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Fi:URE 1.~ The grid plate sysiem. engraved side up.

when it is not in use. If a lead screw or other
temperature sensitive comparator has a heat
producing internal light source, it should be left
on permanently. Otherwise, much time will be lost
daily in warming up the comparator or, still worse,
the daily measurements will be adversely affected
by thermal pgradients. Production measurements
can provide an indication of the need for repairs
but normally will not indicate a change in the basic
calibration parameters.

Standard practice is to perfurm preventive
maintenance, e.g.. lubrication and lens cleaning,
before calibration. A complete calibration set
consists of single operator measurements of the
grid plate in each of four different 90° rotations

{cases) on the comparator. The designation of each
rotation case is defined by the relationship of the
corner grid intersection nearest to the comparator
x, y orign (hg 2).

The following outline assumes that the com-
parator is interfaced with a typewriter, an output
numbering device. and tape or card output. The
recommended setup and general preparatory guide-
lines for measurement are sequentially:

(1) Clean the comparator thoroughly and per-
furm the preventive maintenance recom-
mended by the manufacturer.

12) Gently wipe off any dust on the grid plale
with an antistatic brush. Keep fingers
off of the grid plate!



t3) Place grid on comparal  in the first case
position. Make sure the grid is stable and
fat on the comparator stage. The  nputer
program  allows the grid to he either
emulsion up or down. The program can
make a simultaneous adjustment of up to
20 cases measured by up to 5 operators.
The case positions and numbers are:

For cor arators that allow plate rotation.
the grid plate ideally should be oriented so
that the grid lines are rotated =11.3° from
the comparator axes (hg. 20). It may be
necessary for the grid plate to be rotated
even more than 11.3° if the measuring area
normally used exceeds this span of the grid
plate.

{4) Allow Y2 hour for the grid plate temperature
to reach equilibrium with the comparator
temperature. This is not necessary for

torid corners

Operator # i

5
o
FN
w

nedrest uperator

1 5 9 13 7 1and2l comparators that have glass measuring
Case 26 10 14 I8 1and5 standards. Also, it is good practice to store
numbers 37 11 15 19 Sand25 the grid overnight in the comparator roonm
48 12 16 20 21 and 23 before the calibration (preferably on the

comparator stage).

+Y +Y

—’/—)+X —> +X

©9) )
Case #5 Operator Here (lase #0 Operator Here

+y +y

> + X —a +X
(00) (00

v \Y

Case #7 QOperator Here Case #8 Operator Here

FIGURE 2, — Case numbers and grid orientations for secand operatar.
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Comparator Calibration
Comparator #7, 422F46
Plate #1327
Orientation 10 Degrees
Temperature 71 Degrees
June 29, 1972

Lewis

Case #1

2001 0 21 03928366 244929 700001
2001 € 21 078368 044933 702002
2001 0 16 J17393 094126 703093
2001 O 16 017298 094127 720004
2001 0 16 017298 094125 709CO5
2001 O 11 026234 143321 733006
2001 O 11 026233 143321 700097
2001 9 11 126233 143321 793208
20301 0 26 D35167 192513 73703
20L O 06 I35166 19y25.5 70032173
230L T 25 0235166 192519 700711
2000 3 Ol 344098 241716 702012
2901 0 0L 244798 241714 7320013
250 O O1 344795 241716 793714
2301 9O 02 0293292 232783 733015
23301 0 02 1393292 232783 7730916
2001 0 02 033295 232733 7720017
20J1 O 82 393292 232733 740013
20C1 0 32 093292 232782 700019
2301 O C7 384362 1835386 7920020
2201 O3 07 034362 133586 720021
2301 O 07 034367 183587 720022
2001 O 12 075428 134388 730023
2001 0 12 075428 134387 700324
2301 O 12 375427 134387 730025
2001 0 17 266494 085191 730026
2001 0 17 066496 085192 700027
2001 0 17 066495 385193 700028
2001 0 22 057561 035993 730029
2001 0 22 057562 0335998 732039
2531 0 22 357562 035996 7003331
2701 0 23 126761 3527763 730032
2301 0 23 106767 327062 739733

F1e.URE 3. - Typical typewriter output.
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COMPARATOR CALIARATION = FiINAL VERSION - SEP 197)

FOOROINATES OF GRID NOL1320 - VALUES ADOPTED 5/ 6/1971
POINT x v
1 =99994,496 =100000.17
2 =100000,12 ~54000 .54
a -99999,74 .83
4 -100000,A6 50001.11
S -100001 ,46 100001, 36
& -499499,24 -99999,67
7 -50000,24 =50000.10
f -50000,)2 1.20
9 =50001,30 S50000.81
10 -50002.57 99999,85
11 ?.68 -99999.10
12 1,18 ~49999,44
13 201 2e.H5
14 1,15 50001.10
15 21 99999, 94
16 50000.A1 -100000.97
17 %9999,75 -50001,46
18 50000.30 73
19 «9999,29 «9999,05
20 %9999,13 99997,92
21 99999,68 -100001,13
22 99999,79 -50001,07
23 100000,29 iR
24 99999 ,48 4999R.57
25 994999,31 99997 ,A6

CASE NUMRER 01 62
GPERATOR NUMRER 18 1A
complete comparator calibration.

*oe AL VALUES EXCEFPT PARAMETERS

HEADFR CARD SFTUP

ARE IN MICRONS u=s

LEFT HANDED NDATA YES
INPUT DAT2 IS5 EM SORT NO
LEAST COUNT OF ONF MICRON YES
COMPARATOR NUMBFR ]
03 04 05 06 07 08 09 10 ¥1 12 i3 d& 15 14 1T 18 19 20
A 13 =0 =0 =0 =0 =0 ~0 =0 =0 =0 =0 -0 -0 -0 =0 =0 =D
MEASUREMENT DATE T/NTsTR
DATE OF COMPUTER RUR IS 12/29/72

FicURE 5. — Quiput title page.

These basic
is used.

In the ensuing equations the following notation

factors are the operator, the comparator, and the
grid plate.

Each peinting on a grid intersection produces a
measurement of the x coordinate and a measure-
ment of the y couvrdinate. The pointing precision of
each of these coordinates is affected by different
factors, even though both coordinates may have
been pointed upon simultaneously. A typical
example of these factors is that human visual acuity
is generally considered 20 percent better in horizon-
tal pointing than in vertical pointing. Another
factor is that most comparator measurement sys-
tems have independent coordinate axes. Therefore,
the statistics presented for pointing precision are
computed separately for each coordinate.

Let:

i=the grid point identification number,

j=the measurement identification
number.

k= the identifying number of a single replica-
tion of a single coordinate.

[=the total number of gnid points measured
in the jth case,

nij=the number of replicated or repeated
pointings (measurements) of a single co-
ordinate of grid point ¢ in a single case
{used when only one case is under dis-
cussion).

case



20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20n2o
z0nzo
20020
200270
20020
20020
20020
20020
200290
20020
20070
20020
20020
20020
20029
20020
200720
20020
20020
20020
20020
20020
20020
z2nozn
20020
20020
20020
20020
20020
20070
200¢0
20020
20020
20020
20020
20020
20020
20020
20070
2noro
20020
20020
Anoz2n
20024
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20070
20020
fO020
20070
200270
s0n20

INPUT NATA CASE ORDER NUMBER

DO OIIDIOLDIIEO0OTO IO 200 DOVDVOVIDTODO0DIOVOEOCOODIODO200QDODIO0COICODTIIITOI2DOO0D

[S I VI N ) I S S Y e N R T VIR Tt

240140
24040
240139
240139
240]a0
ERITLYS
EEM LT
231446
231448
23laa?
722752
222150
222751
222750
222751
214056
214056
214087
2lanse
216087
205344
205364
205365
215364
215164
156127
156127
156127
126127
15612R
104HAS
106884
106AR4
1063A4
1068384
ST6aT
5T64b
ST647
S5T6aT
ST6467
R&QS
R4QS
R40S
R4OE
A404
11100
17101
17099
171100
17100
17101
1711040
17101
17299
17100
25797
25799
257917
25797
25794
34495
RETA- 1
3Jahqs
3463
RET A
41191
431590
43L1A9
43194
43190
Yeasn
S2427
9R&2A
ru2?

211741
2132A1
2132K2
21376]
213762
164022
164023
164n22
164022
164023
1147A3
114784
114783
11a7R]
1147R2
65%4S
65543
ASE4L4
65545
655460
14704
160304
166
16304
16905
25005
29004
25n0a
25005
29n0%
3Nl
33704
331706
337103
ERNLIFS
47603
E-CTiR ]
42404
L2603
L2607
S1101
51102
51102
51102
S0l
10016}
100374
100738
143339
100317
100334
1ori19
100737
1007378
100%38
1495764
149575
14578
14977
149577
1988 ]9
194R1H
1988019
19an1a
19AR1H
2L4ANST
2LANSAH
24RANGS
24ANS&
LR LAY
21957
239387
239357
239731%A

2

20020
20020
200720
20020
20000
20000
20070
20070
20020
20020
20020
2nor0
20070
20020
20020
20020
200240
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20070
20020
20020
20020
20020
20070
20020
20020
200270
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20020
20070
20020
20020
20020
20070
20020
20020
20020
20020
20020
20020
20020
20070
o020
20020
20020

CHECKS AND CLOSEQUTS ON POINT NUMRER
SEQUENTIAL SHIFTS

TOTAL SHIFT

OCDoO0O0OQ 2P D000 0Q0 0000V OO0OREOIDODVODTIIOO0O0IIIOAATEDIODDIIOIIOOIIIIISIIDOIODODODOSLDD2DOODD DD

DELTA X
=2

~.2

924217
141666
141445
lalbbs
141645
lalbns
150908
190905
190605
190904
190904
1872212
12211
1H2213
taz2212
182210
173516
173514
173514
173512
173511
173516
17351
173515
173518
173511
173516
17351s
173515
173515
173515
164R20
FR4RA 2
164820
lhal20
laai]1n
115581
1155748
115579
115579
115579

G634

66342

XY

CLREER]

hE34L]

75017

75037

75037

50137

75037

#3736

23731

A3T3L

A3T 34

A3T733%
132973
13297
13297]
1132971
132972
132971
1264275
124277
124272
124273
124277
240140
2401460
fa017R
Fa014f
Pafil 39

239757
2INKRST
230AS7T
230465R
23DAGRA
230~GR
2219R]
221859
2719A0
2219460
22196R
172722
172721
172721
1772770
177720
1234R2
12349]
1234R0
1234r]
173aR?
122483
1234&R]
173682
123481
123uA2
123487
1234R4
1274R1
1234R4
1234R?

T4?4}

Ta?al

Tapal

TurPikl

Turas

H7G43
R2o4y
aroe?

R2Q4 P
APQ4u?
SlAas
Glhaa
L3 EYY.]
Glrag
LR LNV
L&40rP7A8
140R 77
Ja(RrRTA
1anm7sa
140p74
180119
199120
190122
150121
190121
1Rr1a?n
1A1&19
1R1&?D
1Alalg
lAlalA
1R14]R
1371R0
132179
132179
1iz2179
1321179
211242
213782
21372k2
21374]
2117581

(XT«1)=0(XT)

DELTA Y

.2

(LasTg -
2

FiGURE 6. — Input data listing and closeout for a single case.
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ni=the number of replicated or repeated
pointings of a single coordinate of grid
point i in the jth case (used when more
than one case is considered),

g=the number of cases (may be for one

operator or total number of cases for all
operators).

xix= the value obtained in a single replication
{measurement) of either the x or the y co-
ordinate of the grid point i measured in a
single case.

xije=the value obtained in a single replication
(measurement) of either the x or y co-
ordinate of the grid point i measured in
the jth case.

m. o = estimate of standard deviation:; m is used
for individual grid points, o for many grid
points. The true value of the standard
deviation, ¢, is unknown but is needed in
some of the derivations.

NoTE: The standard deviation is defined as the
square oot of the variance. The term *“standard
error’” is not used.

The following standard assumption (a} underlies
all the statistics developed in this chapter. (Other
assumptions, (b), (¢), and (d} are given later.) (a)
All n; individual measurements of the same grid

point i in a single case are from the same population.
That is:

a?

=~ g2
zg - Ox

Note that in the next section the subscript & is
retained in m%,, , the estimate of 0%, under assump-
tion (a). The notation identifies the quantity with
which a standard deviation is to be associated (in
this case a particular replication, xi). Standard
assumption (a) tells us that m%, , an estimate of 0%,
has the same value for any k. Assumption {(a) is
always made, but is not always stated explicitly.

In subsequent sections the pooling of variance
estimates is discussed. The pooling can be ac-
complished in different ways, depending on which
random variables, measurements, or means of
measureinents are assumed to be from populations
with the same varniance, and depending on the in-
tended purpose of the peoled variance. These dif-
ferent assumptions are stated explicitly immediately
before the statistics to which they apply.

11

Statistics Computed for a Single Grid Point in a
Single Case

Numerical examples of these statistics as com-
puted by our program are shown in figure 7 under
the heading “Individual Point Statistics™. The
following statistics are based on unbiased estimates
of variances; however, they are biased estimators
of standard deviations because of the small sample
sizes involved. That is, the degree of freedomn—1
should be modified slightly when dealing with
sample sizes of five pointings. Several methods of
computing unbiased estimates of standard devie-
tions are given or referenced by Jarrett (1968).

The following equations sre used to compute the
statistics for a single grid point measured in a single
case.

1. The mean measured coordinate (&, ¥i) is
computed by the use of

(1)

Each mean coordinate is entered as a single ob-
servation in the least-squares adjustment ft of
the grid measurements to the calibrated grid co-
ordinates.

2. The standard deviation of a single coordinate
measurement (ms, . My, , My, ) is computed by
the use of

My =

(2)

\/ Mz T My

My, =\ ————

ik ’
2

3

where the subscript plic refers to the kth pointing
of grid point i (as opposed to the kth pointing of a
grid coordinate).

These statistics indicate the reliability of any
single ohservation of a coordinate or pair of co-
ordinates.



3. The standard deviation of the mean coordinate
ineasurement {mgz, my, mgm,} is computed by the
use of

R

\/E (xe— % )?
k=1

5T ni(ni—1) “)
}mgi + mii
M= N — (5)

These statistics indicate the precision of the mean
coordinate determined from #»; pointings. These
values describe the level of quahty that the operator
should strive to maintain for all means of all gnd
points measured.

4, The covariance of the coordinates of a single
pointing (Mry, ) is computed by the use of

2 { (=) (v — 7))

Hg—l

(6)

My =

5. The correlation coefficient of the coordinates
of a single pointing (pry, ) is computed by the use of

M ryjx,
P.ryik = (7)

Mg My,

This statistic provides an indication of the mutual
interdependence of the comparator axes. which
are assumed to be totally independent for most
comparators. Also, an insight into the measuring
mode used by the operator is indicated; that is,
whether the vperator pointed with both coordinate
axes simultaneously, or with one axis at a time.

NOTE: The covariance of the coordinates of a
mean pointing (Mzg;) and the correlation coefficient
of the coordinates of a mean pointing (pz3,,) are not

computed by the program. It can be shown that
these statistics of the mean difler from those given
. 1
by equations (6) and (7) only by a factor of P
i

Numerical examples of the statistics given by
equations {1) through (7) are shown in fgure 7 as
they are printed out by the program. The columns of
numbers shown in figure 7 are respectively denoted,
from left to righl, as: i; iy Mrjes Myjes Mptgy« Mryigs

Prik» fi, 5’!'9 mz;, My;, Mar;, L.

Statistics Computed for All Grid Points in a Single
Case

These statistics are presented in figure 7 under
the heading caption *Combined Point Statistics™.

1. The pooled estimate of the variance of a
single coordinate measurement {x;x)} of a single
case ((0%,)p, (0% )ps (0%, )p) is computed under
the following additional assumption.

Assumption (b): All grid points of a single case
provide the same appearance for measurement to
the comparator operator. Therefore, any measure-
ments of any grid point of the case may be con-
sidered to be made (pointed upon) with equal
precision.

oty =

That is, the true value of the variance of a single
measurement from a single case {(o}) is a cunstant
for the case, of which the variances of the indi-
vidual point measurements (m%,,) are estimates.
The statistic (6%,.)p. an estimator of o4, under

assumption (b), is defined as

M~

(wim?rik)

i=1

(6-.1'2“‘)11' =

-

(se4)

i

where wi, the weight assigned to an estimate of the
variance of a tneasurement, is

{9

where v;=the degrees of freedom for the variance
estimate and assumption (a), of,, =07, has been
used.

From eq (2)

Vi=ni—l.






Therefore

20}
o2, =—2=*, (10)
b n—1
and the appropriate weights for eq (9) are
_ —1
w = 201., (11)
Substituting eq (11} into eq (8) we obtain:
! (nl l) ]
S[ecD o,
( )p i=1 i . (]2)

But according to assumption (b) the quantity
204, is a constant. Therefore, rearranging terms
and substituting eq (2) into eq (12) we obtain

J E(I-t—-t-)’L
](m—l) ——

g {ni—1)

/
204,

=1

(63)p=

204,

which simplifies to
{ ni
2 E (xie—%)?

i=1 k ‘]A, l (13)

(ﬁik)p=
Where
N=the total number of measurements of all the
grid points of the case,

(14)

The pooled estimate of the variance of the
pointing of any grid point of a single case is com-
puted under assumption {(a) by

(d';q,,)P=i { (‘ﬁ-n)p"‘ (d"‘é“‘)p}.

These statistics are indicators of the relative
quality of the grid plate intersections.

2. The pooled estimate of the variance of a mean
coordinate measurement (%) of a single case

14

(6%)p, (02)

is computed under the following assumption:
Assumption (c): The number of pointings (n,) of a
grid point (x;) are determined subjectively by the
measurer whose ajm is to provide mean measure-
ments (%)} of equal quality. This implies the

following.

(1} The variance of single measurements of
x; varies from prid point to grid point, or

s 2
P (Uﬁ[‘)P

oi,#0%,

That is, the true value of the varance of 8
grid points are from populations with
different vanances.

(2) The mean measurements (¥;) of different
grid intersections are from populations with
the same vanance. or

2 _— 2
cric-a-i’

that is. the true value of the variance of a
mean (o?) is a constant of which the van-
ance of the mean at each individual grid
point is an estimate (m2,}.

According to assumption (c) the statistic (&2 ), is

defined as

(15)

where u; is the weight determined for the estimate
of the vaniance of a mean measurement,

wy= {16)
Vo
From an inspection of eq (2) and (4),
mi
? — _Tik
mfl' ni ‘17)

with the corresponding relation between true vari-
ances being

i

i 3

s -5 (18}




Propagating the variance through eq (17) we

obtain;
i ﬂl "

By substitution from eq (10) aud eq (18) we obtain

al

20}

] _ 2oy’
", nz(m—l)

m"‘l

(19)

Therefore the appropriate weights for eq (16) are

e N
wi= 2(0_%-!)2 (20]
Substituting eq (20) into eq (15) we obtain:
o4
) &\2(° i Mk
63, =" 0 (21

2 {(ni - l)]
& 2(03)?

But according to assumption {(c) the quantity
g% =0} is a constant, Therefore, rearranging the
terms of eq (21), simplifying and then substituting
in eq (4) and (14) we obtain

3 {(m=1mz }
i=1

i

Y (ni—1)

=

ni (i —%i)?
k-1

Y—1

)

The pooled estimate of the variance of a mean
pointing of any grid point of a single case is com-
puted under assumption {c) by

2

i
i 1

(22)

(&%i):’= é{ (U_%i)p+ (Usi)P}'

This is the appropriate statistic for evaluating the
performance of the measuring operator.

3. The pooled estimate of the covariance between
the coordinates of single replications (measure-
ments) of a single case, (G iy, )p is computed by
the use of

15

Statistics.”

> ui: {(xix=%) (yu—F:)}

i=1 k=1

(23)

(a'-rwx )p=

N—!

4. The pooled correlation coeficient of the co-
ordinates of single replications (measurements) of
a single case, (Pry,)p. is computed by the use of

(Pruik)p=—_ﬁﬂt)_L_~ (24)
(U'.ri)p : (a'y,)p

The pooled estimate of the covariance between
the coordinates of mean measurements of a single
case (Og,;)p and the pooled correlation coeficient
of the coordinates of mean measurements of a
single case (P;,)p are not computed by the
program.

A numerical example of the statistics given by
equations (13), (14}, (22). (23) and (24) 1s shown iIn
figare 7 under the heading *“Combined Point
The row of statistics are from left to
right respectively, N, £, (G, )p. (Tuy)ps (Tpry,) vs
(Tryy)y (Pryy)p, NoA, N.A. (&ii)p‘ (%) p, and

(657, -

Statistics Computed for a Single Grid Point in
Many Cases

In a typical comparator calibration each operator
measures each of the 25 grid points 5 times (replica-
tions) in each of 4 rotated (90°) cases. A set of
pointing precision stalistics is pooled for each in-
dividual grid point from the approximate 20 point-
ings per grid point. An example of these statistics
is given in figure 8 under the caption “Individual
Point Statistics.” These statistics provide a mech-
anism for comparing the relative gquality of the
different grid points.

When several operators measure the same grid
in the same comparator calibration (typically four
cases each), the pointing precision statistics are
pooled for all measurements (replications) of each
individual grid point. This pooling provides an even
larger and less-biased sample for comparing the
quality (pointability) of the different grid points.
An example of the pooled statistics for several
operators is similar in form to figure 8. however
the number of limes read is a multiple of those
shown.



1. The pooled estimate of the variance of an
individual grid point coordinate measured (repli-
cated) for in many cases (m? Uk)”’ (mf,ijk)p,
(m}, . )p, is computed under the following
assumption:

Assumption (d). Each individual grid point
provides the same appearance for measurement to
the comparator operator regardless of any 90°
rotation of the grid. Therefore, measurements of
a single grid point from any case may be considered
to be made (pvinted upon) with equal precision.

Combining assumptions (a) and (d) we have

g =0 (¥ o2).
Thus under assumption (d), the standard deviation
of a single measurement is the same for all replica-
tions and for all cases at a given grid point, but may
still vary from point to point. The vanances of the
individual point measurements in the individual
cases (ME.U,‘) are estimates of o% .

It can be shown that under assumption td) and
by a similar development used to obtain eq (13) that

(25)

The poouled estimate of the variance of a single
pointing on a grid point measured in many cases is
computed under assumption {d) by

(m?

Plijk

)p =4 {(m?

Tijk

)p+ (m2

,,Ut)ﬂ}'

2. The puooled estimate of the covariance between
coordinates at a single measurement of an in-
dividual grid point coordinate, based on measure-
ment in many cases (;v-Jrl_,.m,U,:),J is computed by the

use of
¥
-

Hij

El { (xeje — %i3) (yige — Fi5) }

(m-"l"ijk)p 4
(niy— 1)
3 (m

26)

3. The pooled estimate of the correlation coefh-
cient between coordinates at a single measurement
of an individual grid point coordinate based on
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measurements in many cases (p”m)p is computed
by the use of

(m:yUt)D
. = 27
(p yuk)ﬂ ("ltijk)P . (my,'_u-)ﬂ e
The corresponding statistics for the pooled

variances of the mean (using several cases) of an
individual grid point for a single case {i.e., (ms_ )5,
etc.) were not computed as their value is limited
in evaluating any of the three primary factors
of a complete calibration.

A numerical example., produced by the program,
of the statistics given by eqs (25), (26), and (27) is
shown in figure 8. The columns of numbers shown in
figure 8. from left to right, are:

i i Rij. (m':{“.)pu (mv”‘-)Ps (mPka)D-
=1

(m:yijk)p. and (p'rvljk)P‘

Statistics Computed for All Gnd Points in Many

Cases

A summary of all the pointing precision statistics
is computed for all cases of all points measured by
a single operator. A similar set of statistics is com-
puted for all cases of all points measured by all
operators in @ complete comparator calibration. An
example of these statistics is shown in figure B
under the heading “Combined Point Statistics.”

1. The pooled estimate of the vanance of any
single coordinate measurement measured (repli-

H T2 T2 T2
cated) in many cases(a:‘“)p, (a'””)p, (Gﬂ‘i_,- ip.

is computed under the following extension of
assumption (b).

Assumption (b) extended: all grid points of all
cases provide the same appearance for measure-
ment to the comparator operator regardless of
any 90° rotation of the grid. Therefore any mea-
surements of any grid point of any case may be
considered to be made (pointed upon) with equal
precision, i.e.,

2 =g2 |
Tk ey

m
Using a development of equations similar to
that used to obtain (13) it can be shown that

“‘J

>y (xge—%y)?

- . __J=1i=11
(O-}I')k)p- T

M-l:

{28)
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where N, is defined as the total number of repli-
cated measurements made by a single operator,
or made by all operators.

29)

g |
Ny=2 2 1
j=1i=1

The pooled estimate of the variance of any
pointing of any grid point of any case is computed
by

(6%, )p=14{(o2

X
PlUk .‘I,‘Uk)p+ (O-Uijk}p}
2. The pooled estimate of the varnance of any
mean coordinate measurement measured in many
cases

(63,5, (G%,)p. (Ghr,)p-

is computed under assumption {c) and is obtained
by a development similar to that used to obtain
eq (22) and 13 computed by the use of

g | 1\ M
E E —_ 2 _ .
J=‘==1( U)t:l ( . :x,_,)

(6'2‘ )p_ : "

Ni—1,

The pooled estimate of the variance of any mean
pointing of any grid point of any case is computed by

(&%11)”: H {(&%ij)p+ (&fu)p}

3. The pooled estimate of the covanance be-
tween coordinates of single replications (measure-
ments) of many cases (d-,ym)p is computed by
the use of

e Rij

S Y S {(xie—xi) (yeje— 71} }

j=li=1k=1

N,—lq
(31)

4, The pooled correlation coefficient between the
coordinates of single measurements of many

cases (P”'.:u_)p is computed by the use of

(&Iyajk)ﬂ

(Pruyyy)o (32)

(U'-r,-_,-,,)p : (U'U‘J-,,)p
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A numerical example of the statistics given by
eqgs (28} through (32) is shown in figure 8 under the
heading “Combined Point Statistics.” The row
of statistics shown from left to nght are:

va [v (o.-"-’ijk)p’ (&Vijk)p‘ (&Dfijl—)P" (&rhfjt)l”
(PIUUA')FH N.A., N.A., (&}U)py (dqﬁ'u).ﬂi and

(&ﬁu )P'

Summary

A summary of the pointing precision statistics
and their value to a complete calibration is as
follows.

Evaluation of the comparator operator;

1. From eq (1) the mean of the pointings of a
grid point is computed. This mean is the value
used as a single observation in all subsequent
least-squares adjustments.

2. From eqs (4) and (5) the precision of the mean
pointing used is determined. The inverse of
this variance could be used as an appropriate
precision weight associated with the mean
pointing.

3. From eqgs {22) and (30) a pooled estimate of
the variance of a mean measurement (&),
is determined. Each of these stahistics com-
bines many pointing means into a single
compatible value appropriate for comparng
the pointing skills of different operators, under
assumptions {a) and {c).

4. Monitoring of the correlation coefhcients
computed by eqs (7), (24), and (32) will indicate
if any changes occur in the pointing technique
used by an operator.

Evaluation of the grid plate used:

1. The standard deviation of single coordinate
measurements (mg,), computed by egs (2)
and (3), and the pooled standard devialions
(m,ijk),,, computed by eq (25), normally will
reveal any differences in the appearance of
different gnd points. A diffuse or irregular
appearance of a grid point (to an operator)
will be indicated by a consistently higher
{from case to case) value of m,, for that grid
point than m;, values of the other grid points.
The pooling of m,, from several cases is
accomplished by computing eq (25) for each
grid point. After many comparator calibrations
have been performed by several operators
using the same grid. it is possible to determine
different qguality values for the pointability of
each grid point.
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‘om the combined point statistics given in figure 7.
Chis ellipse is generated from the combined (pooled)
point statistics data of figure 7, that is (7 ,)p.
(&yit)p- and (&:yit)p-

As each case of data is cycled through the above
routines. essential counts and summations are
stored in the main program. Upon input completion
of all cases measured by one operator, the STAT
routine is called upon to compute the statisties for
all grid points measured by the operator. Figure 8
shows the printed output for all of a single operator’s
measurementis. Figures 11 and 12 are the cor-
responding error ellipse plots for the operator.

After all measurements of a calibration, possibly
by several operators, have been read into the com-
puter. the STAT routine is once again called to
compute the total pointing precision statistics for
the calihration. Figure 13 shows these statistics.
Error ellipse plots also are generated for these
statistics.

B. The General Linear Transformation

is dependent on the
measurement of a grid containing points whose
calibrated positions are defined in an orthogonal
coordinate system. The comparator measurement
coordinate system is nonorthogonal because of
inherent mechanical limitations. The relationship
between these two coordinate systems is defined by
an affine transformation. Consider the simplest
relationship between these two systems as shown

in figure 14.
Let:

Comparator calibration

X= [ﬂ = orthogonal (grid) system

x
x= [:y] = nonorthogonal (comparator) system

a = lack-of-orthogonality angle of z, ¥ system

For the figure 14 shown, the transformation be-
tween systems is

X=x+1v sin «

133)
Y=%cos a
Let:
1 sin
N= [0 cos Ot]

The eq (33) in matrix form js
X=N=x

By definition the orthogonal grid system possesses
uniform scale; however, the comparator system
axes may each possess a unique scalar. These
unique scalars are attributable 1o differences in
comparator measuring standards, such as constant
pitch or misalinement of the screws of lead screw
comparators, or variatjion in measuring mark spac-
ings of glass grid, multiple measuring mark or linear
scale comparators. These differences may also he
coupled with different thermal coeflicients along
each axis.

These different scalars must be applied to the
comparator axes before orthogonalization to cor-
respond with the true conditions existing during
nieasurement. These scalars may be represented as

_[Sx 0
sd[O Sy]

The systems depicted in figure 14, with the
differential scalars applied to x, ¥ are related as

X=NSx,
which in equation form is
X=S8Sx:-x+8y -y sina
Y=S8y 'y cos a (34)

For small nonorthogonality angles (@), cos a =1
which simplifies the Y equation. However, for com-
pleteness sake and for general error propagation.
this derivation will not include any approximations.

Eq (34) would be sufficient 10 determine explicitly
the linear comparator calibration parameters
Sz, Sy, «, if the orthogonal grid plate could be
placed on thie comparatur so that the X, x axes are
exactly parallel. However, this is difficuit.

Consider the two systems X, x which are rotated
from one anuther by some angle 4. Let M represent
an orthogonal rotation matrix.

M= [cos f (35)

sin 6]
—sin 8

COSs 9
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FIGURE 14, - Relationship of a nonurthogonal courdinate system with an orthogonal coordinate svstem.

Any rotation of a nonorthogonal coordinate system
will significantly change the values of the shear
paranieters {(Sx, Sy, a), as demonstrated by
Pope (1966). Therefore, the rotation sheould not be
applied until after the measurement system has
been orthogonalized.

Thus

A MNSax. (36)

This equation represents the rotated relationship
between an arthogonal coordinate system and a
nonorthogonal coordinate system. An expanded
matrix form of this transformation is

[X]= [COS 8  sin U} [1 sin a] [S.r 0 ] [t]
Y —sin® cos @0 cosallO0 Sy]ly

136)



Collecting terms we have

[x1 _ l:.\'_x “ros @
Y - Sy -sin @

Sy sina-cosd
— X5y - sin @ - sin 0

+ 8y -cos a-sin 8] [x] (36)

+Syv-cosa-cos 8] |x

which is in the following form of a general linear
transformation,

(37}

Equating coefficients of eqgs. (36) and (37) we have
r=8x-cos f

=—8x'sin#

2]

t=8y sina-cos+Sy-cosa-sind

t=—8y sina-sinf+8Sy - cosa-cost

Using algebraic manipulations and tnignometric
identities it can be shown that the explicit solutions
for the physical parameters are:

Sy=(r%+¢ty12

Sv=(st+us)te
(38)

@ =tan ! (-*
— !+ ri

#=tan"! (:i)
;

Therefore this has proved that there exists an
exact solution for the general linear transformation
differential scalars (Sx, Sy), non-
orthogonality angle (), and ratation angle 16) are
explicitly derived functions. This approach permits

rs + tu)

from which

an exact linear least-squares solution for the parame-
ters S.. 8,, @, 8. whereas all previously published
solutions to this problem have required iterative,
nonlinecar least-squares  solutions (Hallert 1962,
1963, Brock 1966, Poetzschke 1967, Jeyapalan
1972
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(.. Linear Parameters of Comparator Cakibration —

Individual Case Solutions

An exaggeration of the physical situation for
which the comparator calibration routines in this
report are derived is depicted in figure 15.

Derivation of the Exact Solution of the Linear

Parameters

Equations (36}, (37) and (38) describe the linear
transformation between the gnd (X. ¥) and com-
parator (x, ¥) coordinate systems, except for the
translation between their origins. Assuming the
grid coordinates to be errorless and the comparator
measurements to contain a variety of residual
errors, the complete linear transformation between
the systems is expressed as

=L G L]

{39)

or

X=R(x+v)+T {39)
where R is defined to include all coefficients of
eq{36),i.e.,

R—MNS=coeficient matrix of a general
linear transformation.

v=v,. vy, =residual errors in the comparator
systen.

T'=¢',f =translation in X and Y. respectively,
between coordinate systems.

The measurement of more than three grid points
will provide redundant observations which can be
adjusted in a least-squares solution for the calibra.
tion paramelers. However, eq (39) is nonlinear in
the unknowns r. s. ¢, u, and tr. vy and must be
linearized fur a least-siquares adjustment.

Instead of linearizing eq (39) by Taylor's series,
consider the following equivalent set of equations
which are in linear form:

o b

(40)

onr

x+v=AX~+T.



FIGURE 15, — An exaggerated grid-comparator relationship.

This set contains the same observations as equa-
tion (39) but different parameters. An interpretive
comparison of eqs (39} and (40) reveals that in eq
(39) the comparator measurement system is trans-
formed to the grid system, whereas in eq (40) the
grid system is transformed to the mneasurement
system. Obviously, the transformation of eq (39} is
more desirable for comparator calibrations as its
parameters physically describe the comparator
deformations. In both equations the residuals have

26

purposely been defined in the measurement system
so that they can be used later in the interpretations
of systematic nonlinear comparator errors.

A rearrangetnent of eq {(40) produces

i Pl o B R

X=A1'Yx+v)—AT.

or
(41)



A companson of eqs (39) and (41) reveals the fol-
lowing identities:

(1Y Transformation inverse identity

rs a b1
[t i =[c d] 42)
Or
R=A4-.
12) Translation identity
e’ a b1 [e
[;f']=_|:c d f “3)

ur

T=-A"T.

An application of these inverse and translation
identities to the linear least-squares solution for
eq (40} produces an equivalent least-squares solu-
tion for the nonlinear equation set (39). Thus, an
exact, linear. noniterative solution for the calibra-
tion with residuals given in the measurement system
does exist. The mathematical model for this exact

L=l Al GG

v=AX+T—=x

(40)

T

(40)

The solution for the inverse identity eq (12)
of the general linear transformation is as follows:
From eqs (36). (37), and {40} we have solved for

R—l:[ r s]*‘_ [S:c ceos ¥

A
{ u —S8x-sin 8

Sy -sinacos #+8y-cos a-sin ¥ ]" (45)
—Sy-sina-sin 8+ 8y cos a-cos @

According to eq (42), R' corresponds to the ele-
ments of A of eq (40). The inversion of eq (45)
in terms of 4! produces

_ —tan @ sin 8+ cos 8

N Sx

_—tana - cos B —sin 8

b= Sx

(46)
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_ sinf
Sy-cos @
cos #

d.._

"~ Sycos

Using algebraic manipulations and trignometric
identities, it car be shown that

S (ct+ d2)1
T (ad=be)
_ (a2+62)1,'2

Y ad—be)

47)
—ac—b

= -1
@~ 1tan (ad—bc

c
f#=1tan"! (&)

These are the physically identifiable comparator
calibration parameters defined in the comparator
coordinate system,

The Exact Least-Squares Solution of the General
Linear ‘I'ranstormation

The following derivation was developed to provide
the most economical and efficient method of com-
puting the transformation.

The mathematical model is given by eq (40). The
observation equations of this system are:

vel i Yo I 0O 0O Ora A
W o0 0 xovoa| sl by
L el 1

d

e

/]

where the subscript { denotes the grid point identi-
fication number. Or, rewritten, in matrix form,

v=Ax+1L (44)

Noute that the notation has been changed from the
previous section.
The solution of the nurmal equations is

x=— (AT4)14™1



where

2(X3) LYY ZX) 0
XY (Y pAY £3 0
E(X,) E(Y;) n 0
A4 =
0 0 0 XX
0 0 0 (XY
0 0 0 Z(X)

Z(X:Y)
I(Y?)

7 . ~ 7
0 0 EE‘-(X.'I,') a
0 0 ;(}'III)
0 0 i) c
, —ATl= and x=
Z(X)) (X)) d
2(Yi) Z(¥in) e
(Y n LF.(m /|

NoTE: All summations {denoted ) are of grid point (i) roordinate values from ! to n, where n is the number of grid points measured.

Inspection of the normal equations reveals that
the solution can be determined mare efficiently
through elimination of the translation terms (e, f).
This is accomplished by solving them implicitly
from parameters ¢ and b That is, AT4x=A471.
The third and sixth equations of the rearranged
normals are

aX;+ 6ZY+ ne=Xrx;
cZXi+dZY, + nf=Zy

Divide each equation by r and rearrange terms to
obtain the solution for the translations. Thus

e=i—aX —bY
f=y—cX—dY,

where the overlined terms are the means of the
observations, l.e.,

EI[

I=—"elc.
n

£ ce A4 is block diagonal with equivalent
symmelrc blocks. the inverse of A7T4 may readily
be obtained from the inverse of one block. The
solution of (474)-! by the determinant adjoint
method is as follows:
Let

D= ATA |00 (48)
Then
D=n[ZX2ZY (ZX)Y;)=

+IY(2EXYEX, —SYEX) —SVHEX,)?  (48)

and
rEY: — (ZY¥;)?

1
(ATA)I;ILclzi) = [EX; XY, — nXX.Y,
LYEXY, - ZX.EY

—n)lXiY,-+ EX.‘EY{ E}.EX.).—EX,XYf
nEX?— (2X;)? ZXEXY, - Y RN 149)
X EXGY, - Y RN EXEYE - (EX))2
Let
Q)= (474)
0w @z Qu 0 0 0|
\ O|2 Ozz Q'.'a 0 0 0
=D Uis O Qu 0 0 O (50)

0 0 0 Cu On Qn
0 0 0 Qiz Qn Qn
0 0 0 O Q23 Qaa

Q) is the weight coefficient matrix of the adjusted
parameters (a, b, ¢, d, €, f, respectively).
The solution of the parameters is

x=— (A74)1 471
oOr

a= (QuXXixi+ Q:ZYxi + Q12 %)/ D
b= (QnZXixi + QuZYixi+ QX x))/ D
c=(QuZX;yi+ Q2+ Qulyi) /D
d= (Q2Xiyi+ QuZY1yi + QnZy) /D .

e=i—al—bY



An efficient computer programmed solution for
these parameters is given by Subroutine EXACT.

The Weight Coefficient Matrix of Functions of the
Adjusted Parameters

To appreciate the physical meaning of the
solved comparator calibration parameters, a com-
plete error propagation through the adjustment is
necessary. A weight of one is given to each mea-
sured coordinate, since care has been taken to
provide mean observations of equal guality for the
adjustment (viz., MEASUREMENT, Technique).
The standard error of a single observation of unit
weight (my) after adjustment of a single case is
determined by

\/ E (o + t2,)
me=V¥ <=2 — (52)

The weight coefheient matrix Q. (eq 50) rewritten
for parameters a, &, ¢, d only is:

11 Q|2 0 0

_1 [Q: Qn 0 0
%=p 1o 0o 0Qn Qn

0 Qun Q

Let @y represent the weight coeflicient matrix of
the calibration parameters (S:, S,, a, 8). Then
error propagation of the function X' with the param-
eters p is computed by

0:=6GQ,6", (53)
where € is a differential matrix relating functions of
the parameters Lo the parameters, i.e.,

on—u 8Sz 8Sx &Sz 8Sz]
Sa &b 8¢ B8d
where u=6 unknown parameters and n=the
number of grid points measured. 8Sy &Sy &Sy &S
‘To determine the standard errors of the calibra- ?a?_' _831 EX E&Z
tion parameters, the weight coefficient matrix of C=
the functions of the adjusted parameters (Qy) S5a  Sa  ba  ba
must be determined. The porniion of x asso- 52 85 3 od
ciated with the translations is of no interest to the
calibration and will be left vut of the following 56 86 50 &0
discussion. %a B8b Bc 8d
The solution for G using the relations given in eq (47) is
[~ (c2+d2)2 - d c(c2+d?)e d{ac+ bd) —c(ac+ bd)
{ad — bc)? (ad — bc)? {ad—bc) {2+ d2)'* (ad—be)*(+d2)?
—blac+ bd) a{ac+ bd) bla*+ b)) —ala?+ )
{ad —bc) (a*+ 6*)'? (ad—bc)2(a®+ B} - (ad- be)? (ad—bc)?
o (58)
_b _Za _—d__ —c
@+ @+ &) @+ d) (@+d)
0 0 d —c
i {2+ d?) (c*+d?) .

The variance-covariance matrix of the adjusted
calibration parameters (Xy) is given by

S v=miQx. (55)

Summary

The computations required to perform a complete
linear adjustment of a single case of grid plate
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measurements on a two.axis comparator, including
the determination of the comparator calibration
linear parameters and their statistics, are:

l. Perform summations required by eqs (48) and
(49} to obtain P and Q,.
solve for the adjustment parameters (a. b, c,
d, e, /) by eq (51).
3. solve for the calihration parameters (Sx, Sy, a)

by eq (47),

2
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GRID AND CASF NUMRER 20070

COMPARATOW NUMRER 3 CALIR=ATION
OPFRATOR NUMAFR 1R
NATE OF MEASURFMFNY 7/17/72

GRID POINT 25 IS NFAREST THE CAMPARATOR ORIGIN

FREE ADJUSTMENT -
| ROTATION (TAFTA)s 2 TRANSLATIONS (TX.TY)

RESINUALS AFTER ADJUSTHMENT = TN MEASUREMENT SYSTEM RESINUALS AFTFER ADJUSTMENT = IN MASTER GRIN SYSTEM
PT, NO. X AGY Y AbJ VX vY NO, v vY
20020 1 260139.5N 213261.50 4.210 1.574 1 3.R72 24283
2no20 2 ?llauk,dn 164027440 le226 2.904 2 702 3.071
20020 13 PP2TSN.AN 114783, 00 =242 3.2R4 3 ~-.R10 3.192
0020 & 214056.40 65544, 00 =l.661 31,979 4 =-2.32A 3.579
20020 S 205364,20 15304 .20 =5, THT 5.591 ) -H.677 44501
20020 A 190904.60 221959,£n0 1.664 =191 6 1475 064
sooe2n 7 12211 .60 172720.4n ~1.3%0 1.021 7 =1.507 « 771
20020 A 173514 ,.47 123481 .93 =l.434 e T4 A =1.550 «932
20020 9 154A19.60 Ta?63,40 =2.211 14671 9 =237 1.064
2002010 156127.20 25004,60 =S.266 3.360 10 =5.771 2393
2002011} 14166520 PI0DEST .60 1.039 =-1.,547 11 l.292 =1s343
2007012 132971.50 181419,0n =45098 -, 70R 12 =l -+R02
2007013 174273.20 137179.2N0 =357 -.687 13 ~e232 -+T3A
2002014 115579.20 B2942,60 -2.109 -a515 1% -1.9A7 -.A74
2002015 104RB4 20 33703,2n -2.855 2.029 15 ~3.164 501
2002016 92427 ,.60 2393157,20 3.17 =2.75R 16 3.602 -2 1h%
2002017 #3731,.H0 190120.60 1.027 =1.694 17 1.654 =3.460
2ng20lR9 75037099 140ATT, AN +031 -2790 18 + 168 - 773
2002019 F6342.29 YLAL2 AN -y THh3 ~2+185 19 =.371 =2.285
2002020 SThah. 80 2403 ,.70 ~1.875 + 703 249 =1.969 + 366
zon2021 43190.00 248056,0n 3,877 ~4,723 21 &,639 -3.977
2pnr022 I& .20 19AAL1B .40 3.1TT =-5.DB5 22 4,013 -4 . 455
2002023 25T9T. 50 14957650 1649 ~2.473 23 2+ 05% ~2.14R
2002024 17100.00 100338,30 3.5)4% ~.21R 24 3,499 » 396
2002025 B4lb .80 S51102.00 2123 =1.1332 Fa-] 2. 7RR - Thé
SUM yv = 1A4R L2575 174 ,4794 SUM Yy = 207.1255 135.61R87
NO. OF POINTS = ?% STGMA = Z.6758 2.T24R SiGHas = 29688 2.,6023
STANDARD ERROR OF & SINGLE ORSFRVATION OF UNIT wEIGHT = 2,7004

FIGURE 16.— Free adjustment-output of a single case.
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LINFAR ADJUSTHMENT =
# SCALFRS ({S5XsSY)s 2 ROTATIONS (ALPHALTHFTA}s 2 THANSLATIONS {TK.TYI

VARFANCE-COVARIANCE MATRIX

PARAMETER WALIIE STGMA SCALER X J R Y AL PHA
SCALFR X = 0,49QR712F=0] 3.597947916F=06 1.78126710F=11 le B3HISTE-]19 1.621373%0 =15
SCALFR Y = 9.9997711&£=-01 3.579387RQF=-NA lecnl20176E-11 1e621344A~, =15
NON=QRTHOG, AMGLE ALPHA = 0 ¢ 11.2512 0 0 11,0841 2a5R25AD51E~11
ROTATION ANGLE THETA 169 58 53,7A8] o 0 + 7383

[

SCALFR RATTO Sxassy 1.000N0100E+00

SCALFHS IN MIFRONS/MFTER

SCALFR X = =12.R”811 35795
SCALER Y = =22.8881] 3.5794
SX/5Y = Io.0073
RESINUALS AFTER AD HISTMENT = TN HEASUREMFNT SYSTEM RESIDUALS AFTER ADJUSTHENT ~ IN MASTER GRID SYSTEM

PT. NO, X ADJ Y apJ VX vY NO, VX vY
20070 1 24014R,N6 213254 .42 3,491 270 1 3.391 «AT3
20020 2 231452.77 164018 ,A5 1.73R =709 2 1.5RR 1.001
2onzo 3 2R2T546,19 1147R0, 37 1.501 +200 J lesu3 +45A
20020 4 214057,22 65542,50 1.2313 LN 4 1,292 233
20020 5 205767 .44 16303.A83 =1.5R7 - T29 5 =1.6A5 s}
20020 & 1090914.2% 221954 ,57 =127 e Nas 6 ~s+132 21
20020 7 1R221A.6% 172716.85 =1.709 369 7 =1.,767 +06A
/0020 4 17351R.97 123479,11 =562 ~. 749 A “ol2h -.A35
20020 9 1A4R21 .57 74741 ,9n0 =108 =.961 2 «N61 =965
2002010 156126.55 25004,07 =1.933 «03A 10 ~1.910 =.298
2002011 141A75.,9A6 PI0AS2,77 =1.471 232 11 =l.462 =019
2002012 137979,48 181414 ,4K5 =1.879 «1RZ 12 =1.R33 =.139
2002013 174278.91 132176.17 =+357 =687 11 ~e232 ~o 73R
2007014 1155R7 .74 R2940.70 ~.878 =1.40% 14 =620 =1.536
2002015 106R4.66 JATRR .47 “e393 L9 15 = 430 « 177
2002016 52439,27 238351 ,7»2 =.1613 564 16 =258 527
2002017 H3T63.09 190116,.7% ~1.07A =l.2h? 17 - B4l ~1.430
2002018 754377 140874 ,5R =-,A41 757 18 =959 « 594
2002019 AB34A DG 914A40,7N ~+403 =1.534 13 =130 -1.5AR0
2002020 ST64A AT 42402.27 ~sZ R4 S4BA 20 =.361] 2409
2007021 43202,90 24R050, 37 -.329 «141 21 =+ 34R 2081
2onz2072 34S04,.60 198813,45 203 =l.111 22 b -1.059
2072023 FORDG .4 149573, 1F -.094 517 23 - «546
2007024 17105.25 10033600 l.00” 1.976 o 2448A
2002075 BaQT.4R 51100, 24847 -172 25 LY
SUM yv = S4.497R 15.9751 SUM Vy = 50.2230 20.2484
NG. OF POINTS = 2§ SIGMA = 1.%739 +A521 SIGMa = 1.5109 « 9594

STANDARD ERPROR OF & SINGLF ORSFRVATION OF UNMIT WFIGHT = 1,265A

FIGURE 17.— Linear adjustment-output of a single case.
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B IISTEI COMPA=aTHw Cal TARATIUN PA~AMETFERS FROM THE STYUL TANFOLS SOLUTTON OF & CASFS

LINEAR PARAMETIFWS

VARTANCE=COVARIANCE MATRIX

PARAMETFR VALYF S516~4 SCALFR X SCALER ¥ ALPHA
SCALEY £ = 9,.99995272F=01 1.7756314nE~0R Ju.lePArTOTIE-12 2.66515238E=20 4,13617R16F-15
SCALFR Y = 9,.9997765F~0] 14 7755H2G0F =06 3.152R9323F~12 4,1361006RF =14
MON=DRTHOG, ANGLF ALPHA = G 0 10.21R8 o o «S1R0 AeJ0SKARIOSE-12

SCALFR RATIOD Sx/S5Y 1.0000]17RF+00

SCALFR X = =4, TANY 1.77%86
SCALFR Y = =22.367H 1.7756
SX/SY = 17,5674
STANNARD FWROR OF & STNGLFE 0OSFRVATION OF UNIT W#EIGHT =  1,7558

FILURE 18. — Combined linear adjustment-output for many cases.,

)



RESIDUALS AFTER APPLICATION OF FINAL LINF&R CNRRECTIONS TO ORIGINAL DATA

GRIN AND CASE NUMAFR 20020
FREF ANJUSTMENT =
T BNOTATION (THETA) s 2 TRANSLATJOMS (TRWTY)

RPFSINUALS AFTER ANJUSTMFNT = 16 MEASUREMFNT SYSTEM RESINUALS AFTER ADJUSTMENT = IN MASTER GRIND SYSTEM
P»Tas NOD. X and Y ADJ ¥X vY N0, L) VY
200720 ) a0163,97 211266, 77 7. 156 517 1 ?.626 +98R
20020 2 27116451,.AR° 164018, 72 2950 <961 2 » T6R 1.111
20020 3 222T55.47 11eTRO 4 2060 456 3 «570 113
20020 & 21485R .67 6554L2,.44 s41R o 26A 4 + 366 « 34
20020 5 20564 . 0 1603 .14 -2.5°9 <995 S tay-LL] =560
/o02n & 190914 .64 221954, LAY « 167 6 =463 «0R&
20020 7 1H2219,24 172716.6G -2 W77 497 7 =?.131 124
20020 A 173519.7% 123479,47 =-.9R1 L Y4 ] =+860 ~. 7827
200720 9 164RP2 , 409 T4Pa] .94 -, 5A2 =~ HPA 9 ~ab29 =.917
2002010 1561°7.69 25004, 04 =260 TR 10 ~7?.453 -.254
20n”nil 141675,95 2304522 ,4% =-1.,317 223 | B} =1.335 -.010
002012 112979 ,.,85 1H14146.95 -1.77h 177 12 =1.7R0 =.135
2002011 124279,15 1321 74.r5 357 =.hAT 13 =237 -.T3A
20072014 119612, 76 RPO4L0, TR =-.931 =1l.400 la =+b73 =1+541
20072015 146RRS, 38 IVT0L 445 -.499 « ?59 1< =536 « 164
2002016 2L IR U2 739351 .15 « JB4 wa2F 16 « 7RG «GR]
2002017 RATLP,a>? 190116, 3% -.602 =1.395% 17 =+350 =1.479
sNOPNLA T9Nha3 67 140874 .65 =420 LT-O 1A -.522 LTS
7002019 AONGE 47 91560, 75 ~.036 =1.657 i9 +253 =-1./41R
P002020 S5Th4A .67 LYY e +0230 o Y47 20 -.031 «A47
20072021 43207.0R P4ROGD LR «b19 =-+125 21 «631 -s0186
2002022 3450, 4P 19P8] 3,98 1097 -1.372 22 1.319 -1.160
20072023 P?5A04 1O 149573, 7% wTa? » AGF 23 T4 «BR0
2007N24 17104.89 100336,.04 3,791 1.726 24 3.43) 2.+35R
2002025 Ha4T.29 B1iN0.ex A.57T - .07s 29 3.536 YN}
SiM vy = £3.4B06 16.7979 St vy = S9.A943 2043909
NO. OF POINTS = 2?5 SIGMA = 1.6549 k| SIGMA = 1.6094 9390
STANDAPD FRROR OF A SINGLF ORSFEVATION OF UNIT SFIGHT = 1,317

Frounk 19.—Qutput of a single case — after combined linear adjustment.



The mean parameters are computed by

sl (i) o

where:
X=the meaned
Sx, Sy and a.
qg=the total number of cases combined in
the adjustment.
m?;= the variance of unit weight of the jth case.
{Computed by eq (52).)
X;=the calibration parameters Sx, Sy, and «o
of the jth case. {Computed by eq (47).)

calibration parameters

'Z‘_ = the variance covariance matrix of calibra-
’ tion parameters in the jth case. (A
subsection of the entire matrix computed

by eq (55).)

An estimate of the variance of a single observation
of unit weight for the combined linear adjustment
(m%l), computed under the assumption that all
observations of all cases are from the same popula-
tion, is given by

i (vjmg))

i= 1 & - B _
m§,= : y +; E[mﬁj(XJ—X)T 2“.;(XJ—X)]
i=1
{57)
where:
v; = 2l; — uj = the degrees of freedom of the jtb
case.
;= the total number of grid points measured in

the jth case.

t; = the number of unknowns (parameters) in
the jth case. Note: u; = 6.

v = the total degrees of freedom for the com-
bined adjustment.

p=23 () = 3(g+1)

i=1

NOTE: After muitiplyving both sides of furmula (57) by » the
right side of the furmuia is numerically equivalent to the sums of
squares of residuals associated with the commonly used least-
squares adjustment,

The variance-covarience matrix of the adjusted
mean calibration parameters is computed by

)

(3%

[ i (m‘zlj 3

Jj=1

— 2
. =m
zx [LF}
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After this combined adjustment has been per-
formed, a new set of residuals is generated for each
case of measurements. The combined solution does
not produce the values of the new rotation and trans-
lations corresponding to each case. Thus, to compute
the residuals, the mean parameters are applied to all
raw measurements and a free adjustment, containing
only rotation and translations {(Subroutine FIDFIT2),
of each case to the grid is performed.

Computer Program Routines

All computations of the combined adjustment are
performed in the main (CALIB} program. The data
from each individual case solution needed for this
computation include: Sxj, Sy;, a;, Zxj, mey, and I
These values are stored for each case in the XILIN
array. Figure 18 is a computer printout of the results
of a combined linear adjustment. Figure 19 is a
printout of a single case after treatment with the
final linear cahbration parameters. The residuals
shown are for the same data shown in figure 17
after the combined seolution. The standard error of a
single observation of unit weight (mq;) is recomputed
for each case to allow for the additional degrees of
freedom of the combined adjustment.

This is performed by an alteration of the count of
unknuwns in the degrees of freedom of ieach case,

i.e.,
q

is substituted into eq (52). Admittedly this standard
error computation is superfluous. However, the

1
;= §

sums of squares of residuals from all of the cases
are identical to those computed by »m§, of formula

(27).

E. Nonlinear Parameters of Comparator
Calibration

There are a variety of nonlinear systematic error
sources which affect comparator measurements.
They have been well documented (Bennett 1961,
Rosenfield 1963, Gugel 1963. Loewen 1964, Brock
1966) and will only be summarzed here. Ob-
viously some of these errors are present only in
certain brands or types of comparators.

Lead screws contain periodic errors which may be
considered constanl for a single turn of the screw.



This error, generated during the manufacturing
process, should be independently determined by the
glass scale method upon receipt of a new lead screw
comparator. It is normally quite small (e < 0.5 um)
in most modern comparators. [ts form is generally
considered to be perodic and correctable by Fourier
series analysis.

Lead screws also contain larger (e > 1 um)
secular errors initially created in the manufacturing
process. With wear, these errors will often become
larger and will assume new systematic forms.

Slide- or stage-guiding ways create nonlinear
ineasurement errors. Any deviations in the planing
of the ways process will cause the comparator
stage to weave and curve in a nonlinear fashion.

Built-in scales, measunng marks. or reference
measuring grids have inherent nonlinear errors
that will affect measurements. However, if these
standards have calibrated values for each of their
reference marks, the nonlinear errors can be re-
moved by tabular corrections for the discrete marks.

Other nonlinear systematic errors peculiar to
individual comparators may alsu be present. These
include time-variant etror gradients, which are
difficult to isolate, and errors attributable to wear
or misuse,

Most previously published articles on this subject
treat each of these nonlinear errors individually
with some form of a Fourier series. Admittedly,
this is the nost elegant model for expressing the
errors su that they are physically interpretable. How-
ever, the modeling is cumbersome when several
of the aforementioned sources of error are present.
During the early stages of modeling these errors
at NOS, a decision was made tu use low-degree
polynomials to express aggrepate  form.
Initially, 3d degree polynomials were used for cali-
brated grid measurements. The 25-point grid was
oriented parallel to the cnmparator axis to provide
5 discrete axis locatiuns. Subsequent tests and
reAnements in the system have led to the more com-
prehensive treatment of these systematic errors
as described in the following discussion.

their

The Polynomial Method — Individual Case Solutions

After the systematic hnear errors of a single case
have been removed, the residual errors at each gnd
peint are computed in the measurement system.
These residuals contain systematic nonlinear com-
parator errors, sysiematic nonlinear errors of the
calibrated grid, residual nonlinear pointing errors),
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and random errors (noise). Investigations at NOS
have demonstrated that nonlinear comparator errors
can be removed eflectively through the application
of 4th degree polynomials to measurements from
each axis. The 4th degree polynomials used. pre-
sented in a least-squares observation equation
form, are

xtv,=Ax+ By + C2 + Dy
+Ex+Fy¥+GCx+Hy+]

(59)
Iytv, =A%+ By +C2+ D'y + E'x?
+F'yY+G'x+H v+ ),
or in the matrix rotational form introduced in
equation (44)
—Il+v=Ax.
Where: I=lx, iy =residuals after linear cali-
adjustment (pre-
viously denoted as vy, vy in
eq (40).

‘v=uv,, vy=residuals after the least-
squares nonlinear calibra-
tion adjustment

x=A—], A’ —J =unknown linear coeficients

bration

of the polynomial.

A=x, v=comparator measurements
after correction for sys-
lematic linear errors.

An inspection of the linear coefficients of eq (59)
reveals a general linear transformation in the co-
efficients G, H, G', H'. and a translation by terms
J and J'. These coefhcients are retained to absorb
any additional general linear transformation created
by the removal of higher order systematic nonlinear
errors. This polynomial prompts the question of why
is the removal of all comparator systematic errors
not preformed with a single. simultaneous, mathe-
matical model adjustment? The reason is threefold.
First, to perform a simultaneous calibration adjust-
ment on data ohtained from multiple grid plate
placements (cases), the polynomial must contain a
variable number of rotation and translation param-
eters and only one set of linear (5x, Sy, &) and non-
linear calibration parameters (A—F, A"’ —F":. This
is a difhicult task and it precludes the explicit solu-
tion for the linear calibration parameters permitted
by the generalized weighted mean linear sclution.
Second, calibrativn of many of the different brands



of comparators demonstrated that the nonlinear
errors were of insignificant magnitude and so need
not be corrected for. Third, at NOS, our research
philosophy is to attempt to isolate mathematically
each significant error source that can be identified
physically. The program in its present formn does
allow a physical interpretation of the linear calibra-
tion parameters, whereas their physical interpret-
ability would be masked in a polynomial. However,
with small modification, eq (59) could be used to
perform a single case calibration.

An extended linear polynomial containing cross-
terms {xy, 2%y, x¥?, etc.) was developed and tested
at NOS. This polynomial was designed specifically
to remove any systematic nonlinear errors generated
by dependent comparator axes. The least number of
coefficients needed to completely describe the
physical correlations between the x,y axes of a
lead screw comparator was found to be 30. This
polynomial was tested on the primary stages of two
Wild STK1 sterescomparators and on four D. Mann
monocomparators. The largest nonlinear error
detected was 0.3 wm. Therefore, the mathematical
model was abandoned.

Other tests determined that on these comparators
the periodic errors of a single turn of the screw
were negligible. If these errors are present, correc-
tions for them must be determined independently
by a method such as described by Bennett (1961).
Then a precorrection to all data must he applied
before using the NOS calibration program.

Figure 15 shows that the polynomials can be
described more adequately with a rotated grid
placement on the comparator, than from a squared-
off gnd placement. Since the errors are usually
small (¢ <4um), the rotation of the non-linear
errors through the small angle a during linear
calibration (& < min. arc) will leave them unchanged.
An 11.3° rotation of a square symmetric 25-point
grid, as shown in Agure 20, provides an even sam-
pling of the nonlinear errors along the comparator
axes. However, other rotations of the grid may be
necessary so that the entire range of the comparator
axes is covered.

The standard error of a single observation of unit
weight after nonlinear least-squares adjustment of a
single case is computed by

i (vr + vy)?

i=1

(60)
2 —
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where u = 18 unknown coefhcients.
! = 1otal of grid points
measured in the case,
Yz Vy; = residuals in each coordinate of point

@)

number

i after nonlinear adjustment of the
case.

The variance-covariance matrix of the adjusted
coefficients is the same for both sets, A—] and
A'—]J', because each set is computed from the
same normal equation system ((474)"') with
separate constant columns (471). That is,

Ty =y =mh (ATA)2, (61)

Multiple Case Solution

The validity of a descriptive nonlinear error poly-
nomial is greatly enhanced by the increased sam-
pling of different comparator axis locations made
available by multiple case measurements. The
reconmended single set (4 cases) of calibration
measurements, performed by one aperator, provides
a sampling of up 10 100 discrete points along the
comparator ways, screws, scales, etc. Under these
circumstances the low-degree polynomial solution
greatly reduces the chances of modeling random
noise.

The combined nonlinear solution is computed by
a simultanecus least-squares adjustment of eq (59).
The observation equations for this multiple case
adjustment are formed from the linearly corrected
measurements and from the residuals computed
from the generalized weighted mean linear solution.
The standard error of a single observation of unit
weight (mq,,} from the combined nonlinear adjust-
ment is computed by

$3

J=1 i=1

2[12 (1,)—9]

2 2
(vru-l— vm)

(62)

monl

]

where
q = the total number of cases combined,
[;=The total number of grid points
measured in the jth case,
Yz, Vyy; = residuals in each coordinate of pointi
of the jth case after multiple case non-
linear adjustment.
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FiGURE 20. —Evenly-spaced samples of nonlinear errors,

The variance-covariance matrix of the adjusied
coefficients of the combined nonlinear adjustment
is computed from the inverse of the normal equa-
tions in the same manner as with the individual
case adjustments (see eq 61).

The computation of the residuals after the com.
bined case adjustment is similar to the computations
performed after the combined case linear adjust-
ment, i.e., the original measurements are corrected
for linear and nonlinear systematic errors and then,
case by case, are computed through a free fit adjust-
ment (Subroutine FIDFIT2} 10 produce residuals.

The correct method of applying the nonlinear
correction coefficients to linearly corrected ohserva-
tions js given by

1=x+ Ax*+ By* + Cx* + Dy?
+Ex*+ Fy*+ Gx+Hy+J
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Ya=y+A'xt+ By 4+ C'x3+ D'y?
+E'xt+F'y*+C'x+Hy+ ]
(63}
where
X4, ¥Ya = comparator measurements corrected
for all systematic comparator errors.
x, y = comparator measurements corrected
for all linear systematic comparator
errors (Sx, Sy, a).

Computer Program Routines

Upen completion of the linear calibration adjust-
ment of each case, the residuals and linearly
corrected measurements are used to form the
normal equations of the polynomial in array A.
Subroutine INVSYM is called upon to invert and
solve the normal equations. The adjustment residuals
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Fi:LRE 21.— Nonlinear adjustment —output of a single case.
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ADJUSTED COMPARATOR CALIARATION PAMAMETEHRS FRNM THF SIMULTANENUS SOLUTION OF & CASFS
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Fioure 22. — Combined nonlinear adjustment — multiple case solution.
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are computed in the measurement system for each
point by the polynomial math model of eq {(59). This
polynomial computation is performed by arithmetic
statement function BX. The residuals are then
orthogonally rotated, through the angle 8 (eq 47)
of the case, to the grid coardinate system. Sub-
routine VSPRINT prints the adjusted measurements
and residuals for the case. Figure 21 is a printout of
a case after removal of all systematic errors from
single case adjustment. A printed plot and graphic
CRT plot of the systematic nonlinear correction
model is available for each case according to the
input header card option chosen. These plots are
described below.

Upon completion of the combined linear solution,
all original observations are corrected (orthogonal-
ized) by the final linear calibration parameters and

restored to the B array (columns 3-42, see Sub-
routine VSPRINT). Then each case is computed
through a free At adjustment (FIDFIT2) to compute
the residuals of the combined linear adjustment.
These residuals and linearly adjusted observations
are collected in the 4 array te form the normal
equations for the multiple case simultaneous
polynomial adjustment. Subroutine INVSYVM is
called upon to invert and solve the normal equations.

The sums of the squares of the residuals needed
for equation (62) are computed by

q i
S 3 (1) =XT(47Lo)+LIL,

J=1i=1

q {
S Y ) =X{(4TL)=LIL,.

j=11i=1

COMPARATOR NUMBER 3 CAL!{ORATION GRID NUMBER t32¢0 DATE OF MEABUREMENT 7/717:/72
Lte PLOT OF RON LINEAR CORRECTIONS
.Y
12
10 . Pl . -
.08
N1
. . . T .
.04
| | |
0
| [
+X
0.00 e I :
; l T
' 1 L
-2y \ \\
.04
-.08
-.08
- 10 * . - -
-.12 BOTH COOROINATER TRANSLATED 123000 = 1 mICRON
=18 ~.04 =12 <10 -.08 -.06 -.0& -.02 .00 .02 .04 .0k .08 .10 .12 .14 1LY

FicURE 24. — The nonlinear correction model.
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RESIDUALS AFTER APPLTICATION OF FINAL LINEAR AND FINAL NON-LINEAR CORRECTIONS TO ORIGINAL DATA

GRID AND CASE NUMRER 20020
FREE ADJUSTHENT =
1 ROTATION (THFTA}es 2 TRANSLATIONS (TAsTY)

RESIDUALS AFTER ADJUSTMENT = TN MEASUREMFNT SYSTEM WESIDUALS AFTER ADJUSTMENT = N MASTER GRIO SYSTEM
PTe NO X ADJ Y ADJ '} 3 vY NO, 7 & vY
20020 1 240151.7A 213256 .H7 =.090 +3JB? 1 -+155 +360
20020 2 231455440 1640]18,.45 673 « B4R 2 “-.R10 «T1R
20020 3 222756440 114780,65 ,325 244 3 -e362 « 1R
20020 4 2140659,31 65542497 -.269 -, 170 4 -.234 =-,2156
20020 S 2015363.96 16303, 7R =-2.0617 1.051 S =2.613 2606
20020 6 1909]14,07 22]1955,07 «201 . 220 ] « 236 -s 182
20020 7 14221R. 14 172717.09 -+238 e Jbods T -.984 « 176
20020 8 17351R,.57 123479,.1R «195 -,623 [} .300 =.580
20020 9 164821 ,59 T4242 « 04 « 315 -.927 9 «470 -«853
2002010 156126, 70 25003.77 ~1.476 +451 10 ~1.532 .188
2002011 141674 ,97 730652.37 ~e294 « 349 11 =-+351 292
2002012 13297A8,54 181414 ,65 - 806 4T3 12 «,571. « 380
2002013 12427797 132175.79 817 ~.226 13 k! -.080
2002014 115542,01 B2940,47 =-.196 =-1.073 14 =-.006 ~1.091
2002018 1N6RR4 R 33T02.90 046 « 706 15 =-.N78 + 703
2002016 F2438,35 239351.52 824 « 755 16 « 680 «RAT
2002017 RIT42.14 190116.0 «070 -1.103 17 o261 =1.074
200201A 75043.01 140RT4 .27 « 161 1.007 L} =016 1.020
2002019 66346431 91640.59 075 =1.490 19 +333 -l.4%54
2002020 STA4R,BR 426402.21 =-o 234 « 396 20 299 + 349
2002021 43202.60 248050.%1 094 =173 21 «12? ’ =-«154
2002022 34504 .37 19RA &4, 2A .21 =-l.672 22 922 -1.535
2002023 25805,54 149573,50 +082 117 23 2061 129
2002024 1T10A.22 100336.50 2456 1.280 2% 72.196 1.687
2002025 B409.3R S1101.52 1.481 =, 731 25 1.586 -l
SUM vy = 20,4248 15,9047 SUM VY = 21.4781 14.8517
NQ. OF POINTS = 25 SIGMA = +9475 8361 SIGMA = 9716 8080

STAMDARD ERROR OF A SINGLE ORSFRVATION OF UNIT WEIGHT = +8936

FIGURE 25. —Output of a single case — after combined nonlinear adjustment.




These equations correspond to a least-squares
adjustment whose cbservation equation form is

AX+ L=V
whete
A= is formed from the observations

(x, y, x%, ¥%, x3, etc.).

X7, X:= the transposed vector of unknown
coefficients A=J or A'=J".

L;, L,=the constant column = the x, y
residuals from the combined linear
calibration adjustment.

The variance-covariance matrix of the adjusted
coefficients is computed from

EA—J‘ = ZA'—J‘ = man!’(ATA y-t

Figure 22 is a printout of the results of the
multiple case polynomial adjustment for nonlinear
systematic errors, Figure 23 is a graphic printout
of the nonlinear correction model from the muhiple
case solution. The correction polynomial is gener-
ated through a range of typical comparator coordi-
nates and the correction is printed in micrometers
(im) at discrete intervals. This computation is
performed by Subroutine PLOT. These diacrete
corrections are also used to generate an annotated
CRT plot of the correction polynomials. Figure 24
is the CRT plot generated displaying the corrections
given by figure 23. This plot provides an historical
record of the shape of the nonlinearities in the
comparator. Comparison of these plots from several
calibrations will demonstrate the effects of wear with
time, or can indicate the presence of mechanical
problems. The CRT plots are generated from Sub-
routine GRAFT.

Upon completion of the multiple case simultaneous
polynomial adjustment, all linearly corrected ob-
servations are corrected by the final nonlinear coef-
hcients and restored in the B array (columns 3—42).
Then each case is computed through a free adjust-
ment (FIDFITZ2) to compute the residuals in both co-
ordinate systems after all combined adjustments.
Figure 25 displays the final residuals of a single case
after all adjustments. As with the combined linear
adjustment residuals, the standard error of a single
observation of unit weight for each case (mq)
has been recomputed to allow for the additional
degrees of freedom of "2 « “hined adjustment.
This alteration is performed by the substitution of

for

vj=2({—9) of eq (60).

F. Partial Grid Calibration

It is possible to perform a partial grid calibration
if all the data recommended for a comparator cali-
bration has been provided. The term partial is
included since absolute overall scale normally is
not available from mndern comparators. An excep-
tion to this could be a comparator which measures
with stable monochromatic laser interferometric
fringe counters. The other reason a complete grid
calibration can not be performed totally is due to
certain similaritics of the higher order nonlinear
errors between the comparator axes with the higher
order nonlinearities of the grid.

The minimum requirements for performing a
partial grid calibration simultaneously with a

comparator calibration are:

1. A symmetrically spaced, square-shaped pattern
of grid peints to be calibrated.

2, Four cases of data, each case measured with
the grid rotated 90° from the previous case.

3. All grid points (up to 25 points for the given
computer routines) to be calibrated must be
measured in all 4 cases.

4. An arbitrary set of coordinates for the grid
points is needed for onentation.

5. All four cases must be measured by the same
operator.

Theory

Assume a calibrated grid has been measured in a
single case and a comparator calibration has been
performed. The residuals remaining after calibra-
tion are attributable to a combination of: residual
pointing errors, random comparator errors (noise),
errors in the calibrated grid coordinates, and
possible residual systematic (unmodeled) com-
parator errors.

Now suppose the same grid has been measured
in four cases, each rotated exactly 90° from the
previous case, and all measured by the same opera-
tor. A combined case calibration produces residuals
for each case. An analysis of these residuals with
respect to their measured position in the comparatur
should reveal any uncompensated systematic con-
parator errors. Assume no systematic trends are



apparent and a comparison of the histogram of the
residuals with their distribution curve reveals no
significant statistical differences. Yet, systematic
errors may still exist, as further analysis of these
same residuals, rotated and displayed in the grid
coordinate system, will demonstrate. These are the
residual systematic errors present in the calibrated
grid coordinates. Any unmodeled systematic linear
(and most systematic nonlinear) comparator errors
will nullify one another when rotated to and summed
in the grid system. Residual pointing errors and ran-
dom noise will usually persist when rotated to the
grid system while pointing bias errors, which are
sell compensating with rotation, will disappear.

Theoretically, the average of the residuals
summed from four 90° cases, computed in the
grid system, should equal zero. Any differences
from zero are attributable to random effects (grid
coordinate errors) or to random errors (pointing
errors and noise). The physical separation of these
two error sources on the basis of a single experiment
(calibration) is impossible. However, our experience
at NOS has demonstrated that a significant portion
of these average errors is caused by grid coordinate
errors. The calibration of many different brands of
comparators by several different operators, all
using the same grid, will produce a large sample of
grid corrections. Evaluation of this large sample
will definitely exhibit persistent corrections to cer-
tain grid point coordinates.

Similar reasoning can be applied to measurements
of an uncalibrated grid. In this case, the grid cor-
rections will be made to the given approximate
coordinates for the grid. The comparator calibra-
tion presented in this report is dependent on using
the given grid coordinates to provide absoclute scale.
Therefore, any corrected grid coordinates will
retain the inherent (incorrect) scaie of the given
approximate coordinates.

It is worth noting that, with the procedure recom-
mended herein, the linear parameters of the
comparator calibration will always be correct
(except for an absolute scale factor), even though
the grid is uncaltbrated! However, the nonlinear
parameters will seldom be comrect, unless the given
approximate coordinates are close to the true grid
coordinates.

Figure 26 shows simplified examples of five

possible systematic linear and nonlinear grid errors.

The outlines represent some of the average ways in
which actual grid coordinates could deviate from a
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regular square; i.e., these curves represent the
form that manufacturing errors may take despite
the manufacturer’s intent to produce a square grid.
This is a reasonable evaluation of engraved glass
grids. Most manufacturers engrave all the parallel
lines in one direction, then rotate the plate 90°, and
engrave all the parallel lines in the other direction.
Thus, any screw or way errors in their single axis
engraving engines are repeated on both axes of the
grid.

Consider each of the regular forms of figure 26
rotated through each of the four 90° rotations and
superimposed on itself. The linear, quadratic, and
quartic curves are self-nulling. That is, the average
superimposed curve for each of these three cases
is a square. The cubic and 5th degree forms are
self-reinforcing and their average curve is the same
as any one of their rotations. It can be shown that
superimpositions of similar higher odd-degree
curves are self-reinforcing whereas the higher even-
degree curves are self-nulling. Note that any de-
parture of these odd-degree curved forms from a
regular figure will tend to nullify their average
shape toward a square figure.

Now consider each of these regular forms along-
side of and parallel to the two comparator axes. In
the case of the self-nulling forms. any nonlinear
errors of the comparator axes are distinguishable
from the grid nonlinearities when the grid is meas-
ured in the four 90° rotation cases. In the case of
the odd-degree figures, the nonlinear errors of
the comparator axes will not be separable from the
nonlinear errors of the grid.

This NOS comparator calibration program uses
fourth degree polynomials to describe the non-
linear errors in the comparator axes. Therefore, its
effectiveness in determining grid calibration cor-
rections for uncalibrated grids is limited only when
the grids are of regular cubic or fifth degree form.
The fourth degree polynomial, in its computed form,
will contain contributions from the comparator
axis nonlinear errors, the average shape of the grid
from four orientations, and any quasi-systematic
polynomial present in the random errors.

In reality, most grids only approximate regular
forms similar to those shown in figure 26. Another
factor to be considered is that, when the grid place-
ment for the four cases changes by some rotation
angle from one comparator calibration to another,
the nonlinear polynomial also will exhibit changes
caused by new measurement range endpoints.
The combining of several (4 case) calibrations, each
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FiGURE 26. — Systematic error {orms in grids.

performed with a different grid rotation, will tend

to minimize correlations between the nonlinear
errors of the grid and the comparator. Therefore
the grid calibration capability of this program is
quite acceptable.

If a regular cubic form does occur, the gnid
corrections determined will tend to alter the true
spacing of the exterior border of a 25-point gnd.
Figure 27 shows an exaggerated example. The
dashed line represents the incorrect (altered)
border of the grid. The curved lines attempt to
portray a three-dimensional view of the error-
causing cubic polynomial. A regular ffth-degree
form will not alter these spacings.

In summary, for an uncalibrated grid, the partial
grid calibration will provide calibrated coordinates

46

that describe the true shape of the grid. Exceptions
are that the absolute scale is not determined, and
the exterior border spacing may be in error because
of regular cubic errors that are common to both
comparator axes or are inherent in the grid.

For a grid for which the absolute scale and the
average exterior border scale have b.en well
determined, this program can provide calibrated
coordinates for all grid points.

The grid calbibration capabilities of this program
are greatly enhanced when the same grid is used to
calibrate many different brands of comparators.
This procedure minimizes the effect of any quasi-
systematic errors and other noise that may be
superimposed on the calibration corrections pro-
duced from a single comparator calibration.
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Ficure 27. — The influence on gridline spacing due to a systematic
cubic error present in both comparator axes.

Statistical Basis

The computation of grid coordinate corrections
provides the basis for computing a statistical
evaluation of the given grid coordinate set used for
the comparator calibration. The given grid co-
ordinate set has an a priori variance (0';) but is
assumed errorless in the comparator calibration.
The following is a derivation of an unbiased esti-
mator of the given grid accuracy. The derivation
neglects any correlations between the residuals
after adjustment. The correlations may be obtained
through computation of the variance-covariance
matrix for the residuals after adjustment. Most
of the statistics used can be found in Hamilton
(1964).

Figure 28 is an example of the residuals (in the
grid system) from four adjusted cases about the
true grid location ¢; of a single grid point i.

£
=1

q

=
where:
= the mean residual (centroid) of grid point
i after the combined adjustment of g cases.
#; tepresents either the ©r, or the oy,
coordinate of the residual centroid.
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= represents either the vz Or the v, resid-
ual from case j at g'nd point a.‘s:er the
combined multiple case adjustment.

¢ = the number of cases adjusted. (In figure 28,

g=4 cases.)

di=the vector distance from the residual

centroid location #; and the true grid

location t,.

vy =

di=0;—t;

If the residuals are attributable to given grid
coordinate errors only, then the residual centroid
will coincide with the true grid location and all d;
will equal zero. However, the presence of random
errors {residual pointing errors and residual random
errors) prevent this. If all d;= o. then the variance of

? (denoted hy &%) is a good between-classes esti-
mator of the grid accuracy oy.

where # represents the average residual centroid
for a]l erid points.

{ equals the 1otal number of grid points. Note, the
value of & is zero because the residuals from the
adjustment are transformed from the measurement
system to a center origin system (the given grid
coordinate system).

If all di # o, then o represents not only the grid
accuracy estimator (&%), which in Model I Analy-
sis of Variance is the variance of a random effect,
but also includes the variance of residual random
error {o2). It can be shown for unequal sample
sizes {q(# q), i.e., more residuals computed for
one grid point than for another, that

._ [ N D Sy sw)
il S (lth (64)
N:—% aD)
Where:

¢i=the total number of residuals (trans-
formed to a common grid system) meaned
for grid point L.
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FiGURE 28. — Relation of residual centroid and true grid locations for grid point i.

N= the total number of residuals for all grid
points,

i
N= 2 qi
i=1

!= the total number of grid points.
S»= the external or between classes sum of
squares,

m=imm—w,
=1

but
& =0, therefore

Se i (qit?).
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Sy = the internal or within-classes sum of
squares
[T

Se= 2 2 (vf;-—t'u)’

i=1j=1

For the grid calibration to be meaningful, ¢; must
equal a constant which is a multiple of 4. Any other
value for g; will prevent the total nulling of residual
syslematic comparator errors or pointing biases.
Therefore, for ¢;= q, a constant muliiple of 4

N=lq

and equation {64) becomes



Performing substitutions and collecting terms, we
obtain

(65)

(variance of random effect)= (variance of total
error) — (variance of random error)

This equation states that the unbiased estimate of
the grid accuracy equals the total error variance
minus the variance of the random error.

A comparisen of 6’3 with the a priori variance of
the calibrated grid used in the calibration should
show stalistical agreement between them. Any
significant difference between them indicates either
an incorrect a priori variance or the presence of
trouble in the comparator calibration.

Computer Program Routines

Counts, summations, and averages of residuals
are required by eq (65). The counts and summations
are accumulated in the B array. Subroutine
AVGRES computes the average residuals and the
grid accuracy statistics. The results are printed
by Subroutine VSPRINT. Figure 29 is a sample
printed output page. These computations are
performed and printed twice: first with the residuals
from the linear adjustment, and then with the
residuals from the nonlinear adjustment.

A set of average residuals also is computed in
the comparator system. To do this, the residuals in
the measurement system are renumbered according
to comparator coordinate location by Subroutine
COMPYS. The averaging is done in Subroutine
AVGRES. These average residuals show comparator
zonal random errors that may indicate areas of wear
or mechanical deficiency.

G. Statistical Summary

To evaluate the calibration under a rigorous
state of statistical control, a Model 11 Analysis of
Variance is performed. This evaluation assigns
statistics to each of the primary error source con-
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tributors. An expression that contains all of the
error sources determined in this report is
gi=c}+oltostoital, (66)

where

o? = variance of all errors
pooled RMS from initial free fit case
adjustments,

o} = variance of systematic linear errors,
o2, = variance of systematic nonlinear errors,
o; = a priori variance of the given master grid
coordinates,
o-% = variance of mean pointing errors
= (0' }p of eq (30), and
ot = van&nce of random (noijse) errors.

The variance of the systematic linear errors is
obtained from

02_02

2 =
(T! 0y

(67)

where

the variance of a single observation of
unit weight after generalized weighted
mean linear adjustment,

= (m}, of eq (57)).

y R
0'01—

Similarly, the variance of the systematic non-
linear errors is given by

CLT O, T O (68)
where
0'§"[= the variance of a single observation of
unit weight after combined polynomial
adjustment,
={(m? of eq (62))

LY

The variance of the random errors of the com-
parator system js determined from a rearrangement
of eq (66). This statistic {o,) is the single quantity
indicator of the accuracy limit of the comparator.

Each calibration provides an unbiased estimate
of the grid accuracy &2 (eq 65). This statistic should
be compared with the a prion variance of the gnd
to ensure the validity of the initial independent
calibration of the grid.

Figure 30 is a compuler printout of the statistical
and numerical summary of a complete comparator
calibration.
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AVERAGE RESIDUALS AFTER APPLICATION OF ALL FINAL CALIBRATION CORRECTIONS

GRIO CALIBRATION CORRECTIONS

RESIDUALS AFTZR ADJUSTMENT - IN MEASUREMENT SYSTEM RESIDUALS AFTER ADJUSTMENT - IN HASTER GRID SYSTEM
NG . X ADJ Y A0J VX VY NO. VX vy
[} 10148, 69 51432.09 -.5?3 -.090 1 «112 1.020
02 186845, 34 10“660-17 +869 1‘057 2 =+ 450 «36%
03 27547 48 149905.67 - 286 ~s26h 3 ~+545 )
0 & 36247. 09 199143.83 «501 o174 L] ~.291 -.u9?7
065 4494b. 36 248381.47 =374 ~a153 5 “1.064 =-.390
[/ - 53385. 86 42731.18 ~e543 375 6 « 750 “. 207
07 65083. 68 91969.76 «307 -e516 7 - 242 « 606
L a8 76783.21 141207.25 -.097 - 032 [} 76 -+132
L9 85482.72 1904 42.65 =+130 olbh 9 -+235 —els2h
010 Ful8l. 14 239679.81 + 246 « 334 14 ~oT1V «105
411 108624.00 34032.60 76 « 284 11 -+580 «592
012 117323. 00 83268.82 =203 -.537 12 EEY'LY4 «392
013 126CG23. 36 132585.19 «126 «313 13 ~a176 -a2ib
014 134722+ 46 181744.26 -+354 -016 14 -ekl1 ~e259
015 143421.92 230978.453 -«010 «194 15 «UbU =359
016 157859.52 25331.29 -2309 -+699 16 485 . 649
017 1665568. 60 74565.05 b3 +315 17 4L ~e438
018 175259. 73 123804.86 -e221 -.322 ié 70 =+ 386
019 183957.99 173041.10 076 +299 19 <38z =1.129
2o 192656. 30 22227743 045 2342 F4] + 146 + 048
021 207095.66 16630.19 «323 « 184 21 «£96 + 655
0ze 215795, 83 65867.26 ~.088 242 22 7069 =303
0Z3 22kb96. 95 115105.63 =,115 -.052 23 . 398 o 347
024 233194.83 164340.42 -.388 «200 2h «173 057
0zs 241894.69 213577.26 279 -a2h0 2% b -+968
SUM V¥V = 3.1415 2.4751 SUM ¥V = 5.2722 bebu87
NG. OF POINTS = 25 SIGMA = » 3618 «3211 SIGHA = 4687 .5184
STANDARD DEVIATIDN = «3386 STANDARD DEVIATION = « 4891

RANDOM ERRORS
SIGHA = 4252 4392

UNBIASED GRID STANOCARD ERROR +2288

H

MOTE ~ GRID CALIBRATION CORRECTIONS ARE VALID OWLY IF ALL
AVERAGE RESIDUALS ARE GCOMPUTED FROM A MULTIPLE DF
FOUR EXACTLY 90 DEGREE ROTATION CASES.

Fi1GURE 29. — Results of the partial grid calibration.
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COMPARATON NUMBER 3 Cat TRRATION
OPERATOR NUMBER |
NATE OF MEASURFMFNT 72/17/72
GRIOD AND CASE NUMAFER 1320
CALJARATION SUMMARY

ANALYSIS OF VARTANCE

X ¥
P+355 2.620 2.491

l1.4aR] «978  1.255
+ 334 + 935 «9135

« 379 « 297 «3189

24y

228

2.151

«B17

«A4]

8

SCAL

SCALFR Y
NON-ORTHOG. ANGLE ALPHA

SCALFR RATIO S

SCAL
SCaL
S

= ROOT MEAN SQUARF ERPOR OF A SINGLE ORSERVATION OF UNIT WEIGHT REFORE CALIRRATION

= STANDARD
= STANDARD
= STanDARD
= 4 PRIORT
= COMpUTED
= STANDARD
= STANDARD

= S5TANDARD

ADJUSTED

AQAME
9.9
9.9

o
1.0

ER X

[T (I e +J

/sy

SCAaLEN
FR X
FR Y
L/SY

ERRPOR NF & STMGLE OBSERVATION OF UNIT WFIGHT AFTER LINFAR ADJUSTMENT

ERROR NF A STNGLE OBSERVATION OF UNIT WFIGHT AFTEX LINEAK AND NON-LINEAR AQOJUSTMENTS

FRROW NF MEAN PDINTING MEASURFMENTS
STANDADD FRAROR OF MASTER GRIO 1320

UNATASFN STANDARD FRAQR OF MASTER GRIN 11320
FRANR NF SYSTFMATIC LINEAR ERRORS

ERKOR NF SYSTEHMATIC NON-LINEAR ERRORS

ERROR NF HWaNNOM (JRREGULAR) COMPARATOR FRRORS

COMPARATOR CALIARATION PARANETERS FROM THE STMULTANEOUS SOLUTION OF

LINEAR PARAMETFRS

& C, SFS

YARIANCE~-COVAK]ANCE MATRIX

TER waLlF SIGMa SCALER A
999L22E-01 1.77563146F -0k 3.152R6T07E-12
Q9TTI65F-01 1.776538250E~06

n 10.210 6 0 «S1RD
DO0LY6E«0D

S In MIrRONS/MFTER
~&44,TADY 127756
27,3478 1.77%6
17.5674

NON=L INEAR PARAMFTERS

NOM=L INE AR CORRECTION COFFFICIFNTS FOR X

A
1.165617366=-072~3.912

R
10146F=03=4

c 3 F

G

SCALER ¥ ELPHA
2+66515238E-20 4,13617RIAE=-16
3.152t9323E~12 4, 13610068F-16

6.,30568105E-12

H J

n
736512 16F=0Y 2,4903384TE-03 7,.76695371F=04=5.0/147551F=-04=7,25123955F =05 13,3459]99A¢-05 1,2433RA04F-06

NON=L INE &R CORRECTIONW COEFFICIFNTS FOR Y

A

[ D [ F

A G H J
-5 ,500994] [F=03=5.97474242E-03 2.27254A2AFE=03 3,34345790F-03=1,ATTS1317F~04=6.27374361E~04=R.29255365F =06 4. 4TT7I4009F-05-3,]14622986E=07

FiCURE 30. — Quiput summary of a complete comparator calibration.




PHROGRAM CALIHUINPUTsCUTPUT«TAPELQ» TAPESLI=0UTRPUT «PUNCH)
DIMENSION A(9s]1l)e B(25¢52)s Clae2)s ICASE(20)s FEll)»
OPYXSQL25)s OPVYSQR(25) s CVASU(29)s PUINI (300}
XMEAS(300}e YMEAS{300}y SVXSQ(25)s SVYSWI(251s SVXVY(25),
PTING{25)s WUY(25}s OPVAVY(2S)e UPTING{25)s CVYYSWI25)s CYAVYI(2Y)
«CPTING{25)s AUUM{2S)s BOUM{2S) s COUM(Z2S)s QPT(25)
S?TH(S0) »wM1320(50)s W773(50)s VXI25)s ¥YI(25)
*VAM{29) s VYMI29) e XKILIN(LILs20)s VAN(Z2S)s VYYNIZ2S),
SVCKI(6)s SYCATX{3I)e YOCXI(69200s ABU(3)s AK(25)s AY(25}),
ALA(9)s ALY{(9)e TALLY{Ss6)s TALLYST{(3)s CAL(10)+ KRO{(Z20]}
INTEGER CPTINGL +CASECT + DA «GRIODND +GROUPD +0LD W OPCT *
1 UPNCIT  +OPHRATR LUPTING #PUINT  oPTING o ICASCT o TNCT .
2 TOTOPSs YHe TALLYs CALes UPUOWN
COMMON [CASEs POINTe XMEASs YMEASs A00Ms BDUMs CDUM,
1 + THANSs B
CUMMON /PL4O60/ 2{200)
COMMON /AFFINE/ ¥Xo VY9 YXMe VYMy THETAes VIHe SUMVYXs SUMYYs SUMYXM
1 s SUMYYM, SUMYXZ2e SUMVYZ2s SUMYXMZs SUMYYMZe RTs N
DATA (OPTYES = 3HYES)s (OPTNO = 3H NO}s (STKRT = LHK}

OPRATR(20)
QX (25}

O E BN

TALLYST

DATA w773/ -.1000016

1-+,1000010
2'.0500001
J+,0000017
4+ ,0699995
5=.1000015
6=.,0500006
T+,0000001
B+,1000006

v=,0500009
++.,0000009
v+,0500007
++,1000009
+~,1000019
+=.0493985
++,050001%
++,.0999999

+=.0500020
v4+,0000001
2¢,0500004
++,1000020

’
s=.1000000
v¢.0000007
++,0500005
3¢ . 04999989

+=,0000007
14,0499997
++.1000016
v=,1000032

+=.0499980
+=.0000006
»+.,0499994
+*.0999990

+¢,0499991
v¢,1000008
+=,1000007
+=,0500021
~s099939]
1=, 0499992
+=.0000019
14 ,0499993
»*.1000019/

+*,0999999
+=-21000003
1=, 0499998
v+.0000001
v=,+1000003
1=,0500003
e=,00000c1
1+,0500018

L}
*
*
*
*
L]
*
*

DATA wM]320/=-.1000005i7T+-.050000440%,00000083+s¢.050001114++.10000136
1+=.09999967+v=.05000010+¢.000001209+.,0500008199.09999985+=,09999910
24=.06999944 49 .00000268++.05000110++.09999994+~,10000097+=-.05000146
344,00000073++,06999909++,09999792+~,10000113+-,05000107+2+.00000048
490,0609998524+.09999786+ -+ 09999836 +=,10000012
S+=409999974+=,10000086+=,10000146+=,04999924+=,05000024+-.05000012
69=205000130v-.05000257++,0000026B++.,000001184++,00000201+2.00000115
Tee,0000002192.0500008i9+,064999975+¢,05000030++.04999929+¢,34999913
Be*.0999996B4¢.099999294¢,10000029¢+.099993484¢,09999931/

DATA S778/-,09999961s =-.06999883+¢.,00000035++,05000)4G44++,10000131»
1-e10000047+=,05000038+=.00000094+¢.04999975+¢,09999893¢=,10000041,
2-¢05000016,=,00000102++.069999A0¢+,09999893+s-.10000010+=,06999981+
3= 000000709 ,050000379¢.099999304~,09999958+-,04999904+=,00000006+
4+ .05000077»2.,10000017, =el0000003e~,10000062
5=e100001339~o100001174=01000011074=,04999930s=.049999R04+=,0469999%,
6=,049999749=,04999957++,00000U23+~,00000053+~,00000064+=,00000L410»
7=400000056++.05000117+2.050000384+¢.0500002%++.04999990++,05000108»
8¢.10000044++,09999976++.10000021+4,10000020++,10000197/

BR{AsMsDX+DY) = A(GeM) o DXT(A(TIM) o DX®{A{SyH) o UXS{A{IWM)
1 ¢ DXBA()leM)})) o DYR(A(BeM) ¢ DYRL{A{6M)
2 ¢ UYP{A(LeM) o DYRA{Z2sM))))

CALL MODESLILZ.0)

C mefsedd¥d CHANGE VALUE OF =UPNUWN~ HERE ®esnsasancw

OO0

C
C

YPLDWN = 21

61 PRINT 115
PRINT 115
PRINT 100
100 FURMAT (2Xe 2 COMPARATOR CALIBRATIUN = FINAL VERSION = SEP 197) #,
1 7Y
HEAD ONE UPTIUN HEADER CARD
CALL CLEARY (OPHATHs204]1+20}
READ 110s LEFTs GROUPDs MICy DLDy NLe NOCOMPy RTy OPHATRs DATES
1 MASTER
110 FORMAT (S1ls 12+ Als 1IXe 20139 2Xs ABs 11)
IF (NOCOMP LEG, 0) GO Tu 239
MASTER = MASTER ¢ |}
GO TU (SeT+R:+F) yMASTER
BRL GRID 773 = AUGUST 1+« 1966 VALUES
S 00 51 1 = 125
r B(Is1) = w773(1)

54

CaLls
CALId
CaLlso
CaLld
CaLis
CaLid
CaLisd
CaLld
CaL Id
CaLld
CaLls
CaL s
CaLl®
CaLls
CALId®
CaLld
CaLld
CaLld
CaLld
CaLlp
CalLlo
CaLld
CALIH
CaLId
CALIB
CaLld
CaLIB
CaLld
CALId
CALIS
CaLlp
CALId
CaLldg
caLld
CALISB
CALId
CALI®
CaLlIB
CaLld
CaLlo
CaLld
CAaLld
CALI®
CaLls
CALId
CALId
CALI®
CALI®
CaLld
CALlY
CaLlo
CaLlg
CAaLld
CaLlo
CAL Ju
CALI®
CalLld
CaLld
CALId
CALIS
CaLld
CALId
CaLlId
CALId
CaLld
CALIB
CAaLIb
CALld
CaLld
CALlIs
CaL B
CalLld

o
— O LT~V W

12







OO0

OO0 O0

OO0

SO0

3 NUMBER 01> 02 03 04 VS 0&6 07 08 09 10 1)1 12 13 la 1 CaLlv 146

45 16 L7 1o 19 20974 1BRs 19HOPERATOR NUMBER 120144/ 7+56X+ 16HMEAS CALIY la47
SUREMENT DATEs4AsAB//) CALI[H 148
CALL DATEC(DCR) CALIG 149
PRINT 126+DCR CaLls 150
126 FORMAT(///7+S1As®DATE OF CUMPUTER KUN JS%,A10) CALIdY 151
PRINT 115 CaLlp 152
. CALId 153

PHEPAKRE TO READ DATA CALId® 154
CALIB 155

CALL CLEAR {Ce4e29lsupla2) CaLldg 196
CALL CLEAR {B+259529125%+3+52) CaLldg 157
CALL CLEARV (0OPVX5Q925¢1+25) CaLlB 158
CALL CLEARY (UPVYSQe29e142Y9) CaLlg 159
CALL CLEARY {OPVAVY12591+25) CcaLlg 160
CALL CLEARY {OPTING92591429) CALId 161
CALL CLEARY (CYASW«25+)1s25} CaLlp 162
CALL CLEARY (CV¥Y50e25+1¢25) CALTY 163
CALL CLEAHV {CVAVYs25s1ls2%9) CALIB | {11
CALL CLEARY I(CPTING#25+1+2%) CaLlIsg 165
CALL CLEARY {(POINT»300+1+300) CALIB 166
CALL CLEARV (XMEAS5+300+1+300) CaLly 17
CALL CLEARY (YMEAS»J00s1+300) CaLlId 168
OPTVXS = 0,0 CALId 169
OPTYYS = 0,0 CALJd 170
OPTYAY = 0.0 CaLld 171
OPFTVXMS = UPTVYMS = (0,0 CaLld 172
OPNCT = 0 CALId 173
TNCT = 0 CaLls i7a
Clvasad = 0.0 CaLId 175
CTvYSQ = 0.0 CALIp 176
CTVAYY = 0,0 CALIB 177
CI¥XMSU = CTVYMSW = 0.0 CaLld 178
TCASCT=1 CALid 179
TOTOPS = 0 CALIB 180
CASECT =0 CALIY 181
GPCT =20 CaLld 182
& OPCT = OPCT « | CaLId 183
IF{ OPRATR{OPCT) o EQs 0 ) GO TO 6 CALIS 184
KOL = 3 CALIGg 145
KUOLL = & CaLld 186
CNT = 0,0 CaLld 187
N =0 CaLId 188
PRINT 138 CALId 1609
PRINT 140+0PCY CALISB 190
IF { OLD +EQes 0) GO TU 4 CALId 191
READ 142s OLOHDR CALloe 192
J42 FORMAT (AB) CalL 1a 193
4 [F (5TKRT. EQ LRT) GO TO 27 CALlv 194
GO TO (11911lel2ellollolleolleollolle3TettseaSeubelTe50) sNOCOMY CALIS 195
CaLlg 19é

READ IN DATA CalLlo 197
CALId 198

FIRST DATA CARD OF FIRST CASE caLldg 199
CaLldg 200

HMAMNN COMPARATORS CaLld 201l
CaLld 202

11 TRANS = L,129 CaLld 203
READ 122+KASEsLEGrIPToXsY CALld 204
IF (LEG!1deiaell CaLld 205
CaLld 206

STKl1=-A CaLld 207
CALIY 208

37 TRANS = 1.0 CALJd 209
READ 122+KASEsLEGsIPT XY CaLlse 210
IF (LEGYllel4slld CaLls 211
CaLId 212

STKl=-g caLld 213
CaLls Z2la

4h TRANS = 1,0 CaLld 215
IF { MIC.Eu. 0 } GO TO 20 CaALlo 216
TRANS = 1% CALIlY 217

56



[aNaN el OoOn oo o0

(g Xa Xyl OO OO0

Oo0nn OO0 OoOo0n OO0

GO0

20
23]

27

146

45

46

15

50
55
14

141

16
19

2l

s

17

18

31

22

CALL MICRONIKASE+LEGsJPTeXsY)
GO TO 23

READ 122+ KASEs LEGs IPTs Xy Y
IF (LEG) 13s14s11]

SIK] COMPARATORS =~ RLGHT SIDE

THANS = 1,0

READ l4be KASEs LEGs IPTe 2y Y
FORMAT (2Xs IS5 [ls 12¢ 21Rs 2Fl0.8)
1IF {LEG) 13+1lasl3

PSK = LEFT SIDE

THANS = L3
READ 123¢ KASEsLEGrIPT+ICALPI s XsY
GO TO 1%

PSK = RIGHT SIDE

TRANS=,.]

HEAD 124slCALFT+KASESLEG+IPTe XY
KASE = KASE + JCALPT # (0

IF (LEG) 13414913

SPECLAL FURHATS AND/OR CUMPARATORS

HEAD 143» WKASEs LEGe IPT. Xs Ys THANS
IF (LEG) 13+14+13

N = N » ]

PRINT 14l syKASE+LEGsIPTaN,Y

FORMAT ( BXy 169 2Xefls 2Xe [2y 2he &PFL0.0»

POINT (N) = IPT
AMEAS (N) X
YMEAS (N} Y

READ IN SUBSEQUENT POINITINGS

GO TO (21921921 92)021921e21eCie2lellrlbelTa31e2118)sNOCOMP

MANNe STHK1 COMPARATQORS = LEFT SIDE
IF(MIC) 19221419
CALL MICRON (KASJLEG+IPT+RaY)
GO TO 22 '
IF(RT LEN. STKRT} GO TO 52
READ 122+ XASe LEGY IPTe Ko Y
G0 TO 22

STRK1 CUMPARATORS = RIGHT SIDE

READ labs KAne LEGs IPTs Xo Y
GU TO 22

PSK = LEFT SIDE

READ 123+KASILEGsIPToICALP XY
GU TO 2

SPECTAL FORMATS AND/UR COMPARATURS

READ l43s KASs LEGs IPTs Ay Y
GU TO 22

PSK « RIGHT SIDE
READ 124+ ICALPe KASs LEGe IPTs Xo Y
KAS = KAS « JCALP ®= 100
IF (KASE = KAS) H7s 559¢ A7

REDUCTION OF GRID TICK LEG MEASURLMENTS

57

CaLld
CaLlg
CaLld
CaLld
CaLld
CaLldg
CALio
CaLld
CaLld
CALIY
CaLls
CaLld
CALIg
CALId
CALIS
CALIg
CALId
CALId
CaLls
CaLlY
CALIB
CALId
CALID
CaLlg
CALId
CALIdg
CALIY
CALIH
CALId
caLls
CALId
CAL1Id
CALId
CALIY
CALIS
CALIY
CALISB
CaLld
CaLlid
CALIZ
CAL"S
CALIS8
CaLld
CaLlH
CAL B
CaLIs
CALIB
CALIY
CaL'g
CALIH
caLls
CaLld
CaLlp
CALIg
CALIY
CALID
CaLld
CALIH
CaLig
CAL IS
CAL1In
CALIS
CalLld
CALIQZ
CaLlg
CALId
CAaLld
CAL Id
CALIS
CaLld
CaLlg
CALIs

218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
2 34
235
236
237
218
239
240
24l
2u2
243
244
2us
246
2at
248
249
250
251
252
253
254
255
256
257
258
259
260
eol
26¢2
263
264
265
266
267
268
269
270
271
272
213
274
2175
276
217
2178
279
280
281l
282
283
284
2485
286
247
238
289



laNalel

[sNaRel

GO0 [gXzNgl

OO0

[aEe Ny

65

68
92

69

[-1.]

&7
B89

57
10
73
74

72

76

125

77

80

a7

PHRINY J14+KASESLEGyIPToX,Y

CILEGsl) = C{LEGs1) + X

CI{LEG+2) 3 C{LEG+2) + ¥

CT = 1.0

GO TO (699 6916916996946 990F36916996596596606T265957) oNOCOMP

READ IN SUBSEQUENT POINTINGS OF GRID TICK LEGS

IF{RT.EQ.STKRT) GO TO 92
IF (MIC) 68+694.68

MANNs S5TK]1 COMPARATORS

CALL MICRUN (KAS+LGevIPeX2+Y2)
GO TO 70

READ laby KASs LG [Py X2e Y2
GU TQ 70

READ 122y KASLGrIPeX2eY2

60 10 TO

P5K = LEFT S]IUE

READ 1239 KASHLGoIP+ICALP 1 X2yY2
G0 TO 89

PSK = RIGHT SIOE

READ 1249 1CALPsKASILGe [PeR24Y2
KAS = KAS ¢ [CALP®*]100
GO TO 70

SPECIAL FOHMATS AND/OR CDMPARATURS

READ 14ls KASe LGe IPe X2+ Y2
[F (IPT = [P)T273»72

If (LEG = LG)IT2+7472
CILEGs)) = C{LEG»]1) ¢ X2
CILEGY2) 3 C(LEGs2) ¢ Y2

CT = CT ¢ 1.0

GO 10 75

MEAN HMULTIPLE MEASUREMENIS OF TICK LEG
CLLEGy}1) = CH{LEGs1I/CT

CILEG2) = CILEGs2)/CT
CNT = CNT ¢ 1.0

LEG = LG
A= A2
Y = y2

IF (CNT = &4,)76+779706
IF{IPT L,EQ, [P) GO TO 78
PRINT 125+ 1PTy CNT

FORMAT (11Xs13HPOINT KUMBER +]12¢26H 15 REJECTED BLCAUSE ONLY +11e
1164 LEGS WERE READ.+/)

GO TU 80

CALL LINLIN ¢ Collokde CULa2)s CU391)e Ci302)e Ci291)s Cl242)

i Claslde Clae2) )

N =z N + |

POINT (N)= JPT

XMEASIN) = C(lel)

YMEAS(N) = Cile2)

T = 1P

I1=0

PRINMT L14eKASEsIoPOINT(N) s XMEAS (N} » YREAS (N)
CALL CLEAK (Cous29lrbals?2)

CNT = §.0

60 TL 22

CALL CLOSOUT (N}

ALL MEASUREMENTS OF CASE HAVE BEEN STURED = NOw MULTIPLE
MEASUSEMENTS OF EACH POINT wlLL BE GROUPLD

58

CALIY
CaLlg
CAL B
CALIB
CALIH
CALId
CaLldg
CaLld
CALJY
CaLlIb
CALIb
CaLIB
CaLlId
CALIu
CaLlog
CaLldg
CALIB
CALIB
CaLlg
CaLld
CaLlIB
CALIB
CALIB
CaLIn
CALIB
CaLlId
CALIH
CALIp
caLle
CaLIB
CaLld
CALISB
CALILY
CALIB
CALIY
CALIB
CALIH
CALIB
CaLlIHd
CALIdH
CALISB
CALID
CALIE
CALIE
CaLlp
CALId
CALIB
CALIv
CcaLlg
CALIB
CALIH
CALIBD
CALIH
CALID
CALIb
CALIB
CALIH
CALlIs
CaLlId
CALIY
CALIp
CaLlp
CaLIg
CALI®
caLlsg
caLie
CALIb
CaLlo
CAL Id
CALIG
CALIY

290
291
292
293
294
295
296
297
298
2599
oo
301
302
303
304
305
306
307
Jos
309
3o
1
Jle
Jld
4
315
e
317
3le
319
Jaa
32l
Jee
323
324
325
32
327
328
3ze
330
331
332
333
334
335
KR
337
338
339
340
341
342
343
Is4
345
J4b
347

348
349

50
351
KLY
353
354
355
Is6
7
38
359
360



o000

OO0 0

[sNeNaNe!l

OO0

OO0 0

[f (GROUPD., NE. 0} GO TU B8
CALL GROUP (KN}

COMPUTE POINTING PRECISTUN AND PRUDUCE CRT PLOT OF EHKUR ELLIPSES
PRINT ALL PRECISION STATISTICS AND COMPUTE MEAN COUSRDINAFES

88 CALL STAT {(Ne NPTSs SQ00.9 SYASGy HVYSWs SVAVYs PIINGsIVASU TYYSU

1 TVXYYs Oy OPCT, UPRATR(OMCT}s NOCUMPs GRIUNUs DATES
Lo s 1o TYAMZ2y TYYMZ )

OPTVYXMS = UPTVAMS + TYXM2
QPTYYMS = OPTVYMS + TvyMp
OPTWAS = TYASW +0PTVAS
OPTYYS = TVYSQ ¢ OPTVYS
OPTVYAY = TVXwY « OPTVXY

PLACE MEAN POINT VALUES AND THEIR ASSOCIATLD STALVISTICS INTO
POINT NUMBER SURTED STORAGE ARRAYS

DU 84 [ = 1sNPTS

J = POINT (1)

WPT(JY = PUINT (D)

QR{J) = AMEAS{I)

QY{J) = YMEAS(I)

ADD TRANS BACK ON HERE =- IT WAS REMOVED IN STAT SUSRUUTINE
FUR PLOTTING PURPOSES.

BiJeKOL) = XMEAS{I) + 1RANS
BlJsKOL]1} = YMEAS(I) ¢ TRANS
OPVXSU(J) = SYASW(]) « OPVASQLL)
OPYYSU{J) SYYSU(I) ¢ OPVYSQ(WS)
OPYAYY () SYAVY (L) ¢ OUPYAVY (J)
OPTING(J) = PTINGUI} ¢ OPTINGLJ)
84 CUNTINOE
—0D0 3 1 = 125
KMEAS (I} = QX(I}
YMEAS{I} = ur(])
J POINTLEY = QPT (I}

CASECT = CASECT +« 1
OPNCT = UPNCT ¢ N
LOP=0PCT

64 OPCT = OPCT » |
IF (UPRATRIOPCT) LEUG, Q) GU TU 64
IF (OPRATRI{OPCT) LEQ, OPRATR(OPCT=1) } GO TU 24

PHINT AND PLUT OPERATOR PUINFTING PRECISION STATISTICS

125 = 25

CALL STAT (OPNCTs 1255 25000,+ OPVASUs UPYYSUe OPVAVYy UPTINGS
1 OPTVXASsUPTYYSeOPTYXY 2 13 0+0PRATRILOP) s NOCUMP s GRIDNOSDATE »
2 CASECTs 1o Ly 1s UPTVXMS, UPIVYMS )

STORE UPERATOR POINT STATISTICS INTO TOTAL COMPAWAIUR GRID
POIRNTING STORAGE ARRAYS

TOTGPS = TOTOPSe ]

TALLY(TOTUPS+])
TALLY{(TOTOFS,2)
TALLYA{(TOTOPS, )
TALLY{(TUTOPS+4)
TALLY{TOTUPS.S)
TALLY(TOTGPS»6)
DU 85 I = 125
CVASQLI)
CYyYsado)
CYAVYY L])

CPTING(I) =

85 CONTINUE

LU ||

CASECT
TALLYST{1)®],E9
TALLYST{2)®1,E+9
TALLYST{(3)=10,
OPNCT
OPRATR(LUP)

LIS T B DO 2 1}

CVXSQ(I)} » OPVXSLQUI)
CYVYSQ(I) & OPV¥YSQ(L}
CyXvY (I} « OPVAVY (i}

CPTINGIL(I) e« OPTINGII)

TNCT = TNCT « QPNCT

CTVXSQ = CTvasa
CTIVYSW = CTvySw

¢« OPTYXS
+ QPTVYS

59

CaLlw
Caild
CaLldo
CALId
CaLld
CaLld
CALld
CaLld
CAL Io
CALId
CaLls
CALI1SB
CaLIB
CALIg
CAaLId®
CALI®
CaLIs
CaLlb
CaLlg
CaLldg
CALlo
CALId
CaLlg
CaLlB
CaLlg
caLlB
caLld
CAL o
CaLlB
CALId
CaLls
CaLls8
CaLls
CaLlp
caLlo
CaLld
caLisg
CALId
CaLip
CaLld
CALIbp
CALISB
CaLls8
CALIDB
CAL IS8
CaLid
CALIp
caLld
CaLld
CaLls
CaLlg
CaLlo
CALIo
CaLld
Catlo
CaLls
CaLlp
CaALlIp
CALIB
caLld
CALIS
CALIB
CALIg
CaLlns
CaLlid
CALIp
CaLld
CaLln
CAL B
CaLle
CaLld
CaLls

RIS}
Jo2
363
J64
365
Job
3e?
368
369
370
371
712
73
374
37s
376
317
ars
379
330
RI-YY
382
383
384
3ss
RT-1-3
RI-Y)
kEY:)
89
390
vl
392
391
3194
395
396
47
iva
349
400
401
402
403
404
405
406
407
408
409
410
411
412
413
4l4
415
416
417
418
419
420
421
4a2
423
4oh
425
426
427
428
429
4390
431
432



[sEeNgl

[sEeNgl

GO0

OO0

[eXeXe]

24

CTVRVY = CTVAVY ¢ OPTVAY
CTvaMsg CTVXHMSY + OPTvaMS
CIVYM5Q CTWYMSW o OPTvYMS

INITIALIZE FOR WNEXT UPERATOR

CALL CLEARY (0OPVASQs25s1+29)
CALL CLEARY (UPYYSQs25+s142%)
CALL CLEARY (UPYAVY$259s]+25)
CALL CLEAKY (OQPTING+25+1+2%)
OPNCT = 0

QP TVXS -
QPTYVYS .
OPTYXY .
OPTVAMS = O
CASECT = 0
ICASEIKOL/2) = ®ASE

If (KAS.EQ.0) GO TO &6

hon o
(=30 — 2 -

0
0
0
P

TvYMs = 0.0

INITIALIZE FOR NEXT CASE

TCASCT = TCASCT ]

CALL CLEARY {SVASUsZ29slv25)
CALL CLEARY (5V¥SQs25+1+25)
CALL CLEARV {SVAYY 2511929}
CALL CLEARY {(PTINGs25+1+25)
N =0

NPTS = 0

ICASE(KOL/2) = KASE

KOL = KOL » 2

KOLY = KQOLY « 2

KASE = KAS

PRINT 138

PRINT 115

PRINT 1408+0PCT

GO TO %%

PRINT AND PLOT TOTAL CALIBRAIION POINTING PRECISION 5§/

86 CALL STAT (INCTs 125+5000.+CVASUs CVYS5Us CVAVYs CHTING.

41

1
2

CTyySQ,s CTVAVY. 24 0y 0Os NOCOMPs GRIDNOs DATI

TOTOPSs le 1o CIVAMSQy CIVYMSQ )
orCcT = @
NCASE = 0
TOSVAMZL = TSVYMZL = TS5VAMZN = TSVYMZN = 0,0
RMSX = RMSY = RM5DF = Q.0

COMPUTE LEAST SQUARES SULUTIONS FOR EACH CASE

DO «3 ICOL =3+K0L»2

[COLL = ICOL«l

QPCT = OPCT + 1

IF (OPRATR(OPCT) LEUW, 0) GO TO 1
NCASE = NCASE +« ]
IF (INCASELEW.UPDOWN} CALL FLIPM(B)

COMPUTE ORIENTATION OF GRID PLATE UN THE COMPARATOR

Als SURTIB (8. ICOLI=22 + B{8yiCOLL)®22)
ASS SURT(B {14+ ICOL)R22 ¢ B(l4sICULl)®22)
A215 = SURT(B{12+ICOLI=22 » y(12+1COLLY="22)}
AZ5S5 = SURT{g{lB8sICULI*®2 + gl)JB,ICOLL1IZ"2)
Al = AlSe aA2lS

AS = AS55+ aAlS

AZl = AZ15+ AZ5S

A25 = AZ255e« ASS

P = AMINL (AlsASeA2]1,425 )

IF (P WNE. Al) GO TO 4l

KrOT = KROTC = 1

LCASCOL = ICOL

GO TO 42

If {(P+NE. A5) GO0 T0 60

60

STiCy

(50
\5CTy

CALIdO
caLld
CaLld
caLluo
CALId
CaLls
CaLls
CaLlo
cAaLld
CaLldg
CALId
caLld
caLls
caLlId
CALl8
CALIb
CALIY
LaLlg
CALI®
caLlg
CALId
CaLId
CALIY
CaLl®
CALId
caLle
CaLId
CAaLIH
CAL g
CALId
CaLls
caLld
CaLId
CaLlId
CALIB
CALId
CALIH®
CAL [d
CaL v
CaLld
Lal ld
CALId
CaLId
CALlo
CaLIB
CaLId®
CAaLId
CALId
CALId
CALId
CaLld
CaLlp
CaLlg
CaLlp
CALIH
CALIH®
CaLlo
CaLld®
CAL B
CaLld
CALIdo
CaLld
CaLld
CALIH
caLls
CaLIB
caLld
CaLlo
CALId
caLlg
CaLld
CALId

433
434
435
“436
“37
438
439
bal
'TY]
iy 2
443
L44
L4S
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
4bdb
465
466
467
468
Lb9
470
471
412
473
474
475
476
4117
w78
479
450
441
4B2
483
484
485
486
&7
4388
489
490
491
492
433
LWo4
495
496
497
%98
439
S00
S0l
502
S03
504









TSYAMZN
TSVYMZN
SIGNLOZ

SIGNLO

C
——pD0 25
uo

ISVAM2ZN ¢ SUMYXM?
TSVYMZN ¢ SuMVYM?
{SUMVAZ + SuMvYZ) /
= SUKRTI(SIGNLOZ2)

Hnn

(2¢N = 18)

I = 1.9
25 J = 1]
AllyJ) = SIGNLOZ®A{]J)

| 25 CONTINUE

C
C PRINT
C
PRINT
PRINT
PRINT
PRINT
PHENT
PRINT
PRINT
PHINT
PHINT

SUMMARY PAGE FOR CASE SOLUTION UF NON-LINEAR COEFFICIENIS

163
l1le
117
105 ( A(Iel0)s I=lev )
106
117
109 { A(Lell)ls I=1ev )
107
117

—00 28 I = 1+%
PHINT 105+
| 28 CONT INUE
CALL YS5PRINT
PHRINT 108+ SIGNLY
PHINT 193
IF(NL)& 3995943
95 [CSNO=MOD(ICASE(NCASEYL100)
CALL PLOT (nNUCOMPsGRIDNOUATE » As TRANSs fCINO)

43 CONTINUE

ALL INDIVIDUAL CASE SOLUTIuN: HAve dEtN COMPLETED.

{ A{leJd)y J=lksl )

(AXs AYs Ns [CASE(NCASE)s Y.}

C00

IF {NCASE ,GL suPLONN) CALL FLIPM(B)
PHRINT 115

COMPUTATIUN OF AVERAGE RESIUVALS FHOM ALL CASES AFTEH
INDIVIDUAL ADJUSTMENTS,

sNesNskse!

PHINT 109y NCAMSE

109 FURMAT({///7/+35Xs ®AVERAGE RESIDUALS AFTEN [ROIVIOUAL LINEAR ADJUS®

1 + *TMENTS OF ALLYy» [3y 9 CALES®s // )
PRINT 14

CALL AVGRLS (43» By CAL{A)s NCASEs TSVIMZL
PHRINT )35

PHINT 115

PRINT 128enCASE

FSVYM2Ly LCASCOL)

128 FORMAT(////» 27Xy ®AVERAGEL RESIDUALS AFTER INDIVIUUAL LINEAR ANU *#

1 v ®NON-LINEAR AQJUSTHENTS OF ALL®s I3y #* CALES®, // )
PRINT )34
CALL AVGRES {47+ By CAL(9)s NCASEs TSYXMZNe TSVYMZNs LCASCOL)
PRINT 135

COMPUTATIUN OF GENERALIZEL wk IGHTED MEAN L INEAR CUMPARATOR
CALIBHATION CORRECTION PARAMETERS.

OO0 0

CALL CLEARVY (SVCRI 162l b))
CALL CLEARY (SVCXIX ¢3s143)
OF5UM = NSUM = DELX = 0.0
: DO 29 1 = is+NCASE
C
C INVERT VARTANCE=-COVARIANCE MATRIX ANO PLACE [N VCXI AHRAY

Fl
Fe

KILIN{S+NCASE) *XILIN(6+NCASE)}

={XILIN{BINCASC)) e

FILINC2L oNCASEY XL IN{T o NCASE)

={XILIN(TINCASE}) =&

={XILINCLIT o NCASE) Y oe2

DET = XILIN(DeNCASE) / ({F 1¢F2)®XILIN{4+NCASE) +
CoU*FI®NILIN(SSNCASE) ¢ AILINISsNCASE)I®EG + FS®EXILIN{S,
NCASED)

-
[™]
L TR B U 1]

e

63

caLid
CaLljo
CALlo
CaLln
CaLlib
CaLld
CaLid
CAaLId
CALIw
CaLld
CaLld
CaALId
CAaLlw
CaLls
CaLlo
CaLlb
CALIb
CalLld
CALId
CaLln
CcaLld
CaLlp
CaLlud
CALIH
CaLId
CALId
CALIw
CaLlo
CALIu
CALId
CaLlp
caLlIs
CaLlIg
CaLld
CaLfdg
CALlu
CaLlo
CALIu
CALls
CALES
CALlIH
CaLlo
CALlw
CaLId
CaLlIn
CaLlId
CALTd
CaLlo
caLld
CALI1H
CaLld
CaLls
CaLino
CALId
CaLld
CAL 14
CALlY
CALIdY
CaLld
CALlH
CALId
CaL Iy
CALId
CaLld
CAL]dY
CALIS
CaLld
caLld
CALId
CALIY
CaLld
CALIY

649
650
691
652
653
694
695
[3-1.]
657
698
659
660
661
662
663
Go4
66%
666
14
668
669
670
671
el
673
614
675
676
677
678
619
680
6ul
b82
6b3
-1
585
bpb
6507
608
6d9
690
691
692
693
696
695
696
697
698
699
700
701
702
703
To4
705
706
707
708
709
710
711
712
713
Tla
715
Tie
7i7
718
719
120



OO0

NnNoOc

OO0

VCXI(lel) = DETO(F1leF2}
VCRI(291) = (RILIN(4sNCASE)®XILIN{GeNCASE) ¢ F4ISDET
VCXTI{3e1) = (RILIN(4sNCASE}ITXILIN(SINCASE) +» FS)I®DET
VCXI(4ed) = (=XILIN(11+NCASEISXILIN{6sNCASE) + XILIN(TsNCASE)®
1 KILIN{B+NCASE) ) RDED
VCXTI{SesI) = (XILINCLI1oNCASE}®XILINIBsNCASE) = XILIN(SNCASE)®
1 XILIN({T+NCASE))®RDEI
VEXI{6el) = (=XILIN{GeNCASEYZXILIN(B+NCASE) + F3)®*DET
SUM INVERTED VAR-CUOV MATRICES INTO SVCX] VECTUK
DO 30 J = lsb
SYCAL(J) = SVOXT(J) « VCXI(Js]1D
30 CONTINUE
SUM VAR=COV{i} TIMES X(I) IN SYCXIX VECTOR
SYCXIR(L) = SYCRIX(L) » VCXT{(1eID®XILINCLI L) » VCXI{(Go]1}®
1 KILINTZe1) »VCXL(Ss 1) =XILIN(3. 1)
SVCATIX{Z2) = SVCAIX(Z] ¢ VOCXT(Ge ) RAILINCGE0]) ¢
1 VCXT (2o [YeXILIN(2e1) & VOXIG6EI*XILIN(ISTIY
SYCRIXE3) = SVOXIAIE) + VOXT(Ss1d®*XILIN(LsI) <
1 VCXT (6 fIRXILIN(Zoi)e VCXT(39 1} eXILIN(31)
OFSUM = OFSUM ¢ (2,8 XILINIIQe)) = 6)*XILIN{Fe])
NSUM = NSUM ¢ XILIN(1U+I)
29 CONTINUE
INVERT SUM UF VAR=COV MATHICES TO OBTAIN Wi CUEFFICIENT MATRIX
Fl = SVCXI{2)°SVCXI(3)
Fe = SvCXI(51®5VCXL(6}
F3 = SVCXI{s)map
Fe = SYCXIl6)yae?
FS = S5VCXI(a)me?
DET = 1.0 7 (SVCAT(L}®(F1l=F4) ¢ 2.09SVCARILL)PFZ - SVCXI(2)%F3 =
1 SVCXI () aFS )
QX)) = DET®(F] = SVYCXI(G)®SVOCRILG))
QA(2) = DET#(SYCXI(1)®SYCALI(I) - F3)
QX(3) = DET#(SVCXI(1)®#SVCXEi(2) = F%S)
GX{4) ==DET®{SVCXI({4)}®SvCALI(3) ~ F2)
QX{S) = DLV (SVCal{a)®syCXI(6) = SVCXI(2)®5vCRI(S5))
QXY ==DET*{SVCAI(1)*SVCA[(6) = SVCXI(a)®SV{Xl(5})
COMPUTE wEIGHTED MEAN LINEAR PARAMETERSs SIG0 AND vARK=COV MATRIX
SA = UX(1)eSYCAIRI]) « Wx{a}eSYCXRIAL2) ¢ UX(S)IRSVCORIX(Z)
SY = WUX({4)esVOXIALL) + WX{A)PoVCAIX(Z2) ¢ UXK(6125YCXIXLD)
ALPHA = QX(S)®SVCAIX(1} ¢ QX{6)TSYCALIXL2) * WA(IIPSVCKIX(D)
xB(l) = sSX
Xg{2) = SY
X8 {3} = ALFHA
DU 35 I = 1eNCASE
DO 36 J = 1e3
¥AX(J) = XILINGJs1) = X&)
36 CONT INUE

0
1
1
1

OF TuT
51G0e
——O0uU 38
[F]
38 CONTI

PRIN

PRINT
PRINT
PRINT
5160

ELX = DELX «

(VELL) S (VXTI BVORT (Lol o VRI2YOVORT (G [)oVRIDIEVCXL (341}
¢ VR(Z2)W(WXPIRYCAL (Lo ) eVR{2)EVIXT (2911 eV () EVOXRT(64]))
¢ VX(3) P (VXL #VORI{Ss ] eV (2 oVCAItEe b svR3I8VCXTI(3e1)))

35S CUNTINUE

= Ze¥NLUM = J,# (NCALE + 1)
= (OF5uUM + DELX) /7 DFiOI
1 = is6
A{IY = WXL]}&SIGO2
NUE
T WEIGHTED MEANs VAR=COV AND SIGO
115
129+ NCASE
1564

= SQRTI51G02}

64

CaLlg
CaLlid
CAL IY
CAL Id
CaLls
CaLld
CAL Id
CAL IB
CALIY
CALIB
CAL IB
CaL I8
CAL 1Y
CaLld
CALIB
CAL Ib
CaLldg
CAL Id
CaLld
CaLld
CALId
CALlIg
CALId
CALIB
CAL Id
CAL Id
CALId
CALId
CAL Id
CaLlo
CaLlso
CALIY
CAL Id
CALI®
CAL Iu
CAL Y
CAL IY
CALIB
CalLls
CALIdY
CaLld
CaLld
CALId
CALIB
CALIG
CaLid
caLldg
CaLlid
CaLlo
CaLlIb
CaLld
CaLls
CaLld
CAL id
CAL 1o
CaLidg
CALIb
CaLlg
CaLld
CaLlg
CALIY
CaLld
CAL Id
CaLld
CAL Id
CaLlg
CAL Id
CaL I
CaLId
CaL Id
CALIY
CALId

721
T2
123
124
125
T26
727
723
129
T30
731
732
733
T34
135
716
137
738
7139
740
T4l
Y-
743
Tah
T45
T46
Ta?
748
T49
750
751
152
753
754
55
156
57
758
159
760
761
762
761
164
165
766
167
768
769
Fro
171
112
773
[ )
775
176
7Y
778
779
180
7ol
182
T4l
T84
745
786
147
748
789
790
791
792



OO0 0

[ Xnks

o000

119 FOHMAT

1000

————00 48 1COL =

1

SIGSA SURT(WALL))
S1GSY SURTLUXIZ2})
S16GAL SURT{UX(3})
CALL RALDG
PRENT 130 Sks SI0SAS
v TOEGs MIN,
CAL (3) = SEC™" YU,
CALL RADDG {5_ AL
PRINT 111y JUEGs MINs 5tCe
SKSY = SA/5Y
PRINT 131+ S5KbY
SKMM = 55X = ],0
SYMM = SY = 1«0
CAL {1) = SXMMu} F+8
CAL (2) = bHYMM2] E+§
SKSYHMM = SXSY = 1,0
PRINT 112+ SaMMs SIGSXs
PHINT 108s S]00

wonon

QAL
seC

IDEG

RECUMPUTE RESIDUALS OF EACH CASE
THE wEtiGHTED MEAN PARAMEFERS.

MINs

SYMM,

(ALPHAy IDEGeMINsSEC)

o Wx{ale QALSI

SEC)
QA

SIO5Ys SKLHYMM

S

SIOSYs Ux{(2)s WA(D)

FO Tesl ThE EFFECIIVERESS UF
THE3E ARE THE ADJUSTED

RESIDUALS AS A RESULT UF A GHAND SIMULTANEUUS SOLUTION

OF ALL OBSERVAT[ONS.

CALL CLEAR (B+425952+1+29+43+50)

CALL CLEAHW
SYSINAL
SYCOSAL
MCASE =
TSYRM21 tsvrMzL =
SUMLLX = SUMLLY = 0.0
JeKUL 2

ICOLY = [COL « 1

PRINT 115

SY2LIN(ALPHA)
SYRCUS {ALPHA)

o wn

APPLY FINAL LINEAR PARAMETEKS TO RAW DATA ARD FI1

MCASE = MCASE » )

TSVAMZN

(As9elloln9slell)

= TSYYHZN = 0.0

If (MCASE.EQ.UPQOUWN} CALL FLIPMI(G}

D0 33 I = §+25
IF(dg(IsICOL)
Bil.ICOL}) =
8il¢ICOLY) =

53 CONTINUE

CALL FIDFITZ (H11lsICOL)
TSVAM2ZL »

PRINT RESIDUALS AND SIGMA

PHRINT 119
( 324,

.Eu. 0.
SX* ([ ICOL)
SYCDSAL®d (Fe1COLL)

«AND,

+ B(12ICOLL)»
TSvrM2L}

s *TIONS TO ORIGINAL UATA®s 2i/) )

PRINT 101l

PRINT 16&]

N = RILIn(10+MCASE)

UK = o5%(3, ¢ J./NCASE)

CALL VYSPRINT

SIG0 = SuKT{
PRINT 108e51GY

ICASE (MCASE)

(BC1ls [COL}
{SUMVAZeSUMYTZ2 )/ (2% (N=UK))

BC1+ICOLLY» No»

B(Ils1COL))
* SYSINAL®S(1.ICUL])

+EQ. 0.) GO TO S3

Bllel)s B{le2)

SRESTOUALS AFTEW APPLICAFION OF FINAL LINEAR COHKEC®

ICASE (MCASE }
}

UK)

FORM NORMAL EQUATIONS FOR GRAND SIMULTANEOUS SOLUTION OF
NON=L [NEAR CUEFFILICIENIS,

D0 34 I =
IF

1925

(ﬂ(l’lcoLJ «EQ.

BillvaS) =
Bil+46) =
6D TO 1001
B{l+45) =
dilstsb}) =

B{I+bS
B{ledbE}

Bllra5)
dilss6)

0-
Ie Be VAX{I)
w0 TU 100U

e VYM(])
« VXM{T)

¢ WXM{L}
¢ VYM(])

65

«ANDW B{I+ICOLLD
CALL COMPVS(KRO(MCASE ) »
IF (MCASE .LT, UPDOWN)

GO T Jo
JY

(|}
41

eElds
YY{(I)s

TO MASTEM GRID.

CaLld
CaLld
CALI®
CALlIb
CALlS
CALlb
CALIp
CaALId
CaLlp
CaLlg
CALIY
CaLle
CaLly
CALl®B
CaLlv
caLlo
CaLIo
CaLfuv
CALId
CaLls
CAaLlIv
CALIdY
CaLId
CALIGB
CaLlo
CAaLId
CALIB
CcaLig
CALIQ
CALId
CALIdY
CaLlp
CALIH
CaLlo
CaLlp
CaLlg
CaLlId
CALIo
CaLlsg
CALIb
CALIY
CaLlB
CALIb
CaLlId
CALId
CaLls
CaLId
CALlIv
CALIv
CALId
CALIv
CALIb
CaLlp
CaLlo
CaLld
CALIB
CaLlo
CaLid
CaLls
caLld
CALI®
CaLld
CaLld
CaLlv
CaLlb
CaLls
CaLlp
CALIB
CAL v
CALIv
CaLld
CALIdY

793
794
795
796
797
798
799
avo
8ul
802
auv3
Boo
BOS
806
BO7
Bua
809
810
Bil
812
813
Blo
B1S
8le
817
818
819
820
821
822
823
824

EH
832
833
836
835
836
837
834
83y
840
841}
du2
843
844
84S
846
847
848
849
as50
851
as2
853
854
8ss
856
us7
858
859
860
861
dog2
863
avb



1001 FI10) = vX{1)
Fil1) = vY(I)
Fig)y = BElsICOLL)
FL7) = B(I+1COL}
Fie) = F{B)*F (8)
FiS) = FLT)*F(T)
Fia) = F(6)=F{8)
FE3) = FIS)I*F (T}
Fi2) = FI6)EF (b))

F{1) = F(S)*F(S)
SUMLLE = SUMLLX « vX(I)®VXLI)
SUMLLY = SUMLLY » vY(I}®VY (I}
—D30 90 K = 149
——0U0 9¢ L = Ksll
AfKyL) =  A(KaL) ¢ FIK)®F (L)

90 CUNTINUE
34 CUNTINUE
48 CUNTINUE
IF (HCASE .GE . UFPDOWN} CALL FLIPHIB)

COMPUTE GRAND ADJUSTHMEMNT UF NON=LINEAR COEFFICIENTSs SIGOs
AND THETIR VARIANCE-COVARIANCE MATRIX,

OO0

PRINT 115
PRINT 129+ NCASE
PRINT 113
PRINT 116
PRINT 117
CELVVX = DELVYYY = 040
——0D0 40 ] = ]1+3
ALR(L)Y = A{Is1l0)
ALY{I) = AlJe«1D)
40 CONTINUE
CALL INVSYM {As G» lle 99 1le DETAs SING)
—00 S6 1 = 149
DELYVE = DELWVX = A(l+10)2ALX(]}
DELYYY = DELVVY = A{Is11)®ALY (I}
S6 CONTINUE
SIGOXZ = { (UELYVK « SUMLLX)} 7/ {NSUH =9,) )
SIGOYZ2 = ( (DELYVY + SUMLLY) 7/ (NSUM =9%,) )
S1G0X2 « SIGOYZY/2.

S1602% A(ls+J)

62 CONT INUE
o PRINT NON=LINEAR GRAND SULUTIONs SEGMAs AND VAR-COV HATRIX

PRINT 10Ss { A{IeI0)e 1 = 1le9 )
PRINT 10&
PRINT 117
PRINT 105+ { A(lsll)s
PRINT 107
PRINT 117
—DU 47 1 = Y9
PRINT 10Se ( Alled)s I = 1ol )
47 CONTINUE
SIGOXK = SQRT(S160X2)
SIGOY = SURT{SIGOYZ2}
SIGD = SQRTISIGO2)
CAL(4) = (SURT{(2.%SUMLLX)/CFIQT)}®] L9
CALIS) = (SURTUL(2.,%SUMLLY)/DFI0T)}#] E*9
CAL(O) = SICOR®] L@
CAL(7} = S1GOY®] Ee9
PRINT 108y SIGO

it

1+9 )

C PLOT NON=LINEAR CORRECTIUNS FROM GRANU SOLUTIUN

PRINT 153

MCASE = 0

CALL PLOT (NOCUMP sGRIDNOWDATE»As TRANSsMCASE)
—D0 91 ICUL = 3IsRKULs2

66

CaLlg
CaLlg
CaLld
CALIb
caLld
CALI®
CaLlip
CALIB
caLlp
CaLI®
CALIP
CaLIs
caLlg
CaLld
CaLls
CcaLlg
CaLle
CaLld
CALld
CALJd
CALIG®
CALIg
caLlg
CaLlIp
CaLlId
CaLlp
CALld
CALIGg
CALIY
CALID
CaLlp
CAL1D
CaLld
CaLldg
CALIG
CALIG®
CcaLle
CALIH
CALIpD
CALIGs
CALIG
CALIG
CaLlog
CALlG
CaLls
CALIY
CaLlg
CALIs
CaLleg
CaLle
CaLlo
CaLle
CaLls
CaLls
CALlG
CaLlg
CALlo
CALIS
CalLls
CaLls
CaLld
CaLlcg
CaLldg
CALIB
CALId
CALlY
CaLls
CaLlis
CaLls
CaLlg
CALIGE
CaLle

865
866
867
868
869
870
871

872
873
874
875

a76
arr

878
879
880

881

-1-¥4

883

684

aus

886

887

888

889

890

891

892

893
894

895

896
897
898
899
900
901

S0
903
904
905
906
907
yoa
909
910
911

912
9i3
914
91s
Ylé
917
918
919
920
921
922
9221
924
925
926
927
928
929
930
931
v3e
233
934
935
936



ICOoLl = ICQL » |

PRINT 115
C
C APPLY FINAL NON-LINEAR PARAMETEARS TO LINEARLY CORKRECFIED DATA
C AND FIT TQ MASTER GRID TO TESI EFFECTIVENLSS OF GHRAND
C STMULTANEOUS SOLUTION,.
C
MCASE = MCASE ¢ 1
IF {MCASE EW.UPDOWN} CALL FLIPMI(B)
——D0 S8 [ = leéb
IF (d(I+ICOL) LEQ., 0. <AND. BU(IsICOLL)Y .EW. 0.) GO TU b8
DA = B(I.IC0OL)
0Y = B{l.ICOL])
B{L+ICOL) = BU(I+ICULY + OdX(AslOsLXeY)
BEl+ICOLLY = B(I«ICOLI) » BX(Aslls0Re0Y}
58 CONTINUE
CALL FIDFIT2 (BC)yICOLY)w BC(LloJCOLLYy BAlleids BLLe2)
1 TSVAMZNY TSYYMZN)
C
C PRINT RCSIDUALS AND SIGMA
C
PRINT 133
133 FORMAT ( 21X, *RESIDUALS AFTER APPLICATION OF FINAL LINEAR AND FI*
1 s PNAL NUN-LINEAK CORRECTIUNS TO OR[GINAL DATA®, 2(/) )
PRINT 101» ICASE(MCASE}
PRINT 161
UK = 9./NCASE
CALL VSPRINT (B{1+ICOL)s Hi(ls1COL1)s Ns 1CASE{MCASE)s UK)
SIGO = SURT( (SUMVAZ + SUMVYYZ) /(2.2 (N=UK)) )
PRINT 108+516G0
DO 59 1 = 1425
IF (B(1+ICOL) .£Q. 0., +AND. B(IsICOL1) LEW. Do) GO Tu H9
CALL COMPYS (KrRO(MCASE)y Is By vE(L)s ¥Y(l)s 472 J)
[F{MCASE LT+ UPDQWN} LD TO 1002
Bilea9) = BUIea9) » VYMI])
BlI«+50) = Bllsbu) + vAM(I)
GO TO 59
1002 Bilea9) = Bllea9} « VAMI(])
B{IsS50) = B(I«50} » VYM(])
59 CONTINUE
91 CONTINUE
C
C ALL CASES HAVE GEEN POST IREATEQC wlTH THE FINAL PARAMETERS.
C
PRINT 115
C
C COMPUTE AVERAGE RESIDUALS FUH A PAKTJAL GRID CALIHWRATION,
C
PRINT 132
l32 FURMAT (//936XeYAVERAGE RESIDUALS AFTER APPLICATION UF FINAL LINEA®
+ "W CORRECTIDNS®*s // )
PHINT 134
CALL AVGORES (43s 8¢ CAL(8)s NCASEs TSVXMZLy TSvYYMZLy LCASCOL)
PRINT 135
PRINT 115
PRINT 145
145 FURMAT (4(/}y 32Xy #AVERAGE RESIDUALS AFIER APPLICATIUN OF ALL =,
1 SFItialL CALIBRATION CORRECTIONS®s // )
PRINT 134
CALL AVORES {47« Be CAL(9)s» NCASEs TSVXHMZNs TSVYMZNs LCASCOL)
PRINT 135
C
C CALIBHATION COUMPLETED - PRIN} AND PUNCH SUMMAKY
C

DO 63 J = 1+ TOTUPS

CAL(10) = SQRT{(CAL(6)®92 + CAL(T7}%¥2}/2 =~ (SIGGO#=2) -
1 (TALLY (Je 22882 o TALLY(Je3)E22)/2)

PUNCH 144 TALLY(Js6)s NOCUMPs DATEs GHRIUNU» MOs YH,
1 (TALLY(J9sI)91=195}s (CAL{L}+I=1+10)

144 FORMAT (I2e 12+ ABs las 12 I2v Ils 4{lade 3013y T(1l4))

63 CONTINUE
PUNCH 147 {NOCOMPs DATEs NCASEs GRIDNOs (VXM{1)s1=1510))

67

CALIY
CALIS
CaLid
CaLlg
CALIB
CaLlIsg
CaLlg
CAaLIg
CALlg
CALId
CALIY
CALIS
CaLld
CaLlg
CaLlg
CaLlg
CALIB
CALIB
CAaLIg
CALI®
CAaLI®
CaLld
caLlg
CALI®
caLlg
CALIH
CALIp
caLld
CaLls
caLls
CaLlw
CALIH
CaLlg
CALIY
caLls
CALId
CALIY
CALIY
CaLls
CaLld
CALId
caLls
CalLlg
CALIB
CALId
CALId
CALId
CaLlo
CaLly
CaLld
caLld
CaLlg
CaLldg
CaLls
CAL 1Y
caLls
CaLly
CALIb
CaLIY
CAaLId
CALIY
CALIY
CAL1S
CaLIdg
CaLld
CaLlu
CaLld
CaLlb
CaLld
CalLlsg
CaLlg
CaLld

937
938
939
40
941
942
943
Gl
945
946
947
48
49
950
951
952
953
954
955
956
957
958
959
960
961
962
963
b4
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
%80
981
982
43
84
945
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
Lou8



PUNGH 148» (VAM(I)91=11+25)y [VYM{I)s151s25)
147 FORMAT (2Xs [2s 2Xs» ABs 2X» [2s 2Xs l&s 6Xs 10(3PF5))
148 FORMAT (16(9PF5))

I0UM = 0
OUM = 0.0
PRINT 115

PRINT 127+ NUCOMPs TOTOPSs DATE
PRINT 101+ GHIONU
SIGX = CAL(4)/1000.
SIGY = CALI(S)/1000.
SIGOL = SART{I(S]oXR®e2 » SIGYR22)/2.)
RMSX SART (KMSX/RMSDF)
RMSY SQHT (RMSY/RMS0F }
RMS = SURTI( HMSKAER?2 & RAMLYEEZ) /2,00
PHINT 15Ss RMSXy HMSYs nM5s SIGXs SIGYs SIGUL
155 FORMAT (S8Xes ®CALIBRATION SUMMARY®s // 3 1TAs ®ANALYSES OF VARIANC
LE®s /s SXe 2X2y 6Xe 9Y¥F3 /0 I Xy I{OPFT43)e% = #0001 MLAN SUJARE ERWUK
20F A SINGLE UBSERYATION OF UNIT WEIGHT BEFUKE CALIBRATION®.//1Xs3(
A0PFT.3)e® = 3TANDARY ERROR OF A SINGLE UBSERVATION UF UNIT wEIGHT
HGAFTER LINEAR ADJUSTHENT®,s /)
SIGOT = SURT(ISIGOARE2 « S1GOYe#2)/2,)
PRINT 156+ SIGOXs SIGOYs SIGOI
156 FOHMAT (1Xs 3(6PF7,3)y # = STANDARD ERROKR OF A SINGLE OBSERVATJUN®
1 o# OF UNIT WEIGHT AFTER LINEAKR AND NON=LINEAR ADJUSTHENTS®./)
SIGOP = SURT(C(TALLYSTI(1)e®2 « TALLYST(2)®%2)/2.)
PRINT 157+« TALLYST(1)s TALLYST(2)s SI1GOP
157 FURMAT (1Xs 3J(oPF7.3)s ® = STANDAHD ERRUR GF MEAN FUINTING MtASUK®
1 oy SEMENTS®4/)
S1GGD = SIGGL/1000.
SIGO = CAL(9)/1000,
PHINT 158s SIGGLs GRIDNU. 5160+ GRIDNO
158 FOHMAT {(1S5Xs F7.3s © = A PRIORI STANDARU EMROR OF MASTER OGMIU®y IS5
1 e/ /e 15Ky F1,.3¢ ¢ = COMPUTED UNBIASED STANUARD CRHOR UF ®,
2 SMASTER GrRIU®, I5y /1)
SIGL = SQRT{{RMSwe2)8] Eelg=- HI00L®R2)
PHRINT 14y SIOL
164 FORMAT (15Xe F7.3+ ® = STANDAKRD ERROR LDF SYSTEMATIC LINEAR EHKORS®
1 o/}
SIGO = SORT( SIG0L®®2 =(SIGOT®l.E+6)0e2 )
PRINT 159« SIGO
159 FORMAT (15Xe F7.3e ® = STANDAKRD ERHOR OF SYSTEMATIC NON=LINEAR *,
1 T OSERROKS®y /)
SIGO = SQRT ((SIGOTel.E+0)222 = SIGODTP2 - (SIGOP®]l.E+6)2w2)
PRINT 160, SIGO
160 FORMAT (1SXe F7.3» ® = STANDAKRO ERROR OF RANDUM (IRREGULAR) COMP=,
1 SARATOR ERRORS® )
PRINT 129+ NCASE
PRINT 154
ASEC = CAL(I)1 /100,
PRINT 130y SXo SIOSXy QX(1)s WXCa)y QA(S)y SYs SIGSYs GX(2)e QX{n)
1 « IDURs TOUMs ASEC
PRINT 11ls IDEGe MINe SECs OQX(3)
PRINT 131s SXSY
PRINT 112+ SXMMe SIGSXs SYMMy S5]GS5Ys SXSTYMM
PRINT 113
PRINT 116
PRINT 117
PRINT 105¢ (A(I+10)e¢1=1+9)
PRINT 106
PRINT 117
PRINT 105 (ACIsll)e I=is9)
PRINT 115
PRINT 149
PUNCH 149
149 FORMAT (//9+ 17XA+2HEADER CARDS FOR SATELLITE TRIANGULATION PRUGHAS,
1 | ®HS#, /)
PRINT 150»NOCOMP
PUNCH 1S0+NOCOMP
150 FURMAT (10X91294Xe®+],0000000E=11 +5,0000000E-06%s34Xs2] %}

cl =1
ce = 2
C3 =3

68

CALlE
CaLly
CALId
CaLlo
CaLlIdg
CALIY
CALIdY
CaLIdY
CAL Y
CalLly
CALIB
CALIB
CalIn
CALIdY
CALIdY
CalLly
CALId”
LaLlg
caLld
CaLld
Carle
CALIG
Cal Id
CALIB
CaLldg
CaLlg
CaLls
CALIG®
CaLlg
CALI®
CaLlip
CALIw
CaLls
CALIB
CaLld
CaLly
CaLlo
CaLlg
CALIB
CALlY
CaLld
CALIB
CALTg
CaLlg
CALIb
CaLlp
CALIB
CaLlg
caLlIg
CALIE
CaLle
CAL IS
CaLiv
CaLlp
caLlsp
CaLlg
CAL 1B
Calls
CaLlp
CaLlId
CALId
caLls
caLls
CaLlg
CaLlb
CaLls
CALIY
caLlp
CaLlb
caLlsg
CALIB
caLls

1009
1010
1011
1012
1J13
1014
1015
1J16
1017
1018
1019
1020
1321
1922
1323
1024
1325
1326
1427
1928
1029
1030
1031
1032
1033
1234
1035
1036
1237
1038
1039
1340
1041
louz
1043
1044
104S
Ju4é
1047
1048
1049
1u50
1051
1u52
1053
1054
1055
10596
1057
1058
1659
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
173
1674
1075
1076
1077
1078
1079
10840



1

—

130

£ -

131
1
134
135
1
2
136
1
137
138
1w0
143
151
153

FORMAT

FURMAT

FURMAT
FUKMAT

FORMAT

FURMAT
FURMAT
FORMAT
FORMAT
FURMAT
FURMAT

FOPERATONR NUMBER®y T3

/

v 52Xy

s ® THE SIMULTANEOUS SULUTIUN OF ®, [2, ® CASES

(93ky @VARIANCE-CUVARIANCE MATRIA®s/+27Xs ®PARAMETER VALUE
. 13Xs BALPHA®,
leRksy 25CALER X = PeElueTy a4Xe E15.8s 13X 3(S5Xs E£15.8)
El1Sede 33Xe 2(5

SIGMAas, 27X,

18xy ®SCALER Y

3Xs ®NON=URTHUL,
( dXs ®5CALER RATIO Sx/5Y

= FaElasTe 44X
ANGLE ALPHA =

s N MICRUNS/METER® )
(dHXs ®GURID CALIZSRATION CORRECTIONS®)

(al/)s TORs =NUTE

(/7s 43Ky 20RID POINT®,
SPOR[GINGS //

(SE15.8+ 44
t1HT)

}
Fl}

= GrID CALIBRATION CORRECTIONS ARE VALID®
+ ® ONLY IF ALL®+/+ 7TT7TR»“AVERAGE RESIDUALS ARE CUMPUTED FHOM @,

+@A MULTIFLE OF 2/ 7TA+2F0UR EXACTLY 90 DEGREE RUTATION CASES.®)

3s # 15 NEAREST THE COMPARATUR %,

2SCALER X%y

1

12K

SSCALER Y,

Peles 13s FT.3
= %y ElaeTe /79 27TKe *SCALERS [¥

{ Lary 29HINFUT UATA CASE ORDER NUMBER » 129 //
(el lsl2elXe2F10.8929K4F9,.6)

(SULXsELSTho
(1H2)

wKy

Fi1l

69

Ke
]

}

HDATE OF MEASUREMENT 2,
129 FORMAT (///+ 25Ke ®ADJUSTED CUMPARATOR CALIBRATION PARAMETERS fRUM®

£15.8)

Ca = o
Cs = 5
Ct& = 6
ct =1
WXk = 1,0
TR0 = +,24166097E-04
APME = +,]E+]13
TLEM = +,]lE~-7
ALDIF = s.3E-4
PRINT 151s (A{Ie10)e]=1+5)s C2s DUMy wXs WKs DUMs SKe C3s 5Ye¢ Twls
1 ALPHA. APMEs DUMy Cas (A(L+10)s I=6+9)s Atlsll)s C5s
2 (AL eil)s[=2+6)9Chy (A(Iell)elxTe9)s TLIMs ALDIFs C7
PUNCH 151e¢ {A(L+]0)sI=1+5)s C2¢ DUMy WXs wWXs DUMe SKe C3¢ SY» TwO,
1 ALPHAs APMEs DUMs Cas (A(Ie10)y I=6+9)s Adllell}s CS»
2 (AT Es11)ol=296)sChHhs (AlIell)sI®749)s TLIMy ALDIFy C7
IF {NOCOMP L T.10) GO 70 o}
PRINT 152
152 FORMAT (/74 10X+ ®HEADER CARDS FOR PROGRAM ANALYTC®4/)}
PUNCH 152
SAG = +,30454545E04
IF (NOCOMF, NEs J0) SAG = 0.0
PRINT 137y SXe SYs ALPHAs SAGe DUMs Cly (A(Is10}s I=)1eS)s C2
1 s (AT +10)s1=6+s9)s DUMs C3s (ALI+11)s Ix1eS)s Chs
2 (A(Iall)e I = AaY9)s DUMe C5
PUNCH 137+ 5SXs SY» ALPHAs SAGs DUMe Cle (ACI910)s IxZ}sS)e C2
PUNCH 137+ (Alls10)sI=6+9)s DUMs Cly (A(Isll)eizle5)e Caos
1 (All«11)r 1=649)y DUMs CS
GU TO 61
39 CALL EXITG(2)
101 FORMAT (52X+ 20GRID AND CASE NUMBER®s [7)
105 FORMAT (1Xs 9EL1S,8)
106 FORMAT { s/ 10Xs ®NON=LINEAR CORKECTION COeFFICIENTS FOR Y#,y / )
107 FURMAT { /7 10Xs ®VARIANCE=-CUVARIANCE MATRIX OF ADJUSTED COEFFIC®
1 22 IENTS (SAME FOR BOTH X AND Y)}® 4 / )
108 FURMAT { //+ 10Xs #STANUDAHD ERROR UF A SINGLE UBSERVATION OF UN]T®
1 s @ WEIGHT =%, oFFH,4)
111 FURMAT {1H+¢y 46Xy I4s I3y FB.4s SHXs E15.8)
112 FURMAT (18Xs ®SCALER X = 24 6PF1lesy 6As 6PFB.4y /9 18Xe 2S5CALER®
1 s B Y = #y GPFll.ts 6Ky 6PFBa4s /Ay 21Ky 9SKA/S5Y = &,
2 6PFll.6 )
113 FORMAT (//7/+ STXy PNON-LINEAR PARAMETERS®, /)
114 FORMAT (/3K s laus]lal2ec(2X+sFB.T7))
115 FORMAT (1H1)
116 FORMAT { 10Xs PNUN=LINEAR CORKECTIUN CDEFFICIENTS FOR Xx®, /
117 FURMAT (T7Xs @pa9, JaX, Tpfy JuXy FC0y JaXs Dy 4Ky OFE®, Ja4Xy oFe,
1 14Ky 2G%s laAy "h%s 14X, #Jo )
122 FORMAT (2Xsl5«Ilsl241ReFi0,8048Xe11)
123 FORMAT (L1XsI2s11e[291Rs1349Ks FOOsaXsF0a6)
124 FORMAT (1 Xslas 1291191 2429K3F64694K9FGa6)
127 FORMAT { //+ S0Ay #COMPARATOR NUMBER®s [3s 2 CALIBRATIUN®s /3 57X

Ag)

CaLldg
CaLld
CALIe
CALIv
CaLlg
CaLlp
CaLls
CALIB
CALId
CALIH
CaLld
CALId
CalIpv
CaLld
CALId
CaLlig
caLlo
CALI®
caLldg
CalLlo
CALlG-
Callg
CaLly
CalLldy
CALIQ
CaLlo
CaLld
CALIg
CALIb
CAaLlog
CALIG
CaLls
CaLls
CALJdg
CaLls
CalLld
CalLlvd
CaLlz
caLlg
caLls
Calluy
CALTd
CaLlly
CALId
CaLly
CalLlno
CalLld
CALIb
CALId
CaLld
caLluy
CaLlg
CalLldg
caLlog
CALIg
CALId
CALTY
CaLlid
CaLid
CaLlg
CaiLluo
CALIS
CaLld
CALld
CalLlu
CALId
CALIdY
CaLluo
CaLld
CaLldg
CALIDB
CalLluo

1081
1052
1083
1064
1065
lus6
1087
lugs
1049
1040
11Uyl
1092
1093
1094
1095
iuvo
17
1098
10~
11J0
Llvt
11v2
11073
11U«
11u5
11lus
1407
1l.4
bluyw
1110
1111
liie2
1113
1116
1115
1llo
1117
1ils
111
110
1121
liz2
V123
Lles
llen
llen
117
11lcd
l1g9
1130
1131
i1
1133
114
1145
1130
1137
ilJ9
1134
ilay
Jlal
Llw?
}lal
b log
1145
116
1147
1lud
Ll+9
1150
1151
1lbe



154 FORMAT
161 FURMAT

{779 99Xy ®"LINEAR PARAMETERS®,/)

(3Xs ¢FREE ADJUSTMENT = #4/9 6Xs #) ROTATIUN

INSLATEIONS (TXeTY)®e//)
I (3% SLINEAR ADJUSTMENT = #4/4 6Xs
LTATIONS (ALPHASsTHETA)y 2 THANSLATIUNS (TXsTTY)®e /)

162 FORMAT

163 FURMAT
S{uP
EN D

(3Xs ®NON-LINEAR AUJUSIMENT

- &)

70

#2 SCALERS (SX+S5Y)

(THETA}» 2 TRA

2 RO

CALld®
CALID
CALI®
CALI®
CaLls
CaLIB
CaLle
CaLld

1153
1154
1155
1156
1157
1158
1199
1160



OO0

SUBROUTINE CLOSOUT (NCT)
DIMENSION ADUMI20) e POINT{300)+ AMEAS(300)s YMEAS(300)
INTEGER POINT sPS

COMMON ADUMs POINTs XMEASe YMEAS
POINT (NCT & 1) = 9
SIG = 0.0
N =9
L =1

1 N=HN+ ]

S IF{POINT(N)EQ.PCINTI{N«1))GO TO }
A = 0e0
Y = 0.0

— =00 2 1 = Len

X = X o XMEASIL(])
Y = Y + YMEAS(I)

2 CONTINUE
IF (SIG«GT.0.0) GO TQ 6
516= 1.0
XS = X /N
YS = Y /N
PS = PUINT (N}
XC = XS
YC = ¥v$

T J =N ¢ |
——00 4 I = JsNCT
N Noe ]
L 1
IF {(POINT(1).EQ.PS) GO TQ S
4 CONTINUE
PHINT 00
100 FOHHAI {I0Xe *NU CLOSEQUT MEASUREMENTS ON INITIAL POINT MADE®}
IFINCT,LE.9)GO TO 3
RETURN
3 PRINT 104

1064 FURMAT (/77777777 7910Ks ®INSUFFICIENT MEASUREMENTYS MADE = STOP® )

STOP
61 =N=L +1

xe2 = X /1
Ye = v /1
Ox = XKg = AL
BY = Y2 =~ ¥C
XC = X¢
YC = Y2

PRINT 10L+PS
101 FORMAT {(10X+*CHECKS AND CLOSEQUTS ON POINT NUMBER ®312+/913X025E0U
LENTIAL SHIFTS (Xfel)=(XKI)®4/416Xe®DELTA X®s SXseDELIA Y®)
PRINT 102+0XsDY
102 FOHMAT (16X+6PF6.126Xs6PF6L])
IF (N NE.NCT) GO TQ 7

COMPUTE AND PRINT TOTAL CLOSEOQUT

DXT = XC = XS
DYT = YC = Y5
PHINT 103+DXT20YT
103 FORMAT (/913X+®#TOTAL SHIFT (LASTX = INITIALK)I®/416Ks6PFO.1s6Xs
16PF6.1)
RETUKRN
EN D

71

CLOSOUT
CLOSOUT
CLOSuUUT
cLOSvuT
CLOSUUT
CLOSuUT
CLOSUUT
CLOSUUT
CLOSuUT
cCLosSuul
CLOSUUT
CLOSuUT
CLOSVUT
CLOSuUT
CLOSUUT
CLOSOUT
CLOSUUT
CLOSUUT
CLOSUUT
CLOSuLT
CLOSVUT
CLOSVUT
CLOSUUT
CLOSUUT
CLOSVUT
CLOSUUT
CLOSUUT
CLOSUUT
CLOSOYT
CLOSOUT
CcLOSUUT
CLOSVUT
CLOSUUT
CLOSUUT
CLOSVUT
CLOSVUT
CLOSOUT
CLOSUUT
CLOSOLUT
CLOSUUT
CLOSUUT
CLOSuUT
CLOSuUT
CLOSOUT
CLOSOUT
CLOSuUT
CLOSuUT
CLOSVUT
CLOSUUT
CLOSuUT
CLOSUUY
CLOSUUT
CLOSUUT
CLOSUUT
CLOSVuT
CLOSVUUT
CLOSVUT
CLOSUUT
CLOSOUT
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SUBROUTINE GROUPINPT)
GRUUP BY POINT NUMBER

DIMENSTION ADUM(20) s IPT{300)s X{200)s Y{300}

COMMON ADUMe IPTs Xs Y

I=1

J=1

J=Jrl

IF{J=-NFT)3s3,10

IFCIPTLINI=IPT(J)}as2e6

K =124+

1ITPT = [PT(K}

TEMPX = X (K}

TEMPY = Y{K])

IPTIK) = IPTL)

X{K) = X(N

YiK) = Y{J)

IPT{II=TITPI

X{J)=TEMPX

Y{J)=TEMPY

IF{J-NPT)Ss10+10

I=l+1

GO TO 4

IFCI-NPT=1)6s11¢il

I=1+1

J=1

60 TO 4

RETURN

END

72

GrROUP
GROUP
GROUP
GrOouUP
GROUr
GROUP
GROUP
GROUP
GROUP
GROUP
GROUP
GROUP
GROUY
GROUF
GROUY
GROUY
GROUP
GROUP
GROUP
GrROUY
GROUF
GROWU¥
GROUP
GROUP
GROUY
GrOUP
GROUP
GROUF
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SUBROUTINE STAT (NPT oK e SCALySVYRAKsSYYY s SVYKsNOPTS o TYVX2sTVWY2y1VXYs
1 [P+ KASEs NUMUPs NOCOMPs NUMGDs DATEs NUMCASS
2 NUMORSse Lls L2y TYRMZy TwyMZ )
DIMENSION A(Z25)+ ADUM(20)» ALPHA(Z25) s BI25)s IPT(300)e NOPIS(25)s
1 SVYAX(25) s SYYXI25)s SYYYI25)s X(300)s Y(300)
COMMON ADUMs [PTs Xs Ys Ar By ALPHA» SKMs SYMy PAYe THANSHE(25952)
PHINT 555
555 FORMAT (1H])}
PRINT 109
109 FURMAT (1HS5)
IFIIP=1)60+b61962
60 PRINT 106+KASE
106 FORMAT { 46X, ®CASE NUMBER #*, 12+% POINTING PRECISION STATISTICS®)
PRINT 107 +NUMOP
107 FUORMAT ( S9Ks ®QPERATUR NUMBER®s 13)
60 TQ 63
61 PRINT 104esNUMOP
104 FORMAT (44X *OPERATOR NUMBER®#4I392 POINTING PRECISION STATISTICS*)
63 PRINT 108sNOCOMP
108 FORMAT ( S4x, 2COMPARATUR NUMBER®s I3 }
G0 TO &4
62 PRINT 10S+NOCOMP
105 FURMAT (43%xs ®COMPARATOR NUMBER®s; I3y ® POINTING PRECESION STAl]®,
i *#5T]CSe )
G PRINT LOJ3«NUMGDOATE
103 FORMATI{STA9GHID PLATE NUMBER®, [5/754X+2DATE OF MEASUREMENT #,A8,
1 A
PHINT 100
100 FOHMAT { Swls TINDIVIODUAL POINT STATISTICS®srs/s 24Ks =5]®,
1#NGLE OUBSERVATIUNS®s5Xs® (MICRUNS SU) (PERCENTAGE) *+6X s ®MEAN MEASE,
BURED®?y 3Ny ®HEAN OBSERVATIONS®, /9y 3%y ®PQINT NUMBLR®
* OF STANDARD DEVIATIONS COVARIANCE CORRELLATIUN®,
TXxs 2COUORDINATES®, )J3Xs *STANDARD DEVYIATIONS POINT®,
/e 2Xs ®NUMBER TIMES READ X8y 9Ny ®Y POINT®,y 66Xy
XY COEFFICIENT A%y 13Xy ®Y®y Xy ®X0, Xy PYR,
TXKy 2POINT  NUMBER®, / }
IF(IP)31+30.31
A0 Tvx2=0.
TVYZ2=0.
TyXY=0.
TYAMZ = TVYYMZ = 0,0
k=0
1=)
J=1

-~

MEAN MULTIPLE READING>

2 J=Je]
IF (J=NPT16+643
& IF(IPT(II=IPTLJ1) 39243
3 L=J-1
IFIL=-1120+204+8
8 XM=0.
YM=0.

—— D0 4 Mz=]sL
i AM=XMoX (™)

4 YMzYMeY (M}
K=Ke}
DL=L=f»1
AM=XM/DL
YM=YM/OL

SUM DIFFERENCES ANU SWUARES

S¥XY=0,
S5vR2=0.
Svy2=g¢.

00 5 M=].L
WAL (M) =0H
YYSY{H)=TN
WAZ2=WABED
VY2=yyeap
SYX2=S¥ X2+ v X2
SYY2=5SvY2+vY2

73

STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STA1
STAT
STAT
STAT
STAT
STAT
STAT



[eRaN gl

|5 SvXY=5vAYsvReVY
SYXX(K)=5VX2
SYYY (K)=SvY2
SVYX{K)=5VXY
NOPTS tRY=DL
TVX2=TVX2+5VX?
TVYZ2=Twy2e+Svre
Tvxy=TvxysSvxy
X{K) = XM - TRANS
YIK} = YH - TRANS
IPT(R)=IPT (I}

COMPUTE STATISTICS> FOR EACH POINT

Olv=L~1
DI¥YN = 1.0/0L

TVAMZ = TVXM2 » DIVN®SYXR
TYYMZ = TVYMZ « OIVN#SYYR

SX2=5¥X2/D1V
SY2=Svr2suly
SKMZ2 = 5XZ2®(D[VN
SYMZ = SY2°0[VN

IF1.10E=2C=5X2) 250251251

251 Sx=D.
SXM = 0.0
G0 TO 260
250 SX=SURTISXZ)
SAM = SART(SAMZ)

260 IF(10E-20-5Y2)252+253+¢53

253 Sy=0.
SYM = 0.0
G0 10 261
252 S5Y=SAQRTI15Y2)
SYM = SURTISTYMZ)

261 IF{,10E=20~-5X2=-5Y2)763:262+262

262 SPT=0,
SPTH = 0.0
SXY=0a
PXY=0,.
A(K) =0,
aiK)=0.
ALPHA(K)=0.
LL=DL

PRINT 10}s IPT{K},
1 5P, JPTIK)

PRINT 300+ ]IPT(K)

SYe SPTe SXY

PXYs XMy

YMe SXMs

SYMy

300 FORMAT{ IXs26HALL HEADINGS FOW POINT NO oI4s15H wikRE IDENTICAL

GO To 9

263 SPI=SURTL(SXZ+5Y2) /2.1
SPTM = 3QH{{(SXM2 +

IF{SX)1270+238:270
238 SAv=0.

PAY = 100.

GO TO U3
270 TF(SY)I2T72+2T19272
271 SAY=y.

PXY = 100

GO TO 203
272 SXY = SWAY/D1Y

PAY = (SXY/(SX®S5Y))®]100.

SAY = S5XY® 1,E+12
203 LL=0L

PRINF J01 oIPT{X}o»
1 SPTHy JPTIK}

SXY = SKY/ la.Eeld

SYMZ2) /2]

SYs SPT,

SKY»

PAXYs XKM»

THe SKM»

COMPUTE PARAMETERS FOH ERROR ELIPSE (PUINT)

w=SOQRT{{SXZ2=5Y2)1002+06,85Y2e72)

ALK =5URT({3x2+5Y2 ¢} /E,)
IF(SA2+9Y2-d} 34l edalsJa?

34l BUIK)=0.
GO TO 343

74

SYMs

STAT
S5TAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
S5TAT
STAT
STAT
>TAaT
STAT
STAT
STAT
STAT
STAT
STAT
S5TAT
5TAT
STAT
STAT
STAT
STaTl
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
S5TAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
sTAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
S>TAT
STAT
STAT

109
10
111
112
113
114
115

116
117

118
11%
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144



o000

[sEsAn]

342
343
205
208

206

204

-

10
151

152
153

600
102

435
438

436
434

71
70

1

BIK)=SURT((SX2+5Y2-wW)/ 241}

IF(SX2=5Y212044205+204

IFI{SAY)Z06+208.208

ALPHALK)=,785358163

GuU TO 9

ALPHA{K)==,745358163

GU TU 9

ALPHA(K)}=(ATAN(2,.®#SRY/{5X2=-5Y2))) /2.

IF(SX2=5Y21 219949

ALPHA LK) =ALPHA(K) + 1 .57079613267349

IF(J=NPT) 7721y

I=J

Gu T0 2

IF{IP)}}S)s15201)15])

KK=25

GO Tu 153

KK=K

CALL ELIPSHU{KK ¢SCAL»KASE e NUMOPINOCOMP s NUMGD»DATE s NUMCAS s NUMOPS
NPT s IP»49sL 1 +NOPTS)

COMPUTE STATISTICS FOR ALL PUINTS

DIV=NPT=K

IF (DIve Eue 0,0) GO TO 77
Sx2=TVx2/DIv

SY2=T¥Y2/D1V

SA=SURT{SX2)

SY=SUNT{SYZ2)
SPT=SURT({5X2+5Y2)/2.)

SKMZ = TvAM2/01V

SYMZ = TvYmR/DIV

SEM = SURT(SaAMZ2)

STYHR = SURT(3YHZ2)

SFTM SORT (ISKHZ + SYM21/2,.)
DUMK 0.0

SKY = TwXY/Dlv

IF {(SK25Y. tus 0.0} GO TO 600
PAY = (SXY/{5X2S5Y))1®*}100.

SAY = HXY® ] ,E+}l¢

PRINT 02

FORMAT { //» 55Xy ®CUOMHINED POINT STATISTICS® )

PRINT 101y NPTy Ra 5K+ 5Ye SPly SKYs PAYs OUMAs DUMXy SAMs SYMy

SPTH
SKY = SAY/ l,Eel¢

COMPUTE PARAMETERS FOx ERKUR ELIFSE (TOTAL)

WESURT {(SK2=5Y2)1 08244 , 25X YR82)
AT = SURTUISKZ2eS5Y2+¢m)/2,)
BT = SURT((SK2SY2=w)/2,)
IF (SK2=5Y2)434+4359434

IF (SAY)436+438,438
AL=0.T785398163

GO TO 70

AL==-0.T7853981613

GO TO 70

AL=(ATANI(2,#5XY/ (SK2=5Y2}1)172.
IF{SK2=5Y2)T1+70+70

AL=AL *],9570796326794¢
SS5CAL=6.%*5CAL

TTXX = E(Js1}

TTYY = E(1+2)

Edls1) 0.0

E{ls2) 0.0

Ta=X{1)

TY=y{l)

Xxil)=0.

Y{1)=0.

TAT=A{]L)

TaT=511)}

TA=ALPHA (]}

AlLL)=AT

75

STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STaT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
S5TAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
>TAT
STAT
STAT
STAT
STAT
STaAT
STAT
STAT
STAT
STAT
STAT
STaT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT

145
146
147
148
149
15¢
151

167
168
169

171
172
173
174
175
176
177
178
179
180
1al
182
143
184
185
186
1a7
1T-1.)
189
190
1L
iv2
193
194
19S5
196
197
198
199
200
201
202
2u3
204
205
206
2u7
208
209
210
2il
212
213
2la
215
2le



1

31

32

13
15

14
12
&l

40

20

B(1)=BT
ALPHA (L) =AL

CALL ELIPS( 1+SSCAL +KASL sNUMOFP ¢NOCUMP s NUMGO s DATE s NUMCAS ¢ NUMOF 5

NPT+ IPeBYsL2INOFTS)

Atl)=TAT
g1ir=18T
ALPHA{L)=TA
Et{lel) = Tixx
E{les2) = TiYY
X(1Y=TX
Yily=Ty
GO TO 77
K = 0
DU 90 N = 1+£25

IF ANOPISIN) = )) S0.40,32
DIVENUPTSIN) =]
K =K + ]
SAZ2=SVANINY DIV
SYZ=SVYYYI(N) /DY
SA=S5uRT (5X2})
SY=SWRT(SYZ2})
SPT=SURT{{aXZeSY2)/2,)
SXY = SYYA(N)/D1V
IFISAGEULQeaURASTEW,04) GU TU 1
PAY = (SAY/(3X%S5Y)}®]1y0.
GU TO i1
PXY = 0.0
SKY = SAY® ] .E+12
PRINT lOl'lPI(N)!NOP[S{N)v&l;berP!oSlfvPl?
SKY = SKAY/ l.E+12
WE=SQRT(SAZ=5Y2 1802 ¢4 ,85KY*22)
AN =SQRT {(SX2¢5Y20W} /2,1
B{N)=SWRT{{S5K2e5Y2=d}/2.]}
IF(SA2=5Y2) 12+13012
IFISAY) 14+15415
ALPHALIN) = 0,7T85398163
GO TO S0
ALPHA LN
GU TO S0
ALPHA(NY = (ATAN(Z2.®SAY/ (SK2=5Y2)))/2.
IF(SA2=5Y2)4]+50+50
ALPHA{N) =ALPHA(N) ¢] .,ST0796326T349
GO TV S0
SX=0.
5Y=0.
K = KR & |
SPT=0.
SXY=0e
PXY=0.
PRINT 101+IP T AINIsNOPTS (M) o5XeSYeSP T« SKYsPXY
AlNI=0,
B{N)=0.
ALPHA(N)=D,

-0.785398163

50 CONTINUE

GU TO 10
K=Ke+i
KiK) = X{1} - TRaNS

YiK) YiI} = TRANS
IPT(K)=IPT(])
SK=0.

5Y=0.

SPT=0.

SAY=0.

PAY=0.
SYAK(K}=0,
SYYY(R}I=0.
SYYX{K}=0a
NOPTS{K) =]
LLL=i

PRINT 101s IPT(K) sLLLe SXs SYs SPTe SAYs PAYs X(LYs Y(L}s Sk
SYs SPTe [PT(X)

76

STAT
>TAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STaAT
STAT
STAT
STAT
>TAT
STAT
STAT
STAT
sTAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
S>TaAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
S>TAT
STAT
STAT
STAT
STAT

217
2la
219
220
221
222
223
224
225
226
227
228
229
230
231
242
233
22346
235
236
237
238
239
240
241l
242
243
244
245
2ab
247
248
249
250
251
ese
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
2ty
2ro
271
272
273
24
275
276
2T
278
279
280
231
242
2e3
234
245
206
247



77

110

111 FURMAT{BXs {2y PUINTS,

1
101
1

ALK)I=0,
BiK)r=0,

ALPHA{IK)Y =D,

G T0 9

CUNTINUE
PRINT 110

FORMAT I/ /42X 5HBASIS/)
PRINT 111emenNPTeNUMCAS «NUMUPS

AAel3+413H MEASUREMENTSs10Xe1296H CASESY

10Ae 12+ 11Ut OPERATORS)
2hs ISe 6BXe I3e 4Xe IJ(6PFT.393X)s

FUORMAT

RETURN
END

(

2LIKBPF 102

3{3A96PF T3

1Xs

77

IS

OPF T3y
)

4Xy OPFBe2s

STAT
sTAT
STAY
STAT
STAT
>TAT
STAT
sTAT
STAT
STAT
STAT
STAT
STAT
STAT

F-1:)
289
290
291
292
293
294
295
296
297
298
299
300
3ol



SUBROUTINE ELIPSINUPT + SCAL oK ASE y NUMOP s NOCOMP ¢ NUMGU » DATE s NUMCAS »

1 NUMUOPSeNORED s TF aNUFL T » ICONF ¢ NOPT S}
DIMENSION A{25) s ADUM{20) s ALFHA{ZS)s 81250 [PT{(300)s X(300)
1 AECLOL)» KF(1UL}e Y(300)s YECLIOL)s YF(lOLl)e NOPTS (25}

CUMMON ADUMs IPTs Xy Y+ As By ALPHAs BOUM(4)s E(25952)
COMMON /PL40RO/ Z2(200}
MAKE SURE NO OF PTS = 4®Ne)
NOPLOT=NUPLT
L=NOPLOT=1
LL=MOD{Ls4a)
LL=4~LL
NUPLOT=NOPLOT oL
PRINT TITLE
CALL SETSMG(Z95590.)
CALL SETSMG(Z+8491H4)
CALL SETSMGUZ+304+.5)
CALL SETSMG(Z+93+0.)
CALL SETSMG{Z+90+0.}
CALL SETSHMGUZs]10ae=1,5)
CALL SeTSMG(/9]105+=2,)
CALL SUBJEGIZs=.239=a1T9.239.1T)
CALL OBJCTG(Z+al3v0le1.333+1.0)
TITLE THE GHAPH
IF (IP=1)0T70+71072
T0 CALL LEGNUG (Z9=.089.159B¢8HCASE NO )
CALL NUMBHG(Zs=,05592.1592+KASE)
CALL LEGNDG {(Zs=e0%49 215429+ 29HPOINTING PRECISION STATISTICS)
GU TO T3
71 CALL LEGNDG (2s=e0B8s4159)11¢]1)1RDPERATOR N}
CALL NUMBRGIZy=03T+a15+3eNUNDP)
CALL LEONDG(Zy=e030.15¢30+30H POINTING PHECISION STATISTICSH)
GO TO 73 i
72 CALL LEGNDY (Z9=408+4159144¢14n:COMPARATOR NU )
CALL NUMBHOU(Z+=,033+,1592+NOCUMP)
CALL LEGNDOLU(Zs=,u299.15+31+31H POINTING PRECIS]ION STATISTICS)
T3 CALL LEGNOG (Zs=0s169e145+14+]4HCOMPARATOR NO )
CALL NUMBHG(Zs=411094145422NOCOMP)
CALL LEGNDG (Z9=2099.145+12¢)2H0OPERATOR NO )
CALL NUMBRGIZe=,U59 1453 +NUMUP)
CALL LEGNDG (£9=,039414544+8H0URID NO )
CALL NUMBHOG(Zs=o00] 914544+ NUNMGD)
CALL LEGNUG (Zys0394145+20920HDATE OF MEASURLMENT )
CALL LEONDG(Zv41lvala5e3+DATE]}
CALL NUMBHG(Zs=,1%1,1422¢NUPT)
CALL LEGNDG {(Zs=+13selasTeTr POINTS)
CALL NUMEBHG(Z9~.099 1494 NORED)
CALL LEGNDOG (Z2+=o079al4e]l3913H MEASUREMENTS)
CALL NUMBROUL/Zs=,020e]las2+NUMCAS)
CALL LEGNDG (Zy=a0lvsla+696H CASES)
CALL NUMBHRG(Zy o 03vs14+2 s NUMDPS)
CALL LEGNDG (Zs.049s1%9]10¢10n OPERATORS)
DRAW THE GRID
CALL SETSMG{Z+100+3.)
CALL GRIDG(Z+0+0+0+0)
PLOT AMIS AND LABEL
LABEL THE GRAFPHse X AND Y AXES
CALL SETSMG(Z+102+.005)
CALL SETSMG(Z+103+.005)
CALL LABELG(Z+0v,0590+5.2)
CALL LABELG(Z+19.05+015.2)
GENERATE ELLIPSE AT ORIGIN
DU 20 MM=]sNUPT
IF(NUPT=1)30%5+3069+305
305 IF (NOPTS(MM) ,LE. 0) GU TU 20
306 LF(A(MM))2e3e2
3 IF (B(MM) 24192
2 Al=A(MM)*SCAL
Bl=08 (MM} 25CAL
Alz=Al*Al
Bl2=gl*Bl
IPLUT={NOPLOT=)1)/%
PLUTNU=IPLUT

78

tL IPS
ELIPS
eELIPS
ELIPS
ELIPS
ELIPS
ELIP>
ELIPS
ELIPS
ELIPS
ELIPS
ELIP>
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
eLIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
LIPS
ELIP>
ELIPS
ELIPS
ELIPS
ELIPS
LIPS
LIP3
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
LIPS
ELIPS
ELIP>
ELIPS
ELIP>
ELIPS
ELIP>
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPY
LIPS
ELIPS
ELIPS
ELIPS
ELIPS
tLIPS
ELIPS
ELIPS
ELIPS
ELIPYS
ELIPS
ELIPS
ELIPS
ELIPS
eLIPS
LIPS
ELIPS



10

11

12

13

0l

15

302

i9

200
304

3013

250

251

AIN=A] 7/PLUTNU

I=1

AL (1)=-Al

YL {I)=SURT{A12# (]l.~XE{})2®2/A)2))
I=I+}
AEL{T)=AE{]I~1)+AIN
IF(I=EPLUT=1110911011
XE{L)=0.

YE([)=B1

JEIPLUT+]

K=Je2®1PLUT

L=J+2®* [PLUT

I=1-1

J=Jdel

L=Lel

K=K=1
XE(Jy==RE(])
YEAJI=TEL(]L)
XE(K)==XEL(])
YE(K)==YE(]l}
XL (L)=xE(D)
YEIL)==YEC(]}
IF{I=-1213+13412
I11E=32IPLUT+]

RECITIL}=0,
YE(FIIl}=-01

KOTATE AND TRANSLATE
SINAL=SINCALPHA (MM} )
COSAL=COStaLPHA (MM))

-DO 1S I=1sNOPLOT

IF{IF. LE « 0) wO TO 301

XF {1} = COSAL®XE{I) =SINAL®YELI)
YFOI) = SINAL®XE(I) + COSAL®*YE(D)
G0 TO 1S
AF{1) = COSAL®XE{I) - SINAL®YE{(I}
YF{I) = SINAL®XE(I) ¢ COSAL®YE{I)

CONT INUE

PLOT X ANOD Y
NPTS = NOPLOT + 1|

XF {NPTS)I=XF (1)
YFANPTS)I=YF (1)
CALL LINESG{Z+NPTSsXFsYF)
CALL SETSMG{ZsB4slHe)
IF (IP.LE.O) GO TO 302
CALL POINTGUZeleE(MMy1)sE(MMH,2))
CALL SETSMG(ZesB4s1H,)
60 TQ 200
CALL POINTGUZsleX (MM) oY {MM})
CALL SETSMG{(ZsBas]lH,)
G0 TU 200
CHANGE RLUTTING SYMBOL
CALL SETSMG(ZsB4s1H4)
CALL POINTG(ZoloX (MM} oY (MM))
RESET PLOTTING CHAR 10 a PUOINT
CALL SETSMG(Zsd4slH.)
PRINT POINT NO
IFANUPT=1}304+20+304
IF{IP.LE.O0) GC TO 302

CALL NUMBRGIZsE(MMs 1) +E(MMsZ2) sas IPT{HM))

GO TO 20
CALL NUMBROEZ o X (MMY oY (MM) s& s [T (MM} }

CONTINUE

LABELS AND SCALE

CALL LEGNDG(Zs=oe0lso12¢2s2HeY)
CALL LEGNDGI(Zs.lav=0o005s202HeX)
G0 TL (250+251+252¢2533s I1CONF
CONL IM=],

IPERC=39

60 TO 254

CUNLIM=1.18

IPERC=50

G0 TU 254
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¢ E(MMel)
* E{MM,2)

+ X (MM}
+ Y (MN)

ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELLIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIP>
EL1P>
ELIPS
ELIPS
ELIPS
EL1PS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELLIPS
LIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIP>
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELLIPS
ELIPS
ELIPS
ELIP>
EL1IPS
ELLIPS
ELIPS
ELLIPS
EL1PS
ELIPS
ELIPS
ELIPS
ELIPS
ELIP>
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS

1¢5
126
127
128
129
130
131
132
133
134
138
136
137
138
139
140
1«1}
lug
143
la4
145



252 CONLIM=2,45

IPERC=95

GU TU 254

CONLIM=3,03

IFERC=99

RE(1)=,02
RE{2)=.02¢5CAL®,000001/CONLIM
YE{l)==.12

YE(2)==,12

CHANGE PLUTTING SYMBOL

253

25%

CALL
CALL
CALL
CALL
CaLL
CALL
CALL
CALL
caLL
CALL

SETSHG(Zsd4s]1H1)

POINTGO(Z+2+XE+YE)

SETSMG{ZyB4s1H,)

LINESGUZ+2+XKE2YE)

LEGNDG(Zv=a200=013321+21HELLIPSE HEPRESENTS A )}
NUMBRG(Ze=o12e=,13429 IPERC)
LEGNDG(Ze~ello=s13924+24H PERCENT CONF IDENCE AKREA)
LEGNDG{Ze+029=o13+8,8H]1 M1ICRON)
LEGNDG(Z94089=413915+15H SX AND SY = 0}
PAGEG{Zs040+¢1)

RE TUKN

END
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ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIP>
ELIPS
ELIPS
ELIPS
EL1PS
ELIP>
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPS
ELIPD

146
147
148
149
150
151
152
153
154
155
156
157
138
159
160
161
162
163
164
165
lee
167
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1
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SUBROUTINE EXACT (Xy Yy XMe YMy SXs SY» ALPHAy vSKs VYSYs VAL

CSKALe CSYALs SIGOZ2e Ne C5XSTy (SVIMZ2Le TSVYMZL}

COMMON ZAFFINE/ VA3 ¥Ys VEM,
YYMy THETA +VTHy SUMYXe SUMYYe SUMVAMs SUMYYHM
¢ SUMVX2s SUMYYZe SUMVAMZy SUMYYMZ

DIMENSION X(1)s Y(1)s XM{1de VHM(L)s VA(2G}s WY (25)sVAM(Z25)sVTHI(25)

A lGs4)e GUAlL1G)s Glasa)e UPL{&4)

COMPUTE EXACT LINEAR LEAST SWUARES SOLUTION OF THE GENERAL AFF INE

LINEAR THANSFORMATION,

S6 = SH = SI = SJ = SK = SL = SM = S0 = SP = S4Q = SR = 0,0

——D0 1 I = 1425

IFU X(I) +Ele Os <ANDe Y1) LEW. 0. } GU TU ]

N =N+ ]

560 = 56 « XM(])

SH = S5r o« YM(])

SI = 51 + X(])

SJd = SJ » YHI)

SK = SK ¢ X(])®AM(])

SL = SL ¢« Y{I)®XM(])

SM = SM + Y(I)®*TM{]})

50 = 50 « X(1)®*YM(])

SP = SP ¢ XM(])mep

SQ = 59 « yM(])eep

SH = SH o+ KMIUI])®*YMI]}
CUNT INUE

ABAR = SI/s/N
YHAR = SJ/N
XMHAHR = SG/N
YHMHAKR = SH/N

HZ2 = SHESH

QN = Sy®K

RN = SH®N

GH = S56®5SH

HHR = SH®SK

GU = SG954L

PN = SHeN

G2 = S6*506

HF = SHe®SP

OR = 56%5K

Py = Sp*S0

R2 = SH®SH
Ull = UN = H2
dle = GH = RN
W@l = HR = Gu
Q22 = PN - G2
@23 = GR = HP
W33 = PQU = H?
DET = la/ (N%®U33 ¢ 2,0GHR®SH = HZ2e4P = (2854}

A = DEVT*(ULl1®SK + (12250 + Q)3es])
DET®(J1225K + U22%S0 = U23eS[)
DET®(Q112SL « Q1295M « Q)i3®Sy)
DET® (W12°SL + Q22%5M « Q23%50)
XBAK = A®XMHBAR = HO®YMUAR
YEAR = C2XMBAR = D®YMHAR

MTMOO@
ouwdonn

CUMPUTE COMPARATOR CALIBRATION LINEAR CURRECTION PARAMETERS
CDD = C/D

ADMBC = A®D - @@*(C
€2PD2 = C®*C « D*D
A2PE2 = A%A « @#g
ACPED = A®C + a#p

ADMBCZ2 = ADMBC=ADMSEC

Ce2PrD2RT = SURTIC2PD2)
AZPB2RT = SURT{AZ2PB2)

ADAB = aA/8

THETA = ATANZU(C»D)

ALPHA = ATANZ (-ACPBDs ADMBC)
SX = C2PD2RT/ADMEC

5Y = AZPHZHT/ADMHEC
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E!Af‘l
£X

EXmw
EXACT
EXACT
ExXACT
EXACT
EXACT
ExXACT
EXACT
EXACT
EXACH
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
ExacT
ERACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
ERACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACF
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACH
EXACT
EXACT
EXACI
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT
EXACT




s NaNxl sl

SO0

L] SO0

EXACT

COMPUTE PAHAMETERS FOR THRANSFORMATION FKOM MEASUREMENT SYSTEM TO EXACT
MASTEKR GRED SYSTEM. EXACT

EXACT

DETH = =],/ADMBC EXACT

R = DETM®D Exact

S ==DETH®E £ XACT

T =-DETHM*C ’ EXACT

U = DETHEA EXACT
EXACT

COMPUTE RESIDUALS AFTER ADJUSTMENT (IN BOTH COORDINATE SYSTEMS) EXACT
EXACT

SUMVYX = SUMVY 2 SUMVX2 = SUMYT2 = SUMVAM = SUMVYM = SUMVAMZ 3 EXACT

1 SUMVYMZ = 0,0 EXAC]
——00 3 I = le25 EXACT
VX(I} = vY(I) = VXM(I) = ¥YM{I) = 0.0 EXACT

L3 CONTINUE EXACT
F——00 2 [ = 1+25 EXACT
IF §XC]) «EUs 0o oANDs Y(I) LEW, 0. )} GO TO 2 EXACT

VALY = A®XM(]) + B2*YMI([) &« E = X{I) EXACT

vY{I) = Co*XM(]) « O=YMI]) ¢« F = Y{I} EXACT

VIM(I) = Reyx{]) « Savyy(]) EXACT

YYM(]) = Te¥X(]) + Uvevy(]) EXACT

SUMYX = SUMVX ¢ ¥XLI) txacl

SUMYY = SUMYY + vY(]) EXACT

SUMYX2 = SUMVXZ ¢ YX(DIevX(]) EXACT

SUMYY2 = SUMYYZ2 ¢ VY (I)eyY(l) EXACT

SUMYXH = SUMyXM + yxM{]) EXACT

SUMYYM = SUMVYM « VYM{]) EXACT
SUMYXHMZ= SUMyXMZ+ YXM{])evXM(]) EXACT
SUMVYYMZa SUMYYM2e VYM{I)®YYM{]) EXACT

2 CONTINUE EXACT
TSYXH2L = TSYAM2L ¢ SUMVXM2 EXACT
TSVYH2L = TSVYM2L ¢ SUMVYNMZ EXACT
EXACT

COMPUTE ADJUSTHMEMT STATISTICS EXACT
EXACT

SIG02 ={SUMYX2 + SUMVY2}/(2%N = 6} EXACT
EXACT

G{lsl) = =SX=0/ADMBC EXACT
Gi{ls2) = =G{)+1)=C0D EXACT
Giled) = D®ACPBO/(ADMBC2eC2PD2RT) EXRACT
Gilea) = =G{1+3)2C0D EXACT
Gi2s1) = =~BEACPBD/ (ADMBC2eA2ZPH2RT) EXACY
Gl2e2) & =G(2s]1)%A08 EXACT
Gl2+3) = BeSY/ADMBC EXACT
GlZ2+4) = =G(2+3)%A03 EXACT
Gl3+1) = B/A2PB2 EXACT
Gl3+2) = =A/AZPB2 EXACT
Gi(3+3) = = p/C2PD2 EXACT
Gluwed) = =G(3e:3) EXACT
G(3ea) = C/C2PD2 EXACTH
Glaew) = =G(Ie4) EXACT
Glasl) = G(4e2) = 0.0 EXACYT
QX{lel) = UX{Ie3)} = DET=QIL] EXACT
QX{2+2) = QX(aed) = DET*Q22 EXACT
QAX{1e2) = WX{2esl} = QX(Jvo) = QX{4,3) = DET®*G]2 EXACT
AXEE93) = QX{1le&) = UX([293) = QX(2+4) = QX(I9l} = QX(342) = EXACT

1 QX{4sl) = QX(4e2)} = 0.0 EXACT
——D0 4 I = ]leb ExACT
—a00 & J = 144 EAXAACT
GUX{led) = 0.0 EXACT

—— 00 4 K = )& EXACT
GAX(Ievd) = GOX(IsJ) ¢ GIIoM)BOR({KII) EXACT

4 CONTIMUE EXACT
——00 5 I = 1+4 EXACT
——00 5 Jd = 1 ExACH
AP {Led}) = 0.0 Exacl

b——D0 S K = lo& EXACT
QPiTed) = QPLIsJ) ¢ GEX{IIK)I®GIJeK) EXACT

S CONT INUE EXACT
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SUBROUTINE VSPRINT (Xs Yy Ne L1CASCOLs UK) VOPRINT 2
VSPRINT 3

THIS SUBROUTINE PRINTS RESIOUALS FOR TWO SYSTEMS = X AND ¥ COLUMN VSPRINT 4

FOR EACH. VSPRINT 5

YSPRINT 6

COMMON ZAFFTNE/ VXs VYs VAMy VYMy BOUM{Z2) s SUMVRs SUMVYYS VSPRINT 7

1 SUMVXMs SUMVYMs SUMVXZs SUMYYZ2y SUMVXMZy SUMYYMZ VSPRINT 8
DIMENSION vX(25)s VY{25)s VAM{25)y ¥YM(25)s K(l)s T(1} VSPRINT 9

DF = N = UK VSPRINT 10
SIGMAX = SURT{(SUMVYXZ2/0F) VSPRINT 11
SIGMAY = SURT{SUMVYZ2/0F) VSPRINT 12
SIGMAXM = SURT{SUMVAMZ/DF) VSPRINT i3
SIGMAYM = SQRTISUMVYYM2/DF) VSPRINT 14
PRINT 100 VSPRINT i5
PRINT 10)s (ICASCOLs Is XCI)s YU{I)s VXUI)e VY{L)e Ls WAM(I)» VSPRINT 16

1 YYM({l)e T = Yee5 ) VSPRINT 17
PRINT 102 SUMVXZs SUMVYZ2e SUMVAMZs SUMYYMZ2s Ne SIGMALs SIGMAY S VSPRENT 18

1 SIGMAXMs SIGMAYH VSPREINT 19
100 FORMAT({//912X¢®RESTOYALS AFTER ADJUSTMENT ~ IN MEASUREMENT SYSIEM® VSPRINT 20
H 15%s #RESIDUALS AFTER ADJUSTHMENT = [N MASIER GRID 5YS5TEM#e VSPRINT 21

2 ZeBAs®PT, NOG® s Tho®h ADJ®y BXe®Y ADJI®y LOKy 2HVE912X+2HVYs VSPRINT 22

3 24Xy "NO.®s TXs 2HYXy 13Xs ZHVY } VSPRENT 23
101 FORMAT ( 8Xs ISe I2v 2(2Xy 6PFLl1.2)s 2Ky 6PF10.39 Xy GPF10430 VSPRINT 24
i 22Xe 12y 2Xy 6PF10,35 S5Xs 6PFLlO0.3 ) VSPRINT 25
102 FORMAT(/9+33Ks #S5UM V¥V =2,]12PF13e49 1X012PF1l3a4s 15Ks FSUM VYV =7, VSPRINT 26
1 12PF13.%9 2X312PF13,49 /v L1Xe #NO, OF POINTS = ®s 12+ 3Xs VSPRINT 27

2 # SIGMA =%y 6PF13.4¢ 1X» VSPRINT 28

3 6PF13ets laXy & SIGHA =95 6PFLl3.49 2%y 6PFL3.4 ) VSPRINT 29
RETURN VSPRINT a0
END VSPRINT 31

SUBROUTINE VSPRINT

Subroutine ¥SPRINT is a utility routine that
prints the output data for each of the three types of

least-squares adjustments, i.e., free adjustment,

linear parameter adjustment, and nonlinear parame-
ter adjustment. The adjusted observations and the
residuals are printed in both coordinate systems.

All measurement and grid data essential for a
complete calibration are stored in the B(25, 52)
array. A summary of the B array storage allocations

i8:

Rows
Colum

Colum

1-25=Grid point number.

ns  1-2=X and ¥ master grid coordinates
used.
ns 3-4 i

and ¥ mean measurements

for each case, starting with case
1 in cols. 3, 4. Storage space

allows for 20 cases.

Columns 43—44= Sum of residuals in x. ¥y meas-

urement system al

each grid

point after linear adjustment.

84

Columns 45-46 = Sum of residuals in A. Y grid

system at each grid point after
hinear adjustiment.

Columns 47—48= Sum of residuals in x. v meas-

urement system at each grid

point after nonlinear adjust-

ment,

Columns 49-50= Sum of residuals in X. Y grd

Column

Column

5l=

52=

system at each grid point after
nonlinear adjustment.

Total number of meaned obser-
vations of each grid peint from
all cases {storage is according
to grid point number).

Total number of meaned obser-
vations of each grid point from
all cases istorage is according
to measurement point locations
as determined by Subroutine
COMPVS,
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SUBROUTINE INVSYM(AsNRASNCAYNHsNC»DsS)

11715770 nHANSEN
DIMENSION A(NRASNCA)
THIS SUBKUUTINE INVERTS SYMMETRIC MATRICES., ALL OPERATIONS ARE
CONFINED TO THE UPPEH TRIANGULAR PART OF THE GIVEN HMAIRIX UNTIL THE
INVEKSE HAS BEEN OBTAINED. AS A FINAL STEPs SYMMETHY |S RESTORED BY
SETTING ALL ELEMENTS AlJselde JoGTols = TO ELEMENTS A(L+d).
THE ARGUMENTS AREsee
AesseNAME OF ARRAY CONTAINING MATRIX TO BE INVERTED. UPON EXITs+ A
CONTAINS THE INVERSE OF THE INPUT MATRIX,
DesesUPON EXITs D IS THE DETEHMINANT OF THE INPUT MATRIX,
SeeeeSINGULARITY INDICATOH, UPON EXITs IF S = l,s THEN THE GIVEN
MATRIX wAS SINGULAR, IF 50,9 MATRIX WAS NON=-SINGULAR.
Nese s PURTIUN OF ARRAY A CONTAINING MATRIX TO BE INVERTED (FIRST
N ROWS AND COLUMNS) A(NKN).
Nlo.ooDIMENSION OF ARRAY A [N CALLING ROUTINE AINIAN])s N1.GE.N
D= 1le
S = 0.
DO 10 I = 1sNH
L = Al(I+1}
D = D#*x
IF{X.6T0.) GO TO 1
S = j.
RETURN
1 AlI«I) = [.
DO 2 J = 1WNC
| 2 Alled) = A(Es /N
DO 10 K = lsNR

IF{K=123+1004
3 X = AlKeI}
GO TO &
4 X = A{LsK)I/ZALL1)
~—5 D0 9 J = K #NC
IF(I=J)6+7+8
6 AlKeJ} = A(KsJ)=X®A(]oJ)

10 CONTINUE
—— DU 11 I= 2sNR

——>D00 11 J = IsNR
1] AlJdsl=1) = A(I=1+J)
RETURN
ENU

GO0 TO 9
T AlKsJ} = =~X®A{[s])

GO0 0 9
8 ARy} = A(KsJ)eX®ALJo])I®A(]s])
9 CONTINUE

INVSYH
INVSYM
INVSYH
INVSYHM
INVSYH
INVSYH
INVYSYM
INVSTHM
INVSTHM
INVSYHM
INVSYM
INVSYHM
INVSTM
INVSTM
INVSTM
INVSYM
INVSYH
INVSTYM
INVSTM
INVSYH
INVSYM
INVYSYM
INVYSYM
INVSYM
INVSTHM
INVSTH
INVSYM
INVSTM
INVSYHM
INVSYM
INVSYM
INVSYH
INVSYHM
INVSYM
INVSYHM
INVSYM
INVSTHM
INVYSTM
INYSTM
INVSYHM
INVSTYM
INVSYM
INVSTHM
INVSTH
INVSYHM
INVSYM
INVSTHM



SUBROUTINE PLOT

DIMENSION PYX1Se5) s PYYiSeD2s PR(SeS)

i YYL{9) e
INTEGER GHRIDNO
HESID(GoMeRsY )=

A(9s11)

PY(S45)

(NOCOMP s GRIDNUOsDATE 9 A9 TRANS » [CSNO)

G(Fe2)s

YE(9)»

(G(IsM) o X2 (G 7aM) + X B (G(SaM) o KT (G(IeM) 2 X"G(1oM)I})

1 *YRLG(HM)+ YR (G{EsMI o YR{G(GoMI+YEG{2:M)))))

B0 1 1 = 1.9
p—0 1 J = 1s2
GiivJd} =
1 CONTINUE
X = .125 *» TRANS

ALy J*9)

IF (NOCOMP LT.10)PRINT 104 +NOCOMP

IF (NOCOMP EQ.10)PRINT }05
IF (NOQCOMP ,EW.l]1)IPRINT 106
IF (NOCOMP . GT.1L) PRINT 107
TP = TRANS ¢+ .1
TH = TRANS - .1
PRINT 108+ TP
L=0
pg 21 4 =
K=0
X=Xk=,025
IF (MOD({Js2))
3 Y = ,150
~———D0 30 I=1»5
Y=Y=,050
YAL(E)
YY({I)
30 CONTINUE
PRHINT 100s {(vwX(IK}s K =
PrRINT 10l (VY (IK)2IK=)»5)
60 70 21
4 L=L+1]
Y = L.125
——D0 20 [=1+9
Y=Y=.025
YA(T) RESID(Ge Lo XY}
YYifd RESID{Ge2eXe¥}
IF (MUD{I+2))50+2050C
S50 KaKe]
PYXLLsKI=VX(]}
PYY{LsK)=VY(])

TPy TPe TH

1+9

43394
THANS

RESID{GeleXaY}
RESIO(Ge2eXs Y}

¢ THANS

n N

PRILsK) = X = TrANS
PYIL+K) = ¥ = THANS
{ 20 CONTINUE
IF(J «EQ.

PRINT 102s (VYALIK) o [K =
PRINT 103¢(VY({IK)sIK=1+9)
21 CUNTINUE
CALL GHAFT
L=L+1l
FURMAT
FORMAT
FORMAT
FORMAT
FORMAT

FORMAT
FORMAT
FORMAT (46K,
FORMAT (1Xy
l F9o61
Kt TURN

EN D

100
101
102
103
i04
105
106
107
108

{1Xe 4{6PF10.3,

{1Xe BLOPF1043s SX)oe

*A =%y £9.69
M.y 106K ®Y

20K}
CLA+B(6PFL0.3+5X)16PF10.3)

LI IR

145}

9} PRINT 108:TMsTMsTHoTHM
1+9)

(124 6PF1043420K)206PF 10,3}

OPFL0elds /7770

6FF10.3y

rr747 )
(46Ke ] IHCUMPARATOR 41293 1H=PLOT OF NUN LINEAH CORRECTIONS
(44K 4BRCUMPARATOR STK=1A PLOT OF
(464K +4BACUMPARATOR STK=1B PLOT OF NON LINEAR CURKRECTIONS
4SHCOMPARATOR PSK PLO! OF NON LINEAR CURRECTIUNS }
By JOOKIRE =R FG , 092M, "y /o

=%y FO.Gy M & )
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(PYXoPYYsPAsPYsNOCOMP s GRIDNUSDATE » ICSNU» TRANS)

NON LINEAH CORRECTIONS

IXe®Y =,

)
)
)

PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
FLOT
PLOT
PLOT
FLOT
PLOT
PLOT
PLOT
PLOT
PLQAT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
rPLOT
PLOT
PLOT
PLOT
PLOT
rLOT
PLDT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLoT
PLOT
PLOT
PLOT
PLUT
PLOT
PLOT
PLOT
PLOT






CALL LEGNDG(Z9=4005+.135¢2¢2H+Y} GRAFT 59
IF{ICSNOQY40eal et GRAFT 60
40 CALL LEGNDG{Z+=0o1k790,14912+12H CASE NUMBER) GRAFT 61
CALL NUMBRG(Z2v=04,12T7T5¢0.1493s ICSNO} GRAF T 62
41 CALL LEGNDG(Z9=0¢179=0,12928228H BUTH COORDINATES THANSLATED) GRAFT 63
CALL NUMBRG(Z+=0,08+=0,12sB.6¢TRAN) GRAFT ba
NPTS = 2 GRAF T 65
X0(l) = .00 GRrAF T 66
X0(2) = .01 GRAF [ 67
YOl = =.12 ORAFT 68
YU(2) = =,12 GRAFT 69
CALL SETSMG (Z+8as1H]} GRAF I 70
CALL POINTG (ZsNPTS»X0sY0) GHAF T 71
CALL SETSMG (Ze+3awlH,) ORAFT 12
CALL LINESG (ZsNPTS»X0+Y0) GRAFT 73
CALL LEGNDG (Z9+029=,12+898H1 MICRUN) GRAF I 14
CALL LEGNDG (Zsel%yo00S9292HeK) GRAFT 75
CALL PAGEG(Z«0:0+1) GRAF T 76
RETURN GRAF T 17
END GRAFT 78
SUBROLUTINE FIDFIT2 Matrices of normal equations are
This routine computes the rotation and transla- (x2+12) 0 (xi) ()
. . . 1 b
ll()‘l’l'belweel] twn coordlnate' sy:ﬂems without ?er- . 0 (x?+Jf) (yi) — (x:)
mitting a scale change. Derivation of the efficient ATA = (xi) (y0) R 0
programmed least squares solution using the nota- ( ') {;) 0
. . N . . — i n X
tion developed in The Exact Least-Squares Solution ¥i ‘
of the G;eneral Linear Transformation is as follows: i
ang
The mathematical model is: i) + (i)
r (y:iXi} — (u:Y3)
—ATl= X,
[X] _, [ cos 0 sin 9] [x] . [c] (yl)
Y —sin @ cos 0] Ly d]’ 20 i

where

k = a uniform overall scale factor,
# = the rotation angle between the coordi-
nate systems, and
¢, d = translations in X and Y respectively
between the systems.

Rewriting with linear parameters in least-squares

P B 1 v

Observation equations are in form of v=Ax+1{, or

SR

— X

R
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where quantities in parentheses represent the sum-
mation from {=1 to {=n, and 2= number of ob-
servations {grid points).

The solution can be obtained more efficiently by
eliminating ¢ and d from the normal equations and
solving them implicitly from « and 4. That is

ATAx = 471
The last two equations of this set are
a{xi) +b(yi) + cn= (Xi)
aly;) — bi(x;) + dn = (Yi).
Dividing by » and rearranging terms we obtain
e=X—ax—by

d=Y - ay + bx,



where
- X
X =—, etc.
n

Solving for @ and &:

Inversion of AT4 is best facilitated by partitioning into 2 X 2 matrices and utilizing the Householder
identity

iy = [A 1B _ E"“'LQE] 3 [A-l —A'B(D — CA'B)-'CA-',~ A~ \B(D — CA-'B)—']
(™) ‘E :D}_ 0:11Q:] —{(D—CA'B)-'4"'B, (D — CA-'B)~ ’
by Householder identity

Qi O _ (4—BD-1C)—, —(A—BD-'C)'BD- ]

{'O';T@j B [— D-'C(4 ~ BD-'C)-'. D-'+D-'C(A—BD-'C) 'BD-

_ [(A — BD-1C) 1, _QnBD‘1 ] .
—D_ICQ“. D_1+OlzBD7l

Solving for a and & requires only the first row inverse partitions of ATA, ie., @, and Q... where

Qi=(4—BD-'C)-' or

.i; (x§+y?)_%(§ﬂ: If)2 “%(Z

O¢

01|=

It can be shown that:

ingl (If"'ﬁ)—l;(.nz xi)g—l;(g

where

=
n
n
2
s i=1
y n

_ 0] _ 0
O“_i{(-‘!i—f)i*'(ﬁ"?)z} [é l]_R[é l]



where

R=/ { 211?1‘)’?)—552 (xf)—i?ﬁ: (¥) .

Q. =—QuBD!

n n l
¢.=—R[q 1| YIRS BN
= 0 1 B =
i=1  i=1

The solution for @ and b becomes
’.i: (xiX)t+ 3, ()fiYiﬂ
i=1 i=1
i (-_\’iXi)'_E(Iiyi)
i=1 i=1

R 0 —Rx —Rv i is
0 R —Rv +Ri

Xi

N

oy

Y;

tvdx

H

Collecting terms we nbtain

=R{ $1x—0x1+ 3 10-910 |

i=1

p-r{ $ 10-9X] -3 lm-0va |

1t can be shown that

2 {(xi—2)Xi} = 2 {(xi—2)(Xi— X))} = 2 (xiXi) —nzX,

i=1

therefore,

R 3 (w-n =01+ 3 L= -1 ]

and
bR $10-0@=D]= (m-n -] |
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Thus

a= I g (IiX-')—niX'*‘g (:VrYi)—nﬂ—’],

H[

¢=X—azx—by, and

(yiX()—nyX— i (2:Yy) +ngY ],

i=1

d=Y —ay+ bz,
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SUHRUOUTINE FIOFIT2 (Xe Yy AMy THMe TSYAM2Ls TSVYYMZ2L} FIDFIT2 2
DIMENSTION X(1Ys Y(1)s XM(Ll}e YM({Ll)s VXL25)s VYI2S)le VAMIZS)y FIDFITZ 3

1 VYN I(Z29) FIDFITZ2 [
COMMON ZAFFINE/ VX9 VWYs VAMy VYMy BDUM(2) FIDFETZ 5

1 s SUMV Xy SUMVYs SUMVYAMs SUMVYYH FIDFITZ 6

2 v SUMVYXZe SUMVTZe SUMYIMZ2y SUMVIMZy RTs N FIDFITZ 7
E=F =66=H=0=FP =0=yv=u5= 0.0 FIDFiT2 8

N =0 FIDFIT2 9
——DO 1 1 = 1+25 FIDFITZ 10
TF U K(IY oEUs Oef) AND, Y(I) Qe G0 )} GO TO I FIDFITZ 11

E =E ¢ (1) FIDFIT2 12

F=F o Y(]) FIDFIT2 13

G =06 « X([y*X(L)}) « Y{I)®=Y({]) FIDFITZ it

H=H ¢ A([)eXM{]} FIDFITZ i5

Jd =0 e vYil)evYM(I} FIDFETR 16

P = P e x(I)OYM(]) FIDFITZ2 A7

W= W e YUI)OXM{]) FIDFITZ i8

Vv = v o« AmM(]} FIDFITZ i9

W= moe YM(]} FIDFITZ 20

N = N + | FIDFIT2 21

I CONTINUE FIDFITZ 22
X5b = E/N FIDFITZ 23

YsB = F/N FIDFITZ 24

AMB = VW/N FIDFIT2 25

YHMBE = W/N FIDFITZ 26

R = leb 7/ (G ~ X5HBPE - YSHAEF) FIDFIT2 27

A = H®I(H = E4XMd » O = FeYM4) FIDFITZ 28

B = H?{ld = Foe)xMph - & + reYME]) FIDFITZ 29

C = XMbB ~ A°xS5b = B2YSH FIDFIT2 30

D = YMB = A®*Y38 + BexSH FIDFITZ 3l
SCALE = J+0 7/ 2@rT{A®a « B®d) FIDFITZ 32

C FIDF1T2 33
C COMPUTE RESIDUALS FIDFITZ 4
C FIDFITZ 3s
SUMY A = SUMVY = SUMVXM = SUMVYHM = SUMVAZ = SusdvYZ = 0,0 FIDFITZ RI.Y
SUMV M2 = SUHMYYMZ = (0,0 FIDFITZ 37
——D0O 3 I = I+25 FIDFITZ 38
VELI)Y = vY(I) = vAM(I} = VYH{I) = 0.0 FIDFIiTZ 39

3 CONTINUE FIDFITZ2 Y]
——D0 2 I = 1+25 FIDFITE 41
IF { XtI) JEWQs 0.0 <AND. Y{l) .EQ. 0.0 ) GU TL 2 FIDFIiTZ 42

XM {I}=0CALE®( A®X(I) ¢ BeY({I) + C = XMB) + XHB = XH(]} FIDFITZ 43
VYM(I)})=SCALE® (=H®*X({]) ¢ A®Y(I) ¢ D = YM3} + YHB = YHMI(]} FIDF1TZ b

SUMVIM = SUMYXM o yXM({]I) FIDFIT2 45

SUMYYH = SUMVYM e« YYM(]) FIDFITZ2 46
SUMVAMZ = SUMYXMZ ¢ yxM{])e%2 FIDFITZ &7
SUMYYMZ = SUMYyYMZ2 + yYM{])®e2 FIDFITZ2 48

VAX(I) = =Aeyim{i]} + RevYM{]) FIDFITZ 49

VYD) = =geexmM{l) - asyYmil) FIDFIiT2 50

SUMYX = SUMVX ¢ VX{])} FIDFITZ 51

SUMYY = SyuMyvyY < vY{]} FIDFIT2 5é

SUMYXZ = SUMVEZ « VA(T)evA{])} FIDFITZ 53

SUMYYZ2 = SUMVYZ ¢ vY(I)#*vY(]) FIDFITZ S4

2 CONTINUE FIDFITE 55
TOVAMZ2L = TSYAMZ2L ¢ SUMVXM/Z i =" 1.
TOVTMZL = THVTMZL ¢ SUMYYMZ f I 57
RETURN FIOFITZ 58

EN D FIDFIT2 59
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SUBROUTINE COMPVS {(KROTC» 1.

QIMENSION Bi25+52)

L =K e
J 1
GO TO

KAPPA ROTATION

J = 26~

GO TO 1

KAPPA

J = 26

KAPPA

KAPPA

B{JsK)}
BiJsl)
RETURN
EN D

tle 2

I

ROTATION

ROTATION

*

ROTATION

(Jd=11)

B(JsK)
giJ.L)

*

3s 4)s KROTC

180 DEGREES.

=90 DEGKEEDS.

270 DEGREES.

0 DEGREES.

L2
VY

By VXe VY Ks

GRID POINT

GRID PUINT 5

GRID POINT

/S =5 #{J={{J=])/5)%5)

GRID POINT 1
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J4)

25 15 NEAREST ORIGIN.

15 NEAMEST ORIGIN.

21 IS NEAREST ORIGIN.

IS NEAREST ORIGIN.

COMPYS
COHPYS
COMPYS
COMPYS
COMPVYS
COMP VS
COMPVYS
COMPYS
COMPVYS
COMPVS
COMPYS
COMPYS
CONPVYS
COMPVYS
COMPVYS
COMPYS
COMPYS
COMPYS
COMPYS
COMPYS
COMPYVS
COMPYS
COMPYS
COMPYS
CONPVYS



SUBROUTINZ AVGRES (K, By ISIGMAG, NCASE, TS¥XMZ2, TSVYMZ, LCASCOL) AVGRES

OIMENSION VX (251, VY (25}, VXM(25), VYM(25), B(25,52} AVGRES
COMMON ZAFFINE/ VX, VY, VXH, VYM, BOUMI2), SUMVX, SUMVY, SUMVXM,  AVGRES

1 SUMVYH, SUMVXZ, SUMVYZ, SUMVXM2, SUMVYM2, RT AVGRES
OATA (STKIT = 1HR) AVGRES
SUMVX2 = SUMVYZ = 0.0 AVGRES
SUNVX = SJMVY = SUMVXNZ = SUMVYMZ = SUMVXM = SUMVYM = 0. AVGRES

KL =K 1 AVGRES

KZ = K + 2 AVGRES

K3 =K + 3 AVGRES

N =@ AVGRES
M= AVGRE S
00 1 I = (425 AVGRE S
VXCI) = VY(I) = VXHID) = VYM(I) = 0.0 AVGRES

IF {8{1,51) .EQ. 0.0) GO TO 1 AVGRES

IF (841,51} «EQe 0.0) GO TO 1 AVGRE S

If (B(I,52) .€Q. 0.0) GO TO & AVGRES

M=mM¢ 1 AVGRES

VX(I) = BUI,K)/B(I,52) AVGRES

VILI) = B(I,K1)/8(I,52) AVGRES

SUMVX = SUMVX + VX (D) AVGRES

SUNVY = SUMVY ¢ VY{I) AVGRES

SUNVX2 = SUMVX2 + VX(I)*VX(I) AVGRES

SUMVY2 = SUMYYZ + VY (1) *yY (I} AVGRES

“ N=NG®&1 AVGRES
VXM(I} = B(I,K2}/B(1,51) AVGRES

VIMAI) = B(I,K3)/B(I,51} AVGRE S

SUMYXY = SUMVYXM + WXM{I) AVGRES

SUMVYY = SUMVYM ¢ VYH(I) AVGRE S

SUMVX4Z = SUMVXMZ ¢ VXM(I)*VXM(I} AVGRES

SUMVYM2Z = SUMVYMZ + VYM(I)*VYM(I) AVGRES

[ 1 CONTINUE AVGRES
CALL VSPRINT (B(14LCASCOL)s BU1,LCASCOL#1}s 25, 04 1.) AVGRES
SIGMAS = 3QRT( (SUHVXZ + SUMVY2)/(H*2=1) } AVGRES
SIGMAM = SQRT( (SUMYXMZ + SUMVYM2} / (2%N - 1) ) AVGRES
PRINT 1005 SIGMAS, SIGMAM AVGRE S

IF (STKRT .EQ. RT) GO TO 3 AVGRE S

DF = N®NGASE® (INCASE-1) AVGRE S

IF (OF (L3 0.0) GO TO 3 8030673
SIGHAXR = SQRT{ (TSYXMZ - NCASE*SUMYXMZ) /0F) AVGRES
SIGMAYR = SQRT{ (T3VYM2Z - NCASE*SUMVYM2) /DF) AVGRES
PRINT 102 AVGRES
PRINT 101, SIGHAXR, SIGMAYR AVGRES
SIGMAG = J.0 AVGRES
SIGMAGZ = SIGMAM*SIGMAM - ((SIGHMAXR*®Z ¢ SIGMAYR®*®2}/2.) AVGRES

IF (SIGMA32Z .LE. 0.0) GO TO 2 AVGRES
SIGMAG = SQRT(SIGMAG2) AVGRES

2 PRINT 103, SIGMAG AVGRES
ISIGMAG = SIGMAG®1.E+9 AVGRES

RE TURN AVGRES

3 ISIGMAG = 0 AVGRES
100 FORMAT { 2(29X, *STANOARD OZVIATION = ¥, 6PF8.4) ) AVGRES
101 FORMAT (8eX, *SIGMA =%, 6PF13.4, 2X, 6PF13.4) AVGRES
102 FORMAT (/, 78X, *RANOOM ERRORS® ) 8030673
103 FORMAT (/, 77X, *UNBIASED GRID STANOARD ERROR = %, GPF8.4 } AVGRES
RE TURN AVGRES

EN O AVGRES
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SUBROUTINE LINLIN(XAeTYAsABsYH+ AV aYVoXuyYu)
02716771

COMPUTE THE INTERSECTION OF 2 LINES GIVEN THE ENDPUINIT COORDINATES

X1l=KA=Xg
Yl=YA=-YH
A2=AV=Xd
YZ=sYV=Yn
IF (T1.EG.04) GO TO 102
If (Y2.EQ.Gas) GO TU 104
GENERAL CASE
S1=x1/71
S2=K2/Y2
IF (51=5P2) 1Uls1029101
101 YA (XW=S2%Yu=Ape¢S5]1®*Yp)/(51=52)
XA=S]1®{YA=Yd) X
RETURN
PARALLEL LINES
102 PRINT 80O}
RETURN
SPECIAL CASES
103 IF {Y2.£Q.0.,) GO FO 102
XA {(YA=YW)PX2/ VoW
RETURN
104 XA=(YV=YB)¢X1l/Y]eXd
YA=Yy |
RETURN
d0] FUORMAT (/71Xe3aHNO INTERSECTIUN FOR PARALLEL LINES/Z/)
END

SUBROUT INE MICHON (KASESLEGsIFTeXeY)
OIMENSION MX(Z2)eIX(2) oL X(2)
READ LoeMX(L1)oMX(2) oKASEWLEGe [FToIX{L)olX {2}
—-—00 8 I=1+2
KA=S(IX{[)710)2]0
NA=IX{I)=KX
IF {(1ABS (NX~=MX(1))=5)3s3sb
I LXCI)I=KA+MX(])
GO TO 8
b IF (MEX{I)=NX)Ss+3eb
S LX(I)akKeMA{]}*]0
GU TO B8
LA{II=KX*MX{])=10
CUNT INUE
x=LXx(1l}
Y=LX(2)
K=X®,000001
Y=Y=*,000001
RETURN
1 FORMAT (2Xs21100301)912+190110}
ENG

@ o
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LINLIN
LINLIN
LINLIN
LINLIN
LINLIN
LINLIN
LINLIEN
LINLIN
LINLIN
LINLIN
LINLIN
LINLIN
LINLIN
LINLIN
LINLIN
LINLEN
LINLIN
LINLIN
LINLIN
LINLIN
LINLIN
LINLIN
LINLIN
LINLIN
LINL IN
LINLIN
LINLIN
L1kLIN

HICRON
HICRON
HICRON
MICRUN
MICRUN
MICRON
HMICRON
MICRUN
M1CRON
M[CRUN
HICKUN
M1 CRON
MICRON
M1 CRUN
H ICRON
MICRUN
MICRON
HJCRON
NICRUN
M ICRON
M1CRUN
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SUBROUTINE FLIPM{B)
DIMENSEON 8(25+52)

D00 1 I = 1425

TEMP = B(1,1)
8(ls1) = BUIs2}
Bil+2) = TEMP

1 CONTINUE

RETURN
EN D

SUBROUTINE wADDG {(AHRALs [DEGs IMINs

RS = .4B848136811E-5

IDEG = AHRAD/ (R5%13600.)

DEG = I1DEG

IMIN = (AHRAD=(DEG®RS5%3600.))/ (R5%60.)

XKMIN = lHIN

SEC = (AHRAD- ((DEG®RS®*I600,)+ (XM[NTR5¢60,)))/RS

RETURN
EN D

SUBROUTINE CLEAR {A+JR+ICe1RSsIRE+1ICSeICE}

A = NAME OF ARRAY

IR = S0W DIMENSION OF A AWRAY
1C = COLUMN OIMENSION OF A AKRAY

IRS s FIHST ROW ELEMENT TU BE CLEARED

IRE = LAST ROW ELEMENT TU BE CLEARED

1CS = FIHST COLUMN ELEMENT TO BE CLEARED
ICE = LAST COLUMN ELEMENT TO BE CLEARED

OIMENSION ATIRLIC)

—— D0 1 1 = IRSJIKE
t———D0 1 J = ICS oICE

A(led) = 0,0

1 CONTINUE

RETURN
EN D

SUBROUT INE CLEARV {Ajp]HyTHSe IRE)

A = VECTOH ARKAY NAME

Ik = TOTAL LENGTH OF A ARKAY

IRS = FIRST VECTOR ELEMENT 10 BE CLEARED
IRE = LAST VECTUR ELEMENY TO BE CLEARED

DIMENSION A (IR)

——DO0 § 1 = [HS¢1HE

A (1) = 0.0
1 _CONTINUE

S.

RETURN
EN D

GOVERNMENT PRINTING OFFICE:

1280-311"046/365%
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caLls
CALIB
CALIS
CaLl®
CALIS
CaLle
CaLls
CaLls
CaLls

RADDG
RADDG
HADDG
HADDG
HADDG
RADDG
RADDG
RADDG
RADDL

CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAKR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR

CLEARY
CLEARY
CLEARY
CLEARY
CLEARY
CLEARY
CLEARY
CLEARY
CLEARY
ey

ty
CLEAHY
CLEARY

116}
1162
1teld
lib4
1165
1166
1167
1168
116%

S O@ =N W

—

DO~ FNE LN

10
11
12
13
14
15
le
17
18

DO~NFU W N

i0
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13
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