 mil for a single coordinate and a single survéy)
which corresponds to 1.7 um on the film. Systematic effects have
been reduced, but the "average RMS" for all other coordinates is
still twice as large as for pAa indicating that further improve-
ment is possible. The fitted vertical angle zero shift between

zurveys is 0.44 mr or 1.5 minutes.
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The next step was to expand the fit to eleven parameters by
allowing the overall distance scale and the X,Y, and Z coordinates
of the ball, relative to the T2, to vary. The results are shown
in Table III. The main cause of the reduction in ¢ from 14.5 to
12.9 mil was the distance scale change of +0.008% which could have
been due to a cooler chamber (5°C) during the second survey. Table
IV lists the values of the 11 parameters for the various fits.
There are small correlations between ball X and Xo’ and between
ball Y and Yo' Larger correlations are present between Z,,B8;, and
ball 7Z.

One obvious characteristic of Tables I through III is that the
three coordinate RMS for row I fiducials is 1.5 to 1.8 times as
large as for any other row. This suggests that dimensional changes
have taken place near the bottom flange of the chamber. Because
of the large,_G foot diameter, hole in the bottom of the chamber,
this area is less rigid than the remainder of the chamber body.
Table V shows the results of the 11 parameter fit when the row I
fiducials are omitted from the fit and the averages. There do not
appear to be any further systematic effects above about the *3 mil
level. The distances are measured less well than the angles,
indicating that more time should be invested in distance measure-
ments in the next survey. Table VI gives pAa, RAB, and AR for
each fiducial from the final fit which was summarized in Table V.
Omitting +the row I fiducials has reduced o to 10.4 mils or 4.2
mils for one coordinate in one survey. This translates to a 1l.2um

exrror on the film.

The random survey errors will be reduced if the data from the
two surveys can be averaged. From the above discussion, the
problem of dimensional changes in the 15-ft. bubble chamber body
can be handled by deleting the row I fiducial measurements in the
1973 survey. The systematic distance scale error of about 0.007%
between the two surveys is unimportant; it only causes the same
percentage error in the measured momentum of a track. This error
is well below other sources of momentum error. The ball X, Y,and 2

differences are rather unimportant as can be seen from Table IV;
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ignoring them increases ¢ by only 5%. The vertical angle zero
shift, By, is important and must be treated properly before the
two surveys can be averaged. In the absence of additional data
(i.e., a third survey), the safest guess is that the one half
the zerc shift occurred in each survey. This prescription was
also used for the distance scale, ball X, and ball Y shifts as
well. Because it is almost degenerate with Z, and 8¢ the ball 2Z
shift was fixed at O.

There were actually three steps taken to average the data from
the two surveys. First the measurements from each survey were
modified by % the B8,, D, ball X, and ball Y parameters shown on the
last line of Table IV. Each of these modified measurements were then

fit to the original survey 1 data and transformed into that coordinate
system, using eqguations(l). Finally the two sets of measurements
were averaged. The measurements of the row I and nose cone flange
(B7,¥7,DD6 and DD8) fiducials in the 1973 survey were deleted before
averaging, so the final positions of these fiducials came from

only the 1978 survey. The random error on these fiducials is
therefore 2% times the error for the remainder of the fiducials.

The fiducials that were measured in both surveys now have o = 5.3
mils or 3.1 mils per coordinate. This translates to a 0.9 um

random error on the film per coordinate. A reasonable estimate

for systematic error is 1.5 times the random error.®
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V. Conclusion

This detailed comparison of the two surveys has yielded
several important conclusions. There have been dimensional
changes in the lowest part of the 15' bubble chamber body since
it was built, but these were rather small (about 20 mils, see
Table V) and probably occurred during the first cooldown. I
estimate that the chamber dimensions have been stable since
that cooldown. The fiducial survey technique is capable of
giving results which are accurate enough not to degrade track
reconstruction. However, more care should be used in zeroing
the theodolite vertical angle scale and more time should be

invested in distance measurements.

I wish to thank the survey crews led by Bill Testin (1973)
and Tom Nurczyk (1978) for their dedicated efforts and Asa Newman

of the bubble chamber crew for his assistance in these measurements.
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FOOTNOTES

Normatype transfer sheet #616450-34, Keuffel & Esser Co.

W. C. Davidon, "Variable Metric Minimization", Argone

National Laboratory Report ANL-5990, Rev. 1959 (unpublished).

T. Pomentale, "Linear Least-Squares Fit (LINSQ)", CERN
Computer 6000 Series Program Library D-508 Amended 1969
(unpublished), available from the Computing Department,
FERMILAB.

There have been some difficulties with securing the bottom
of the northwest chamber support legs to the concrete
foundation which can explain why this side of the chamber
is lower now than in 1973. (G. T. Mulholland - private
communication.)

This estimate of systematic error is obtained by assuming
that all the Bo error is in one survey and the other survey
has no Bo error and then comparing this result with the
result obtained when half the Bo error 1is assigned to each
survey.
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FIGURE CAPTIONS

15' Bubble Chamber showing fiducial positions and the
location of the T2 theodolite used in the survey.

Coordinate system definitions used for expressing
differences between the surveys.
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APPENDIX A
INSTRUCTIONS FOR SURVEYING THE 15' BUBBLE
CHAMBER FUDICALS '
Revised May 1978
W. M. Smart

Place survey stand on the I beam survey platform and then
raise platform into position and bolt to chamber bottom
flange. The north end of the platform is marked. The
survey stand must be on the platform before it is raised
into position or there is no way to get the stand into the
chamber. (This has been proved experimentally at least

once.)

Secure the stand to the platform and set the T2 Theodolite
level over the center hole about 60" above the platform and
with approximately 180° of the horizontal angle scale at the
scribe mark on the south end of the I beam platform (below
nose cone). The vertical angle zero must be set as accurately
as possible; errors in setting the vertical angle zero

have caused considerable trouble in the first two surveys

and is responsible for a large part of the discrepancies

between them.

Measure the actual height of the T2 above both the north

and south ends of the I beam platform.

Record horizontal and vertical angles and fiducial name of
all fiducials and the horizontal angles of the scribe marks
on each end of the I beam. Invert the T2 and repeat

measurements for all fiducials and scribe marks.
Repeat step 4.

Measure the distance between the T2 reference point and
fiducials A2, A4, A6, AB, AlO0, Al2, D2, D4, D6, D8, D10,
and D12, Repeat these measurements at least once. The
special small end of the stick mike must be used so that
it can be placed exactly on the fudicial. The bubble

chamber crew will supply a step ladder, with the top end
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padded with rags to protect the Scotchlite, so that the
man at the fiducial end of the stick mike will be close
enough to the fiducial to accurately position the small
end of the stick mike on the fudicial. The T2 should be

level at vertical angle = 90° during these measurements.

7. The T2 should not be removed from the survey stand until
steps 2-6 have been completed and the measurements checked

by the responsible person.

8. Replace the T2 with a 1" ball located near to the T2 optical
center (+ 1/4").

9. Measure the actual height of the ball above both ends of
the I beam.

10. Record distance of all fudicials to ball. Observe the

same precautions as step 6.
11. Repeat step 10 three times.

12. The ball should remain in position until steps 9-11 are
completed and the measurements checked by the responsible

person.

13. Measure the distance between the T2 optical axis and the

reference point.

Fudicials are named according to the following scheme:

1l or 2 letters indicating height in the chamber with the
A row nearest the chamber top and the I row at the bottom.
The two extra fiducials on the nose cone flange are labeled
DD6 and DD8. A number (1 through 12) indicates the

approximate horizontal angle of the fiducial.

1 is opposite nose cone = downbeam = north
4 is toward elevator = west

7 is at nose cone = upstream = south
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TABLE I
AFTER COORDINATE TRANSFORMATION TO SURVEY #1 SYSTEM

Fiducial Ap Az pho, RAB AR 3: coord.

Row Average Average Average Average Average RMS

A 21.5 mil -10.5 mil -2.5 mil 22.2 mil 8.8 mil 27.2 mil

B 16.0 -11.7 2.0 18.4 7.2 22.5

C 15.5 - 9.2 -2.1 14.4 10.9 19.9

D 4.6 - 7.7 -0.5 8.4 3.1 12.5

E -5.0 - 8.2 0.6 8.2 -4.9 13.9

F -12.8 3.0 0.5 -0.4 -13.2 16.0

G -17.6 7.2 0.6 0.7 -19.0 21.0

H -15.1 11.5 1.6 0.9 -19.0 20.8

I -15.0 30.3 0.6 -5.1 -33.5 38.8
average -0.7 = 0 0.1 7.8 -6.2 -
average

RMS 16.5 14.2 4.4 13.7 17.0 22.2
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TABLE IT
AFTER COORDINATE TRANSFORMATION AND VERTICAL ANGLE ZERO

Fiducial Ap Az pha RAB AR 3 coord.
Row Average Average Average Average Average _RMS
A -4,0 mil ~10.6 mil -2.5 mil 5.2 mil -10.1 mil  17.0 mil
B -3.6 - 8.9 2.0 5.6 - 7.8 14.4
Cc 2.1 - 4.7 -2.0 5.1 0.2 9.7
D -1.5 - 2.7 -0.5 2.4 - 2.0 9.2
E -4.9 - 4.1 0.6 4.1 - 4.9 11.9
F -6.6 5.0 0.5 - 3.6 - 7.5 12.2
G -5.5 5.5 0.6 - 2.7 -7.3 11.8
H 3.1 5.0 1.6 - 5.8 - 0.8 10.3
I 8.9 19.0 0.6 -18.3 -10.5 28.4

average -1.6 = 0 0.1 -0.6 - 5.6 -

average

RMS 8.8 10.6 4.5 9.8 9.8 14.5
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TABLE IIT
AFTER COORDINATE TRANSFORMATION PLUS 5 PARAMETERS

Ap Az
Average Average
.9 mil -6.9 mil
1.4 -6.1
7.3 -2.6
3.8 -1.5
0.4 -3.8
-1.4 4.4
-0.4 3.6
7.4 1.4
11.9 14.2
3.3 = 0
8.8 8.4

TM-795
2623.0
Page 22

pho RAB AR 3 coord.
Average Average Average RMS
-2.6 mil 5.7 mil  -3.9 mil 14.4 mil
2.0 5.9 -2.1 12.6
-2.0 5.2 5.8 11.4
-0.5 2.2 3.4 8.3
0.6 3.8 0.4 9.1
0.5 - 4.0 ~-2.3 10.5
0.5 - 3.1 -1.8 8.1
1.5 - 5.9 4.7 10.9
0.8 -17.9 -4.8 25.6
0.1 - 0.6 0.0 -
4.3 9.6 7.5 12.9



All
Fiducials

Omit
Row T

RESULTS

18.6
12.2
19.5
14.2
11.9
1i.0
10.4
10.6

0

-0.245
-0.248
—-0.245
-0.246
-0.248
-0.248
-0.248
-0.245

-0.239
-0.239
-0.239
-0.239
-0.240
-0.240
-0.242
-0.241

22
mr

0.238
0.229
0.238
0.228
0.229
0.229
0.230
0.231

0.220
0.215
0.220
0.214
0.216
0.215
0.221
0.220

TABLE IV
OF SEVERAL FITS USING DIFFERENT SETS OF PARAMETERS

23
mr

-0.845
-0.845
-0.845
—-0.845
-0.845
—-0.845
~0.844
-0.844

-0.845
-0.845
-0.845
-0.845
-0.845
-0.845
-0.845
-0.845

Xo
mil

Y,
mil

1)
mil

0.6
0.3
0.8
0.3
0.3
0.6
-1.8
-1.8

1.1
0.7
1.2
0.7
0.7
0.9
-1.3
-1.3

39.7
39.6
39.6
39.6
39.6
39.6
38.3
38.3

39.6
39.6
39.6
39.6
39.6
39.6
38.8
38.8

21.9
50.0
22.0
12.8
47.7
50.6
47.7
50.5

18.8
47.8
19.0
12.1
65.4
50.2
65.6
50.2

0.440

0.648
0.468
0.650
0.468
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Ball
D X Y el
pem mil ml mil
65 - - -
- - - =37.4
- - - =2.5
76 - - -

79 -6.9 -3.1 -3.0

70 - -

~34.0
19.4

70 -6.0 -2.017.1

72 -6.0 -2.0
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TABLE V

AFTER COORDINATE TRANSFORMATION PLUS 5 PARAMETERS,
OMITTING ROW I FROM AVERAGES AND FIT

Ap Az pha RAB AR 3 coord.
Average Average Average Average Average RMS
~3.0mil -1.4mil -2.5mil -0.9 mil -3.1 mil 12,9 mil
-0.4 -2.4 2.1 1.8 -1.6 11.0
6.7 -0.7 -2.0 3.2 6.0 10.4
3.5 -1.5 -0.4 2.1 3.2 8.0
-0.2 -4.7 0.6 4.7 -0.2 9.5
-2.7 3.2 0.6 -2.6 -3.3 10.5
-2.2 3.3 0.6 -2.1 -3.3 8.5
6.6 3.7 1.6 -7.1 2.7 11.1
(34.7) (19.1) (0.7) (-23.0) (-7.3) (30.3)
1.0 =0 0.1 -0.2 0.0 -
7.6 5.6 4.2 6.1 7.2 10.4
(11.3) (14.9) (1.5) (-17.8) (-5.7) (21.2)
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