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1. INTRODUCTION

The geometric adjustment of a network of ground stations, using

optical observations to satellites, is hardly a new topic. Since the

launch of the ANNA satellite in 1962, satellite observations have been

used to solve a variety of previously unsolvable geodetic problems.

One of the more basic problems was the determination of the Azimuth

between two distant stations. The latest accomplishment is the estab-

lishment of a worldwide network of optical observing stations by the

National Geodetic Survey. This geodetic network, shown in Figure 1.1,

is composed of 49 observing stations, more or less evenly distributed

throughout the world. Observations were made, using the BC-4 ballistic

cameras, to the PAGEOS balloon satellite, beginning in June, 1966 and

ending in November, 1970.

In January, 1971, the National Geodetic Survey was asked by NASA

to transform the worldwide network data into what is referred to as

Type I and Type II data for deposition in the Space Science Data Center

at the Goddard Space Flight Center, Greenbelt, Maryland. The Type I

data, called "partially reduced observations," consists of the adjusted

x,y plate coordinates of each satellite image on the photographic plates.

The Type II data, referred to as "fictitious satellite directions," con-

sists of the Greenwich hour angles and declinations of generally seven

fictitious images, calculated from a polynomial fit to the satellite

1
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Figure 1.1. BC-4 Worldwide Geometric Satellite-Network with the EDM Scalars
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images, on each photographic plate. These fictitious images were reduced

to simultaneouty to those from other ground stations observing the satel-

lite during a particular event. Since all seven images on each plate

were selected from a polynomial, a 14x14 variance-covariance matrix

associated with the fictitious directions from each observing station

is also provided as part of the data.

The purpose of this paper is to find the most practical and econom-

ical way to use these correlated observations for the accurate recovery

of ground station positions, and then apply the result to the adjustment

of the National Geodetic Survey worldwide network.

The paper is divided into four Chapters. Due to the variance-

covariance matrix associated with the observations from each ground

station, it was necessary to develop a mathematical model that would

incorporate this matrix into the normal equations. The description of

this model, and the mathematical development necessary to form reduced

normal equations, is given in Chapter 2, following this introduction.

The description of the data, and the problems encountered in proces-

sing it, are discussed in Chapter 3. Also included in Chapter 3 are the

results of preliminary adjustments performed using observations from a

sub-network of the worldwide network only. This sub-network was used

to analyze (1) the resulting differences using a generalized least

squares solution and one utilizing observation equations, (2) the dif-

ference between a solution with correlated data and one where the cor-

relations were ignored and (3) the degree of correlation that can be

tolerated before a solution begins to weaken.



The results of the worldwide network adjustment are given in

Chapter 4.



2. THEORETICAL CONSIDERATIONS

The mathematical model used as the basis for this work is the

optical adjustment model developed in [Krakiwsky and Pope, 1967]. This

program was developed for uncorrelated observations, with the observed

directions being the right ascension and declination referenced to the

true celestial coordinate system at the epoch of the observations. The

modifications to this model, in order to use the Type II observations,

are described in the following paragraphs.

2.1 General Development

The basic geometric figure used to describe the model is that of

a single ground station observing one satellite position, illustrated

in Figure 2.1. Here 0 is the origin of the average terrestrial co-

ordinate system [Krakiwsky and Pope, 1967], G is the observing ground

S

G

Xo

0

Figure 2.1. Single Station Observing One Satellite Position

5
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station, and S is the satellite position. The mathematical model can

be written as

F = XS - XG - GS = 0.1-1)

With the observed directions to the satellite in the true right as-

cension-declination coordinate system, the expanded version of Equation

(2.1-1) is [Krakiwsky and Pope, 19671,

F1 = x S - x G  r cos a cos = 0

F2 = YS YG - S r sin a cos 6 =0 (2.1-2)

F3 = S zG r sin 6 O0

where

r = topocentric range to the satellite,

C = true topocentric right ascension of the satellite,

6 = true topocentric declination of the satellite,

and

cos (GAST) sin (GAST) x

S = -sin (GAST) cos (GAST) -y

cx cos (GAST) - y sin (GAST) - x sin (GAST) + y cos (GAST) 1

GAST = Greenwich Apparent Sidereal Time,

x,y = the two components of polar motion.

If the observed quantities are the Greenwich hour angle (h) and

declination (6) in the average terrestrial coordinate system, such as

the Type II data, the expanded version of Equation (2.1-1) is

Fl = xS - xG - r cos h cos 6 = O

F2 = YS - YG + r sin b cos 6 = O (2.1-3)

F3 = zS - zG  - r sin 6 = 0 .

The development necessary to form normal equations from uncorrelated
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observations, using the generalized least squares approach with the model

defined by Equation (2.1-2), is described in detail in [Krakiwsky and

Pope, 1967]. When the correlation between observations is introduced,

the situation becomes much more complex. The Type II data was in the

form of card images, on magnetic tapes, arranged as shown in Figure 2.2.

In the model using uncorrelated observations, an event was defined as

two or more ground stations simultaneously observing one satellite posi-

tion. With the Type II data, an event is defined as two or more ground

stations observing the seven simultaneous (fictitious) satellite posi-

tions. This is shown in Figure 2.3. The situation corresponding to

Figure 2.1 is drawn in Figure 2.4. The resulting mathematical model is

developed in the following paragraphs.

2.2 The Generalized Least Squares Development

The mathematical model needed for the Type II observations is that

of Equation (2.1-3) expanded to include observations to all seven

satellite positions, i.e.,

F 1 = xS 1 - xG - rS1 cos hS1 cos 6S1 = O

F2 = YS 1 - YG + rS I sin hS1 cos 6S1 = O

F 3 = zS - ZG - r sin 6S1 = 0

(2.2-1)

F9 x 7 - xG - r S  os h cos 6 = 0S9 s7 s S

F20  YS 7 - YG + rS7 sin hS 7 cos 6S7 = 0

F21 = z7 - ZG - rS7 sin 6S7 = 0.
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Columns Format Contents

Card Format 1 2 - 6 15 Event No.

7 II The number of ground
stations observing
during the event.

8 - 9 12 Number of fictitious
Satellite images
(usually 7).

Card Format 2 2 - 6 I5 Station No. of the
first observing
ground station.

7 - 30 6A4 Name of ground station.

31 - 34 14 Plate No.

35 - 36 12 Number of usable
fictitious points.

Card Format 3 1 - 20 The upper-triangular
part of the variance-

21 - 40 covariance matrix.
4E20.13 There will be N(2N + 1)

41 - 60 terms in this matrix,
where N is the number

61 - 80 of fictitious satellite
images on the Plate.
Card Format 3 is re-
peated until all terms
have been read.

Card Format 4 1 - 2 12 Satellite image No.

3 - 18 F16.9 Greenwich hour angle,
in radians.

19 - 34 F16.9 Declination, in radians.

Card Format 4 is repeated for each satellite image. Card
Formats 2, 3 and 4 are repeated for each additional set of
data in the event.

Figure 2.2. Card Formats for the Type II Data
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GA

G2

Figure 2.3. A Two-station Event using the Type II Data

S2

4

G S7

0

Figure 2.4. Single Station Observing Seven Satellite Positions
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The generalized form of the linearized mathematical 
model is

AIXG + A2XS +BV + W 
=  (2.2-2)

where

aF1  3F1  3F1 -I

aXG aYG DzG

F2  F2  aF2 -I
aXG aYG azG

A,

LF2 1 F2 1  3F2 1

axG ayG zG (2x3)
(21x3)

-FI  F1  F 1  3F1 F1 3F1

S1  S1 * SS7 S7 S7

(21x21)

F21 F21 21 2 F21 F21 F2 1

xS1 sy I  azs1 axs7  YS7  azS7

In the general case where the ranges.rS i are also observed,

8F1 3F1 UF BPl DF1 aF1

ahl 361 arl  3h7  a6 7  Dr7

B =

aF21 21 a21 . F21 F21 9F2 1

3h 1 36 1 hr 1 7 a7 7



In practice the above matrix has the following form:

3x3

B =
0 1 3x3

3x3

L3x3
(21,21)

The vector V is the vector of observation residuals

-h

a oa o

V
=

a o
h7 - h 7

6a 6o
7 7
a o

r 7 - r 7

where the superscript o means observed and the superscript a means

adjusted. The approximate satellite positions are determined from the

ground station coordinates, and the observations. The ranges can then

be calculated. The vector W is the discrepancy vector determined by

inserting the observations and the approximations to the parameters in

the mathematical model, Equation (2.2-1). The vectors XG and XS are

the corrections to the ground stations and satellite positions, re-

spectively.

The reduced normal equations for a maximum of four co-observing
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stations, and the variation function, are formed as follows:

A1X 1 + A2XS + B1V1 + W1 = O

A1X2 + A2XS + B2V2 + W2 = 0

A1X3 + A2XS + B3V3 + W3 = 0 (2.2-3)

AIX4 + A2XS + B4 V4 + W4  = 0,

and

S= V PIV1 + V2P2V 2 + V;P3V3 + V4P4V4 - 2K'(AIX1 + A2XS + B1V I + W1)

- 2K (AX 2 + A2 XS + B2V2 + W2 ) - 2Ki(A 1X3 + A2XS + B3V3+ W3 )

- 2KL(AIX4 + A2 XS + B4 V4 + W4),

where

VSi = the transpose of the residual vector VS

K' = the vector of Lagrangian MultipliersSi

PSi = the weight matrix of the observations.

Taking the partial derivatives of the variation function with re-

spect to the V's, X1, X2, X3, X4 and XS,

1 , PV 1 - B!K1 = 0 V1 = PlBK12 V I  1 1

21 3V P2V2 - BIK 2  = 0 -- V2 = P21B2 K2

3 3B =K =0 --- V3  '21 V3  3V3 - BK 3  3 P31B K3

- (2.2-4)
2 V4  P 4 V4 - B4K4  = 0 --- V4 = P4 IB4K4

1 =
2 " l -AIK = 0
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1 a8
2 ax2 = -AIK2 = 0

1 3  = -AIK 0
2 aX3  3

S = -A'K = 0
2 X4  14

1 ~= -= A2K1 - A2K 2 - A2K3 - AK 4 = -A2(K1 + K2 + K3 + K4 ) = 0.
2 AXS 2 3 2

At this point in the development there are 13 equations, namely (2.2-3)

and (2.2-4). Four of these equations can be eliminated by substituting

the first four equations of (2.2-4) into (2.2-3). This results in

A I1 + A2XS + B1P llBK1 + W1 = O

A1 + A2+ A2XS + B2P IB2K2 2 = 0
(2.2-5)

AX3 + A2XS + B3P31B3K + W3 = O

A1 4 + A2XS + BP 1BK4 + W = O0

The development has now been reduced to the above four equations plus

the last five in (2.2-4). Equations (2.2-5) can now be rearranged to

solve for the Lagrangian multipliers (K's) as follows:

K1 = -(BlPII 1B)-1 (AlX1 + A2XS + W 1)

K2 = -(B2 P2 1B)-1 (AIX2 + A2Xs + W2 )

(2.2-6)
K3 = -(B 3 P3lBY)-1 (AIX3 + A2XS + W3 )

K4 = -(B 4 P~lB)- 1 (A1X4 + A2XS + W4).

Before proceeding further, it is necessary to explain how Equations

(2.2-6) are actually solved. Looking specifically at the first equation

in(2.2-6), the BI matrix is dimensioned 21x21 but the variance-covariance
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matrix associated with the observations is 14x14. When the B1 matrix

was developed, the range rSi was considered as an observed quantity.

The p-1 matrix refers only to the actual observed quantities which are

the Greenwich hour angle (hi) and the declination (6 ). Therefore, the

Pi1 matrices in Equation (2.2-6) have to be changed. The easiest way

to explain this is to look only at that part of B1 that corresponds to

observations on the first satellite position:

F1 ;F1 aFl
ah I a6 3rF

aF2  F2  F2  (2.2-7)

al 361 3rl

-1The matrix P (not P ) would have to be
1 1

-1

2Uhl h161 ahlrl

P1 =  chl61 61 a61rl
a2  (2.2-8)

ahlrl arl r I  rl

The range measurment is used in the algebraic derivation, but in the

numerical computations are obtained to a sufficient accuracy from the

observed quantities. Therefore, Equation (2.2-8) can be written as

ahl  h 1 61  0

P 1ahl61  061 0

0 0
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which is

Ohl hl 61 0

P1= h 161 0 2  0 . (2.2-9)

O 0 0

The expression (BlPI1 Bj)-1 can now be solved as follows:

(B1PjB-)-
1 = (Bi)-P1 Bi1 = (Bj1)'P1Bjl (2.2-10)

where P1 is defined by Equation (2.2-9).

The preceding description applies to the case of one satellite

position. For the seven satellite positions the dimension of the P-1

matrix is 14x14, and the P1 matrix must be dimensioned 21x21. An inter-

mediate matrix W can be formed as follows:

-1
02

2

ah 7

ahi6 7  ... o6 7  W14,1 ... W14,14

(2.2-11)

Now the 21x21 version of Equation (2.2-9) will be

1,1 W1,2 0 W1,3 W1,4 0 W1,13 W1,14

W2, 1  W2. 2  0 W2, 3  W2, 4  0 W2,13 W2.14 0

0 0 0 0 0 0... 0 0

PI
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W13 ,1 W13 ,2 O W13 ,3  W13 ,4  0 ... W1 3 ,1 3 W13 ,14 0

W14,1 W14,2 0 W14 ,3  W14,4 0 ... W14,13 W14 ,14 0

0 0 0 0 0 0 ... O 0 0

(2.2-12)

With PI defined by Equation (2.2-12), the matrix M-1 can be formed

using the technique shown in Equation (2.2-10), namely

M1= (B PBi)-1 = (B 1I)'P 1
B l . (2.2-13)

Using this to solve for the Lagrangian multipliers in Equations (2.2-6)

K1 = -M1 l(A 1 + A2XS + W1)

K2 -M2 1(AIX2 + A2XS + W2)
(2.2-14)

K3 = - 1(A1X3 + A2Xs 
+ W3)

K4 = -MI(A 1X4 + A2XS + W4).

Substitution of these into the last five equations in (2.2-4) gives

-A'K1 = A'M11 A X1 + A=M0IA2XS + A M;11w = 0

-A'i2 = AM21A X2 + A XM21A2XS + AM21 = 0

-A=K3 = A M31A1X 3 + AMA2 + 'M = 0 (2.2-15)

-A'K4 = A;'M1 AlX4 + A'MZIA2XS + A 'M 1W4 = 0

and

-A'(K 1 + K2 + K + K4) = AM I1AX1 + A 'M 1A2Xs + A M 1Wl

+ A'M21A x2 + AM2 WA2XS + Aim21W 2
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+ A'M-1A X + A'M-1A X + A'M-1W
23 13 23 25 23 3

+ A'M-1A X + A'M- 1A X + A'M41 W = 0.
24 14 24 2S 24 4

(2.2-16)

Writing the above in block notation results in the following equation:

AM11A 1  O 0 0 A'M11 A2 X A'MI 1

0 A'M 1A 0 0A2 AMM1AZ2
1.2 1 22 2 12

o 0 AM-1 o 1  X + 13
A'3 A 0 AM;3 A2 X3 A'M31W3  0.

O 0 0 A'M 1 A A'M 1A2 X4  A'M4 1W
1 1 1 4 14

A2MI 1A, A2M2 1A1 A MM1  A (A'Mil)A Xs  A2Mi i

i=l . . i=l
(2.2-17)

Equation (2.2-17) is referred to as the conventional normal equation

for a four station event where the satellite position XS is one of the

parameters. If only three stations were involved, the fourth row and

fourth column would be deleted from Equation (2.2-17) and the summa-

tion in the last row would be one to three. Since the satellite posi-

tion is of no interest, it is eliminated from the solution. This is

done by solving for XS in terms of the other parameters and sub-

stituting this into the remaining equations:

S= - E(AiMil)A2] IAM 1 A1X 1 + A2M2 1A1  2 + AM31A1X3
i=l 4 (2.2-18)

+ A2MZ 1AIX4 + Ai'MiliW"
i=1

Insertion of Equation (2.2-18) into Equations (2.2-15) gives the re-

duced normal equation. Since the A2 matrix is the identity matrix, the
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equations can be simplified to

4 4

A M11A 1X1 - AIM 1 [C ]-11 A11 - A;M11 M -1] 21AX2

4 4

4 4

- A~~'[r MT " 1 1  M (MLW )+ A~M1 1 = 0

1 M21A 2- A2M21 MT1 -1M11A 11- AM 1 M2 1X2
i=1i

4 4
MA - A4'M21 C M- 1 M 1AX3 A4M 1  M1- 1A X

i=1 i=

4 4

=1 i \ =

AM 1X3 - A'M31[ M-l 1M-1 A 1X- A1 M 1  M[ Mi 2lA1X2
i= i=1

4 4(2.2-19)
X A1 M1-1M 1AX- A'M 1 r M7 1-l'M 1A1 4

4 (-I-1 
1

A'lKAL 4 - A'M 
1  

Mi M11AlA1 I A1M 1 M 1 -1121AI 2

i=1 i=1

4 4

1 AMr-I E M 1] -M 'A A'M1 ' b1-''M'AX
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4 4
- A'M-1 M-1 1  /M-1W + A'M 1W = 0o.

1 4 = i= l i i 14 4

Combining terms in the above equations and writing in block notation,

the result is:

NX + U = 0,

where

4 4 4 4
AiMiA1 - A;n

1
C -Ml 1M' i

I
A 1  -A EC iM1]llA AM -A1 M11 [c 1' -M1A

AAIM21AI -"A l i 1 i Mi "AIM'1 I M -1 MIM;IA 1 IN 1-I M -l] IM41A 1

A'M1 Al -Aj'? ' 4 2 i;'34 12
-2 2 1i-IE 4 1

N=
A1 A1 1A 1 -A 1 M I

S4 1

(same as above diagonal) 4
AI'M 1 A I M-1 -1 4 1 1I

and

"X

X

2

x3

x
4
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and
4 4

AMIw1 A MI2 MI]-1 M-Iw
i=1 i=l

4 4

A'M3'Wl A -A I[ 1 ] M -1 M 1w.
21i=l = 1 L

U AI'W 3 - 1 -1 4 M 1W.
i= i  i=l

A'MW - -1

i=1 i=l

2.3 The Observation Equation Development

The basic generalized model given by Equation (2.1-3) can easily

be rearranged so that the adjusted values of the observed quantities

are a function of the parameters that result from the adjustment. The

rearranged model is

h = tankS G (2.3-1)

6 = tan I  z S -

((x s  xG) 2 + (Y G Y 2

The expanded version of this model, to include all seven satellite

positions, is

h = tan 
YS  G

1 xS, - XG
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( z G
-1tn 

- G
1 =  ta ( l - xG)2 + (yS 1 - G)

(2.3-2)

1 7
h = tan - YS7

7 XS - xG

S-G
67 = tan- ( 7 2

7 I(XS7 X G)2 + (Ys7 - YG ) 2

The observation equation form of the linearized mathematical model is

AIXG + A2XS  + L - V = 0 (2.3-3)

where

h1  ahl  ah 1

aXG aYG 3 ZG

61 361 361

aXG aYG ZZG

A1

ah 7  Dh7  Dh7
axG aYG aZG

a67  967  367

L XG aYG zG
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ah1 I  h h 1  hI1  ah1  ahl

ax5  ay5  a ax ay 3z
1 1 5 7 8 7

A 2 =

367 367 367 367 367 6_7

axS1 aY S azS axS aY azS 7

hC - hl
1 1

L =

h 7c - 0

7 7

7  7

The conventional normal equations for a four-station event is

0 0 o rA A [x1] FAl'pL
Al1Al O O 2 A 'P A2 1 l 1

O A3 P2A 3  0 0 A 3 'P2A4  X2  A 3 P2L2

S0 A5 P 3A5  0 A5 P 3A6  X3  + A5
1 

3L3  O

0 0 0 A7 P4 A7  A 7 'P 4 A8  X4  A7 P 4 L4

A2 PIA1  A4' P2 A3  A 6 I P 3 A5  A8 'P 4 A7  N XS  U

(2.3-4)
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where

N= A 2
1P 1A 2 + A4'P 2A4 + A6 'P 3 A6 + A8'P 4 A4

and

UI= A2 P2 1 L1 + A4 P2L2 + A6 
1P3L3 + Ag'P4L4 .

As with the generalized case, the satellite position XS is a nuisance

parameter and should be eliminated from the equations. From Equation

(2.3-4),
-i

XS = -N. -1(A2
1P1A 1 1 + A4 ' P2A 3X 2 + A6 ' P3AX3+ A 'PA7X 4

+ A 2 P1L1 + A4 'P2L2 + A6 P 3L3 + A8 'P4L). (2.3-5)

Substituting Equation (2.3-5) into Equation (2.3-4) and writing in

block notation,

NJ Jg- -i, Wr'ii 'i- -vi' U- + n - t(u 2 eu4+u 4 u8 )

3 - -1 U2 (U2U4+U6+U8)
5 - 95 N- I i i 3 U3 +N (U2 4+u ) 0

. as above diagonal N W 7 1 
14 + NF7r(U 2 U4HJ 6+U)

(2.3-6)

where

N1 = A 1P1A I  N3 = A 3
1P 2A 3  N5 = A5 P 3 A5  N7 = A7

1 P4 A 8

N 2 = A 2 'P1A 2  N4 = A4'P2A 4  N6 = A6'P3 A 6  N8 = A 8
1P4 A 8

N1 = Al P 1A 2  N3 = A3 P 2A4  N5 = A5'P 3A6  N 7 = A7'P 4 A 8

N 1 = A 2 'PIA1  N3 = A4'P 2A 3  N5 = A6
' P 3A5  N7 = A8 'P 4 A7

Ul = AI'PIL 1  U3 = A3'P2L2 U 5 = A5'P3L3 U 7 = A7'P4L4

U2 = A2 P1L1 U4 = A4 'P2L2 U6 = A6 'P 3L3 U8 = A8 'P 4L4
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2.4 Formation of the Normal Equations

The normal equations described in Sections 2.2 and 2.3 
were de-

veloped in order that the reduced normal equation N could be separated

into 3x3 blocks, and the discrepancy vector U could be separated into

3x1 columns. The computer program to solve normal equations in this

form had been developed several years ago. This adjustment program,

called OSUCOP, can add different sets of normal equations, and apply

constraints by using a sophisticated constraint package. The program

is described in detail in [Reilly, Schwarz and Whiting, 1973).

The logic used in developing the computer program to form reduced

normal equations was as follows:

i. The observational data should be read directly from a

magnetic tape.

2. The program should be such that the only card input

would be the station coordinates and datum information.

3. The program output should be the reduced normal matrix,

in 3x3 blocks, plus the discrepancy vector, both punched

on data cards so that this deck of cards can be input

into the existing adjustment program.

The computer program that was developed satisfied all three of the

above requirements. The normal equations were formed using each of

the seventeen magnetic tapes on which the Type II data was stored,

separately, so that there would be seventeen sets of normal equations

to add together for the adjustment.

The one difficulty with forming the normal equations as described
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above was the calculation of the residuals (v's) of the observations

after adjustment, necessary to determine the V'PV. The technique used

to compute this quantity is discussed below. A brief description of

the computer program is also included.

2.4.1 Calculation of V'PV

As mentioned above, the determination of V'PV is essential in

order to obtain the variance-covariance matrix of the parameters after

the adjustment. When the reduced normal equations are formed using

the methods discussed in this investigation, it is difficult to sub-

stitute the original observed quantities back into the linearized

mathematical model, like Equations (2.2-2) or (2.3-3), to arrive at

the residual vector V. Although it is not possible to get the in-

dividual residuals, vi, the total V'PV can be calculated.

The complete derivation of V'PV, using the reduced normal equations,

is given in [Krakiwsky and Pope, 1967, pgs 73-77). The equation for

V'PV, using the notation of this report, is

V'PV = (W!M.1W.)- [Mi .)( i1 MW) ( -i -x'u

(2.4.1-1)

for the generalized least squares development, and for the method of

observation Equations

V'PV = (LiPiL ) + (A2 'Pi i )( YA 2Pi1 A2  
1 (A2 'PLi) - X'U.

(2.4.1-2)

The first term in the above equations is the contribution from the

ground stations. The second term is the contribution from the satellite
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positions. The third term requires the X vector, and this can be cal-

culated only after the adjustment is completed. Therefore, the proce-

dure used in this investigation was to separately sum the first and

second terms during the formation of normal equations for each magnetic

tape of data. This number was then punched onto a data card.1 After

all normal equations have been formed, this number is added to that of

the other magnetic tapes and the adjustment is performed to obtain the

X vector. V'PV is then calculated.

2.4.2 Computer Program to form Reduced Normal Equations

The complete description of the computer programs developed during

this investigation would be a volume in itself. Therefore, this section

will be limited to an explanation of the output of the programs, and

the techniques used to analyze the results. A complete listing of the

programs developed are given in the Appendix.

Basically, there were two programs developed. The first program

formed reduced normal equations using the generalized least squares

model described in Section 2.2. The second program also formed reduced

normal equations, but here the method of observation equation described

in Section 2.3 was used. The printed output from each of these programs

is identical. Each program was written to read the observational data

directly from the magnetic tapes, form the reduced normal equations in

Also punched on the same card was the number of observations minus
three times the number of satellite positions that were eliminated
during the formation of the reduced normal equations. This number will
be needed in order to calculate the degrees of freedom.
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blocks, and then punched onto cards in a format such that the normal

equations could be processed directly by the existing OSUGOP adjustment

program. The additional printed information will be discussed here.

One of the requirements of this investigation was the comparison

of results between correlated and uncorrelated observations. The choice

of using either can be made by changing only one number on a control

card used with the program. If full correlation is used, the program

gives the option of computing and printing the matrix of correlation

coefficients of the given variance-covariance matrix associated with

each station in each event, this option also being exercised by changing

only one number on the control card. If the matrix of correlation co-

efficients is printed, it will appear as in Figure 2.5.

An important part of the normal equation program output is the

event adjustment. This is the adjustment for each satellite position

prior to the formation of normal equations. The satellite position is

computed from the given observations and the approximate coordinates of

the camera stations. An example of the printed output, after an event

adjustment, is shown in Figure 2.6. This shows the event to be number 0

of this particular run, and the event number given by the National

Geodetic Survey as 6346. There are seven satellite positions in the

event, and the computed coordinates of the satellite positions are

given both as X, Y, Z, and 0, X, h. The numbers 19, 20, and 43 on

the left side of this figure are the station numbers of the three

stations observing this event. On the same line as each station are

the observations, which are the Greenwich hour angle and declination,

expressed in radians. The last number on each line is similar to a
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EVENT NO. 2891 STATION NO. 6

1.00 0116 00214 -0,000 0.083 -0.03C 0.174 0.014 0.028 0.015 0.004 -0010 -0.076 -0.011

0.116 1.000 0.023 0.123 0.009 -0.057 0.044 0.14 0.036 0036 0.006 -0.024 -C.019 -0.08

0.214 00023 1.000 00123 0.541 0.031 0.157 -0.075 0.292 -0.059 0.133 -0.012 0.0O7 0.031

-0.000 0o123 0.123 1,000 0.066 0.476 -0.015 -0.107 -0.018 -0.005 -0.017 -0o018 0.01Q 0.122

0.083 0O009 0.541 0.066 1.000 0.091 0.626 -0.064 0.266 -0.130 0.234 0.002 -0.041 0.030

-00030 -0,057 00031 0.476 0.091 1.000 -0.009 0.369 -0.092 -0.199 -0.025 0.045 0.003 -0.021

00174 O,044 0.157 -0015 Oo626 -0.009 1.000 -0004 0.547 -0,056 0.150 .oC01 -0.045 0,020

00014 00144 -0.075 -0.107 -0.064 0.369 -0.004 1,000 -0.0O 6 0.354 -0,048 -0.024 -0.009 -0.080

0.028 0.036 0.292 -0.018 0.266 -0.092 0.547 -0.046 1.000 0.070 0.384 0o042 0.228 0.038

00015 0,036 -0.059 -0.005 -00130 -0.199 -0,056 0.354 0.070 1.000 0.010 0.293 0.023 0.185

0.0000 0006 0,133 -0.017 0.234 -0.025 0.150 -0.048 0.3864 0010 lo000 0.134 -0,199 -0.028

-0,010 -0,024 -0,012 -00018 00002 0.045 0.001 -0,024 0.042 0.293 0.134 1.000 -0.040 -0.233

-0.076 -0.019 0.097 0o019 -0.041 0.003 -0.045 -0.009 0.228 0.023 -00199 -00040 1o000 0,133

-00011 -0.088 0,031 0o,22 0.030 -0.021 0.020 -0.080 0.038 0.185 -0.028 -0.233 0.133 1,000

EVENT NO. 2801 STATION NO. 116
1,000 0.103 0.449 0.060 0.153 0,010 0.198 -0.045 0.194 -0,095 0.038 -0.111 -00006 -0.112

00103 1,000 -0.023 0.481 -0.137 0.166 -0,176 0.186 -0.183 0.156 -0.176 0,014 -0.115 -0.00?

0.449 -0.023 1.000 0.o153 0.779 0.130 0.344 -0.044 0.178 -0.215 0.213 -0,.276 0.053 -0.235

00060 0.481 0,153 1.000 0.100 0,779 -0.067 0.202 -0.213 -0.087 -0.213 -0.011 -0.125 -0.003

0o153 -0.137 0,779 0,100 lo000 0,150 0.769 -0.012 0.397 -0.211 0.156 -0,283 0.13& -0.270

0.010 00166 0,130 0.779 0,150 1.000 0,036 0.650 -0.127 0,097 -0.185 -00079 -0.073 0.090

0.198 -0.176 0,344 -0,067 0.769 0.036 1.000 0.033 0.773 -0.073 0.294 -0.164 0.152 -00233

-0.045 0.186 -0.044 0.202 -0.012 0.650 0.033 1.000 0.037 0.675 -0.010 0.197 0.001 C.174

0.194 -0.183 0.178 -0.213 0.397 -0.127 0.773 0.037 1.000 0.109 0.754 0.021 0,211 -0,151

-0,095 0.156 -0.215 -0,087 -0.211 0,097 -0,073 0,675 0.109 1.000 0.180 0,769 0,077 0.280

0.038 -0.176 0.213 -0.213 0.156 -0.185 0.294 -0.010 0.754 0.180 1.000 0.165 0,513 -0,025

-0.111 0.014 -0e276 -0.011 -0.283 -0.079 -0.164 0.197 0.021 0.769 0.165 10o000 0.132 0.570

-0.006 -0.115 0.053 -0.125 0.134 -0.073 0.152 0.001 0.211 0.077 0.513 0.132 1.000 0.130

-0.112 -0.002 -0.235 -0.003 -0.270 0.090 -0.233 0.174 -0.151 0,280 -0.025 0.570 0.130 1.000

Figure 2.5. Matrix of Correlation Coefficients Computed from the Variance-Covariance Matrix of
the Observations 

0
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TEST DISTANCE = 200.00 SECONDS OF ARC

EVENT 0 6346
19 1.7160276 -0.4494284 0.8

20 0.7766793 -0.4440155 0.1
43 1.5084081 -0.0442105 0.8

SATELLITE POSITION 1700356.201 -8881809.630 -5289410.721
GEOD. COORD. OF SATELLITE -30.425892 280.837718 4103737.7

RMS MISCLOSURE IN METERS= 15.3
19 1.7226323 -0.4946744 1.0
20 0.7683539 -0.4795793 0.2
43 1.5105150 -0.0813797 1.0

SATELLITE POSITION 1684787.482 -8808501.308 -5480318.584
GEOD. COORD. OF SATELLITE -31.532332 280.828090 4137764.6

RMS MISCLOSURE IN METERS= 19.4
19 1.7296815 -0.5392995 1.2
20 0.7593536 -0.5145951 0.2
43 1.5126964 -0.1190654 1.1

SATELLITE POSITION 1668956.258 -8731807.937 -5669136.666
GEOD. COORD. OF SATELLITE -32.631420 280.820732 4171708.8

RMS MISCLOSURF IN METERS= 21.4
19 1.7372069 -0.5832296 1.0
20 0.7496437 -0.5490213 0.3
43 1.5149562 -0.1572398 0.8

SATELLITE POSITION 1652889.487 -8651785.291 -5855803.364
GEOD. COORD. OF SATELLITE -33.723202 260.815803 4205549.3

RMS MISCLOSURE IN METERS= 17.8
19 1.7452529 -0.6264005 1.2
20 0.7391878 -0.5828195 0.6
43 1.5172969 -0.1958751 0.7

SATELLITE POSITION 1636605.o64 -8568488.152 -6040267.776
GLOD. COORD. OF SATELLITE -34.807779 280.813414 4239267.2

RMS MISCLOSURE IN METERS= 20.7
19 1.7538638 -0.6687612 1.2
20 0.7279468 -0.6159533 0.4
43 1.5197225 -0.2349440 0.0

SATELLITE POSITION 1620133.482 -8481982.864 -6222503.264
GEOD. COORD. OF SATELLITE -35.885311 280.813744 4272868.3

RMS MISCLOSURE IN METERS= 20.7
19 1.7630827 -0.7102609 0.3
20 0.7158776 -0.6483886 0.7
43 1.5222375 -0.2743969 0.9

SATELLITE POSITION 1603504.618 -8392325.907 -6402427.427
GEOD. COORD. OF SATELLITE -36.955733 280.817013 4306317.4

RMS MISCLOSURE IN METERS= 17.9
NEW VPV 0.485393784895D+02
NEW VPV 0.6180234080470D05
NEW VPV 0.4821211946690D02
WPW CONTRIBUTION FROM SATELLITE POSITIONS 0.6177562838260#05

Figure 2.6. Printed Output after an Event Adjustment
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residual, and used by the analyst as an indicator of the least squares

fit. This is described in [Reilly, Schwarz and Whiting, 1973). The

most meaningful numbers in the event adjustment are the last lines

labeled 'NEW VPV' and 'WPW CONTRIBUTION FROM SATELLITE POSITIONS.'

In this particular example, there are three different values of 'NEW

VPV,' one for each of the three observing stations. The sum of these

three numbers is the first term in Equation (2.4.1-1). The number de-

noted 'WPW CONTRIBUTION FROM SATELLITE POSITIONS' is the second term in

Equation (2.4.1-1). The sum of the 'NEW VPV' of each observing station,

minus the 'WFW CONTRIBUTION FROM SATELLITE POSITIONS' must be a positive

number. Each of the 'NEW VPV' numbers must also be positive numbers.

If either of these are not positive the observational information is

not useable. This will be discussed later with specific examples.

The remaining output from the formation of normal equations pro-

gram is identical to that described in the OSUGOP report [Reilly,

Schwarz and Whiting, 19731.



3. DATA

The Type II data used for this investigation was the result of a

polynomial fit to the satellite images on the BC-4 camera plates. The

order of the polynomial was six for almost every plate. In most cases

this turned out to be a very good polynomial fit with very low correla-

tion between the different coefficients. However, there were many

polynomials where the correlation between the observations was so high

that it was impossible to use the variance-covariance matrix of the

observed quantities when using double precision arithmetic.

The Type II data is a second generation of the observed quantities

not used by the National Geodetic Survey. The data used by the National

Geodetic Survey are the x,y plate coordinates of the satellite images.

The polynomial fit is not made to the satellite's path in space, but to

the x and y coordinates of the satellite images on the camera plate

where the x-axis is in the general direction of the satellite's trail

[Bush, 19731.

Extensive studies were carried out by the National Geodetic Survey

to determine what form of mathematical curve should be used to represent

the satellite path. It was decided that a fifth-order polynomial was,

the optimum form. In forming this polynomial, all measured points were

rotated to a coordinate system in which the x-axis is defined by the two

end points of the satellite trail. The center image of the satellite

trail became the zero-point of the time dimension. The mathematical

31
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model was the two polynomials

x = aO + alt + a2t
2 + a3t 3 + a t4 + a5t5

(3-1)

y = b0 + blt + b2t2 + b3t
3 + b4 t 4 + b5 t 5

where t is the difference in time between the image time and the time

of the center image. Normal equations were formed, and a solution was

made for the coefficients of the polynomial. Using the computed co-

efficients, the polynomial was evaluated at each satellite image point

by Equation (3-1), and the residuals in x and y were computed by

V = x -x

v = yC

where x and y are the original rotated coordinates, and xc and yC are

computed. The mean errors for a fifth-order polynomial are

v 2

N- 6

Sc = ( x2 + y 2
\ 2(N -6) /

where N is the number of satellite images used to form the polynomials,

and the superscript c means curve fit. These give a measure of the

trails lack of adherence to a smooth curve, the x in the direction of

motion, and the y perpendicular to it. As a residual check, a criterion

was established that any residual greater than 20 um must represent an
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erroneous point. If any such points were present, they were eliminated

and the solution repeated.

The correlation present in the Type II data came about during

the process of propagating from the x,y coordinates of the polynomials

to the Greenwich hour angle and declination.

At the completion of the worldwide network observation program,

3672 successful plates were observed on 1702 successful events, com-

posed of 1449 two-station, 238 three-station, and 15 four-station events

LSchmid, 1972]. An event in this case is defined as two or more ground

stations observing a satellite during the same time span. Approximately

two-thirds of these events were transformed into the Type I and Type II

data. The data sent to the Space Science Data Center consisted of 903

two-station, 216 three-station, and 15 four-station events. Observa-

tions were from 49 different ground stations.

The Type II data contained approximately 35,000 observations. Each

event was recorded as a separate file on a 7-track magnetic tape,

utilizing seventeen tapes in all. Table 3.1 is a listing of these

magnetic tapes, showing the tape number given by National Geodetic

Survey, the total number of events on each tape, and the number of two-,

three-, and four-station events.

3.1 The Conditioning of the Variance-Covariance Matrix of the
Observations

When an analyst uses the expression that a matrix is ill-condi-

tioned, it may mean one thing to one person and something else to another.

When stating that a matrix is ill-conditioned, it must be specified
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TABLE 3.1

LISTING OF MAGNETIC TAPES CONTAINING THE TYPE II DATA

Number of Events on each Tape

No. of 4
No. of 2 No. of 3 Station

Tape No. Total No. Station Events Station Events Events

7 87 73 12 2

8 90 76 13 1

15 90 70 17 3

16 90 70 20 -

20 90 74 14 2

24 90 62 25 3

28 90 68 20 2

32 89 71 17 1

34 30 19 11 -

36 29 22 7 -

39 60 40 20 -

41 30 28 2 -

44 60 55 5 -

46 30 26 4 -

49 60 47 13 -

52 60 50 9 1

55 59 52 7 -

Total 1134 903 216 15



35

in what operation the ill-conditioning is present. A matrix can be

ill-conditioned when it is necessary to get an inverse, or to get its

eigenvalues or eigenvectors, but it cannot be said that ill-conditioning

with respect to one operation will also be ill-conditioned with respect

to any other operation. An illustration is a matrix that has all of

its eigenvalues close together, i.e., max/min= 1. A matrix such

as this is well-conditioned for inverting matrices but ill-conditioned

for determining eigenvalues.

As might be expected, there are varying degrees of ill-conditioning.

A matrix can be referred to as well-conditioned, ill-conditioned, very

ill-conditioned, or singular. Much has been written on this particular

topic, and there are many different tests that can be used to determine

the degree of ill-conditioning. One of the indicators is the ratio

of the maximum and minimum eigenvalues. In the literature this is

referred to by several different names, the two most common being the

P-Number and the Spectral Norm [Ralston, 1965, pg 417]. Once a matrix

has been classified as ill-conditioned, everything that this matrix is

associated with also becomes poorly-determined. This can be illustrated

using the mathematical development for the generalized least squares

model in Chapter 2. Assume that four ground stations (1, 2, 3, 4) are

involved in one event. The variance-covariance matrix of the observa-

tions associated with Station 1 is very highly correlated, and the

variance-covariance matrices of the observations associated with the

remaining three stations have very low correlation. Since Pl-1 is

ill-conditioned, the matrix
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M- = (BI 1P 1-B')
1

will not be well-determined, even though the matrix B1 is well-con-

ditioned. Also, the expression W'1 M1- W1 will result in a very large

number due to the ill-conditioning of M11. In addition to this, the

matrix

M = [ Mi-1

will not be well-determined. All of these expressions are necessary in

the development of the reduced normal equations necessary to perform

a station adjustment.

The above illustration is typical of many of the Type II events.

An example of a very ill-conditioned variance-covariance matrix is one

that would have a matrix of correlation coefficients as follows:

hi 1  h2  a2  h3  a3  h4  a4  h5  a5  h6  36  h7  a 7
hi  1.00 0.00 0.97 0.01 0.92 0.03 0.86 0.04 0.78 0.05 0.70 0.04 0.63 0.03

al 1.00 -0.02 0.96 -0.03 0.85 -0.05 0.64 -0.06 0.35 -0.06 0.10 -0.06 -0.04

h2  1.00 0.00 0.98 0.02 0.93 0.04 0.85 0.06 0.75 0.06 0.66 0.04

a2  1.00 -0.01 0.96 -0.02 0.79 -0.03 0.51 -0.04 0.23 -0.04 0.05

h 3  1.00 0.02 0.98 0.04 0.92 0.06 0.81 0.07 0.71 0.06

a3  1.00 0.01 0.93 0.00 0.71 -0.01 0.44 -0.01 0.25

h 1 00 0,04 0.97 0.07 0.90 0.08 0.80 0.07f

34  1.00 0.04 0.91 0.03 0.72 0.02 0.54

h5  1.00 0.07 0.97 0.08 0.90 0.08

a5  1.00 0.07 0.94 0.06 0.82

h6  1.00 0.08 0.97 0.08

a6  1.00 0.07 0.96

h 7  1.00 0.07

a7 1.00
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As can be seen, the highest correlation is in the second diagonal row

parallel to the main diagonal of the matrix. This means that hI and h2

are highly correlated, as is h2 and h3, h3 and hG, 61 and 62, etc. As

one moves further away from the diagonal the correlation decreases. In

most cases the decrease is gradual. It should also be noted from this

matrix of correlation coefficients that there is very little correla-

tion between the Greenwich hour angles and the declinations. This is

not always the case, but when correlation does exist it is low compared

to the correlation between like observations.

3.1.1 The Use of Correlated Observations in an Adjustment

Due to the very high correlation of the variance-covariance matrix

associated with some of the observations, it became necessary to deter-

mine which data was highly correlated, and determine a way to use the

data. The indicator first used in this investigation to determine the

conditioning was the P-Number, or Spectral Norm. This number is a

good indicator of high correlation; the smaller the number, the better

the conditioning.

It was found that the P-Number of the variance-covariance matrices

varied from 1 to 1010. The question then becomes "what is the largest

value of the P-Number that can be accepted before the conditioning of

the matrix is so poor that it can affect the results of an adjustment?"

At this point in the investigation it was noted that the magnitude

of the P-Number was just one or two orders of magnitude larger than

W'M-1W or L'PL. A few examples of this are shown here:
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W'M-IW, or L'P'-L P-Number

.315 x 108  .161 x 1010

.183 x 106 .306 x 108

.178 x 104  .267 x 106

.220 x 104 .523 x 105

.262 x 106 .831 x 10

.270 x 104  .591 x 106

As was mentioned in Section 3.1, the examination of the matrix of

correlation coefficients of any P-1 matrix shows the highest correlation

to be between successive images. With a little practice, the con-

ditioning of the matrix can be determined with a fair degree of accuracy

by just looking at the matrix of correlation coefficients. To illustrate

this, seven different P-1 matrices were selected where the value of

W'M-1W varied from about 10 to 1010. The matrix of correlation co-

efficients for each of these is given in Tables 3.2 through 3.8. Each

of these tables will be discussed separately.

Table 3.2 illustrates a very well-conditioned matrix. The value

of W'M-1W was 10. The second diagonal row parallel to the main

diagonal has the highest correlation, but 0.58 is the largest correlation

coefficient.

Table 3.3 is an example where the value of W'M'1W is approximately

4000. As can be seen, the correlation between successive like-observa-

tions varies from 0.72 to 0.91. There is essentially no correlation

between the Greenwich hour angles and the declinations.

Table 3.4 is given here mainly to be compared with Table 3.3. In



TABLE 3.2

MATRIX OF CORRELATION COEFFICIENTS FOR EVENT #3538,
STATION 2, ON TAPE 24

1.00 -0.25 0.22 -0.10 0.24 -0.10 0.13 -0.12 0.11 -0.14 0.10 -0.09 0.06 -0.03

1.00 -0.03 0.18 0.06 0.08 0.05 0.03 -0.02 0.09 -0.01 0.07 -0.00 0.03

1.00 -0.31 0.50 -0.24 0.08 -0.09 0.13 -0.01 0.11 -0.01 0.14 -0.06

1.00 -0.16 0.55 0.05 0.17 0.10 0.09 0.01 0.04 -0.07 0.12

1.00 -0.34 0.43 -0.14 0.00 0.09 0.19 0.03 0.08 -0.02

1.00 -0.04 0.58 0.14 0.06 -0.03 0.12 -0.11 0.06

1.00 -0.19 0.45 -0.12 0.15 0.00 0.02 0.06

1.00 -0.08 0.54 -0.08 0.18 -0.08 -0.03

1.00 -0.31 0.43 -0.13 0.31 -0.00

1.00 -0.16 0.47 -0.07 0.20

1.00 -0.27 -0.04 0.02

1.00 -0.02 -0.06

1.00 -0.19

1.00

W'M' 1W = 10



TABLE 3.3

MATRIX OF CORRELATION COEFFICIENTS FOR EVENT #4682,
STATION 23, ON TAPE 7

1.00 0.07 0.79 0.04 0.63 0.05 0.58 0.05 0.55 0.03 0.44 0.02 0.33 0.00

1.00 0.02 0.72 0.01 0.54 0.01 0.47 0.01 0.41 0.01 0.32 0.01 0.31

1.00 0.08 0.89 0.10 0.66 0.09 0.58 0.05 0.58 0.02 0.48 -0.00

1.00 0.09 0.87 0.08 0.50 0.06 0.30 0.05 0.33 0.04 0.37

1.00 0.13 0.88 0.12 0.73 0.07 0.60 0.02 0.55 -0.00

1.00 0.12 0.80 0.10 0.49 0.07 0.35 0.05 0.43

1.00 0.13 0.91 0.09 0.66 0.03 0.57 -0.01

1.00 0.12 0.84 0.08 0.53 0.05 0.47

1.00 0.09 0.88 0.04 0.66 -0.00

1.00 0.07 0.85 0.03 0.57

1.00 0.04 0.83 0.00

1.00 0.02 0.78

1.00 0.00

1.00

W'M-IW = 4000



TABLE 3.4

MATRIX OF CORRELATION COEFFICIENTS FOR EVENT #2661,
STATION 11, ON TAPE 7

1.00 0.24 0.66 0.16 0.33 0.05 0.15 -0.04 0.13 -0.10 0.16 -0.11 0.12 -0.11

1.00 0.17 0.67 0.05 0.31 -0.05 0.05 -0.09 -0.01 -0.08 0.02 -0.06 0.03

1.00 0.32 0.82 0.26 0.42 0.04 0.19 -0.14 0.17 -0.19 0.20 -0.17

1.00 0.29 0.80 0.12 0.24 0.04 -0.11 -0.08 -0.10 -0.03 0.04

1.00 0.35 0.83 0.18 0.51 -0.06 0.20 -0.18 0.10 -0.19

1.00 0.29 0.72 0.13 0.23 -0.03 -0.07 -0.06 -0.06

1.00 0.29 0.84 0.12 0.40 -0.06 0.10 -0.15

1.00 0.29 0.77 0.14 0.27 0.00 -0.00

1.00 0.29 0.77 0.14 0.38 -0.03

1.00 0.32 0.77 0.19 0.37

1.00 0.34 0.80 0.17

1.00 0.34 0.80

1.00 0.33

1.00

W'M 1 W = 70,000
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Table 3.4 the correlation between successive like-observations is less

than in Table 3.3, but the value of WoM-1W is higher, namely 70,000.

The difference is that in Table 3.4 the correlation between the Greenwich

hour angles and declinations has increased. If every other image is

eliminated and only images 1-3-5-7 are used, the value of W'M-1W is 20.

Table 3.5 is an example with a W'M-1W of 400,000. The second

diagonal row shows the correlation to vary from 0.78 to 0.89, along

with some correlation between the Greenwich hour angles and declinations.

If every other image is eliminated, the resulting W'M-
1W is 300.

Table 3.6 is an example with a W'M-1W of 2,500,000. The reason for

such a large value is not at all obvious. The second diagonal row has

lower correlation coefficients than Table 3.5, but the correlation be-

tween the Greenwich hour angles and declinations is higher. The cor-

relation matrix for images 1-3-5-7 has a W'M-1W of 300.

Table 3.7 is one of the very bad matrices. The value of W'M-'1

is approximately 14,000,000. The reason for this is obvious; the cor-

relations in the second diagonal row are all greater than 0.9. The

correlations in the fourth diagonal row, as well as the sixth diagonal

row are higher than the other matrices examined. The correlation be-

tween the Greenwich hour angle and declination is essentially non-

existent. This lack of correlation between the Greenwich hour angle

and declination caused the W'M-1W for the 1-3-5-7 image matrix to drop

to 21.4.

Table 3.8 is an example of one of the worst matrices in the world

network data. The lowest correlation in the second diagonal row is



TABLE 3.5

MATRIX OF CORRELATION COEFFICIENTS FOR EVENT #7765,
STATION 69, ON TAPE 7

1.00 -0.18 0.86 -0.14 0.54 -0.01 0.26 0.11 0.20 0.18 0.28 0.15 0.33 0.07

1.00 -0.20 0.84 -0.16 0.41 -0.09 -0.02 -0.04 -0.15 -0.01 -0.05 0.01 0.08

1.00 -0.19 0.85 -0.08 0.56 0.08 0.35 0.18 0.26 0.17 0.25 0.07

1.00 -0.17 0.78 -0.11 0.31 -0.04 0.00 0.01 -0.07 0.03 0.01

1.00 -0.10 0.89 0.03 0.65 0.12 0.30 0.14 0.11 0.06

1.00 -0.09 0.81 -0.04 0.45 0.01 0.09 0.05 -0.07

1.00 -0.02 0.88 0.04 0.47 0.06 0.14 0.01

1.00 -0.03 0.84 -0.01 0.42 0.03 0.07

1.00 -0.02 0.80 -0.03 0.45 -0.05

1.00 -0.04 0.81 -0.01 0.44

1.00 -0.09 0.85 -0.11

1.00 -0.08 0.84

1.00 -0.12

1.00

W'M-1W = 400,000



TABLE 3.6

A.LTRIX OF CORRELATION COEFFICIENTS FOR EVENT #7137,
STATION 19, ON TAPE 7

1.00 -0.04 0.77 0.07 0.32 0.09 -0.02 0.04 -0.08 0.05 0.00 0.11 -0,02 0.05

1.00 -0.12 0.80 -0.07 0.41 0.04 0.16 0.04 0.21 -0.07 0.26 -0.06 0.14

1.00 -0.05 0.76 0.09 0.27 0.11 -0.01 0.04 -0.15 0.00 -0.05 0.03

1.00 -0.11 0.77 -0.04 0.41 0.06 0.24 0.03 0.22 -0.07 0.18

1.00 0.01 0.76 0.15 0.14 0.11 -0.21 -0.04 -0.09 -0.02

1.00 -0.07 0.84 -0.02 0.46 0.05 0.15 -0.04 0.15

1.00 0.06 0.66 0.16 0.14 0.09 -0.04 0.00

1.00 -0.05 0.77 -0.04 0.34 -0.05 0.14

1.00 0.08 0.78 0.19 0.23 0.10

1.00 -0.06 0.80 -0.09 0.32

1.00 0.08 0.61 0.13

1.00 -0.07 0.65

1.00 0.04

1.00

WvM-lW = 2,500,000



TABLE 3.7

MATRIX OF CORRELATION COEFFICIENTS FOR EVENT #4887,
STATION 60, ON TAPE 24

1.00 -0.00 0.97 0.01 0.92 0.03 0.86 0.04 0.78 0.05 0.70 0.04 0.63 0.03

1.00 -0.02 0.96 -0.03 0.85 -0.05 0.64 -0.06 0.35 -0.06 0.10 -0.06 -0.04

1.00 0.00 0.98 0.02 0.93 0.04 0.85 0.06 0.75 0.06 0.66 0.04

1.00 -0.01 0.96 -0.02 0.79 -0.03 0.51 -0.04 0.23 -0.04 0.05

1.00 0.02 0.98 0.04 0.92 0.06 0.81 0.07 0.71 0.06

1.00 0.01 0.93 0.00 0.71 -0.01 0.44 -0.01 0.25

1.00 0.04 0.97 0.07 0.90 0.08 0.80 0.07

1.00 0.04 0.91 0.03 0.72 0.02 0.54

1.00 0.07 0.97 0.08 0.90 0.08

1.00 0.07 0.94 0.06 0.82

1.00 0.08 0.97 0.08

1.00 0.07 0.96

1.00 0.07

1.00

W'M-1W = 14,000,000



TABLE 3.8

MATRIX OF CORRELATION COEFFICIENTS FOR EVENT #4590,

STATION 12, ON TAPE 24

1.00 -0.02 0.98 -0.02 0.93 -0.03 0.86 -0.03 0.78 -0.04 0.68 -0.05 0.57 -0.05

1.00 -0.02 0.97 -0.02 0.87 -0.03 0.71 -0.03 0.48 -0.04 0.22 -0.04 -0.03

1.00 -0.02 0.98 -0.02 0.94 -0.03 0.87 -0.04 0.77 -0.04 0.65 -0.05

1.00 -0.02 0.97 -0.03 0.86 -0.03 0.66 -0.04 0.40 -0.04 0.13

1.00 -0.03 0.98 -0.03 0.94 -0.04 0.85 -0.04 0.74 -0.04

1.00 -0.03 0.96 -0.03 0.82 -0.04 0.60 -0.04 0.33

1.00 -0.03 0.98 -0.04 0.92 -0.04 0.82 -0.04

1.00 -0.04 0.95 -0.04 0.79 -0.04 0.56

1.00 -0.04 0.98 -0.04 0.91 -0.04

1.00 -0.04 0.94 -0.04 0.79

1.00 -0.04 0.98 -0.03

1.00 -0.03 0.95

1.00 -0.03

1.00

W'M-lW = 6,700,000,000
4.1
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0.91 and the highest 0.98. However, there are six 0.98 values. The

W'M-1W for this matrix is 6,700,000,000. As in Table 3.7, the correla-

tion between the Greenwich hour angles and declinations is nonexistent.

By eliminating every other image, the very high correlation in the

second diagonal row is eliminated, with 100 as the W'M-1W for images

1-3-5-7.

The seven different matrices described above are typical examples

of the actual data. To give an indication of how much data falls into

each of the different categories of conditioning, two different subsets

of the data were tested. This data was the observations on tape #44 and

tape #52, a total of 120 events. For each event the value of W'M'1 W

for each station was abstracted and tabulated. These numbers were

grouped together as follows:

Group No.

0 W'M' 1W < 1

1 1 < W'M'-W < 10

2 10 < W'M-W < -100

3 100 < W'M-1W < 103

4

5

6

7

8

9

10 109 < W'M-1W < 1010

11 1010 < W'M-1W
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The results are shown in the form of a histogram 
in Figures 3.1 and

3.2. In Figure 3.1, 25 of the 116 plates has a W'M-
1W greater than

10,000, which is 21.5%. In Figure 3.2 the amount is 24 out of the 129

plates for a total of 18.6%. If the number 10,000 were used as the

cutoff point between acceptable and unacceptable data, approximately

20% of all plates would be rejected. If each of the rejected plates

were part of a two-station event, these events would account for a total

rejection factor of 40% of all data. If the rejection number were

raised to 100,000 the percentage of plates rejected would be 11.2% and

10.8% for the two tapes.

Rather than select an arbitrary value of W'M-1W for a rejection

criteria, another approach to the problem would be to use every other

image (i.e., 1-3-5-7 or 2-4-6) in an event if the W'M-1W value in that

event is extremely large. Using the same two data subsets, tape #44

and tape #52, the value of W'M'1W was computed for each station using,

first, only observations to images 1-3-5-7, and secondly, observations

to images 2-4-6. As before, each value of W'M-1W was abstracted and

tabulated in the form of a histogram. These are shown in Figures 3.3

through 3.6. The value of W'M-1W, in all cases, was less than lx10 5.

As was anticipated, the elimination of the polynomial endpoints by

using images 2-4-6 did give better results, but not significantly better.

The decrease in the W'M-1W by using images 2-4-6 is compensated by

more observations and better geometry when using images 1-3-5-7.

3.1.2 Rearranging the Order of the Observed Quantities

It was shown in Section 3.1.1 that the rejection of observations

on every other satellite image greatly improved the conditioning. This
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was done using satellite images 1-3-5-7 and satellite images 2-4-6.

Although it is not a recommended practice, it is possible to get a

solution using the above two sets of data simultaneously, i.e.,

-1P for Images

1-3-5-7
(3.1.2-1)

p-1

p-1 for Images

2-4-6

(14x14)

This is the case where the observations to all seven satellite images

are used, but the correlation between successive images is neglected.

Suppose that instead of the Null matrices in the upper right and

lower left portions of the P-1 matrix above, the actual values are

inserted. In other words, the P-1 matrix will be 14x14 and full, the

only change being the order of the observations. In experimenting with

many different matrices and many different arrangements of observations,

the results after the rearrangements were always the same as before.

If the correlation between successive images was eliminated, as shown

in Equation 3.1.2-1, the results would always be well-conditioned.

However, once these off-diagonal elements were inserted, regardless of

the order of the observations, the ill-conditioning would return.
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3.1.3 The Diagonalization of a Matrix

There is a theorem in the matrix theory, called an existance

theorem, which is the following [Hohn, 1966, pg 2963:

If A is Hermitian, there exists a unitary matrix
U such that U*AU is a diagonal matrix whose
diagonal elements are the eigenvalues of A*:
U*AU = D[CX, X2, .. , n3 '.

In this theorem, the superscript * means Hermitian. The matrix A is

called Hermitian if A=A' where A' is the transpose of the complex con-

jugate. If the elements of A are real, A'=A* so that the property of

being real and symmetric is a special case of the property of being

Hermitian.

p-l
The matrix P-1, being a matrix of real numbers and symmetric, is

Hermitian. This theorem can be applied by defining D as a diagonal

matrix where the diagonal elements are the eigenvalues of the P-1

matrix and the unitary matrix U is made up of the eigenvectors of the

P-1 matrix. The U matrix is also symmetric. The theorem, in this case,

is

UP 1 U = D. (3.1.3-1)

This can be rearranged as follows:

P-1 = U-1 DU- 1  (3.1.3-2)

and

P = UD- 1U. (3.1.3-3)

Equation (3.1.3-3) can be substituted in place of the weight matrix in

the mathematical formulation described in Chapter 2.

Tests were performed using Equation (3.1.3-3) in place of the weight
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matrix, and the conclusions were that this method will improve the re-

sults when used with data that is very highly correlated. It is not a

fool-proof method, however, since there are several matrices where it

was very difficult to compute the eigenvalues.

3.2 Preliminary Numerical Results

After the completion of all the preliminary experiments described

in Section 3.1, the next step was to perform an adjustment. Many dif-

ferent adjustments were necessary to answer the questions raised ear-

lier in this investigation. To recapitulate, these questions were:

1. Is there a difference in the solution when using generalized

least squares, as opposed to the method of observation

equations?

2. How much correlation can be tolerated before the solution

begins to weaken?

3. What is the difference in the results when the same data is

used with and without correlation?

4. Is there any data that is unusable?

The formation of normal equations for the entire worldwide network is

a very expensive as well as time consuming task. It was decided that

it is not necessary to use the entire network to answer the questions

listed above. The Type II data from the original seventeen tapes was

organized into four separate geographic areas, with the data copied

onto four other magnetic tapes. One of these areas is North and South

America, shown in Figure 3.7. There are 237 events in this sub-network,

which is considered sufficient to perform the necessary experiments.

3.2.1 The North and South America Sub-network
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Of the 237 events in the North and South American network, 187

were well-conditioned (the value of W'M- W was less than 10,000). The

remaining 50 events were highly correlated. For the first series of

experiments, all observations from the 187 good events and observations

on images 1-3-5-7 from the 50 ill-conditioned events were used. This

data was used to perform three different adjustments:

1. using the generalized least squares adjustment, without

correlation, using double precision arithmetic,

2. using the generalized least squares adjustment, with correla-

tion, using double precision arithmetic,

3. using the method of observation equation, with correlation,

using double precision arithmetic.

The results of each of these three adjustments are given in Table 3.9.

General information on the adjustments is contained in Table 3.10.

The first conclusion that can be drawn from the results is that

the generalized least squares adjustment gave essentially the same re-

sults as the method of observation equations. What appeared to be an

advantage in that the mathematical model was linear in the parameters,

using the generalized method, was not really an advantage at all.

The second conclusion is that the technique of using only the

better conditioned events plus images 1-3-5-7 from the highly correlat-

ed events gives essentially the same results as using all observations

without correlation. This conclusion is not too surprising. Many

analysts agree that correlation coefficients of 0.6 or less do not

cause significant changes in a solution. Many of the differences in

station coordinates are approaching the 1 a level. The ao for the



TABLE 3.9

COORDINATES OF THE NORTH AND SOUTH AMERICAN NETWORK
STATIONS FROM THE THREE TEST ADJUSTMENTS

Corrections to Approximate Coordinates

Generalized, Generalized, Obs. Eq.,
Station Approximate No a Full a Full a
Number Coordinates Correlation Correlation Correlation

1 X 546551.3 - 0.5 2.8 1.4 3.2 2.6 3.0
Y -1389976.8 - 9.6 10.1 - 9.8 9.5 - 8.4 9.5
z 6180216.4 7.1 7.8 4.8 8.3 3.1 8.4

2 X 1130751.5 0.0 0.3 0.0 0.3 0.0 0.2
Y -4830822.5 0.0 0.3 0.0 0.3 0.0 0.2
Z 3994698.9 0.0 0.3 0.0 0.3 0.0 0.2

3 X -2127841.1 0.7 9.0 1.6 8.1 1.6 8.1
Y -3785839.5 - 8.1 3.6 - 3.7 3.9 - 3.1 3.7
Z 4656032.3 0.8 3.2 - 1.8 4.0 - 2.2 4.0

8 X 3623218.3 -34.0 9.9 -28.5 11.1 -29.4 4.0
Y -5214222.7 3.9 4.8 4.0 6.0 5.2 6.2
Z 601532.3 40.1 12.6 31.1 13.6 31.3 13.6

9 X 1280811.5 -20.4 5.3 -17.6 6.4 -17.6 6.4
Y -6250937.6 7.5 6.8 9.3 8.1 10.7 8.4
Z - 10814.6 41.6 13.9 34.2 14.7 33.1 14.6

19 X 2280596.7 -29.0 6.9 -24.3 8.2 -24.6 8.2
Y -4914539.4 3.9 5.2 3.9 6.7 4.1 6.7
Z -3355431.0 64.7 24.5 58.2 25.6 58.5 25.5

0

All units are in meters.



TABLE 3.9 (Cont'd)

Corrections to Approximate Coordinates

Generalized, Generalized, Obs. Eq.,
Station Approximate No 0 Full 0 Full 
Number Coordinates Correlation Correlation Correlation

20 X -1888624.9 4.1 9.7 - 0.4 9.7 - 2.5 9.3
Y -5354875.8 4.6 6.2 - 0.3 8.0 0.3 7.9
Z -2895760.4 69.4 23.5 53.8 24.6 55.4 24.6

38 X -2160990.2 1.3 9.2 3.1 8.4 1.8 8.4
Y -5642692.6 - 4.7 3.8 - 1.5 4.6 0.0 4.5
Z 2035359.0 15.9 7.2 13.0 8.0 9.7 7.9

43 X 1371345.7 -18.4 5.5 -17.0 6.9 -16.6 6.8
Y -3614746.0 -10.0 6.6 - 7.1 7.7 - 6.8 7.6
Z -5055948.9 80.0 29.9 68.6 31.0 66.8 30.9

50 X 1192648.5 -17.8 6.3 -16.6 7.9 -15.7 7.8
Y -2451015.8 -16.4 10.3 -12.5 11.8 -13.2 11.7
Z -5747042.3 77.8 32.6 65.7 34.1 65.9 34.0

61 X 2999889.2 -34.8 9.1 -33.6 10.6 -34.0 10.6
Y -2219363.2 -23.9 10.8 -19.7 12.2 -18.7 12.1
Z -5155268.2 80.5 30.4 66.7 31.7 65.7 31.6

67 X 5186389.3 -52.6 15.7 -48.7 17.6 -47.4 17.7
Y -3653935.6 3.3 7.4 2.1 9.4 3.1 9.5
Z - 654306.7 49.8 16.6 44.9 17.9 46.6 18.0

All units are in meters.



TABLE 3.9 (Cont'd)

Corrections to Approximate Coordinates

Generalized, Generalized, Obs. Eq.,
Station Approximate No 0 Full a Full 0
Number Coordinates Correlation Correlation Correlation

i111 -2448865.4 2.0 10.0 3.3 9.1 2.1 9.1
Y -4667971.2 -10.1 3.3 - 8.1 4.4 - 5.7 4.4
Z 358274.3.9 5.0 3.8 2.9 5.1 - 0.1 5.1

134 X -2448914.6 0.8 10.0 2.1 9.1 0.9 9.1
Y -466806:2.8 - 2.6 3.3 - 0.6 4.4 1.7 4.4
Z 358243:3.7 19.9 3.8 17.8 5.1 14.8 5.1

All units are in meters.

Ic.3



TABLE 3.10

GENERAL INFORMATION ON THE ADJUSTMENTS

Generalized, Generalized, Observation Equ. Method
No Full Full

Correlation Correlation Correlation

Number of observing stations 14 14 14

Station used as origin Beltsville (2) Beltsville (2) Beltsville (2)

Chord constraint between

Station 2 and Station 3

(3485363.23m) 1:364777 1:406009 1:406009

Number of Degrees of

Freedom 1890 1890 1890

Quadratic sum of all the

residuals (W'PW) 14203.5 11465.1 11472.7

Standard deviation of

unit weight (o o) 2.7414 2.4630 2.4638

011
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solution using uncorrelated observations is slightly higher than in

the solution using correlated observations (see Table 3.10).

3.2.1.1 Adjustments using the Very Highly Correlated Observations

The next series of experiments was to use all 237 events in the

North and South American Network, if possible, using full correlation.

The adjustments were performed in sequence as follows:

1. A control adjustment using only the 187 well-conditioned

events.

2. An adjustment using the data in 1, plus all events where

W'M- 1W was greater than 10,000 but less than 100,000.

3. Same as 2, plus all events where W'M-1W was greater than

100,000 but less than 1,000,000.

4. Same as 3, plus all events where W'M-1W was greater than

1,000,000 and less than 10,000,000.

5. The final adjustment used the same data as 4, plus all

events where W'M-1W was greater than 10,000,000.

The results of each of the five adjustments are shown in Tables

3.11 and 3.12. Table 3.11 shows that the oo decreased slightly when

the observations had a W'M-1W less than 1,000,000. When the very

highly correlated observations are added, the co increased. However,

the weight coefficient matrix, N-1, remains about the same for all

adjustments. A very close examination of the weight coefficient matrices

actually shows the numbers to decrease, although very slightly, with the

addition of the highly correlated observations. The change in the

statistics given in Table 3.12 is due almost entirely to the change of

ao, which is due to the increase in V'PV.



TABLE 3.11

GENERAL INFORMATION ON THE NORTH AND SOUTH AMERICAN ADJUSTMENTS

187 well- W'M-1W < W'M- 1 W < W'M''1W < W'M-1 <

conditioned 100,000 1,000,000 10,000,000 100,000,000
events

Number of observing 14 14 14 14 14
stations

Station used as
origin Beltsville (2) Beltsville (2) Beltsville (2) Beltsville (2) Beltsville (2)

Chord constraint
between Station 2 1:1000000 1:1000000 1:1000000 1:1000000 1:1000000
and Station 3

(3485363.23m)

Number of events 187 209 223 231 233

Number of Degrees
of Freedom 1610 1820 1974 2053 2072

Quadratic sum of all
residuals (W'PW) 9614.2 10554.7 11722.4 13976.5 14470.4

tandard deviation
f unit weight ( o ) 2.4437 2.4082 2.4369 2.6060 2.6427

0



TABLE 3.12

COORDINATES OF THE NORTH AND SOUTH AMERICAN NETWORK STATIONS

AT THE DIFFERENT STAGES OF USING CORRELATED OBSERVATIONS

Corrections to Approximate Coordinates

187 vell- W'M-IW< W'M- W'M-W< 'M-IW< W'M-1W<

Station Approximate condi- 6 7 0
Number Coordinates tioned IxI 5  0 1x106  1x10 1x10

events

1 X 546551.3 1.5 3.1 1.4 3.1 1.5 3.1 1.5 3.3 1.4 3.4

Y -1389976.8 -10.5 9.5 - 9.3 9.4 - 9.6 9.4 - 9.8 10.1 - 9.8 10.2

Z 6180216.4 4.6 8.3 4.5 8.2 5.7 8.2 5.4 8.7 5.4 8.8

2 X 1130751.5 0.0 0.2 0.0 0.2 0.0 0.2 0.0 0.3 0.0 0.3

y -4830822.5 0.0 0.2 0.0 0.2 0.0 0.2 0.0 0.3 0.0 0.3

Z 3994698.9 0.0 0.2 0.0 0.2 0.0 0.2 0.0 0.3 0.0 0.3

3 X -2127841.1 1.5 8.0 2.1 7.9 2.0 8.0 1.8 8.5 1.8 8.7

Y -3785839.5 - 5.9 4.0 - 3.3 3.8 - 3.0 3.8 - 3.4 4.1 - 3.4 4.1

Z 4656032.3 1.3 4.1 0.1 4.0 - 1.0 3.9 - 1.4 4.2 1.4 4.2

8 X 3623218.3 -28.3 11.6 -28.2 11.4 -28.5 11.1 -28.4 11.9 -28.5 12.1

Y -5214222.7 4.4 6.7 3.6 6.1 3.2 6.0 4.3 6.3 4.3 6.4

Z 601532.3 32.7 14.3 32.2 14.0 35.4 13.5 33.1 14.4 32.9 14.6

9 X 1280811.5 -20.9 7.4 -19.2 7.2 -19.5 6.6 -18.5 7.0 -17.8 7.1

Y -6250937.6 10.1 8.6 8.7 8.2 10.2 8.0 9.4 8.6 9.5 8.7

Z - 10814.6 133.0 15.3 33.3 15.0 37.1 14.6 35.9 15.5 36.0 15.8

All units are in meters;
0a.



TABLE 3.12 (cont'd)

Corrections to Approximate Coordinates

187 well W'M-1 W< W'M-1W< W'M-lW< W'M-IW<
Station Approximate condi-
Number Coordinates tioned I 5  a x10 6  1x10 7  1x108

events

19 x 2280596.7 -31.2 9.1 -26.8 8.8 -26.5 8.4 -24.9 8.9 -24.5 9.0
Y -4914539.4 1.9 8.1 2.3 7.2 7.5 7.0 6.4 7.0 6.3 7.1
Z -3355431.0 52.1 27.1 60.5 26.1 56.3 25.4 57.0 27.1 58.6 27.5

20 X -1888624.9 1.6 9.9 2.4 9.7 1.1 9.5 - 0.7 10.2 - 1.0 10.3
Y -5354875.8 4.6 9.3 9.1 8.8 2.1 8.0 - 0.8 8.3 - 1.0 8.5
Z -2895760.4 64.1 27.4 71.3 26.4 56.5 24.5 52.6 26.1 52.0 26.4

38 X -2160990.2 1.4 8.4 1.7 8.3 3.6 8.3 3.0 8.9 3.0 9.0
Y .-5642692.6 - 4.5 4.9 - 3.5 4.7 - 1.3 4.5 - 1.2 4.8 - 1.2 4.9
Z 2035359.0 16.1 8.2 15.7 8.0 14.1 7.9 12.8 8.4 13.0 8.5

43 X 1371345.7 -14.0 8.0 -14.8 7.6 -18.2 7.2 -18.9 7.5 -17.5 7.5
Y -3614746.0 -20.2 9.8 -14.1 8.9 - 3.4 8.1 - 2.3 6.1 - 3.8 8.2
Z -5055948.9 71.0 32.7 74.9 31.6 64.8 30.9 64.6 32.9 67.8 33.3

50 X 1192648.5 -12.5 9.0 -14.2 8.6 -18.6 8.1 -19.1 8.5 -17.6 8.6
Y -2451015.8 -30.9 14.4 -24.9 13.1 - 7.5 12.2 - 6.7 12.5 - 9.1 12.6
Z -5747042.3 66.7 36.0 71.8 34.8 58.9 34.0 60.2 36.2 64.0 36.6

All units are in meters.

-.1



TABLE 3.12 (cont'd)

Corrections to Approximate Coordinates

187 well- W'M-1W< W'M-1W< W'M-1w< W'M-1W<
tation Approximate condi-

S-5 a 6 a 7 G 8 a
Number Coordinates tioned 1x10 1x10 1x10 1x10

events

61 X 2999889.2 -29.5 12.6 -32.7 11.5 -28.2 10.9 -32.3 11.3 -32.4 11.5
Y -2219363.2 -38.1 15.0 -32.3 13.6 -13.8 12.6 -13.4 12.9 -16.1 13.0
Z -5155268.2 62.9 33.5 69.1 32.4 60.6 31.6 61.9 33.6 65.1 34.1

67 X 5186389.3 -59.6 22.1 -57.0 18.7 -49.3 18.3 -46.0 18.7 -47.2 19.0

Y -3653935.6 7.1 1]..0 1.5 10.0 8.0 9.6 4.4 9.9 3.5 10.1

Z - 654306.7 41.0 19.1 46.2 18.3 46.0 17.9 44.7 19.0 45.0 19.3

111 X -2448865.4 1.7 9.1 2.5 9.0 4.0 9.1 2.9 9.7 2.9 10.0

Y -4667971.2 -10.4 5.0 -10.4 4.6 - 8.9 4.5 - 7.4 4.6 - 7.4 4.6

Z 3582743.9 2.0 5.4 4.5 5.0 3.3 5.0 3.8 5.3 3.8 5.4

134 X -2448914.6 0.5 9.1 1.3 9.0 2.8 9.1 1.7 9.7 1.7 9.8

Y -4668062.8 - 2.9 5.0 - 3.0 4.6 - 1.5 4.5 0.1 4.6 0.1 4.6

Z 3582433.7 16.8 5.4 19.4 5.0 18.2 5.0 18.7 5.3 18.7 5.4

All units are in meters.
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3.2.1.2 Formation of Normal Equations using 32 Digit Arithmetic

The normal equations used in all adjustments up to this point in

time have been formed with the IBM 370/165 computer, using double

precision arithmetic which is 14 digits. The last solution lis'ed in

Tables 3.11 and 3.12 had only 233 of the 237 events in the North and

South American Network. The four missing events were rejected by the

computer program because the contribution to V'PV was a negative number.

These rejected events were then processed through the quadruple pre-

cision version of the generalized normal equation program using 32

digit arithmetic, the result being that these four events were now

acceptable, since the reason for the original rejection was roundoff

error. Figures 3.8 through 3.11 show the event adjustment using double

precision for these four events, while the same events in Figures 3.12

through 3.15 use quadruple precision with changes in the numbers 'NEW

VPV' and 'WPW CONTRIBUTION FROM SATELLITE POSITIONS.'

3.3 Conclusions on how to use the Data

The conclusions drawn from the experiments performed to this point

in the investigation can be summarized in one sentence. 'Observations

with high correlation should be processed using quadruple precision

arithmetic.' The question is, "at what degree of correlation must the

quadruple precision be used?" The results given in Tables 3.11 and 3.12

indicate that observations with a W'M'1W less than 106 can be processed

using double precision arithmetic without loss of accuracy. However,

there were some events, such as those shown in Figures 3.9 and 3.10,

that were exceptions to this rule. From the standpoint of this
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TEST DISTANCE = 200o00 SECONDS OF ARC

tEVENT 0 7699
9 1.1931927 -0.4121166 0.1

19 1.5459385 0.4597032 0.1

SATELLITE POSITION 2382909.821 -9029551.447 -1317543.931

GEOD. COORD. OF SATELLITE -8.066587 284.783388 3053434.7

RMS MISCLOSURE IN METERS= 1.9

9 1.1948048 -0.3744808 0.2

19 1.5441448 0.4790971 0.1

SATELLITE POSITION 2391206.608 -9063693.121 -1199329.257

GLOD. COORD. OF SATELLITE -7,323809 284.779172 3072417.5

RMS MISCLOSURE IN METERS= 2.7

9 1.1963576 -0.3366853 0.1

19 1.5424798 0.4979706 0.0

SATELLITE POSITION 2399045.133 -9096469.182 -1080928.684

GEOD. COORD. OF SATELLITE -6.584008 284.774411 3091526.5

RMS MISCLOSURE IN METERS= 1.0

9 1.1978497 -0.2987890 0.0

19 1.5409379 0.5163479 0.0

SATELLITE POSITION 2406437.440 -9127884.327 -962353.458

GEOD. COORD. OF SATELLITE -5.847137 284.769170 3110760.8

RMS MISCLOSURE IN METERSa 0.4

9 1.1992852 -0.2608577 0.1

19 1.5395140 0.5342521 0.1

SATELLITE POSITION 2413384.674 -9157936.872 -843624.170

GEOD. COORD. OF SATELLITE -5.113213 284.763463 3130112.2

RMS MISCLOSURE IN METERSO 1.5

9 1.2006697 -0,2229605 0.2

19 1.5382032 0.5517050 0.1

SATELLITE POSITION 2419884.302 -9186618.502 -724768.828

GEOD. COORD. OF SATELLITE -4.382296 284.757288 3149565.3

RMS MISCLOSURE IN METERSa 2.6

9 1.2019921 -0.1851608 0.5

19 1.5370009 0.5687270 0.3

SATELLITE POSITION 2425958.490 -9213913,264 -605808.777

GEOD. COORD. OF SATELLITE -3.654406 284.750800 3169102.5

RMS MISCLOSURE IN METERS 8.0O
NEW VPV 0.245827041500D01
NEW VPV 0.2439665970000.07
WPW CONTRIBUTION FROM SATELLITE POSITIONS 0.244083351321007

THE ABOVE EVENT WAS REJECTED BECAUSE OF POOR CONDITIONING

THE P NUMBER FOR ONE OF THE STATIONS IN THE ABOVE EVENT S1 0.912842070+09

Figure 3.8. Event 7699 using Double Precision Arithmetic
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EVLNT 0 7233
2 0.7950795 0.0080930 0.2
8 1.6818541 1.0526375 0.2

SATELLITE POSITION 3407152.237 -7151727.759 4021010.666
GEO0. COORD. OF SATELLITE 27.023159 295.473581 2510178.8

RMS MISCLOSURE IN METERS= 3.17
2 0.7870637 0.0554557 0.3
8 1.6978760 1.0834882 0.2

SATELLITE POSITION 3383422.901 -7091004.761 4171845.611
GEOD. COORD. OF SATELLITE 28.081836 295.507814 2522300.1

RMS MISCLOSURE IN METERS= 4.3
2 0.7784308 0.1040389 0.4
8 1.7154916 1.1129508 0.3

SAIELLITL POSITION 3358903.747 -7028132.473 4321455.239
G:00. COORD. OF SATELLITE 29.137396 295.544192 2534855.8

RMS MISCLOSURE IN METERS= 6.1
2 0.7691212 0.1537385 0.3
8 1.7348968 1.1410866 0.2

SATELLITE POSITION 3333618.279 -6963114.350 4469784.812
GkOU. COOERD. OF SATELLITE 30.189707 295.582952 2547817.9

RMS MISCLOSURE IN METERS= 4.0
2 0.7590751 0.2044288 0.0
a 1.7563210 1.1679507 0.0

SATELLITL POSITION 3307583.820 -6895967.947 4616791.888
GEOD. COORD. OF SATELLITE 31.238681 295.624251 2561171.8

RMS MISCLOSURE IN METERS= 0.7
2 0.7482320 0.2559659 0.2
8 1.7800328 1.1935904 0.1

SATELLITE POSITION 3280813.280 -6826727.786 4762457.934
GEOD. COORD. OF SATELLITE 32.284318 295.668175 2574925.9

RMS MISCLOSURE IN METERS= 3.1
2 0.7365198 0.3081667 0.2
8 1.8063468 1.2180440 0.1

SATELLITE POSITION 3253322.570 -6755413.386 4906713.043
GEOD. COORD. OF SATELLITE 33.326379 295.714884 2589049.5

RMS MISCLOSURE IN METERSO 2.7
NEw VPV 0.270315597421D*01
NEW VPV 0.682665306170D03
WPW CONTRIBUTION FROM SATELLITE POSITIONS 0.764305191101D003
THE ABOVE EVENT WAS REJECTED BECAUSE OF POOR CONOITIONING

THE P NUMBER FOR ONE OF THE STATIONS IN THE ABOVE EVENT IS 0.912842070+09

Figure 3.9. Event 7233 using Double Precision Arithmetic
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EVENT O 7743
2 1.4039851 -0.0830579 0.2

9 1.3783598 0.8101447 0.

SATELLITE POSITION 1936343.697 -9615287.151 3590788.424

GEOD. COORD. OF SATELLITE 20.183363 281.386038 4069325.7

RMS HISCLOSURE IN METERS
=  3.5

2 1.4046602 -0.0527146 0.0

9 1.3791300 0.8340770 0.0

SATELLITE POSITION 1928944.462 -9590993.153 3740029.325

GEOD. COORD. OF SATELLITE 20.999890 281.371645 4098153.7

RMS MISCLOSURE IN METERS= 0.5

2 1.4053380 -0.0221292 0.1

9 1.3798881 - 0.8573365 0.1

SATELLITE POSITION 1921236.257 -9564698.259 3888474.001

GEOD. COORO. OF SATELLITE 21.811776 281.357712 4126917.4

RMS MISCLOSURE IN METERS= 1.4

2 1.4060177 0.0086781 0.1

9 1.3806328 0.8799547 0.1

SATELLITE POSITION 1913229.566 -9536416.262 4036096.114

GEOD. COORO. OF SATELLITE 22.619072 281.344280 4155603.2

RMS MISCLOSURE IN METERS
=  1.8

2 1.4066980 0.0396884 0.3

9 1.3813628 0.9019616 0.3

SATELLITE POSITION 1904937.930 -9506171.842 4182881.262

GEOD. COORD. OF SATELLITE 23.421865 281.331394 4184212.7

RMS MISCLOSURE IN METERS
=  

7.6

2 1.4073763 0.0708849 0.5

9 1.3820769 0.9233858 0.5

SATELLITE POSITION 1896379.955 -9474004.128 4328834.671

GEOD. COORD. OF SATELLITE 24.220300 281.319115 4212769.6

RMS MISCLOSURE IN METERS
=  

11.9

2 1.4080484 0.1022551 0.3

9 1.3827740 0.9442543 0.3

SATELLITE POSITION 1887581,399 -9439970.972 4473991.082

GEOD. COCRO. OF SATELLITE 25.014609 281.307523 4241328.5

RMS MISCLOSURE IN METERS
=  

6.8

NEW VPV 0.120188504964D+03
NEW VPV 0.2977248077390+05

WPW CONTRIBUTION FROM SATELLITE POSITIONS 0.559696564716D+05

THE ABOVE EVENT WAS REJECTED BECAUSE OF POOR CONDITIONING

THE P NUMBER FOR ONE OF THE STATIONS IN THE ABOVE EVENT IS 0.912842070+09

Figure 3.10. Event 7743 using Double Precision Arithmetic
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EVENT 0 10301
19 0.6302922 0.5330065 0.1
67 1.6032289 -0.1963765 0.2

SATELLITE POSITION 5079245.217 -6956326.333 -1311629.413
GEOD. COORD. OF SATELLITE -8.700431 306.135499 2334941.6

RMS MISCLOSURE IN METERSn 2.5
19 0.6284620 0.5190288 0.1
67 1.6061741 -0.2187057 0.1

SATELLITE POSITION 5070022.973 -6941786.745 -3385523.471
GEOD. COORD. OF SATELLITE -9.200527 306.143003 2329446.5

RMS MISCLOSURE IN METERS. 1.3
19 0.6265574 0.5047741 0.3
67 1.6092495 -0.2410095 0.4

SATELLITE POSITION 5060479.886 -6926776.051 -1459327.620
GE00. COORD. OF SATELLITE -9.701255 306.150663 2324075.8

RMS MISCLOSURE IN METERS. 5.8
19 0.6245767 0.4902344 0.3
67 1.6124474 -0.2632745 0.3

SATELLITE POSITION 5050641.242 -6911304.220 -1533034.225
GEO.D COORD. OF SATELLITE -10.202563 306.158579 2318792.3

RMS MISCLOSURE IN METERS= 5.2
19 0.6225175 0.4754010 0.0
67 1.6157720 -0.2854850 0.1

SATELLITE POSITION 5040504.798 -6895370.474 -1606637.548
GEOD. COORD. OF SATELLITE -10.704436 306.166744 2313614.1

RMS MISCLOSURE IN METERS= 0.8
19 0.6203776 0.4602649 0.3
67 1.6192302 -0.3076245 0.3

SATELLITE POSITION 5030062.733 -6878972.300 -1680132.231
GEOD. COORD. OF SATELLITE -11.206869 306.175130 2308534.8

RMS MISCLOSURE IN METERS= 5.5
19 0.6181543 0.4448168 0.3
67 1.6228268 -0.3296778 0.3

SATELLITE POSITION 5019312.638 -6862108.690 -1753513.773
GEOD. COORD. OF SATELLITE -11.709857 306.183730 2303552.4

RMS MISCLOSURE IN METERS= 5.5
NEW VPV 0.1834255375210+07
NEW VPV 0.1724313677100+02
WPW CONTRIRUTION FROM SATELLITE POSITIONS 0.1834362249150+07
THE ABOVE EVENT WAS REJECTED BECAUSE OF POOR CONDITIONING

THE P NUMBFR FOR ONE OF THE STATIONS IN THE ABOVE EVENT IS 0.393080300+10

Figure 3.11. Event 10301 using Double Precision Arithmetic



74

TEST DISTANCE = 200.00 SECONDS OF ARC

tVNT 0 7699
9 1.1931927 -0.4121166 0.1

19 1.5459385 0.4597032 0.1

SATELLIIE POSITION 2382909.821 -9029551.447 -1317543.931

GEOn. COORD. OF SATELLITE -8.066587 284.783388 3053434.2

RMS MISCLOSURE IN METERS
=  1.9

9 1.1948048 -0.3744808 0.2

19 1.5441448 0.4790971 0.1

SATELLITE POSITIItN 2301706.608 -9063693.121 -1199329.257

GEOD. COORO. OF SATELLITE -7.323809 284.779172 3072417.5

RMS MISCLOSURF IN METERS= 2.7

9 1.1963576 -0.3366853 0.1

19 1.5424798 0.4979706 0.0

SATELLITE POSITION 2399045.133 -9096469.182 -1080928.684

GEOD. COORD. OF SATELLITE -6,584008 284.774411 3091526.5

RMS MISCLOSURF IN METERS
=  1.0

9 1.1978497 -0.2987890 0.0

19 1.5409379 0.5163479 0.0

SATELLITE POSITION 2406437.441 -9127884.327 -962353.458

GEOD. COORO. OF SATELLITE -5.847137 284.769170 3110760.8

RMS MISCLOSURE IN METERS= 0.4

9 1.1992852 -0.2608577 0.1

19 1.5395140 0.5342521 0.1

SATFLLITE POSITION 2413384.674 -9157936.872 -843624.170

GEO0. COORD. OF SATELLITE -5.113213 284.763463 3130112.2

RMS MISCLOSURE IN METERS= 1.5

9 1.2006697 -0.2229605 0.2

19 1.5382032 0.5517050 0.1

SATELLITE POSITION 2419884.302 -9186618.501 -724768.828

GEOD. CODRD. OF SATELLIITE -4.382296 284.757288 3149565.3

RMS MISCLOSURE IN METERS= 2.6

9 1.2019921 -0.1851608 0.5

19 1.5370009 0.5687270 0.3

SATELLITE POSIION 2425958.491 -9213913.264 -605808.177

GEOD. COORD. OF SATELLITE -3.654406 284.750800 3169102.5

RMS MISCLDOSURF IN METERS= 8.0

NEW VPV 0.24722372724806108181610+01
NEW VPV 0.24408398622778196457230+07
WPW CONTRIBUTION FROM SATELLITE POSITIONS 0.2440833506660+07

Figure 3.12. Event 7699 using Quadruple Precision Arithmetic
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(VENT 1 7233
2 0.7950795 0.0080930 0.2
A 1.6818541 1.052b375 0.2

SATELLITE POSITION 3407152.237 -7151727.759 4021010.666
GFOD. COORD. OF SATELLITE 27.023159 295.473581 2510178.8

RMS MISCLOSURE IN METERS= 3.7
2 0.7870637 0.0554557 0.3
P 1.6978760 1.0834882 0.2

SATELLITE POSITION 3383477.901 -7091004.761 4171845.611
GEOD. COORD. OF SATELLITE 28.081836 295.507814 2522300.1

RMS NISCLOSURE IN MFTFRSz 4.3
2 0.7784308 0.1040389 0.4
8 1.7154916 1.1129508 0.3

SATELLITE POSITION 3358903.747 -7028132.473 4321455.239
GEOD. COORO. OF SATELLITE 29.137396 295.544192 2534855.8

RMS MISCLOSURF IN METERS= 6.1
2 0.7691212 0.1537385 0.3
8 1.7348968 1.1410866 0.2

SATELLITE POSITION 3333618.279 -6963114.350 4469784.817
GEOD. COORD. OF SATELLITE 30.189707 295.582952 2547817.9

RMS MISCLOSURE IN METERS= 4.0
2 0.7590751 0.2044288 0.0
8 1.7563210 1.1679507 0.0

SATELLITE POSITION 3307563.871 -6895967.947 4616791.88b
GEOD. COORD. OF SATELLITE 31.238681 295.624251 2561171.8

RMS MISCLOSURE IN METERS= 0.7

2 0.7482320 0.2559659 0.2
8 1.7800378 1.1935904 0.1

SATELLITE POSITION 3780813.280 -6826727.785 4767457.934
GEOD. COOD. OF SATELLITE 32.284318 295.6t-R175 2574Q25.9

RMS MISCLOSURE IN METERS= 3.1
2 0.7365198 0.3081667 0.2
8 1.8063468 1.2180440 0.1

SATELLITE POSITION 3753327.570 -6755413.385 4906713.043
GEOD. COORO. OF SATELLITE 33.32637Q 295.714884 2589049.5

RMS MISCLOSURE IN MFTERS= 2.7
NEW VPV 0.26979143915430551355030+01
NEW VPV 0.7695712852754080952949Q+03
WPW CONTRIBUTION FROM SATELLITE POSITIONS 0.7643058507980+03

Figure 3.13. Event 7233 using Quadruple Precision Arithmetic
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EVENT 7 1743
2 1.4039851 -0.0830579 0.2

9 1.3783598 0.8101447 0.1

SAIELLITE POSITlnN 1936343.698 -9615287.151 590I78H.425

G(On. COORD. OF SATELLITE 20.183363 281.386038 4069325.7
RMS MISCLOSURE IN MFTERS= 3.5

71.4046602 -0.0527146 0.O

9 1.3791300 0.8340770 0.0

SATELLITE POSITION 192.944.463 . -9590993.153 3740029.325

GEnU. COORD. OF SATELLITE 20.999890 281.371645 4098153.7

RMS MISCLOSURE IN MFIERS= 0.5

2 1.4053380 -0.0221792 0.1

9 1.3798881 0.8573365 0.1

SATELLITE POSITION 1921236.257 -9564698.259 3888474.001

GEOD. COORD. OF SAIELLITE 21.81)776 281.357712 4126917.4

RMS MTSCLOSIIRE IN METERS= 1.4

2 1.4060177 0.0086781 0.1

9 1.3806328 0.8799541 0.1

SATELLITE POSITION 1913229.567 -9536416.262 4036096.114

GEOD. COORD. OF SATELLITE 22.619072 281.344280 4155603.2
RMS MISCLOSIURE IN MFTERSw 1.8

2 1.4066980 0.0396884 0.3

9 1.3813628 0.9019616 0.3

SATFLLITE POSITION 1904937.931 -9506171.842 4182881.262

GEOD. COORDO OF SATELLITE 23.421865 281.331395 4184212.7
RMS MISCLOSURE IN METERS= 7.6

2 1.4073763 0.0708849 0.5

9 1.3820769 0.9233858 0.5

SATELLITE POSITION 1896379.955 -9474004.128 4328834.671

GEOD. COORD. OF SATELLITE 24.220300 281.319115 4212769.6
RMS MISCLOSURE IN METERSw 11.9

2 1.4080484 0.1022551 0.3

9 1.3827740 0.9442543 0.3

SATELLITF POSITION 1887581.399 -9439970.972 4473991.082

GEOD. COORD. OF SATELLIT 25.014609 281.307523 4241328.5
RMS ITSCLOS(IRE IN METERS= 6b.

NEW VPV 0.928561171b2938089843230+01
NEW VPV 0.559647496427951HI13120*05
WPW CONTRIBUTION FRCO SATELLITE POSITIONS 0.5596964687070*05

Figure 3.14. Event 7743 using Quadruple Precision Arithmetic
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I-VNT 3 10301
19 0.63029772 .533006 0.1

67 1.6032289 -0.1963765 0.2

SATELLITF POSITInN 5079245.717 -69563?6.333 -1311679.413

GUOD. COORD. OtF 'ATFLLITf -. 700431 306.135499 2334941.6

RMS MISCLOSURE IN 14ETERS= 2

19 0.6284620 0.5190788 0.1

67 1.6061741 -0.2187057 0.1

SATELLITE POSITION 5070022.974 -6941786.745 -1385523.471

GEOD. COORD. OF SATELLITE -9.200527 3i .143003 2329466.5

RMS MISCLOSURE IN MEIERS= 1.3

19 0.6265574 0.5047741 0.3

67 1.6092495 -0.241009g 0.4

SATFLLITF POfITIIIN 5060479.887 .-6926776.051 -1459.327.620

Ff), C(OR!D. fif SATFLLITE -9.701255 306.150663 2324075.8

RMS MISCLOSURE IN ?F1ERS= 5.8

19 0.6245767 0..490734 ,0.3

67 1.6124474 -0.2632145 0.3

SATFLLITE POSITION 5050641.243 -6911300.220 -1533034.225

GEOD. COORD. OF SATELLITF -10.202561 306.158579 :2318792.3
RMS MISCLOSURE IN MFTFRS= 5.2

19 0.6225175 0.4754010 0.0

67 1.6157720 -0.2854850 0.1

SATELLITE POSITION 5040504.798 -6895370.474 -1606637.548

GEOD. COORD. OF SATELLITE -10.704436 306.166744 2313614.1
RMS MISCLOSURE IN METERS= 0.8

19 0.6203776 0.4602649 0.3
67 1.6192302 -0.3076245 0.3

SATFLLITF POSITION 5030062.733 -687b972.300 -1680132.231

GEOD. COORD. OF SATELLITE -11.206869 106.i75130 730534.8

RMS MISCLSURF IiN MFTFRS= 5.,

19 0.6181543 0.444816h 0.3

67 1.6228268 -0.329677 0.3

ATELLITk POSII('N 5019312.639 -6862108.69(0 -1753513,777

GEOD. COORO. OF SATELLITE -11.709857 30b.183730 2'03552.4

RMS MISCLOSURE IN MLTERS= 5.5
NEW V0V 0.18343666466209047737980*07
NEW VPV 0.16257748399400630567380+02
WPW CONTRIBUTION FROM SATELLITE POSITIONS 0.183435979866Q+07

Figure 3.15. Event 10301 using Quadruple Precision Arithmetic
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investigation it is very easy to decide which events should be processed

in quadruple precision, since every Type II event had been processed in

double precision and the troublesome data detected. In reality then,

there are two different recommendations that can be given to anyone

who is going to use highly correlated observations:

1. If all of the data can be processed using double precision

arithmetic, the troublesome data can be detected. Then for

the final formation of normal equations, the double pre-

cision arithmetic can be used to process all good events

that have a W'M-1W less than 106, and quadruple precision

arithmetic used to process all events with a higher W'M-IW,

plus any other troublesome data.

2. Same as 1, but use only every other image where W'M'1W > 106
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4. THE WORLD NETWORK ADJUSTMENT

Once the proper method of handling the highly correlated observe-

tions had been determined, the final step in this investigation was to

perform an adjustment of the entire 49 station network. For the purpose

of gaining a better insight of the results, several adjustments were

performed. The normal equations used for these adjustments were formed

as suggested in Section 3.3. Earlier in the investigation, before the

Final data handling procedures were decided upon, the normal equations

were formed by using every image if the value of W'M-1W was less than

104, and only images 1-3-5-7 if W'M-1W was larger. These normal equa-

tions used in the large worldwide network adjustment of the National

Geodetic Satellite Program are described in [Mueller et al., 1973].

After it was determined that quadruple precision could be used to process

the highly correlated observations, only the events with a W'M-1W greater

than 104 were processed in this manner. This set of normal equations

was then combined with the earlier set of every-image normal equations

from events with a W'M-1W less than 104. By using this technique the

cutoff point between double and quadruple precision was 104, and not

106 as suggested in Section 3.3.

Even though it was discovered that the data could be processed

using quadruple precision, there was still the question of verifying

the earlier procedure. For this reason, one of the adjustments included

here was based on the 1-3-5-7 image data for the highly correlated ob-

servations as in [Mueller et al., 1973], and an additional adjustment

was performed with the correlation between observations neglected.
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4.1 The Adjustment

The network adjustments were performed using the approximate station

coordinates listed in Table 4.1. These are geodetic coordinates ref-

erenced to an ellipsoid with the following dimensions:

a = 6378155.0 meters

b = 6356769.7 meters.

The parameters of the adjustment were the Cartesian coordinates of the

49 ground stations.

4.1.1 Constraints

The normal equations are singular as no constraints are applied

during the process of forming normal equations. Since the orientation

of the system is inherent in the optical observations, the minimum

number of constraints needed is four (one for defining the scale, three

for the definition of the origin of the coordinate system). In addition

to these "minimum" constraints, any additional available geodetic in-

formation may be included in the solution in the form of constraints.

In the case of the worldwide network there are three different types

of geodetic information available:

i. Relative geodetic positions of nearby stations. On Wake Island,

Stations 12 and 66, and in California, Stations 111 and 134,

were co-located. The relative positions of these two pairs

of stations were determined from the local survey. In all

adjustments the relative positions of these stations were con-

strained to the known values listed in Table 4.2.

2. Scalars. Table 4.3 is a listing of eight baselines measured

for the purpose of furnishing scale to this network.
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TABLE 4.1

APPROXIMATE STATION COORDINATES

Station Approximate Coordinates

No. Name Latitude Longitude (E) Ell. Ht. (H)M

1 THNtLE 760 30' 51'2500 2910 27' 54'6990 186.604
2 BFLTSVILLE 39 1 39.4710 283 10 26.5940 -19.429
3 MOSES LAKE 47 11 6.6310 240 39 42.1040 326.364
4 SHEMYA 52 42 48.1210 174 7 27.7320 -38.810
6 TROMSO 69 39 45.2300 18 56 29.2500 81.216
7 TFPCEIRA 38 45 36.1780 332 54 24.6100 73.057
8 PARAMARIBO 5 26 53.3500 304 47 30.7040 -58.913

9 OUITO 0 5 51.9460 281 34 46.4820 2661.306
11 MAUI 20 42 26.6550 203 44 37.4660 3087.464
12 WAKF ISLAND I 19 17 28.0290 166 36 40.8440 -65.870
13 KANYA 31 23 42.6910 130 52 19.4960 32.220
15 MASHHAD 36 14 25.4760 59 37 45.1740 017.594
16 CATANIA 37 26 38.5920 15 2 45.2840 -10.989
19 VILLA DOLORES -31 56 35.9850 294 53 37.3290 607.419

20 FASTFR ISLAND -27 10 36.4750 250 34 21.4760 210.046
22 TUTUILA -14 19 55.0940 189 17 10.2930 -21.370
23 THURSDAY ISLAND -10 35 3.4030 142 12 40.1730 32.500
31 INVERCARrILL -46 24 58.8520 168 19 33.6360 -I00.400
32 CAVERSHAM -31 50 28.5010 115 58 34.5380 14.720
38 SOCORRO ISLAND 18 43 58.1350 249 2 40.5120 -31.052
39 PITCAIPN ISLAND -25 4 6.7450 229 53 11.9690 299.418

40 COCOS ISLAND -12 11 44.5170 06 50 5.0150 -99.590
42 ADDIS ARABA 8 46 12.7860 38 59 51.9550 1818.962
43 CFRRO SOMBRERO -52 46 53.3320 290 46 31.8480 79.731
44 HFARD ISLAND -53 1 10.8490 73 23 36.2950 -15.510
45 MAURITIUS -20 13 54.4340 57 25 32.7440 -48.920
47 ZAMBOANGA 6 .55 20.1450 122 4 11.3700 26.340
50 PALMER STATION -64 46 26.5320 295 56 50.1240 9.733

51 MAWSON STATION -67 36 6.3550 62 52 24.6430 -25.710
52 WILKES STATION -66 16 45.8590 110 32 12.1800 -86.410
53 MCMUrDO STATION -77 50 41.2180 166 38 39.7330 -113.320
55 ACENSION ISLAND -7 58 16.1870 345 35 34.0190 40.923
59 CHRISTMAS ISLAND 2 0 19.0250 202 35 15.5260 25.562
60 CULGOORA -30 18 34.7120 149 33 42.0430 109.480
61 SOUTH GEORGIA IS. -54 17 2.1770 323 30 1.4660 -3.433

63 DAKAR 14 44 41.8850 342 30 59.7090 10.417
64 FORT LAMY 12 7 54.1410 15 2 7.7850 248.595
65 HOrHENPEISSFNBFRG 47 4R 3.6290 11 1 25.7350 016.461
66 WAKF ISLAND 11 19 17 28.0290 166 36 40.8440 -65.870
67 NATAL -5 55 39.6860 324 50 3.7920 1.641
68 JOHANNESBURG -25 53 0.2920 27 42 23.7750 148Q.425
6Q 7RISIAN DA CUNHA -37 3 54.8070 347 41 4,6360 17.797

72 CHIANG MAl 18 46 10.6010 98 58 5.0640 170.500
73 DIFGO GARCIA -7 21 7.1720 72 28 21.Q230 -154.050
74 MAHF -4 40 15.4600 55 2R 4P.8380 503.181
78 PORT VILA -17 41 30.6000 168 18 25.4000 70.600

111 WRIGHTIWOD I 34 22 54.1420 242 19 4.9?"0 2239.267
123 POINT BARROW 71 18 48.0000 203 21 4.0000 18.100
134 WRIGHTWOOD II 34 22 43.9340 242 19 4.8940 2149.892
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TABLE 4.2

RELATIVE POSITION CONSTRAINTS

Stations Relative coordinates (meters) Weights Source of
AX A Y AZ Information

12 - 66 1.93 42.34 - 25.67 100.00 NGS

111 - 134 53.73 90.04 305.32 100.00 NGS

NGS National Geodetic Survey .

TABLE 4.3

BASELINES USED TO SCALE THE BC-4 WORLDWIDE NETWORK

Baseline Chord Distance Estimated Source of
Stations (meters) Standard Deviation Information*

(m) ppM

2 - 3 3485363.232 3.5 1.00 x 10-6  NGS
3 - 111 1425876.452 1.6 1.11 x 10-6  NGS
6 - 65 2457765.810 3.5 1.43 x 10-6  NGS,DGFI
16 - 65 1194793.601 1.4 1.18 x 10-6 NGS,DGFI
6 - 16 3545871.454 3.5 1.00 x 10-6  NGS,DGFI

63 - 64 3485550.755 4.1 1.18 x 10-6 NGS
23 - 60 2300209.803 4.6 2.00 x 10-6 NGS,DNP
32 - 60 3163623.866 6.3 2.00 x 10-6 NGS,DNP

NGS National Geodetic Survey.
DGFI Deutsche GeodAtisches Forschungsinstitut.
DNP Division of National Mapping, Department of National

Development, Australia.



83

3. The ellipsoidal (geodetic) heights, being the sum of the

orthometric heights and the geoid undulations. In recent

years, the geoid has been fairly well determined [Rapp,

1973), and the orthometric heights accurately measured through

differential leveling. The height constraints used in these

adjustments were calculated as described in [Mueller et al.,

1973]. These are listed in Table 4.4. An additive term of

-15 meters was applied, in most cases, to the geoid undulations

resulting in a semi-major axis (of the level ellipsoid best

fitting the geoid) of 6378140 meters. This value was decided

upon a priori. In all adjustments, "inner" constraints were

used to define the origin [Blaha, 1971] for reasons explained

in [Mueller et al., 1973] and in Section 4.1.2.

4.1.2 The Selection of the Baselines

To get a feeling for the quality of the EDM baselines listed in

Table 4.3, four preliminary adjustments were performed in which the

four longest scalars were individually constrained to their measured

lengths and their effect on the other (unconstrained) baselines in-

vestigated. The results are shown in Table 4.5 in the form of the

differences "adjusted - measured" lengths (Ad). Only independent lines

longer than 2000 km are shown, since the adjusted length of a short

line, due to the geometry resulting from the high altitude of PAGEOS,

is not reliable. From the table it is clear that holding the east-

west Australian line (32-60) to its measured value generally results in
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TABLE 4.4

HEIGHT CONSTRAINTS

NRef MSL HConstr
No. (m) (m) (m)

1 11.66 206.0 199.951
2 -36.90 44.300 5.444
3 -17.65 368.74 351.580
4 6.22 36.80 29.418
6 27.06 105.70 102.751
7 54.00 53.30 86.780
8 -28.31 18.380 - 12.091

9 16.73 2682.10 2707.282
11 1.75 3049.270 3056.381
12 13.75 3.50 7.244
13 34.27 65.90 72.214
15 -20.67 991.00 925.791
16 37.43 9.240 10.344
19 22.80 608.18 635.373
20 - 4.75 230.80 241.566
22 27.35 5.340 38.110
23 67.94 60.50 116.207
31 8.68 0.900 6.374
32 -30.51 26.30 - 30.292
38 -35.47 23.20 - 0.720
39 -16.68 339.40 338.356
40 -38.11 4.50 - 71.484
42 - 5.78 1886.460 1836.223
43 15.60 80.70 99.324
44 36.61 3.80 13.258
45 - 6.07 149.40 101.997
47 62.17 9.39 40.849
50 15.70 16.440 31.475
51 29.20 11.30 20.672
53 -56.10 19.00 43.009
55 16.26 70.940 65.505
59 16.07 2.750 27.763
60 27.33 211.080 226.551
61 11.28 4.20 8.904
63 27.20 26.30 30.600
64 10.35 295.40 268.163
65 44.23 943.20 953.516
66 13.74 5.30 9.434
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TABLE 4.4 (cont'd)

NRef MSL HConstr*
No. (m) (m) (m)

67 -12.03 40.630 17.645
68 24.65 1523.80 1513.482
69 25.52 24.800 32.742
72 -40.39 319.20 238.359
73 -73.64 3.90 - 113.795
75 -44.40 588.980 499.546
78 63.10 15.20 74.360

111 -33.18 2284.30 2257.368
123 - 1.40 8.30 - 7.364
34 -33.19 2198.400 2171.459

HConstr = NRef + MSL + AN
where

AN = Aa + Ax cos # cosX + Ay cos ~sinX + Az sin,
Aa = 15.27m
Ax = 15.11m, Ay = 26.82m, Az = 8.05m.

(The set of constants were obtained through several iterations).



86

TABLE 4.5

ADJUSTED - GIVEN LENGTHS (m)

Solution BC-D8 BC-D9 BC-D10 BC-D11

e fixed 2 - 3 63 - 64 32 - 60 6 - 16

ine 1

2 - 3 0.0 - 8.6 33.8 12.4

6 - 16 -13.3 -20.9 22.1 0.0

63 - 64 6.1 0.0 40.5 19.1

23 - 60 - 9.5 -14.6 12.4 - 0.7

32 - 60 -29.5 -36.6 0.0 -17.5

A d (m) -46.2 -83.6 108.8 13.3

A d 106 - 2.89 - 5.23 6.81 0.83

length

unreasonable larger differences of opposite signs than in any other

case.

To verify the suspicion that something is wrong with the given

measured value of line 32-60, a free adjustment was performed in which

both the origin and the scale constraints were "free". It is expected

that the variance obtained from such an adjustment would primarily

reflect the geometry of the situation. In other words, the variances

of the various lengths would be due to the geometry of the network and

free of the quality of the measured lengths ( osrd )2 . If the estimated

variance of the measured lengths are added to those obtained from the

free adjustment ( adfree 2 an estimate is obtained for the maximum
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expected variance of the length differences (oAdest 2. If an actual

length difference is found to be 2-3 times greater than this estimated

standard deviation, the measured length becomes suspect. The result of

such an analysis is shown in Table 4.6. From the table it is seen

TABLE 4.6

ADJUSTED - MEASURED LENGTHS (Ad) FROM A
FREE ADJUSTMENT (SOLUTION BC-16)

Line adfree (m) dmsrd*(m) Adest(m) Ad(m)

2 - 3 4.2 3.5 5.5 - 5.0

3 - 111 3.7 1.6 4.0 9.8

6 - 65 4.0 3.5 5.3 7.7

16 - 65 1.4

6 - 16 4.5 3.5 5.7 -17.2

63 - 64 4.4 4.1 6.0 2.4

23 - 60 4.4 4.6 6.4 -12.1

32 - 60 4.3 6.3 7.6 -33.1

From Table 4.3.

again that line 32-60 is out of bound.

Another way of evaluating the effect of a scalar is through the

semi-diameter of an ellipsoid best fitting the geoid resulting from a

solution. In this method the undulations for each station are computed

(N = Ellipsoidal Height - Mean Sea Level Height) and, after suitable

transformations for shift in origin, are compared with some standard
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set of undulations (in this case with those in ERapp, 19733). The

average difference of these two sets of undulations (AN) is equivalent

(with opposite sign) to the difference between the semi-diameter of the

reference ellipsoid (a = 6378155m) and that of the level ellipsoid of

the same flattening to which the standard undulations refer. Thus,

a(level ellipsoid) = a(reference ellipsoid) -AN.

Three sets of such comparisons were performed: one with the

baselines constrained with weights corresponding to the standard de-

viations listed in Table 4.3, one with all lines constrained to 1:3M,

and one with all lines constrained to 1:30M. Within each set the ad-

justment was performed with all eight lines constrained and also without

the line 32-60 (seven lines). The results are shown in Table 4.7. In

addition to the semi-diameter of the best fitting level ellipsoid, the

Table also contains the average standard deviations of a single coordi-

nate ( 02 =a 2 + 0 2 + 2 ) as well as those of the heights (oH), and
x y z

the ratios

adjusted - measured lengths/lengths :

From the Table it is evident that though the varying type and number of

constraints do not significantly change the quality of the coordinates,

in the seven baseline solutions (BC-D2, BC-D8, BC-D1O) the adjusted

lengths agree much better with their measured values than in the eight

baseline solutions (BC-D12, BC-D7, BC-D9). It is also seen that the

inclusion of the single east-west Australian line increases the semi-

diameter by the unreasonable amount of 6-9m (1.15ppM).
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TABLE 4.7

THE SEMI-DIAMETER OF AN ELLIPSOID BEST FITTING THE GEOID,
AS DETERMINED FROM SIX DIFFERENT ADJUSTMENTS

I-  Ad a (level a aNo. of lines Type of Ad ath ellpsoid) H
Solution constrained constraint x106  6378000+(m) (m) (m)

BC-D12 8 .81 124.1-11.0 6.3 8.1

BC-D2 7 Table 4.3 .19 118.4+11.2 6.2 8.3

BC-D7 8 .08 128.0-10.8 6.1 7.7
1:3M

BC-D8 7 .04 119.7-11.2 6.2 7.9

BC-D9 8 .02 127 .0-10.7  5.9 7.2
1:30M

BC-D10 7 .01 118.0 11.2 6.0 7.3

On the basis of the results in Tables 4.5 - 4.7, and also based on

other calculations not reported here, the measured value of the Austral-

ian line 32-60 was rejected as a useful constraint.

The high standard deviations attached to the semi-diameters of the

level ellipsoids in Table 4.7 also indicates the questionable value of

only seven or eight baselines in scaling a global network regardless

of their individual quality. The inclusion of height constraints in the

solution is an attempt to obtain a better scale [Mueller et al., 1973,

Section 5.1].

4.1.3 Results

The characteristics of some of the typical adjustments performed

are given in Table 4.8. The Cartesian and geodetic coordinates re-

sulting from the BC-D6 solution, which is considered the best, are listed



TABLE 4.8

GENERAL INFORMATION ON THE ADJUSTMENTS

Solution BC-Dl BC-D2 BC-D3 BC-D4 BC-D6 BC-D11 BC-D13

No. of
Observing Sta's 49 49 49 49 49 49 49

0o (a priori) 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Type of Correlated if

Observations Correlated Correlated Correlated Correlated W'M-1W<104 , Correlated Uncorrelated

Images 1-3-5-7
for all others

Origin Used Inner Inner Inner Inner Inner Inner Inner

Scale Used Inner Baselines Baselines Heights Baselines Baselines Baselines

and heights (additive and heights and heights and heights

(additive term -15m' (additive (w/o addi- (additive

term -15m) term -15m) tive term term of
of -15m) -15m)

Degrees of 10207 10213 10261 10255 9403 10261 10928

Freedom

V'PV 82523.5 82821.3 83597.6 83229.4 74165.4 83854.1 127274.4

o(a postori) 2.84 2.85 2.85 2.85 .2.81 2.86 3.41
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in Table 4.9. Coordinates from other solutions are in the Appendix.

Standard deviations of both types of coordinates are also given with

the parameters of the error ellipsoid. The first page of the Table ex-

plains the format and the units used. The full variance-covariance

matrix for solution BC-D6 cannot be presented here due to lack of space.

However, the correlation coefficients pij between the coordinates of

stations i and j (the off diagonal 3x3 matrices) are listed in Table

4.10 where pij > 0.75. The same type of table for the BC-D3 solution

is given in Table 4.11. The 3x3 correlation coefficient matrices with

any element greater than 0.99 are marked by asterisks. Comparison with

Table 4.2 reveals that the two station pairs with the very high correla-

tion have their relative positions constrained, therefore high correla-

tions are expected. The correlation coefficients between the coordinates

of a given station, i.e., the 3x3 matrices along the diagonal of the full

correlation coefficient matrix, were less than 0.5 for all ground

stations.

4.2 Comparison of Results

Several comparisons of the results were performed: a statistical

comparison, a comparison with geometric information, and a comparison

with dynamic solutions.

4.2.1 Statistical Comparison of Results

The statistical comparison was that described in [Fedorov, 1972,

pgs 51-56). This is a method of determining "which of the two different

experiments is the best." The technique is to take the variance-

covariance matrix of the parameters from two different adjustments,
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TABLE 4.9

CARTESIAN AND GEODETIC COORDINATES
(SOLUTION BC-D6)

Stn.No x n y

F o0 O H H

81 A l  rI

82 A2  r2

83 A 3  r 3

x,y, Carteontan coordlnatem In meterm(OrientIt ion: x = t he

Greenvich meridian as defined by the .I.II.; y - A

900 (E); za Conventional International Origin).

0,A Geodetic latitude and longitude in angular units

(degrees, minutes and seconds of are) computed from

the Cartesian coordinates and referred to a rotational

ellipsoid of a - 6378155.00m and b - 6356769.70m.

H Geodetic (ellipsoidal) height in meters referred to the

same ellipsoid.

Oxo ,as Standard deviations of the Cartesian coordinates 
in

meters.

oo A Standard deviations of the geodetic coordinates in seconds

of arc.

oH  Standard deviation of the geodetic height in meters.

ae,A 1,r1 Altitude (elevation angle), azimuth and 
magnitude of the

semi-major axis of the error ellipsoid, respectively.

Angles in degrees, magnitude in meters. Altitude is

positive above the horizon. Azimuth is positive east

reckoned from the north.

a 2 ,A 2 ,r 2 Same as above for the mean axis of the error ellipsoid.

a 3 ,A 3 ,r 3 Some as above for the minor axis of the error ellipsoid.
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TABLE 4.9 (cont'd)

1 546563.84 3.OQ -1389999.31 2.77 6180229.69 3.63
76 30 4.55 0.10 291 27 55.18 0.50 205.62 4.00

70.14 51.94 3.65
-17.93 78.33 3.36
-8.26 -14.36 2.39

2 1130758.45 2.97 -4830847.71 2.52 3994704.06 3.09
39 1 39.07 0.10 283 10 26.64 0.10 4.15 2.00

7.64 -2.71 3.38
0.91 87.41 2.99

-82.31 4.15 2.09

3 -7127839.92 7.62 -3785870.51 2.54 4656030.97 3.09
47 11 5.97 0.10 240 39 42.97 0.10 343.38 2.00

20.54 8.96 3.25
-0.29 98.85 2.58
-69.46 8.08 2.37

4 -3851797.83 4.29 396404.77 5.10 5051322.61 6.05
52 42 47.99 0.20 174 7 26.89 0.30 35.25 5.00

19.89 32.26 6.65
57.16 -91.83 5.17

-24.98 -48.03 3.18

6 2102925.09 2.aO 721665.03 3.35 5958171.52 2.98
69 39 45.17 0.10 18 56 76.83 0.30 101.46 3.00

-6.79 134.09 3.55
73.20 67.32 2.90
15.30 -137.78 2.44

7 4433646.05 2.96 -2268156.33 2.98 3971650.97 3.65
38 45 36.19 0.10 332 54 24.15 0.10 94.91 3.00

20.85 -18.88 3.78
11.79 75.68 3.06
65.76 -166.68 2.71

8 3623240.75 4.13 -5214258.55 3.45 601534.13 6.30
5 26 53.78 0.20 304 47 39.64 0.10 -16.73 3.00

3.53 -15.82 6.45
10.06 74.81 4.11

-79.32 55.10 3.ZO
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TABLE 4.9 (cont'd)

9 1280823.16 4.71 -6250976.33 4.37 -1013.88 6.21

- 0 5 51.92 0.20 281 34 46.60 0.20 2701.59 4.00

9.30 -20.59 6.48

17.70 72.40 4.49

-69.86 42.90 4.22

11 -5466029.16 4.12 -2404429.92 3.87 2242209.08 4.8R

20 42 26.40 0.10 203 44 38.49 0.10 3077.39 4.00

20.18 32.22 5.17

-59.46 83.69 4.13

-21.91 -49.78 3.38

12 -5858559.06 3.59 1394494.54 4.75 2091793.15 4.75

19 17 27.89 0.10 166 36 40.35 0.10 -1.23 4.00

26.19 5.05 4.77

22.56 -96.74 4.27

-54.21 -41.93 3.54

13 -3565891.08 4.25 4120693.82 5.60 3303412,97 5,52

31 23 42.44 0.20 130 52 17.98 0.20 72.03 4.00

-4.44 -134.10 6.72

42.10 -48.13 4.56

-47.56 -39.23 3.74

15 2604344.13 2.70 4444149.31 3.15 3750308.08 3.31

36 14 25.92 0.10 59 37 44.40 0.10 924.91 3.00

2.80 -28.62 3.56

31.00 63.06 3.10

58.84 -123.27 2.44

16 4896386.96 2.30 1316166.75 2.89 3856659.21 2.75

37 26 38.91 0.10 15 2 44.41 0.10 8.14 2.00

0.59 139.14 3.06

23.32 48.88 2.65

66.67 -129.50 2.19

19 2280611.66 3.86 -4914565.71 3.72 -3359432.85 4.49

-31 56 35.52 0.10 294 53 37.42 0.10 634.01 4.00

-11.89 18.43 4.70

-14.59 111.57 3.88

71.01 70.73 3.42
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TABLE 4.9 (cont'd)

ZO -1888625.12 5.74 -5354908.80 4.68 -2895771.87 5.84
-27 10 36.34 0.20 250 34 21.87 0.20 243.01 6.00

-44.90 -10.45 5.99
-29.36 113.64 5.87
-30.75 -136.81 4.30

22 -6099963.34 3.93 -997362.81 4.11 -1568592.08 5.34
-14 19 54.56 0.20 189 17 9.14 0.10 38.25 4.00

-12.32 22.65 5.55
-67.42 144.33 3.93
-18.62 -71.57 3.82

23 -4955380.48 3.30 3842227.47 3.01 -1163857.66 4.05
-10 35 3.40 0.10 142 12 40.54 0.10 105.06 3.00

7.57 22.04 4.28
-7.64 -66.Q4 3.32
79.21 -112.20 2.65

31 -4313822.27 3.48 891323.89 3.84 -4597269.95 3.82
-46 24 58.07 0.10 168 19 32.89 0.20 -0.55 3.00

-7.65 -114.35 4.11
-38.94 -18.12 3.83
-50.02 146.43 3.14

32 -2375426.16 3.42 4875525.40 3.17 -3345427.38 3.85
-31 50 25.99 0.10 115 58 33.64 0.10 -11.74 3.00

-25.40 -1.63 3.86
1.62 -90.86 3.51

64.54 2.54 3.06

38 -2160989.14 2.93 -5642722.80 3.11 2035359.96 4.42
18 43 57.87 0.10 249 2 40.91 0.10 -4.39 3.00

5.13 -4.70 4.50
-29.92 -91.74 3.13
-59.55 76.51 2.79

39 -3724776.32 6.46 -4421242.58 5.79 -2686101.58 5.80
-25 4 6.73 0.20 229 53 12.39 0.20 333.17 6.00

-38.14 85.14 6.59
-44.77 -56.04 6.32
20.49 12.20 5.04
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TABLE 4.9 (cont'd)

40 -741987.44 4.72 6190769.42 3.82 -1338543.07 4.25

-12 11 43.99 0.10 96 50 4.26 0.20 -71.86 4.00

-3.87 -70.61 4.82
-33.96 22.00 4.25

55.76 13.69 3.70

42 4900740.47 3.41 3968235.05 3.28 966327.34 3.91

8 46 12.53 0.10 36 59 52.21 0.10 1831.42 3.00

1.99 0.76 3.92

14.40 -89.75 3.55
75.46 98.46 3.11

43 1371359.19 4.33 -3614769.69 4.27 -5055956.83' 5.03

-52 46 52.79 0.20 290 46 32.07 0.20 102.35 4.00

-18.57 12.98 5.58
-3.68 104.22 4.15

-71.04 -155.00 3.74

44 1098883.63 6.97 3684590.18 6.39 -5071884.22 7.91

-53 1 10.44 0.30 73 23 36.37 0.40 21.10 6.00

-24.14 19.82 8.53
-16.75 -77.69 7.22
60.30 -18.42 5.20

45 3223422.80 3.50 5045320.34 3.44 -2191806.21 4.19

-20 13 53.57 0.10 57 25 32.71 0.10 97.37 3.00

-19.36 6.71 4.19

-10.26 -86.94 3.68
67.89 -23.40 3.23

47 -3361970.34 4.03 5365784.20 4.14 763610,75 5.70

6 55 20.21 0.20 122 4 10.18 0.10 51.37 4.n0

12.76 -9.10 5.75
67.05 -131.43 4.08

-18.74 -94,69 4,02

50 1192663.94 5.52 -2451027.47 6.32 -5747058.42 6.21
-64 46 26.25 0.30 295 56 50.79 0.40 31.64 5.00

-14.50 6.16 0.25
1.78 95.82 4.74

-75.44 -179.11 4.30
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TABLE 4.9 (cont'd)

51 1111322.72 4.91 2169248.74 3.64 -587434?.42 4.50
-67 36 5.87 0.10 62 52 24.92 0.40 22.51 4.00

-18.71 -49.50 5.15
-48.31 62.85 4.28
35.63 26.45 3.58

52 -902618.85 4.43 2409507.49 3.88 -5816559.31 5.66
-66 16 45.48 0.10 110 32 10.72 0.30 -2.56 6.00

-77.15 10.98 5.72
-10.30 -131.77 4.55
7.61 -43.16 3.64

53 -1310861.25 4.62 311248.58 4.48 -6213282.87 4.35
-77 50 40.92 0.20 166 38 35.27 0.70 -43.76 4.00

21.66 157.28 4.97
-14.62 -118.66 4.38
-63.44 119.88 4.05

55 6118337.62 3.74 -1571755.41 3.79 -878618.02 5.03
- 7 58 15.71 0.20 345 35 33.65 0.10 61.27 4.00

-10.27 6.49 5.05
30.27 90.41 4.20
57.68 -66.86 3.25

59 -5885340.45 3.78 -2448374.79 3.91 221663.01 5.18
2 0 18.14 0.20 202 35 16.50 0.10 29.46 4.00

13.53 12.50 5.30
-21.92 96.94 3.88
-63.86 -48.13 3.65

60 -4751643.60 3.32 2792039.78 3.20 -3200168.80 3.59
-30 18 34.49 0.10 149 33 42.26 0.10 222.73 3.00

1.85 -144.71 3.86
-16.40 -55.26 3.41
73.49 -48.45 2.76

Al1 2999903.86 4.22 -2219381.41 5.82 -5155273.81 5.47
-54 17 1.69 0.20 323 30 19.14 0.30 14.33 5.00

11.30 125.67 6.20
-38.18 44.71 5.33
49.50 22.10 3.84
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TABLE 4.9 (cont'd)

63 5884470.82 2.81 -1853501.10 2.89 1612845.73 4.26

14 44 42.10 0.10 342 30 59.48 .0.10 .31.74 3.00

10.96 7.69 4.29
22.57 102.31 3.01

64.64 -106.42 2.64

64 6023384.69 3.06 1617924.69 2.86 1331723.00 3.75

12 7 54.57 0,10 15 2 6.62 0.10 268.14 3.00

-2.06 -3.74 3.80

87.73 -28.74 3.04

0.96 86.22 2.83

65 4213562.18 2.27 820825.27 2.92 4702776.01 2.59

47 48 4.3Q 0.10 11 1 24.51 0.10 951*16 2.00

-6.17 137.19 3.15
9.54 48.23 2.61

78.61 -165.24 1.91

66 -5858561.01 3.59 1394452.19 4.26 2093818.81 4.76

19 17 28.76 0.10 166 36 41.78 0.10 -0.22 4.00

26.04 5.32 4.78

22.64 -96.44 4.28

-54.28 -41.89 3.54

67 5186402.25 4.23 -3653954.36 4.53 -654298.51 5.17

- 5 55 39.35 0.20 324 50 3.54 0.20 22.05 4.00

-4.55 42.02 6.04

37.04 128.57 3.87

-52.59 137.99 3.69

68 5084823.85 3.76 2670326.47 3.22 -2768097.01 4.80

-25 52 59.76 0.10 27 42 23.35 0.10 1505.47 4.00

-24.83 -1.85 4.80

49.46 -59.09 3.76

29.74 72.82 3.22

69 4978421.73 6.79 -1086800.87 7.05 -3823193.56 8.14

-37 3 54.41 0.30 347 41 4.26 0.30 35.49 6.00

-9.96 11.44 8.60
16.74 98.41 7.27

70.37 -49.07 5.94
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TABLE 4.9 (cont'd)

72 -941704.81 6.14 5967431.33 4.30 2039298.76 4.54
18 46 10.55 0.10 0o 58 3.88 0.20 231.28 5.00

-1.22 -75.34 6.22
60.57 12.49 4.79

29.40 -164.65 3.90

73 1905126.73 3.68 6032265.39 3.92 -810735.14 4.42
- 7 21 6.86 0.10 72 28 21.71 0.10 -110.23 4.00

-12.79 -14.39 4.46
39.76 64.72 4.02
47.40 -90.09 3.53

75 3602810.47 4.1Z 5238225.36 3.94 -515950.02 4.34
- 4 40 14.81 0.10 55 28 48.40 0.10 500.54 4.00

-22.87 -20.91 4.47
38.06 -91.62 4.12
43.22 45.74 3.79

78 -5952297.68 9.77 1231893.65 8.36 -1925980.18 13.39
-17 41 31.77 0.50 168 18 25.52 0.30 74.31 7.00

16.26 -9.82 15.90
-14.63 -95.45 7.69
-67.85 34.42 5.71

111 -2448861.73 3.04 -4667995.39 2.75 3582750.92 3.19
34 ?? 53.97 0.10 742 19 5.50 0.10 2259.50 2.00

8.79 0.24 3.37

5.56 91.10 3.27
-79.58 33.06 2.22

123 -1881805.73 5.30 -812443.30 4.94 6019581.22 4.98
71 18 47.:7 0.20 203 21 5.75 0.60 -2.4Q 5.00

2.04 57.43 5.94
48.69 -34.89 5.12

-41.24 -30.78 3.97

134 -2448915.48 3.04 -4668085.46 2.75 3582445.59 3.20
34 2 43.88 0.10 242 19 5.28 0.10 2173.52 2.00

8.55 -1.87 3.38
5.87 89.01 3.27

-79.61 33.10 2.2?
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TABLE 4.10

STATION TO STATION CORRELATION COEFFICIENTS Pij > 0.75

(SOLUTION BC-D6)

STA.NO. 11 WITH STA.NO. 59 * STA.NO. 12 WITH STA.ND. 66

0.627 -0.118 -0.092 0.994 -0.100 -o.6

-0.055 0.834 -0.145 -0.o00 0.995 -0.029

-0.052 -0.299 0.317 -0.162 -0.029 0.996

STA.NO. 16 WITH STA.NO, 65 STA.NO. 19 WITH STA.NO. 43

0.732 0.023 -0.274 0.775 0.129 0.034

0.015 0.856 -0.192 0.178 0.607 0.089

-0.289 -0.184 0.697 0.066 0.111 0.563

STA.NO. 23 WITH STA.NO. 60 STA.NO. 31 WITH STA.NO. 60

0.836 0.251 -0.132 0.848 0.259 -0.088

0.182 0.788 -0.017 0.342 0.557 -0.171

-0.226 -0.173 0.641 -0.021 -0.023 0.608

STA.NO. 38 WITH STA.NO. 111 STA.NO. 38 WITH STA.NO. 134

0.823 -0.113 0.148 0.829 -0.112 0.147

-0.042 0.434 -0.040 -0.040 0.436 -0.041

0.163 -0.097 0.383 0.165 -0.099 0.384

STA.NO. 50 WITH STA.NO. 61 * STA.NO. 111 WITH STI.NO. 134

0.275 -0.371 0.097 0.91 -0.208 0.089

0.108 0.798 -0.059 -0.207 0.989 0.136

-0.077 -0.377 0.275 0.090 0.135 0.992

p i > 0.95

TABLE 4.11

STATION TO STATION CORRELATION COEFFICIENTS P.. > 0.75
(SOLUTION BC-D3) 1j

STA.NO. 11 WITH STA.NO. 59 *STA.NO. 12 WITH STA.NO. 66

0.607 -0.207 -0.033 0.997 -0.038 -0.043

=0.132 0.846 -0.i80 -0.038 0.998 -0.088

0.013 -0.312 0.346 -0.04
3  

-0.089 0.998

STA.MO. 16 wlTH STA.NO. 65 STA.NO. 19 WITH STA.NO. 43

0.748 0.034 -0.397 0.764 0.148 0.091

0.036 0.65 -0.23o 0.219 0.565 0.012

-0.423 -0.239 0.720 0.075 0.062 0.492

S1A.NO. 23 WITH SIA.NO. 60 STA.NO. 31 WITH STA.ND. 60

0.816 0.309 -0.217 0.835 0.289 -0.179

0.266 0.775 0.034 0.363 0.520 -0.184

-0.277 -0.097 0.696 -0.128 -0.019 0.572

STA.NO. 50 WITH STA.NO. 61 *STA.NO. 111 WITH STA.NO. 134

0.220 -0.376 0.13o 0.997 -0.240 0.172

0.158 0.825 -0.172 -0.241 0.995 0.237

-0.074 -0.433 0.279 0.173 0.237 0.996

* Pi" > 0.95
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subtract one from the other, and then test to see if the resulting

matrix is positive-definite. It is possible to use this test to make

comparisons between all possible combinations of the different adjust-

ments listed in Table 4.8. However, the only comparison made was that

between the critical solutions BC-D3 and BC-D6. The constraints used

in these two solutions were identical, but BC-D3 used all observations

whereas BC-D6 used only observations to images 1-3-5-7 for the highly

correlated events. The test indicated that BC-D6 is preferred to BC-D3.

If this test is valid, it means that the addition of the highly corre-

lated observations actually caused the adjustment to deteriorate.

Table 4.12 shows the average standard deviation of the coordinates

TABLE 4.12

AVERAGE STANDARD DEVIATIONS
(METERS)

Solution a a
H

BC-Dl 5.6 6.1

BC-D2 6.4 8.3

BC-D3 4.6 3.9

BC-D4 4.6 4.0

BC-D6 4.3 3.9

BC-Dll 4.6 3.9

BC-D13 3.5 3.3
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and heights for the solutions. The average standard deviation was

computed as follows:

Ox2 + 2 + rz2

o 3

The results of solution BC-D13, the adjustment using uncorrelated obser-

vations, are significantly lower than any of the other adjustments. It

can be seen that the addition of weighted heights decreases the standard

deviation significantly, whereas, the omission of the geometric scalers

has almost no effect. Also, the addition of highly correlated observa-

tions (BC-D3) makes the results somewhat worse (compare with BC-D6).

4.2.2 Comparisons with Geometric Information

The geometric information available for.a comparison of the results

was the eight measured baselines and the station heights. To repeat the

differences in the solutions: BC-D3 and BC-D6 had constraints on chords

and heights (with additive term), BC-D2 had chord constraints and no

heights, BC-D4 had height constraints (with additive term) but no chords,

and BC-D11 was identical to BC-D3 but the height constraints were with-

out the additive term. The BC-D13 solution had the same constraints as

BC-D3 and BC-D6 but the correlation between observations was neglected.

4.2.2.1 Chord Comparisons

Table 4.13 shows the differences between the adjusted and measured

chord lengths for each of the solutions (see Table 4.3 for the measured

chord lengths).

The results indicate that the sum of the differences in solution

BC-D2 (scalars constrained) is even greater than those in BC-D4 (height



TABLE 4.13

CHORD LENGTH COMPARISONS

Ad usted Minus Given Length
BC-D2 BC-D3 BC-D4 BC-D6 BC-D11 BC-D13

Line m ppM m ppM m ppM a ppM a ppM m ppM

2-3* 0.5t2.9 0.14 5.9t2.6 1.69 15.5t4.1 4.44 5.3t2.6 1.53 9.4-3.2 2.69 6.2-2.4 1.77

3-111 0.9t1.5 0.65 1.5-1.5 1.04 13.0-4.1 9.09 2.0-1.4 1.40 1.8-1.5 1.28 2.8-2.7 2.00

6-16 - 0.1-2.4 0.03 2.8-2.2 0.78 6.4-4.2 1.81 1.6-2.2 0.44 5.0-2.2 1.42 2.4-3.9 0.67

6-65 3.4-2.3 1.37 6.0-2.1 2.45 20.2-3.9 8.20 5.4+2.1 2.22 8.2-2.1 3.32 6.4+3.6 2.61

16-65 - 2.2+1.3 1.88 - 1.7±1.3 1.44 -14.2t3.7 11.90 - 2.2±1.2 1.84 - 1.4±1.3 1.19 - 2.4t4.2 2.04

63-64* 3.7+3.3 1.05 7.7±2.9 2.21 14.5-4.1 4.15 8.6+2.9 2.47 11.5±2.9 3.32 10.5t3.4 0.30

23-60* - 6.5"3.4 2.83 - 0.9±3.1 0.40 - 1.7±4.1 0.73 0.2t3.1 0.08 2.1+3.1 0.93 - 0.3±3.7 0.15

32-60* -25.7t4.8 8.13 -12.2±3.9 3.86 -12.04.0 3.80 -14.9+3.9 4.72 - 5.6+3.9 1.86 -17.2-2.4 5.44

Sun -28.1 1.76 3.3 0.21 22.7 1.42 0.8 0.05 22.4 1.41 1.6 0.1

Average 2.43 1.79 2.99 1.85 2.05 1.67

**Computed from independent long line only (marked by ).

I-
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constraints only). This probably is due, again, to the erroneous mea-

sured value of line 32-60. Leaving this line out of the comparison, the

sum in BC-D2 decreases to -2.4m (.19ppM), while in BC-D4 increases to

34.7m (2.71ppM), which makes more sense, and serves as another indica-

tion of the problematic nature of line 32-60. The superiority of solu-

tion BC-D6 over BC-D3 is again evidenced, though not very significantly.

The same can be said for the uncorrelated solution BC-D13 over BC-D6.

The results of BC-D11 indicate that if the small differences between the

adjusted and measured lengths are to be maintained, the inclusion of the

additive term is justified.

In solution BC-D4 the large differences found at the short lines

(3-111, 6-65 or 16-65) are due to the fact that with a high satellite

like PAGEOS their lengths can not be determined accurately. For the

same reason, the inclusion of their measured lengths as constraints to

determine accurately the positions at Stations 111 and 65 is a must,

though their effect on the global scale is negligable.

4.2.2.2 Comparison of the Geometric Solutions

Another method of making a comparison of results is through coordin-

ate transformations and residual analysis. This is a least squares ad-

justment where the observations are the coordinate difference of the

adjusted station coordinates from two different solutions. The para-

meters are the three translations, three rotation angles, and the scale

difference. The method of computing these parameters is described in

[Kumar, 1972). For this investigation, solution BC-D6 is referred to

as the standard solution and a transformation was performed between this

and the other solutions. The results are shown in Tables 4.14 thru 4.18
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where the parameters DX, DY and DZ are the three translations (in meters),

DELTA is the scale difference (in parts per million), and OMEGA, PSI and

EPSILON are the three rotation angles in seconds of arc about the Z, Y

and X axes respectively. The positive rotations are counter-clockwise

when viewed from the positive end of the respective axes towards the

origin. The units in the variance-covariance matrix for the elements

corresponding to the rotations are radians, squared.

Table 4.14 contains the results of the transformation between BC-D6

and BC-D2. The effect of the missing heights in BC-D2 is very noticable

in the difference in scale. It is also noticable in some of the re-

siduals (e.g., Stations 44, 123) where the improvement coming from the

heights is in evidence.

Table 4.15 contains the results of the transformation between BC-D6

and BC-D3. The systematic differences between the two solutions appear

to be insignificant. An examination of the residual differences, how-

ever, shows some approaching the 2r value (e.g., Station 123)'. The

addition of the highly correlated observations in solution BC-D3 seems

to have caused a possibly significant change in some of the station

coordinates.

The results given in Table 4.16 between BC-D6 and BC-D4 show the

scale difference to be insignificant even though there were no baselines

constrained in BC-D4. The residuals are small and within the noise level.

Table 4.17 contains the results of the transformation between solu-

tions BC-D6 and BC-D11. The elimination of the additive form causes a

noticable difference in scale. The residuals are smaller than those in

the transformation between BC-D6 and BC-D4.
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TABLE 4.14

TRANSFORMATION: BC-D6 - BC-D2

SCALE FACTOR AND ROTATIO1d PARAMETERS CUNSTRAINED
--------------------------------- -----------------

SOLUTION FOR 3 TRANSLATION9 I SCALfE AND 3 ROTATION PARAMETERS
--------------------------------------------

(USING VARIANCES ONLY)

DX DY DZ DELIA OMEGA- PSI EPSILON

METERS METERS METERS XI.0+6) SECONDS SECONDS SECONDS

-0.75 0.04 -0.15 -3.42 -0.08 -0.02 0.08

VARIANCF - COVARIANLE MATRIX

oi = 0.52

0.4490+00 0.6740D-04 -0
. 203D-03 -0.1130-09' 0.9430-10 0.6770-09 0.1020-10

0.6740-04 0.42001)00 -0.1840-03 -0.2560-10 0.4450-09 -0.4360-10 -O.51F0-09

-0.2030-03 -0.1840-03 0.6390400 -0.159D-09 0.3380-10 -0.3290-09 0.34.90-09

-0.1130-09 -0.2560-10 -0.1590-09 0.3230-15 -0.1490-18 -0.2650-16 0.6600-18

0.9430-10 0.4450-09 0.3360-10 -0.1490-18 0.6700-15 -0.5790-16 0.2730-16

0.677D-09 -0.436D-10 -0.3290-09 -0.2650-18 -0.5790-1t 0.8530-15 0.5810-17

0.1020-10 -0.51PD-0Q 0.349D-09 0.6600-18 0.2730-16 0.5t10-17 0.852D-15

COEFFICIENIS OF CORRELATION

0.1000+01 0.1550-03 -0.3790-03 -0.9410-02. 0.5440-02 0.34D-01 0.5210-03

0.15510-03 0.1000+01 -0.3550-03 -0.2200-02 0.265D-01 -0.2300-02 -0.Z740-01

-0.3790-03 -0.355D-0, 0.10O0D01 -0.1110-01 0.1640-02 -0.1410-01 0.1500-01

-0.9410-02 -0.2200-02 -0.1110-01 0.1000D01 -0.3210-03 -0.5050-03 0.1260-02

0.5'.4-02 0.2650-01 0.1640-02 -0.3210-03 0.1000+01 -0.7660-01 0.3610-01

0.346,f-01 -0.2300-02 -0.1410-01 -0.5050-03 -0.7660-01 0.1000+01 0.6810-02

0.5210-03 -0.2740-01 0.1500-01 0.1260-02 0.361D-01 0.6810-02 0.100D*01
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TABLE 4.14 (cont'd)

RESIDUALS V

VIL 8C4-06 ) V21 BC4-D2 ) V - V2
-- - - -- --- ---------

i -0.5 1.3 1.3 1 0.6 -1.9 -4.2 -1.1 3.2 5.5

2 0.4 -0.1 -0.7 2 -0.6 0.5 2.7 1.0 -0.7 -3.4

3 -2.0 0.4 0.0 3 3.0 -1.2 -0.0 -5.0 1.6 0.1

4 -3.1 3.6 -0.1 4 5.8 -5.6 0.4 -9.0 9.3 -0.6

, -(0.8 0.2 0.7 6 1.9 -0.3 -2.6 -2.7 0.5 3.2

7 1.9 -1.7 1.8 7 -5.1 2.6 -5.2 7.6 -4.3 7.0

8 -2.6 1.4 -0.7 8. 5.4 -5.5 0.8 -8.0 7.0 -1.4

9 -2.3 1.4 0.1 9 2.8 -5.4 -0.1 -5.1 6.8 0.2

11 -1.6 -3.4 1.9 11 4.5 5.0 -3.3 -6.1 -8.4 5.2

12 1.5 -4.7 0.3 12 -6.3 7.0 -0.6 7.8 -11.7 1.0

13 3.6 -0.3 -4.3 13 -7.1 0.1 11.3 10.7 -1.0 -15.6

15 -0.4 1.2 -1.0 15 0.8 -2.9 2.9 -1.2 4.1 -3.9

16 0.9 1.7 -0.6 16 -4.0 -2.1 2.3 *.9 3.9 -2.9
19 -1.6 1.1 -0.9 19 2.3 -3.3 7.0 -3.9 4.5 -3.0

20 -2.7 0.3 0.7 20 3.7 -1.0 -1.1 -6.4 1.3 1.8

22 0.1 -2.5 3.8 22 -0.4 2.9 -4.9 0.6 -5.3 8.7

23 2.2 -0.9 0.3 23 -7.9 2.5 -0.4 10.1 -3.4 0.7

31 2.2 1.4 0.4 31 -6.1 -1.6 -1.2 8.3 2.9 1.6

32 2.6 -0.2 -2.7 32 -4.5 0.5 5.5 7.2 -0.7 -8.2

38 -2.5 -0.1 -1.2 38 4.3 0.3 2.1 -6.7 -0.3 -3.3

39 0.7 0.4 2.1 39 -1.3 -0.9 -3.9 2.1 1.3 6.0
40 2.4 0.9 -0.1 40 -2.8 -2.8 0.1 5.2 3.6 -0.2

42 -0.3 0.3 0.3 42 0.9 -0.5 -0.4 -1.3 0.8 0.8

43 -1.3 1.8 -0.7 43 1.5 -3.4 2.0 -2.8 5.2 -2.7

44 -1.6 0.7 -3.4 44 1.7 -0.9 8.1 -3.3 1.6 -11.4

45 -0.6 0.6 2.0 45 1.2 -1.7 -3.1 -1.9 2.3 5.1

47 2.4 -0.8 0.9 47 -4.5 2.2 -1.1 6.9 -3.0 2.0
50 -1.1 1.4 -0.6 50 1.2 -1.7 1.8 -2.3 3.1 -2.4

51 -1.6 0.2 0.2 51 1.8 -0.3 -0.9 -3.5 0.5 1.1

52 -0.7 -0.2 0.7 52 0.8 0.3 -1.7 -1.5 -O.6 2.4

53 -0.1 1.5 0.6 53 0.1 -1.6 -2.4 -0.1 1.1 3.0

55 0.9 -0.3 -2.4 55 -3.0 0.4 2.8 3.9 -0.7 -5.1
59 -0.4 -2.3 2.4 59 1.4 3.5 -3.1 -1.7 -5.8 5.5

to 2.3 -1.0 -0.3 60 -7.6 2.0 0.5 9.8 -2.9 -0.8

61 -0.8 1.0 -1.5 61 1.2 -1.2 4.2 -1.9 2.2 -5.8
63 0.9 -1.2 0.2 63 -4.3 1.5 -0.3 6.2 -2.7 0.5

64 0.6 1.6 -0.6 64 -2.4 -2.2 0.8 3.0 4.1 -1.4

65 0.5 1.4 0.1 65 .- 2.2 -1.7 -0.3 2.7 3.1 0.4

66 1.5 -4.7 0.3 66 -6.3 7.0 -0.6 7.8 -11.7 1.0
67 0.6 -1.2 -2.1 67 -1.4 1.8 2.3 2.0 -3.0 -4.4
68 -1.3 0.5 2.2 68 3.9 -0.7 -3.7 -5.2 1.2 6.0
69 0.6 1.0 -3.2 69 -1.1 -1.1 5.6 1.7 2.1 -8.8
72 -2.3 -3.0 -2.2 72 3.2 10.7 4.1 -5.5 -13.7 -6.3
73 0.1 0.8 0.7 73 -0.1 -2.5 -0.8 0.1 3.3 1.5
75 -1.1 0.4 0.6 75 2.0 -0.9 -0.7 -3.1 1.3 1.3
78 2.0 0.9 -0.0 78 -9.9 -1.2 0.1 11.9 2.1 -0.1

111 -1.4 -0.8 -0.2 111 2.6 3.0 0.6 -4.1 -3.8 -0.8
123 1.2 1.5 1.7 123 -8.2 -7.9 -23.5 9.4 9.4 25.2

134 -1.4 -0.8 -0.2 134 2.6 3.0 0.6 -4.0 -3.7 -0.7
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TABLE 4.15

TRANSFORMATION: BC-D6 - BC-D3

SCALF FACILiR AND ROTAIION PARAMETERS CONSIRAINEC
------------------- ---------------------------

SOLUIlU4 FOR 3 IRANSLAI1ON, 1 SCALE AND 3 Rr71 CIN PARAMETERS
------------------- ---------- -- - -- ------ --------

(USIN VARIANCFS ONLY)

DX DY DZ DELIA OMEGA PSI EPSILON

METERS METErS METERS IX1.D+6) SECONCS SECONDS SECCNDS

0.22 -0.19 0.02 -0.01 -0.09 -0.02 0.06

VARIANCE - COVARIANCE MATRIX

o = 0.17

0.93D-01 -0.1120-.04 -0.8030-04 -0.1110-10 -0.1610-10 0.1880-09 0.Z740-11

-0.112D-04 (.9320-01 -0.1100-04 0.2420-11 0.6280-10 -(0.7850-11 -0.1330-09

-0.8030-04 -0.1100-04 0.1280+00 -0.1730-10 0.6920-11 -0.9260-10 0.1690-10

-0.1110-10 0.242D-11 -0.1730-10 0.1860-16 0.5020-20 0.1110-19 0.6290-19

-0.1810-10 0.6280-10 U.6Q2D-11 0.5020-20 0.1540-15 -u.137D-16 0.5690-17

0.1880-09 -0.7850-11 -0.9260-10 0.1110-19 -0.132D-16 0.1920-15 0.3060-17

0.2740-11 -0.133D0-09 0.1690-10 0.6290-19 0.5690-17 0.3060-17 0.1940-15

COEFFICIENTS OF CORRELATION

0.U100001 -0.1200-03 -0.733D-03 -0.8350-02 -0.4760-02 0.4420-01 0.6450-03

-0.1200-03 0.1000+01 -0.101D-03 0.183D-02 0.1660-01 -0.1850D-02 -0.3120-01

-0.7330-03 -u.101D-03 0.100D+01 -0.1110-01 0.150-?0 -0.1870-01 0.3380-0O

-0.8350-02 0.1830-02 -0.1110-01 0.O100001 0.9320-04 0.1850-03 0.1040-02

-0.4760-02 0.1.60D-O1 0.1560-02 0.9320-04 O.1OOD+01 -0.7670-01 0.3290-01

0.442D-01 -0.185D-02 -0.1870-01 0.1850-03 -0.7670-01 0.1000+01 0.1580-01

0.645D0-0 -0.3120-01 0.338D-02 0.1040-02 0.3290-01 0.1580-01 0.100D*01
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TABLE 4.15 (cont'd)

RESIDUALS V

VII bC4-Do I V?1 C4-03 ) VI - V2

1 0.3 1.4 0.2 1 -0.4 -1.5 -0.2 0.7 2.9 0.4
2 -0.5 -0.5 -0.4 2 0.5 0.5 0.5 -1.0 -0.9 -0.9
3 -0.6 -U.3 0.2 3 0.6 0.3 -0.3 -1.2 -0.6 0.5
4 -3.7 4.2 -2.8 4 4.8 -5.9 4.4 -8.5 10.0 -7.3
6 0.1 0.2 -0.8 6 -0.1 -0.2 0.8 0.2 0.3 -1.5
7 0.5 0.4 0.2 7 -0.5 -0.4 -0.2 1.0 0.7 0.3
8 -1.2 -0.6 0.7 8 1.2 0.6 -0.7 -2.3 -1.3 1.4
9 -1.3 -0.7 0.8 9 1.3 0.8 -0.9 -2.6 -1.5 1.7

11 -0.7 -2.0 -0.'. 11 0.7 2.1 0.5 -1.4 -4.1 -0.9
1? -0.3 -3.0 0.8 17 0.3 3.7 -0.9 -0.6 -6.6 1.7
A3 3.0 1.7 -3.1 13 -3.4 -2.3 5.0 6.4 4.1 -8.0
15 -0.3 0.4 -0.3 15 0.3 -0.4 0.3 -0.6 0.8 -0.6
16 0.9 0.4 -0.6 16 -0.9 -0.5 0.6 1.8 0.9 -1.2
19 -1.1 0.8 -0.9 19 1.2 -0.b 0.9 -2.3 1.6 -1.9
20 -1.6 -0.1 -0.1 20 1.7 0.1 0.1 -3.3 -0.2 -0.2
22 -0.3 -1.7 2.8 22 0.3 1.8 -2.9 -0.6 -3.6 5.7
23 0.6 -0.7 -0.7 23 -0.6 0.7 0.7 1.1 -1.4 -1.4
31 0.5 0.7 -0.1 31 -0.5 -0.7 0.1 1.1 1.5 -0.2
32 2.7 -0.7 -2.1 32 -2.8 0.7 2.2 5.5 -1.5 -4.3
38 -1.9 -0.7 -1.2 38 2.4 0.8 1.4 -4.3 -1.5 -2.5
39 -0.7 -0.4 0.3 39 0.7 0.4 -0.3 -1.5 -0.9 0.6
40 1.9 1.9 0.5 40 -2.0 -1.9 -0.5 3.9 3.7 1.0
42 0.3 -0.1 0.9 42 -0.3 0.1 -0.9 0.6 -0.2 1.8
43 -0.7 1.3 -0.5 43 0.7 -1.3 0.5 -1.4 2.5 -1.0
44 -1.2 -0.6 -0.4 44 1.3 0.6 0.4 -2.5 -1.2 -0.8
45 0.1 1.0 2.1 45 -0.1 -1.0 -2.4 0.2 2.0 4.5
47 2.3 -0.4 2.6 47 -2.5 0.4 -2.9 4.8 -0.8 5.5
50 -0.8 0.6 -0.4 50 0.6 -0.o 0.4 -1.6 1.2 -0.8
51 -1.3 -0.5 .0.1 51. 1.3 0.5 -0.1 -2.5 -1.1 0.1
52 -1.2 -0.5 0.1 52 1.2 0.5 -0.1 -2.4 -1.0 0.2
53 -0.7 0.5 -0.0 53 0.7 -0.3 0.0 -1.4 0.6 -0.1
55 -0.0 0.7 -0.0 55 0.0 -Oi. 0.0 -0.1 1.4 -0.1
59 -0.2 -1.1 0.4 59 0.3 1.2 -0.5 -0.5 -2.4 0.9
60 0.8 -0.4 -0.2 60 -0.8 0.4 U.2 1.6 -0.8 -0.4
61 -0.3 0.3 -0.6 61 0.3 -0.3 0.6 -0.7 0.5 -1.2
63 -0.2 0.4 0.6 63 0.2 -0.4 -0.6 -0.5 0.7 1.2
64 -0.2 -0.1 0.4 64 0.2 0.1 -0.4 -0.4 -0.2 0.9
65 0.7 0.9 -0.1 65 -0.8 -0.9 0.1 1.5 1.8 -0.2
66 -0.3 -3.0 0.8 66 0.3 3.7 -0.9 -0.6 -6.6 1.7
67 -0.3 0.6 -0.0 67 0.3 -0.6 0.0 -0.7 1.3 -0.0
68 0.2 0.3 1.3 68 -0.2 -0.3 -1.3 0.4 n.5 2.6
69 0.1 1.7 0.0 69 -0.1 -1.6 -0.0 0.1 3.3 0.0
72 -3.2 -2.6 0.2 72 4.1 3.4 -0.3 -7.2 -6.2 0.5
73 0.5 1.2 1.0 73 -0.5 -1.? -1.0 0.9 2.4 2.0
75 -0.6 0.2 1.0 75 0.6 -0.2 -1.0 -1.2 0.4 2.0
78 1.1 0.6 -1.1 78 -1.1 -0.7 1.1 2.3 1.3 -2.3
111 0.4 0.0 0.0 111 -0.6 -0.0 -0.0 1.0 0.0 0.1
123 1.2 1.4 0.3 123 -7.8 -7.1 -0.7 9.0 8.4 1.0
134 0.4 0.0 0.0 134 -0.6 -0.0 -0.0 1.0 0.0 0.1
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TABLE 4.16

TRANSFORMATION: BC-D6 - BC-D4

SCALE FACTOR AND ROTATION PARAMETERS CONSIRAINED
------------------------------- --

SOLUTION FOR 3 TRANSLAlION, I SCALE AND 3 ROKTAION PARAMETERS
--------------- ----------------------------

IUSING VARIANCES ONLY)

DX DY DZ DELTA OMEGA PSI EPSILON

METERS METERS METERS (X1.D+6) SECONDS SECONDS SECONDS

0.33 -0.02 -0.46 0.09 -0.08 -0.01 0.06

VARIANCE - COVARIANCE MATRIX

o = 0.39

0.2230+00 -0.2780-04 -0.137D0-03 -0.4990-10 -0o5250-10 0.3900-09 0.4060-11

-0.278D-04 0.2220D00 -0.4240-04 0.8010D-11 0.1340-09 -0.1590-10 -0.286D-09

-0.1370-03 -0.4240-04 0.3110400 -0.7090-10 0.1580-10 -0.205D-09 0.6640-10

-0.4990-10 0.8010-11 -0.7090-10 0.9120-16 0.2210-19 0.5150-19 0.3050-18

-0.5250-10 0.1340-09 0.1580-10 0.2210-19 0.3630-15 -0.3060-16 0.1330-16

0.300U-09 -0.1590-10 -0.2050-09 0.5150-19 -0.3060-16 0.450-15 0.6100-17

0.406D-11 -0.286D-09 0.664D-10 0.305D-18 0.1330-16 0.6100-17 0.4570-15

COEFFICIENTS OF CORRELATION

0.100D+01 -0.1250-03 -0.521D-03 -0.1110-01 -0.5840-02 0.388D-01 0.4030-03

-0.1250-03 0.1000+01 -0.1620-03 0.1780-02 0.1500-01 -0.1580-02 -0.2840-01

-0.5210-03 -O.1620L-03 0.1000+01 -0.!1330-01 0.490-02 -0.1720-01 0.557D-02

-0.1110-01 0.1780-02 -0.1330-01 0.100001 0.121D-03 0.2530-03 0.1500D-n2

-U .540-02 0.1500-01 0.1490-02 0.1210-03 0.1000+01 -0.1520-01 0.3270-01

0.380D-01 -0.1580-02 -0.1720-01 0.253D-03 -0.7520-01 0.100D+01 0.1340-01

0.4030-03 -0.2840-01 0.557D-02 0.150D-02 0.3270-01 0.1340-01 0.1000O01



TABLE 4.16 (cont'd)

kESIDUALS V

VI( KC4-06 ) V2( 8C4-04 ) V1 - V2

1 -0.0 2.5 0.5 1 0.0 -3.0 -0.6 -0.1 5.5 1.1

2 1.4 -0.9 -1.4 2 -2.1 1.0 1.6 3.5 -1.9 -3.0

3 -2.0 0.9 1.Z 3 2.5 -1.0 -1.4 -4.5 2.0 2.6
4 -4.1 4.6 -2.7 4 5.4 -6.6 4.2 -9.5 11.2 -6.9

6 -1.0 1.0 0.6 6 1.4 -1.1 -0.7 -2.4 2.1 1.3

7 1.3 -0.1 -0.2 7 -1.4 0.1 0.3 2.7 -0.2 -0.5

6 -1.0 -0.4 0.8 8 1.0 0.4 -0.8 -1.9 -0.9 1.6
9 -0.8 -0.7 0.9 9 0.8 0.7 -1.0 -1.7 -1.4 1.9

11 -1.4 -1.8 -1.1 11 1.5 1.9 1.3 -2.8 -3.8 -2.4

12 -0.3 -3.2 0.6 12 0.3 4.0 -0.8 -0.7 -7.2 1.4

13 3.1 1.4 -2.6 13 -3.6 -1.9 4.2 6.7 3.3 -6.7
15 0.1 1.5 -0.5 15 -0.1 -1.7 0.5 0.2 3.2 -1.0

16 1.0 1.2 0.0 16 -1.1 -1.3 -0.0 2.1 2.5 0.0

19 -0.9 0.6 0.3 19 0.9 -0.6 -0.3 -1.7 1.2 0.5

20 -2.2 -0.2 1.0 20 2.2 0.2 -1.1 -4.4 -0.5 2.1

22 -0.3 -2.0 3.6 22 0.3 2.1 -3.7 -0.6 -4.1 7.3
23 0.7 -1.2 -0.3 23 -0.7 1.2 0.4 1.5 -2.4 -0.7

31 0.7 0.4 0.9 31 -0.7 -0.4 -1.0 1.4 0.7 1.9
32 2.9 -1.2 -1.3 32 -3.0 1.3 1.4 5.8 -2.5 -2.7

38 -3.0 -0.5 -2.4 38 4.0 0.6 2.8 -7.0 -1.1 -5.2

39 -0.9 -0.4 1.5 39 1.0 0.4 -1.5 -1.9 -0.8 3.0

40 2.4 1.6 1.4 40 -2.5 -1.6 -1.4 4.9 3.1 2.8

42 0.1 0.4 1.3 42 -0.1 -0.5 -1.3 0.2 0.9 2.6
43 -0.3 0.8 0.8 43 0.3 -0.8 -0.8 -0.6 1.7 1.7
44 -1.2 -0.9 0.6 44 1.2 0.8 -0.6 -2.5 -1.7 1.1
45 0.1 1.0 3.2 45 -0.1 -1.0 -3.6 0.3 2.0 6.8

47 2.5 -0.8 3.0 47 -2.7 0.8 -3.3 5.2 -1.6 6.3

50 -0.3 -0.3 1.0 50 0.3 0.3 -1.0 -0.7 -0.6 2.0
51 -1.3 -0.8 1.1 51 1.3 0.8 -1.1 -2.6 -1.5 2.2
52 -1.2 -0.9 1.2 52 1.2 0.9 -1.1 -2.3 -1.6 2.3

53 -0.7 -0.1 1.0 53 0.7 0.1 -1.0 -1.4 -0.2 2.0

55 -0.1 -0.4 -0.5 55 0.1 0.5 0.5 -0.2 -0.9 -1.0

59 -0.5 -1.1 0.8 59 0.5 1.2 -0.9 -1.0 -2.3 1.R

60 1.0 -0.7 0.7 60 -1.0 0.8 -0.7 1.9 -1.5 1.3
61 -0.3 -0.6 0.7 61 0.3 0.6 -0.7 -0.6 -1.3 1.3
63 -0.3 -0.9 0. 63 0.3 1.2 -0.7 -0.6 -2.2 1.3
64 0.1 1.4 0.4 64 -0.1 -1.8 -0.5 0.2 3.2 0.9
65 2.0 3.4 -3.8 65 -4.3 -4.0 6.2 7.3 7.4 -10.0

66 -0.3 -3.2 0.6 66 0.1 4.0 -0.8 -0.7 -?.2 1.4
67 -0.6 -0.3 0.1 67 0.6 0.3 -0.1 .-1.2 -0.6 0.2
68 -0.0 0.7 2.6 68 0.0 -0.7 -2.8 -0.1 1.4 5.4

69 -0.1 0.1 0.9 69 0.1 -0.1 -0.9 -0.2 0.3 1.8
72 -2.4 -3.0 0.5 72 3.1 3.7 -0.6 -5.5 -6.7 1.1
73 0.8 1.0 1.8 73 -0.8 -1.0 -1.9 1.6 2.0 3.8
75 -0.7 0.2 1.8 75 0.7 -0.2 -1.9 -1.3 0.4 3.7
78 1.1 0.4 0.1 78 -1.1 -0.4 -0.1 2.2 0.9 0.2

111 -1.3 -1.5 -2.8 111 1.9 2.2 4.7 -3.2 -3.7 -7.4

123 0.9 1.6 0.3 123 -5.8 -9.3 -0.6 6.7 11.1 0.9
134 -1.3 -1.5 -2.8 134 1.9 2.2 4.7 -3.2 -3.7 -7.4
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TABLE 4.17

TRANSFORMATION: BC-D6 - BC-D11

SCALE FACTOR AND ROTATION PARAMETERS CONSTRAINED
--------------------------------------------------

SOLUIION FOR 3 TRANSLATION, I SCALE AND 3 ROTATION PARAMETEAS
-------------------------------------------

(USING VARIANCES ONLY)

DX DY DZ OELTA OMEGA PSI EPSILON

METEk MEIERS METERS IXI.D61 SECONDS SECONDS SECONDS

0.36 -0.40 0.36 2.28 -0.09 -0.01 0.09

VARIANCE.- COVARIANCE MATRIX

oi = 0.19

0.106D00 -0.1790-04 -0.8950-04 -0.1420-10 -0.2050-10 0.2120-09 0.3100-11

-0.1290-04 0.1060+00 -0.1280-04 0.3090-11 0.7110-10 -0.8890-11 -0.1500-09

-0.89SD-04 -0.1280-04 0.1450 00 -0.2200-10 0.7840-11 -0.1050-09 O.1910-10

-0.14ZD-10 0.3090-11 -0.?2D0-10 0.2400-16 0.642)-20 0.1420-19 0.8040-19

-0.2050-10 0.7110-10 0.784D-I1 0.6420-20 0.1750-15 -0.1500-16 0.6440-17

0.2120-09 -0.8890-11 -0.1050-09 0.1420-19 -0.1500-16 0.2180-15 0.3460-17

0.3100-11 -0.1500-09 0.1910-10 0.8040-19 0.6440-17 0.3460-17 0.2190-15

COEFFICIENTS OF CORRELATION

0.1000+01 -0.122D-03 -0.7210-03 -0.8870-02 -0.4760-02 0.4420-01 0.6440-03

-0.1220-03 0.10ODO01 -0.1040-03 0.1940-02 0.1660-01 -0.1850-02 -0.3120D-01

-0.7210-03 -0.104D-03 0.1000*01 -0.1180-01 0.1560-02 -0.18710-01 0.3380-02

-0.8870-02 0.1940-02 -0.1180-01 0.1i000+01 0.9910D-04 0.1960-03 0.1110-02

-0.4760-02 0.160--01 0.1560-02 0.9910-04 0.1000+01 -0.7670-01 0.3290-01

0.4420-01 -0.1850-02 -0.1870-01 0.1960-03 -0.767D-01 0.1000D+1 0.1580-01

0.644D-03 -0.3120-01 0.3380-02 0.1110-02 0.3290-01 0.1580-01 0.1000.01
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TABLE 4.17 (cont'd)

RESIDUALS V

VII BC4-06 I V2( 8C4-D11) Vi - V2

1 0.8 1.0 -0.3 1 -0.8 -1.1 0.4 1.6 2.1 -0.7
2 -1.5 -0.2 -0.0 2 1.6 0.2 0.0 -3.1 -0.4 -0.1
3 0.3 -0.8 -0.1 3 -0.4 0.8 0.1 0.7 -1.6 -0.1
4 -3.5 4.1 -3.0 4 4.5 -5.8 4.6 -8.1 10.0 -7.6
6 1.3 0.3 -1.9 6 -1.4 -0.4 2.0 2.6 (0.7 -3.9
7 0.4 1.0 0.9 7 -0.4 -1.1 -0.9 0.7 2.1 1.8
8 -1.4 -0.8 1.0 8 1.4 0.8 -1.0 -2.6 -1.5 1.9
9 -1.7 -0.8 1.0 9 1.6 0.8 -1.0 -3.5 -1.5 2.0
11 -0.7 -1.9 -0.5 11 0.7 2.0 0.6 -1.4 -3. -1.1
12 -0.5 -2.9 0.3 12 0.6 3.6 -0.3 -1.1 -6.6 0.6
13 2.7 1.7 -3.2 13 -3.0 -2.3 5.2 5.7 4.1 -8.4
15 -0.0 -0.5 0.6 15 0.0 0.5 -0.6 -0.1 -1.0 1.1
16 0.3 -0.3 0.5 16 -0.3 0.3 -0.5 0.6 -0.6 1.0
19 -1.5 0.7 -1.4 19 1.5 -0.7 1.4 -3.0 1.5 -2.8
20 -1.4 -0.1 -0.7 20 1.5 0.1 0.7 -2.9 -0.1 -1.5
22 -0.5 -1.4 2.3 22 0.5 1.5 -2.4 -1.0 -2.9 4.7
23 0.4 -0.7 -1.9 23 -0.4 0.7 1.9 0.7 -1.4 -3.7
31 0.3 1.0 -0.4 31 -0.3 -1.0 0.4 0.6 2.1 -0.8
32 2.2 -0.7 -2.4 32 -2.3 0.7 2.5 4.5 -1.4 -4.9
38 -1.3 -0.7 -0.b 38 1.6 0.9 0.9 -2.9 -1.6 -1.7
39 -0.7 -0.4 -0.4 39 0.8 0.4 0.4 -1.5 -0.8 -0.8
40 1.4 2.0 0.2 40 -1.5 -2.0 -0.2 2.9 3.9 0.4
02 0.5 -0.6 1.2 42 -0.5 0.6 -1.2 1.0 -1.3 2.5
43 -1.1 1.4 -1.1 43 1.1 -1.4 1.1 -2.2 2.7 -2.2
44 -1.5 -0.7 -1.2 44 1.6 0.6 1.1 -3.1 -1.3 -2.3
45 0.3 0.9 1.8 45 -0.3 -0.9 -1.9 0.5 1.7 3.7
47 2.0 -0.3 2.2 47 -2.1 0.3 -2.4 4.1 -0.6 4.5
50 -1.3 1.0 -1.2 50 1.3 -1.0 1.2 -2.6 2.0 -2.3
51 -1.5 -0.5 -0.5 51 1.5 0.5 0.5 -3.1 -1.0 -1.1
52 -1.6 -0.3 -0.5 5z 1.6 0.3 0.5 -3.2 -0.7 -1.0
53 -1.0 0.5 -0.6 53 1.0 -0.5 0.6 -2.0 1.1 -1.1
55 -0.2 1.3 1.0 55 0.Z -1.4 -1.1 -0.3 2.7 2.1
59 -0.4 -1.0 0.1 59 0.4 1.0 -0.1 -0.9 -2.0 0.1
60 0.5 0.1 -0.4 60 -0.5 -0.1 0.4 1.1 0.1 -0.7
61 -0.6 0.6 -1.3 61 0.6 -0.6 1.3 -1,1 1.3 -2.5
63 -0.5 1.3 1.6 63 0.5 -1.3 -1.6 -1.0 2.6 3.2
64 -0.6 -1.3 1.3 64 0.6 1.3 -1.3 -1.3 -2.5 2.5
65 0.7 0.6 -0.0 65 -0.7 -0.6 0.0 1.4 1.2 -0.1
66 -0.5 -2.9 0.3 66 0.6 3.6 -0.3 -1.1 -6.6 0.6
67 -0.3 1.2 0.6 67 0.3 -1.2 -0.6 -0.6 2.4 1.2
68 0.4 -0.1 0.9 68 -0.4 0.1 -0.9 0.8 -0.2 1.8
69 0.2 2.6 -0.2 69 -0.2 -2.5 0.2 U.4 5.1 -0.4
72 -3.7 -2.7 0.2 72 4.7 3.3 -0.3 -8.4 -5.9 0.5
73 0.4 1.3 0.8 73 -0.5 -1.3 -0.8 0.9 2.5 1.6
75 -0.3 0.1 0.8 75 0.3 -0.1 -o.9 -0.5 0.3 1.7
78 1.1 0.8 -2.4 78 -1.1 -0.8 2.4 2.3 1.6 -4.7

111 1.2 0.3 0.9 111 -1.7 -0.3 -1.0 2.9 0.7 1.9
123 1.3 1.2 0.3 123 -8.6 -6.5 -0.7 9.9 7.7 1.0
134 1.2 0.3 0.9 134 -1.7 -0.4 -1.0 2.9 0.7 1.9
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TABLE 4.18

TRANSFORMATION: BC-D6 - BC-D13

SCAtE FACTOR AND MOTATION PARAMET RS CONSTPAINEO
---------------- -------------- -

"ULUrION FOR 3 IRANSLATIJN, I SCALE AND 3 90TATIOjN PARAME7EPS
------------------------- ----------------- -------------------

(USING VARIANCES ONLYI

DX DY DZ DELIA OMEGA PSi EPSILON

METERS METERS METERS (xl.D61 SECON SCCONDS SECONDS

0.17 0.05 -0.50 0.01 0.0 0.05 -0.02

VARIANCE - LOVARIANCE 4ATRIX

oa= 0.15

0.6550-01 -0.5840-05 -0.468D-04 -0.6260-11 -0.1060-10 0.1330-09 0.1990-11

-0.5840-05 0.6530-01 -0.146D-04 0.1150-11 0.3520-10 -0.47D-11 -0.88D-10

-0.468D-04 -0.1460-04 0.8880-01 -0.1180-10 0.4140-11 -0.5160D-10 0.197D-10

-0.6260-11 0.115D-11 -0.110-10 0.1280-16 0.5650-21 0.3680-20 0.3870-19

-0.1060-10 (0.3520-10 0.4140-11 0.5650-21 0.1060-15 -0.9230-17 0.2970-17

0.1330-09 -0.4780-11 -0.5160-10 0.3680-20 -0.9230-17 0.1300-15 t.2010-17

0.1990-11 -0.9860-10 0.1970-10 0.3870-19 0.2970-17 0.2010-17 0.1320-15

COEFFICIENrT OF CORRELAIJON

0.1000.01 -0.0930-04 -0.6130-03 -0.6050-02 -0.403D-02. 0.4540-01 0.6780-03

-0.8930-04 0.1000+01 -0.1920-03 0.1260-02 0.1340-01 -0.1640D-02 -0.337D-01

-0.6130-03 -0.192D-03 0.1000+01 -0.1100-01 0.1350-02 -0.152D-01 0.5770-02

-0.6050-OZ O. 126.-2 -0.IIO=01 0.100OD01 0.1540-04 0.9010-04 0.9430-03

-0.4030-012 0.134D0:)1 0.1350-02 0.1540D-04 0.1000D01 -0.7840-01 0.2510-01

0.4540-01 -0.164D-02 -0.1520-01 0.9010-04 -0.7840-01 0.100001 0.1530-01

0.6780-03 -0.3370-01 0.5770-02 0.943D-03 0.2510-01 0.1530-01 0.100D01



TABLE 4.18 (cont'd)

RESIOUALS V

VII BC4-06 ) V2( OC4-013) VI - V2

1 -0.7 0.8 0.2 1 0.5 -0.6 -0.1 -1.2 1.3 0.3

? 0.0 0.2 -0.4 2 -0.0 -0.1 0.3 0.1 0.3 -0.7

3 -0.8 -0.5 -0.9 3 0.5 0.4 0.t. -1.3 -0.9 -1.5
4 -0.2 0.4 3.6 4 o. i -0.3 -2.5 -0.3 0.1 6.0

6 -t.3 1.1 -0.5 6 0.2 -1.2 0.4 -0.6 2.9 -0.9
7 0.2 0.3 0.6 7 -0.Z -0.2 -0.4 0.4 0.5 1.0
8 -2.1 0.7 1.6 8 1.4 -0.5 -0.9 -3.5 1.1 2.5
9 0.2 -0.0 1.7 9 -0.1 0.0 -1.0 0.3 -0.1 2.7

11 -1.5 -3.2 3.2 11 1.0 2.0 -2.0 -2.5 -5.3 5.2
12 o.7 -2.1 0.3 12 -0.5 1.3 -0.2 1.2 -3.4 0.5
13 1.7 -0.8 -0.3 13 -1.1 0.5 0.2 2.8 -1.3 -0.5
15 0.9 0.2 -0.0 15 -0.0 -0.1 0.0 1.5 0.3 -0.0
16 0.8 1.6 0.2 16 -0.6 -1.0 -0.2 1.4 2.6 0.4
19 -0.7 0.1 -1.7 19 0.5 -0.1 1.0 -1.2 0.2 -2.6

20 0.8 1.3 4.0 20 -0.6 -1.0 -2.3 1.3 2.3 6.4
22 -0.3 -1.5 0.8 22 0.2 0.9 -0.4 -0.6 -Z.4 1.2
23 2.2 0.9 -1.1 23 -1.4 -0.6 0.6 3.6 1.5 -1.7
31 1.3 1.5 -0.2 31 -0.8 -0.9 0.1 2.0 2.5 -0.4
32 -1.1 1.9 -4.1 32 0.6 -1.2 2.3 -1.7 3.1 -6.5
38 -1.2 -0.4 -0.1 38 0.8 0.3 0.1 -2.0 -0.7 -0.1
39 -3.2 0.3 2.8 39 2.5 -0.2 -1.7 -5.7 0.5 4.5
40 -1.1 -0.1 0.8 40 0.6 0.0 -0.4 -1.7 -0.1 1.2
42 0.6 -0.5 -0.6 42 -0.4 0.3 0.2 0.9 -0.8 -0.7

43 -0.8 -0.0 -0.1 43 0.5 0.0 0.1 -1.2 -0.0 -0.2
44 0.0 -3.2 -2.9 44 -0.0 1.9 2.0 0.0 -5.1 -4.9
49 0.2 -1.2 1.2 45 -0.1 0.8 -0.7 0.3 -2.0 1.8
47 0.6 -0.1 -0.6 47 -0.4 0.0 0.3 1.0 -0.1 -1.0

50 -3.0 1.4 -0.9 50 0.7 -0.9 0.7 -1.7 2.4 -1.7
51 0.1 -0.3 0.4 51 -0.1 0.2 -0.3 0.1 -0.5 0.8
52 -1.5 0.2 0.8 52 0.9 -0.1 -10.6 -2.5 0.3 1.4
53 -0.2 0.9 0.8 53 0.2 -0.6 -0.6 -0.4 1.5 1.5
55 0.2 0.4 -1.2 55 -0.1 -0.3 0.7 0.3 0.7 -1.8
59 0.1 -1.7 1.2 59 -0.0 1.0 -0.1 0.1 -2.7 1.8
60 1.o 1.4 -1.0 60 -1.0 -0.8 0.5 2.t 2.2 -1.5
61 1.4 1.5 0.9 61 -0.8 -0.9 -0.6 2.2 2.4 1.5
63 0.3 -0.1 0.4 63 -0.3 0.1 -0.2 0.6 -0.2 0.6
64 -0.8 1.0 0.0 64 0.5 -0.6 -0.0 -1.3 1.7 0.0
65 0.1 1.0 -0.9 65 -0.1 -0.6 0.7 0.1 1.6 -1.6
66 0.7 -2.1 0.3 66 -0.5 1.3 -0.2 1.2 -3.4 0.5
67 1.8 1.1 -0.3 67 -1.1 -0.7 0.1 3.0 1.7 -0.4
68 -1.5 -0.9 1.8 68 1.0 0.6 -1.0 -2.5 -1.5 2.8
69 -1.0 -1.8 1.3 69 0.6 1.0 -0.8 -1.7 -2.7 2.1
72 -0.1 -1.8 -0.9 72 0.1 1.2 0.6 -0.2 -3.0 -1.5
73 0.7 -0.3 2.0 73 -0.5 0.2 -1.1 1.2 -0.6 3.1
75 -0.9 -1.2 1.0 75 0.6 0.8 -0.6 -1.5 -2.0 1.6
78 -0.9 2.4 3.1 78 0.8 -1.6 -2.0 -1.7 4.0 5.1

111 -0.4 -1.? -1.0 111 0.3 0.9 0.7 -0.7 -2.1 -1.8
123 0.2 0.8 1.7 123 -0.1 -0.5 -1.3 0.3 1.2 3.0
134 -0.4 -1.2 -1.1 13* 0.3 0.9 0.7 -0.7 -2.1 -1.8
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The results given in Table 4.18 show the differences between

BC-D6 and BC-D13 solutions to be insignificant with the residuals small-

er than in any previous transformations. These results are in agreement

with those of the North and South American sub-network described in

Section 3.2.1. The conclusion there was that the use of only the better

conditioned events, plus images 1-3-5-7 from the highly correlated

events gave results similar to that of using all observations without

correlation. The only noticable change between solutions BC-D6 and

BC-D13 is in the a (a posteri), shown in Table 4.8, and the station

coordinates a's shown in that table of adjusted station coordinates in

the Appendix. As with the North and South American sub-network, the a

posteri a increased to 3.4 ( the a posteri a was in the range of 2.81
0 O

to 2.86 for all other solutions) and the standard deviation of all sta-

tion coordinate components decreased.

A comparison of residuals for Stations 65 and 111 (in Tables 4.14

through 4.18 shows these to be smaller in solutions that have the chords

constrained. The fact that chords 3-111 and 16-65 improve the positions

of these stations is not surprising. As mentioned earlier, these lines

are too short to be determined accurately from observations on PAGEOS

without some additional constraints.

4.2.2.3 Height Comparisons

The idea of the height comparison is to compare undulations com-

puted from the geometric solutions with some reference undulations cal-

culated from an independent method. The reference set selected was that

of [Rapp, 1973] based on combined satellite and surface gravity observa-

tions. Tables 4.19 and 4.20 contain the results of the comparisons. In
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TABLE 4.19

HEIGHT RESIDUALS (SOLUTION BC-D6)

XO 15.1 YOU 26.6 Z0- 8.1 CONSTANT= -15.3

SIN NO. NOSUGC N REF NOSUGC-N RIF RESIOUALS

1 2.91 11.66 -8.75 6.00

2 -52.69 -36.90 -15.79 -1.0%

3 -40.38 -17.65 -22.73 -7.98

4 -2.58 6.22 -8.00 5.94

6 11.30 27.06 -15.76 -1.02

7 47.62 54.00 -6.38 8.36
8 -47.69 -28.31 -19.38 -4*64

9 -3.76 16.73 -20.49 -5.75

11 7.93 1.75 6.18 20.92

12 -10.08 13.75 -23.83 -9.09

13 19.20 34.27 -15.07 -0.33

15 -36.50 -20.67 -15.83 -1.09

16 20.91 37.43 -16.57 -1.78

19 6.32 22.80 -16.48 -1.74

20 -18.44 -4.75 -13.69 1.06

22 12.28 27.35 -15.07 -0.33

23 47.50 67.94 -20.44 -5.69

31 -13.75 8.68 -22.43 -7.68

32 -27.42 -30.51 3.09 17.83

38 -53.84 -35.47 -18.37 -3.62

39 -37.04 -16.68 -20.36 -5.61

40 -53.79 -38.11 -15.68 -0.93

42 -25.52 -5.78 -19.74 -5.00

43 3.32 15.60 -12.28 2.46

44 28.93 36.61 -7.68 7.06

45 -25.97 -6.07 -19.90 -5.16

47 57.49 62.17 -4.68 10.07

50 0.46 15.70 -15.24 -0.50

51 15.48 29.20 -13.72 1.03

53 -72.43 -56.10 -16.33 -1.58

55 -2.91 16.26 -19.17 -4.42

59 2.76 16.07 -13.31 1.43

60 8.07 27.33 -19.26 -4.52

61 1.37 11.28 -9.91 4.83

63 13.64 27.20 -13.56 1.18

64 -4.50 10.35 -14.85 -0.10

65 27.34 44.23 -16.89 -2.15

66 -10.87 13.74 -24.61 -9.87

67 -22.49 -12.03 -10.46 4.29
68 1.41 24.65 -23.24 -8.50
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TABLE 4.19 (cont'd)

x0s 15.1 YO= 26.8 ZO. 8.1 CONSTANTs -15.3

STN. NO. NOSUGC N REF NOSUGC-N REF RESIDUALS

69 13.05 25.52 -12.47 2.28

72 -62.48 -40.39 -22,09 -7.34

73 -85.28 -73.64 -11.64 3.10

75 -58.53 -44.40 -14.13 0.61

78 47.75 63.10 -15.35 -0.61

111 -45.64 -33.18 -12.46 2.28

123 -11.01 -1.40 -9.61 5.13

134 -45.73 -33.19 -12.54 2.21

AVERAGE SIGMA

-0.1474D002 0.6229D+01

SEMI-MAJOR AXIS

6378140.26
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TABLE 4.20

HEIGHT RESIDUALS (SOLUTION BC-D2)

X0u 12.7 VYO 28.0 ZO= 5.2 CONSTANT= -37.9

STN. NO. MOSUGC N REF NOSUGC- REF RESIDUALS

1 -17.43 11.66 -29.09 7.48
2 -79.02 -36.90 -42.12 -5.54
3 -63.00 -17.65 -45.35 -86.78
4 -19.01 6.22 -25.23 11.34
6 -11069 27.06 -38.75 -2018
7 32.79 54.00 -21.21 15.36
8 -82.61 -28.31 -54.30 -17.73
9 -34.80 16.73 -51.53 -14.95
11 -2.20 1075 -3.95 32.63
12 -38.87 13.75 -52.62 -16.05
13 -16.14 34.27 -50.41 -13.84
15 -60.18 -20.67 -39.51 -2.94
16 -1.75 37.43 -39.18 -2.61
19 -18.86 22.80 -41.66 -5.09
20 -38.70 -4.75 -33.95 2.62
22 -7.52 27.35 -34.87 1.70
23 19065 67.94 -48.29 -11.72
31 -37.10 8.68 -45.78 -9.21
32 -44.06 -30.51 -13,55 23.02
38 -74.80 -35.47 -39.33 -2.76
39 -60.93 -16.68 -44.25 -7.68
40 -70.13 -38.11 -32.02 4.55
42 -49o51 -5.78 -43.73 -7.16
43 -18.40 15.60 -34.00 2.57
44 19061 36.61 -17.00 19.57
45 -47.91 -6.07 -41.84 -5.26
47 32.34 62.17 -29.83 6.75
50 -18.70 15.70 -34.40 2.17
51 -4.69 29.20 -33.89 2068
53 -92.91 -56.10 -36.81 -0.24
55 -22.59 16.26 -38085 -2.28
59 -12.41 16.01 -28.48 8.09
60 -17.22 27.33 -44.55 -7097
61 -16.50 11.28 -27.78 8.79
63 -6.16 27.20 -33.36 3.21
64 -25.72 10.35 -36.07 0.50
65 4.18 44.23 -40,05 -3.48
66 -39.67 13.74 -53.41 -16.84
67 -43.15 -12.03 -31.12 5.45
68 -26.90 24.65 -51.55 -14.98
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TABLE 4.20 (cont'd)

XOi 12.7 YOU 28.0 ZOS 5.2 CONSTANT= -37o9

STN* NOo NOSUC N REF NOSUGC-N REF RESIDUALS

69 -2.96 25.52 -28.48 8.09
72 -97.41 -40.39 -57.02 -20.45
73 -103.22 -73.64 -29w58 6.99
75 -61.33 -44.40 -36.93 -0.36
78 19070 63.10 -43.40 -6.83
1II -64.65 -33.18 -31.47 5.10
123 -14.68 -1o40 -13.28 23.29
134 -64.76 -33.19 -31.57 5.00

AVERAGE SIGMA

-0.36570+02 0.1125002

SEMI-MAJOR AXIS

6378118.43
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the tables, NOSUGC denotes the quantity H-MSL-dH, where H is the el-

lipsoidal height from the geometric solution, MSL is the mean sea level

height, and dH is the change in height due to the fact that the reference

ellipsoid is not geocentric, while the reference undulations (N REF)

are referred to the geocentric level ellipsoid. The coordinates of the

geocenter with respect to the center of the reference ellipsoid (xo, Yo,

zo) were estimated from a least squares fit using the following model

[Heiskanen and Moritz, 1967, p2073:

N REF - (H-MSL) = Axo + Byo + Czo + Aa

where Aa is the difference between the semi-diameter of the reference

ellipsoid and that of the level ellipsoid of the same flattening, and

the coefficients A, B, C are functions of the station locations. Since

the semi-diameter of the reference ellipsoid is known (a = 6378155m), a

by-product of the fit is the semi-diameter of the level ellipsoid best

fitting the geoid. These quantities for the different solutions are

listed in Table 4.21.

In the height comparison tables, in case of a uniform global station

distribution, the average value of NOSUGC - N REF should be equal to the

additive terms from the best fit or the difference between the semi-

diameters of the reference ellipsoid and that of the level ellipsoid.

In the case of solution BC-D6, as seen on the last page of Table 4.19,

this value is -14.7m. The root mean square value of the residuals is

6.3m. Thus, the dimension of the level ellipsoid is 6378140.3 t 6.3m,

the same as in Table 4.21. In the case of the BC-D2 solution, the re-

sults given in Table 4.20 show the semi-major axis to be reduced to



122

TABLE 4.21

SEMI-DIAMETER OF THE LEVEL ELLIPSOID BEST FITTING THE
GEOID AS DETERMINED FROM THE DIFFERENT SOLUTIONS

a (level ellipsoid)
Solutions Xo (m) Yo (m) 2° (m) 6378000 + (m)

BC-D1 12.7 29.0 6.0 108.0 - 11.3

BC-D2 12.7 28.0 5.2 118.4 - 11.2

BC-D3 14.4 27.6 8.0 140.1 - 6.5

BC-D4 14.3 27.7 7.5 140.6 - 6.6

BC-D6 15.1 26.8 8.0 140.3 - 6.3

BC-D11 14.5 27.6 8.3 154.8 - 6.5

BC-D13 15.4 26.8 8.1 140.3 t 7.7

6378118.4m. The root mean square value of the residuals, however, is

t11.2 meters due to the lack of height constraints. Comparison of the

residuals in BC-D6 show marked improvements over those in BC-D2, as

expected.

Other solutions produced semi-diameters as listed in Table 4.21.

The residuals from solutions BC-D3, BC-D4I BC-Dll and BC-D!3 are similar

to those in BC-D6, and are not reproduced here.

4.2.3 Comparisons with Dynamic Solutions

In addition to the geometric comparisons described above, com-

parisons were made between solution BC-D6 and three different dynamic

solutions having common stations. These were solution NWL-9D of the

Naval Weapons Laboratory [American Geophysical Union, 1974], SAO-III of the
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Smithsonian Astrophysical Observatory [American Geophysical Union,19742,

and solution GEM-6 of the National Aeronautics and Space Administration

[American Geophysical Union, 19743. The comparison with solution NWL-9D

was possible because ground surveys tie 22 Doppler stations with BC-4

cameras. The Smithsonian Astrophysical Observatory had in their ad-

justment 48 of the 49 BC-4 stations (seven of these BC-4 cameras were

connected directly by ground surveys). The GEM-6 adjustment included 47

of the 49 BC-4 stations (sixteen connected directly by ground surveys).

The results of these transformations are given in Tables 4.22 through

4.24. Separate transformations were performed to compare BC-D6 with

SAO-III and GEM-6 solutions using only the stations connected directly

by ground survey. These results are given in Tables 4.25 and 4.26.

The shifts are within the noise level of those determined through

the best fit procedure listed in Table 4.21. There the geocenter seems

to be very near to the geometric center defined by the center of the

best fitting level ellipsoid.

The scale differences are also negligably small. This is through

design by defining the scale of a = 6378140m (through the a priori

additive term of -15m).

The w rotations are sizable as seen from the illustration in Figure

4.1. The largest difference occurs between the BC-D6 and the NWL-9D,

where w 0.'63, which is about 20m on the equator. The differences for

the SAO-III solutions are smaller, but still significant. The GEM-6

solution has an a difference of less than im.



124

TABLE 4.22

TRANSFORMATION: BC-D6 - NWL-9D

SCALE FACTOR AND ROTATION PARAMETERS CONSTRAINED

SOLUTION fOR 3 IRANSLATIONo I SCALE AND 3 ROTATION PARAMETERS

IUSING VARIANCES ONLY)

DX DY DZ DELiA OMEGA PSI EPSILON
METERS METERS METERS IXI.D.6) SECONDS SECONDS SECONDS

19.82 20.92 6.10 0.37 0.63 -0.17 -0.27

VARIANCE - COVARIANCC RAFRIt

o .s 2.12

0.1730401 -0.2980-OZ 0.6040-02 -0.8290-08 -0.3020-09 0.1030-07 0.6020-09

-0.2910-02 0.1760001 -0.3450-02 0.2220-08 0.3530-08 -0.7580-09 -0.111D-07

0.6040-OZ -0..45-0-? 0.2180+01 -0.1780-07 0.2750-09 -0.47tD-08 -0.1260-09

0.82Z90-08 0.2220-08 -0.1780-07 0.1050-13 -0.8210-17 0.4080-17 0.2940-16

-0.302D-09 0.3530-08 0.275D-09 -0.821D-17 0.617D-14 -0.314D-15 0.6870-15

0.1030-07 -0.7580-09 -0.4720-08 0,4080-17 -03140-15 0.o6090-14 0.355D-15

0.6020-09 -0.1110-07 -0.1260-09 0.2940-16 0.6870-15 0.3550-15 0.7820-14

COEFFICIENTS OF CORRELATION

0.1000*01 -0.1670-02 0.311E0-02 -0.61 D-01 -0.2930-02 0.1000D00 0.518D-02

-0.1670-02 0.100001 -0.1760-02 0.1630-01 0.3390-01 -0.7320-02 -0.9460-01

0.311D-02 -0.1760-02 O,1000.01 -0.11oD00 0.237D-02 -0.4100D-01 -0.9670-03

-0.6140-01 0.163D-01 -0.117000 0.100001 -0.1020-02 0.5100-03 0.3240-02

-0.2930-02 0.339D-01 0.2370-02 -0,1020-02 0.1000,01 -0.5130-01 0.9890-01

0o.00000 -0.7320-02 -0.4100-01 0.5100-03 -0.5130-01 0.1000401 0.5140-01

0.5180-02 -0.9460-01 -0.9670-03 0.3240-02 0.9890-01 0.5140-01 0.1000.01
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TABLE 4.22 (cont'.d)

RESI0UALS V

Vl( 8C4-06 I V24 NWL-9D ) Vl - V2
--- --- --- ---- - - " " "

1 1.4 -0.8 -5.8 18 -0o. 0.; 2.3 2.2 -1.3 -8.1

2 -0.6 4.5 -0.3 742 0.4 -3.1 0.2 -1.0 8.2 -0.4

3 2.6 -0.7 -1.2 738 -2.0 0.5 0.7 4.5 -1.2 -1.9

4 5.9 -12.1 -3.4 739 -1.7 2.5 0.5 7.5 -14.6 -3.9

6 0.3 -7.7 2.2 818 -0.2 3.6 .- 1.3 0.4 -11.3 3.5

6 0.5 5.8 3.8 815 -0.2 -2.5 -0.5 0.7 8.3 4.3

11 2.3 -5.5 -3.6 811 -0.7 1.9 0.8 3.0 -7.4 -4.5

12 -3.5 2.b 3.4 708 10.Z -5.e -5.7 -13.8 8.6 9.1

15 0.9 1.8 -2.0 817 -0.6 -1.0 1.0 1.5 2.8 -3.0

16 1.0 0.8 0.1 812 -1.0 -0.5 -0.0 2.0 1.3 0.1

22 -5.1 -4.6 -5.9 117 1.7 L.4 1.1 -6.9 -6.1 -6.9

73 -6.1 8.1 -0.3 744 2.9 -4.7 0.1 -9.0 12.8 -0.3

33 -*.4 3.2 -0.1 809 1.9 -1.1 0.0 -b6.3 4.3 -0.2

38 -0.3 0.8 0.1 831 0.9 -1.9 -0.1 -1.2 2.7 0.2

43 6.6 -3.3 27.3 847 -1.8 0.9 -5.7 8.4 -4.2 32.9

53 2.3 -1.3 -1.7 19 -0.6 0.3 0.5 2.8 -1.6 -2.2

55 -1.5 -5.5 10.1 722 0.6 2.0 -2.1 -2.1 -7.5 12.2

60 -2.2 0.6 -0.0 805 7.5 -2.3 0.0 -9.6 3.0 -0.0

64 -1.9 1.3 -2.1 822 1.1 -0.8 0.8 -3.0 2.1 -2.8

65 -1.6 -4.6 -1.0 830 1.6 2.9 0.8 -3.3 -7.5 -1.8

68 3.6 -0.7 i.9 115 -1.3 0.4 -0.4 4.9 -1.1 2.4

75 6.8 2.9 -7.8 717 -2.1 -1.0 2. 8.9 3.9 -10.0



126

TABLE 4.23

TRANSFORMATION: BC-D6 - SAO-III

SCALE FACTOR AND ROTATION PARAPETERS CONSTRAINED

SOLUTION FOR 3 VBAWSLAIlON, I SCALf AN 3 ROTATION PARAMETERS
----------------------------------------------------

USING VARIANCES OALYD

DX DY DZ DELTA OMEGA PSI EPSILON

METErS MEsES METERS SXI.D*6) SECONDS SECONDS SECONDS

24.12 27.44 -2.00 0035 0.40 0.10 -0.23

VARIANCE - COVARIANCE HATRIX

o = 0.81

0.1010,01 0.7930-04 0.384D-04 -0.9910-10 0.139D-08 0.1190-08 0.179-1I0

0.7930-04 0.9640*00 0.5040-03 0.8610-09 0.2580-09 -0.6300-10 -0.1400-08

0.3840-04 0.5040-03 0.11DZ.01 -0.700D-09 0.1740-10 -0.7?20-10 -0.1750-06

-0.9910-10 0.8610-09 -0.7000-09 0.1020-14 0.8470-18 -0.1180-1l 0.2280-17

0.1390-08 0o 580-09 0.1740-10 Oo847D-18 •0.195D-14 -0.2250-15 -0.193D-16

0.1190-08 -0,6380-10 -0.72Z0-10 -0.1180-1 -0.2250-15 0.2280-14 0.5550-16

* 0.1790-10 =0.1400-0 8 0.2280-17 -0.1930-16 0.5550-16 0.290-14

COFFFICIENTS OF CORRELATION

0.100Do01 0.802D-04 0.3590-04 -0.3080-02 0.3120-01 0.2470-01 0.375D-03

0.8020-04 0.1000.01 0.4840-03 0.2740-01 0.5940-02 -0.1360-02 -0.3010-01

0.359D-04 0.4840-03 0.100001 -0.2070-01 0.3710-03 -0.1430-02 -0,3490-01

-0.3080-02 0.2740-01 -0.207D-01 0,1000D01 0.5990-03 -0.7710-03 0.1510-02

0.3120-01 0.594D-02 0.3710-03 0.5990-03 0.1000 +01 -0.1070o00 -0.9200-02

0.2470-01 -0.136D-02 -0.143D-02 -0.771D-03 -0.107D+00 0.1000.01 0.2450-01

0o3790-03 -0*3010-01 -0.3490-01 0.151D-02 -0.9200-02 0.2450-01 01000*01
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TABLE 4.23 (cont'd)

RESIDUALS V

VLI 8H4-06 ) V2I SA0-Ill) VI - V2

1 0.4 0.7 0.6 6001 -2.9 -6.7 -3.2 3.2 7.. 3.8
2 -1.8 -3.4 1.0 6007 1.1 2.9 -0.6 -?.9 -6.4 .5

3 -0.0 -0.4 0.6 6003 0.? 2.0 -2.2 -0.? -2.3 2.8
4 (.4 -0.4 1.9 6004 -4.7 3.6 -11.5 5.1 -4.1 13.4
6 -0.2 -0.3 0.2 6006 2.7 2.8 -2.6 -2.8 -3.1 2.8
7 -1.0 0.3 -1.0 6007 11.5 -3.4 1.3 -12.5 3.7 -8.3
8 -0.4 1.1 -2.2 6008 2.3 -9.2 5.3 -2.6 10.3 -7.4
9 1.? 1.4 -0.9 6009 -7.7 -9.6 3.0 9.0 11.0 -3.8

11 0.7 -2.0 9.0 6011 -0.4 1.2 -3.4 1.1 -3.1 12.4
12 0.9 -0.3 -0.2 6012 -6.0 2.0 1.0 9.0 -2.3 -1.2
13 3.8 1.1 2.0 6013 -9.9 -1.6 -3.1 13.7 2.7 5.2
15 -0.1 -0.6 0.5 6015 1.1 3.9 -3.1 -1.2 -4.5 3.7
16 -0.2 -0.2 0.4 6016 3.2 1.9 -4.2 -3.4 -2.1 4.6
19 8.0 2.5" -0.1 6019 -5.4 -1.8 0.0 13.4 4.3 -0.1
20 1.3 1.0 1.3 6020 -9.2 -10.7 -8.8 10.h 11.7 10.2
22 -0.1 0.1 -0.1 6022 0.7 -0.1 0.2 -0.9 0. -0.3
23 -0.7 -0.1 -0.4 6023 0.9 0.6 1.2 -1.1 -0.7 -1.6
31 -0.7 -0.1 -1.7 6031 2.8 0.4 5.9 -3.5 -0.5 -7.6
32 3.2 0.6 4.0 6032 -18.3 -3.8 -18.1 21.5 4.4 22.0
38 -0.1 0.0 0.4 6038 0.6 -0.0 -o0. -0.7 0.0 1.2
39 1.1 0.8 0.6 6039 -7.6 -7.0 -5.2 8.8 7.8 5.8
40 2.3 0.8 -2.5 6040 -10.5 -5.5 14.5 12.8 6.3 -17.1
4' -2.? -2.6 0.3 6042 4.3 4.5 -0.4 -7.0 -7.1 0.9
43 2.2 0.9 -0.9 6043 -11.4 -4.5 3.3 13.6 5.3 -4.2
44 1.2 2.9 (.4 6044 -7.8 -22.2 -2.1 9.0 25.0 2.6
45 -0.5 -0.5 -1.7 6045 2.0 2.0 5.1 -2.5 -2.5 -6.9
47 2.1 0.8 2.0 6047 -12.7 -4.8 -6.2 14.8 5.7 8.2
50 1.2 1.8 -1.4 6050 -9.2 -10.0 8.2 10.5 11.8 -9.6
51 1.5 0.1 -1.2 6051 -7.0 -0.6 6.6 8.5 0.7 -7.8
52 2.6 0.8 -1.h 6052 -L4. -5.6 5.6 11.4 6.4 -7.2
53 2.4 0.1 -1.1 6053 -11.9 -0.7 9.2 14.3 0.9 -10.9
55 -1.9 0.4 1.0 6055 10.1 -2.1 -2.9 -12.0 2.5 3.9
59 -0.1 -0.2 0.5 6059 0.6 0.8 -1.3 -0.8 -1.0 1.9
60 -2.8 2.1 -5.3 6060 2.5 -2.0 4.0 -5.3 4.2 -9.3
61 1.5 1.0 0.0 6061 -11.6 -4.0 -0.2 13.1 5.0 0.2
63 -1.0 0.0 0.0 6063 9.4 -0.1 -0.2 -10.4 0.1 0.2
64 -0.8 -0.3 0.2 6064 4.7 Z.4 -1.0 -5.5 -2.7 1.3
65 -0.2 -0.3 -0.7 6065 4.8 3.2 11.2 -5.0 -3.5 -11.9
67 -1.F 7.6 4.7 6067 1.5 -5.4 -2.6 -3.3 13.0 7.3
68 -5.3 -1.4 -14.3 6068 2.0 0.8 3.4 -7.3 -2.2 -17.8
69 -0.4 0.1 2.2 6069 3.5 -0.7 -13.4 -3.9 0.8 15.6
72 1.1 -0.1 0.5 6072 -3.2 0.7 -3.0 4.3 -0.8 3.5
73 -0.2 -1.0 -0.7 6073 1.3 5.7 3.2 -1.5 -6.7 -4.0
75 -0.5 -1.0 -0.6 6075 2.4 4.7 2.6 -2.9 -5.7 -3.2
70 -6.9 1.0 15.6 6078 22.6 -4.4 -27.3 -29.4 5.4 43.0

11 -0.5 -0.3 1.6 6111 0.5 0.3 -1.4 -1.1 -0.6 3.0
123 0.5 -0.4 1.0 6123 -3.0 3.0 -7.6 3.4 -3.4 8.7
134 -0.5 -0.3 1.5 6134 0.6 0.4 -1.4 -1.1 -0.7 2.9
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TABLE 4.24

TRANSFORMATION: BC-D6 - G - 6

SCALE FACTOR AND ROTATION PARAMETERS CONSTRAINED

SOLUTION FOR 3 TRANSLATION 1 SCALE AND 3 ROTATION PARAMETERS

--- - ---- ----------------------------- ------- ----------

IUSING VARIANCES ONLY)

DX DY DZ DELTA OMEGA PSI EPSILON

METERS METERS METERS IX.loD6) SECONDS SECONDS SECONDS

26.77 22.47 9.45 0.3 0.02 0.11 0.01

VARIANCE - COVARIANCE MATRIX

oi a 0.61

0.1180D01 0o4040-03 -0.5070-04 -0.6660-09 0.1110--08 0.4170-09 0.1870-10

0.4040-03 0.1130O01 0.2550-03 0.5490-09 0.1600-08 -0.1950-09 -0.5870-09

-0.9070-04 0.2550-03 0.128001 -0,2920-09 0.1370-09 -0.149D-08 -0.1430-08

-0,666D-09 0.5490-09 -0.2920-09 0.1040-14 0.6300-18 -0.9670-18 0.1820-17

0.11ID-OR 0.1600-08 0.1370-09 0.6300-18 0.2330-14 -0.2540-15 0.2330-17

0.4170-09 -0.1950-09 -0.1490-0O -0.967D-10 -0.2540-15 0.2650-14 0,9130-16

Oo1 70-10 -0.5070-09 -0.1430-08 0.182D-17 0.2330-17 0.9130-16 0o2680-14

COEFFICIENTS OF CORRELATION

O 1000D01 0.3500-03 -0.413D-04 -0.1900-01 0.2110-01 0.7450-02 0,3320-03

0.3500-03 0.1000-01 0.712D-03 0.1600-01 0.31D0-01 -0.3560-02 -0,1070-01

-06.130-04 0.7120-03 0.1000+01 -0.7990-02 0.2510-02 -0.2560-01 -0.2440-01

-0.1900-01 0.1600-01 -0.7990-02 0.100001 0,4040-03 -0.5820-03 0.1090-02

0o21D0-01 0.3110-01 0.251D-02 0.4040-03 0.100~01 -0.1020+00 0.9320-03

0,7450-02 -0o3560-02 -0D2560-01 -0.5820-03 -0.1020+00 0.1000+01 0.3430-01

0 -332003 -0,1070-01 -0.2440-a01 0.109-02 0a9320-03 0.3430-01 0.1000*01
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TABLE 4.24 (cont'd)

RESIDUALS V

VII 8C4-06 I V?( GEM-6 ) Vl - V2

2 -3.5 -0.2 1.1 6002 3.5 0.3 -1.0 -7.0 -0.5 2.1

3 0.2 -0.7 -0.4 6003 -2.9 8.2 3.1 3.2 -8.8R -3.4

4 0.0 -0.8 0.9 6004 -1.2 14,6 -11.4 1.2 -15.4 12.3

6 -0.0 0.6 -0.6 6006 1.1 -13.0 15.7 -1.1 13.6 -16.3

7 -0.6 0.9 -0.4 6007 8.7 -11.6 3.4 -9.4 12.5 -3.8

8 -0.6 0.5 0.8 6008 8.2 -10.0 -4.6 -8.8 10.6 5.4

9 0.2 0.1 0.7 6009 -2.5 -1.9 -5.2 2.6 2.0 5.9

11 0.6 -4.6 6.1 6011 -0.5 4.9 -4.2 1.1 -9.5 10.3
12 0.3 -0.3 1.4 6012 -3.0 2.2 -9.0 3.7 -2.4 10.4

13 0.3 -0.1 0.1 6013 -4.6 0.6 -1.1 4.9 -0.7 1.2

15 0.2 -1.0 -1.2 6015 -1.8 8.1 8.8 2.0 -9.0 -9.9

16 0.0 0.8 -0.7 6016 -0.7 -8.0 7.1 0.8 8.8 -7.7
19 3.3 0.2 0.2 6019 -3.5 -0.2 -0.1 6.8 0.4 0.3

20 0.3 0.4 0.8 6020 -5.1 -7.8 -11.8 5.5 8.2 12.7

22 -0.8 -0.8 0.0 6022 6.2 5.5 -3.9 -7.0 -6.? 4.8

23 -0.8 0.4 -0.5 6073 7.1 -4.4 2.9 -7.8 4.8 -3.4

31 -1.2 0.. -0. 6031 7,o -2.5 2.7 -9.1 3.0 -3.2

32 2.7 1.2 4.8 6032 -11.4 -6.0 -15.9 14.1 7.2 20.7

38 -0.3 -0.2 1.0 6038 3.5 2.2 -4.9 -3.8 -2.4 5.8
39 -0.0 0.1 0.4 6039 0.3 -1.9 -8.1 -0.3 2.0 6.5
40 3.7 0.5 -1.8 6040 -20.1 -4.5 12.3 23.P 5.1 -14.7

42 0.1 -1.6 -3.1 6042 -0.3 3.8 5.1 0.4 -5.4 -8.3
43 0.3 0.2 2.4 6043 -1.9 -1.0 -11.6 2.2 1.2 14.0
44 2.9 -0.5 -0.2 6044 -15.2 3.2 0.8 18.1 -3.8 -1.0

45 1.0 -0.2 -0.5 6045 -10.3 1.7 3.5 11.3 -1.9 -4.0
47 0.3 0.2 -0.? 6047 -3.5 -2.2 1.?2 3.8 2.4 -1.4

50 0.2 0.2 -0.3 6050 -1.3 -1.1 2.0 1.5 1.3 -2.4
51 3.3 0.5 0.6 6051 -16.5 -4.3 -3.8 19.8 4.8 4.4

52 1.0 0.6 0.4 6052 -5.9 -4.5 -1.5 6.9 5.1 1.9
53 1.1 .0.8 -0.2 6053 -5.1 4.0 1.0 6.2 -4.8 -1.1

55 -1.5 1.3 0.4 6055 8.5 -7.6 -1.1 -9.9 8.9 1.5
59 -0.1 -0.7 1.4 6059 1.1 5.2 -6.2 -1.3 -5.9 7.5

60 -7.5 1.3 -1.3 6060 11.0 -6.0 4.8 -13.4 7.3 -6.1

61 1.4 1.5 3.1 6061 -11.6 -6.2 -14.9 13.0 7.7 18.0
63 -0. 0.9 -0.8 6063 5.9 -9.0 3.4 -6.5 10.0 -4.1
6 -1.1 0.4 -0.7 6064 6.0 -2.2 2.5 -7.1 2.6 -3.3
65 -0.2 0.6 -0.5 6065 4.4 -10.9 11.4 -4.5 11.5 -12.0
67 -2.1 2.2 0.3 6067 11.7 -10.5 -1.3 -13.8 12.7 1.6
68 1.5 1.7 -3.2 6068 -1.0 -1.4 1.3 2.5 3.1 -4.4
69 -1.1 1.1 3.7 6060 8.3 -7.9 -20.4 -9.3 9.0 24.1
.72 2.6 -0.4 -0.4 6077 -13.4 4.0 3.4 15.9 -4.4 -3.8
73 1.3 -0.3 -0.5 6073 -13.4 2.6 3.7 14.7 -2.9 -4.2
75 0.2 -0.4 -1.0 6075 -2.1 3.4 7.4 2.4 -3.7 -8.4
78 -0.0 0.1 -0.2 6078 0.3 -2.6 1.4 -0.3 2.8 -1.6

111 -0.7 -1.6 -0.1 6111 2.6 7.6 0.5 -3.3 -9.2 -0.6
123 1.0 -1.1 -1.0 6123 -24.0 30.3 28.6 25.0 -31.4 -29.7
134 -0.7 -1.6 -0.1 6134 7.6 7.6 0.4 -3.3 -9.3 -0.5
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TABLE 4.25

TRANSFORMATION: BC-D6 - SAO-III (7 STATIONS)

SCALE FACTOt AND ROTAVION PARFAETERS CONSTRAINFO

SOLUTION FOR 3 TNANSLATION I SCALE AND 3 ROTATION PARAMEIERS

QUSING VARIANCES GNLY)

DX DY DZ DELTA OMEGA PSI EPSILON
METERS HETERS METERS 1(X1.D6) SCONDS SECONDS SECONDS

23.50 26.51 -1,32 0o19 026 -0.07 -0,10

VARIANCE - COVARIANCE NATRIX

0.7200U01 -0.2390-02 0.6290-01 -0.7230-07 Oo6970-07 0.1330-07 -0.296D-07

-0.239D-02 0.6760+01 0.385D01 0o815D-07 (.706D-07 -0.1170-07 -0.476D-07

0.629D0-1 0.3830-01 0.8840O01 -0.3130-07 0.4380-07 -0.9570-07 -0.o161D-06

-0.o23D-07 0.8150-07 -0.3130-07 0.690D-13 0.6020-15 -0.1100-14 0,4970-15

0.6970-07 0.706-07 03807 0.438-07 o0.2D-15 0.5880-13 -0.6440-14 -0.280D-13

0.1330-07 -0.1170-07 -0.9570-07 -0o1100-14 -0.6440-14 0.808D-13 0.2010-13

-0,2980-07 -0.4760-07 -0. 610-06 0.497D-15 -0,2800-13 0.2010-13 0.1040-12

COEFFAIFNTS OF CORRELAJON

0o1000001 -0.343U-03 0.7890-02 -0.102D0.00 0.1070o00 0.1740-01 -0o3440-01

-00343D-03 0,000B01 0.498D-02 0.119000 0,112D0OO -0.1590-01 -0.5670-01

078690-02 0.4980-02 0 U000D.01 -0040AD-01 006080-01 -0.1130000 -0.168De00

-O02000 0.1190+00 -0.401001 0,100001 0o9450--2 -0,1470-01 0.5860-02

0.1070400 0.1120.00 0.6080-01 0.9450-02 0.1000o01 -0.9340-01 -0.3570.00

O.1 740-03 -0o1590-01 -0.1130*00 -0.1470-01 -0.934D-01 0.1000D01 0.2190D00

-0o3440-01 -0.56 D-01 -0o1680*00 0,.5860-0; -0357D0OOC 0.219000 0.100D01
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TABLE 4.25 (cont'd)

RESIDUALS V

VII RC4-Ob ) V2I SAO-11I) VI - V2

II -1.9 -0.3 5.4 601 1.0 0.2 -2.0 -2.9 -0.5 7.4

13 3.8 2.1 2.2 6013 -10.0 -3.2 -3.4 13.8 5.3 5.5

19 8.1 2.6 -2.1 6019 -5.4 -i.9 1.0 13.5 4.5 -3.1

42 -1.2 -3.3 2.6 6042 1.9 5.5 -3.2 -3.1 -b.B 5.8

67 -1.0 5.9 4.9 6067 1.4 -4.1 -2.7 -3.2 10.0 7.6

68 -1.3 -1.4 -11.6 6068 0.5 0.7 2.8 -1.8 -2.2 -14.4

111 -3.2 -0.6 -0.5 6111 3.3 0.8 0.5 -6.5 -1.4 -1.0
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TABLE 4.26

TRANSFORMATION: BC-D6 - GEM-6 (16 STATIONS)

SCALE FACTOR AND ROTATION PARAMETERS CONSTRAINED
~~------------------------- -----I""'~'"""'"

SOLUTION FOR 3 TRANSLATION, I SCALE AND 3 ROTATICON PARAMETERS
---------- -----------------------------------

(USING VARIANCES ONLY)

nx DY D0 nELTA OMEGA PSI FPSILON
METFPS METERS METERS (xl.rl6) SECONDS SFCONDS SECOWOS

26.25 22.04 9,72 0.30 0.03 0.08 -0.05

VARIANCF - COVARIANCE MATRIX

o 1.02

0.3190+01 0.1270-02 0.2210-02 -0.1340-07 0.1000-07 0.4070-08 -0.3200-09

0.1270-02 0.2990+01 0.5630-02 0.9440-08 0.1730-07 -0.3960-0 -0.7220-08

0.210-02 0.5630-02 0.355001 -0.5350-08 0.3670-08 -0.2020-07 -0.1640-07

-0.1340-07 0.944D-08 -0.5350-08 0.1200-13 0.2700-16 -0.477D-16 0.6910-16

0.1000-07 0.173D-07 0.3670-08 0.2700-16 0.1460-13 -0.2890-14 -0.1030-14

0.4070-08 -0.3960-08 -0.2020-07 -0.4770-16 -0.289D-14 0.1930-13 0.1650-14

-0.3200-09 -0.7220-08 -0.1640-07 0.69%D-16 -0.1030-14 0.1650-14 0.1790-13

COEFFICIENTS OF CORRFLATION

0.1000+01 0.4120-03 0.6560-03 -0.6820-01 0.4640-01 0.1640-01 -0.1340-02

0.4120-03 0.1000+01 0.1730-02 0.498D-01 0.830D-01 -0.165Dr-01 -0.3120-01

0.6560-03 0.1730-02 0.1000+01 -0.25O0-01 0.1610-01 -0.7730-01 -0.6500-01

-0.6820-01 0.4980-01 -0.2590-01 0.1000.01 0.2040-02 -0.3130-02 0.4710-02

0.4640-01 0.30D-01 0.1610-01 0.204D-02 0.1000o01 -0.1720+00 -0.636D-01

0.1640-01 -0.1650-01 -0.7730-01 -0.3130-02 -0.1720+00 0.1000D01 0.8880-01

-0.1340-02 -0.3120-01 -0.6500-01 0.4710-02 -0.6360-01 0.8880-01 0.1000801
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TABLE 4.26 (cont'd)

RESIDUALS V

91( RC4-06 I V2( GEM-6 ) VI - V2

2 -3.3 0.5 1.3 6002 3.4 -0.7 -1.2 -6.7 1.2 2.6
3 0.3 -0.5 -0.4 6003 -3.3 6.7 3.1 3.6 -7.7 -3.5
9 0.2 0.2 0.8 6009 -3.1 -2.9 -6.2 3.3 3.1 7.1

11 1.0 -4.2 5.9 6011 -1.0 4.5 -4.0 2.0 -8.6 9.9
15 0.1 -0.9 -1.3 6015 -1.6 7.2 9.7 1.8 -R.1 -11.0
19 3.7 0.4 0.9 6019 -4.0 -0.4 -0.7 7.7 0. 1.6

32 7.9 1.1 4.6 6032 -12.1 -5.4 -15.1 14.9 6.5 10.6
40 3.8 0.5 -2.0 6040 -20.5 -4.2 13.5 24.2 4.R -15.5
42 0.1 -1.4 -3.3 6047 -0.2 3.4 5.5 0.3 -4.8 -8.8
53 1.3 -0.9 -0.2 6053 -6.2 4.6 0.8 7.5 -5.5 -0.9
55 -1.4 1.5 0.5 6055 8.3 -8.2 -1.7 -9.8 9.7 2.3
60 -2.3 1.2 -1.5 6060 10.0 -5.5 5.5 -12.3 6.7 -7.0
64 -1.2 0.5 -0.7 6064 6.1 -3.0 2.5 -7.3 3.5 -3.3
67 -2.0 2.3 0.6 6067 11.5 -11.3 -2.1 -13.5 13.6 2.7
68 1.7 1.6 -3.2 6068 -1.1 -1.4 1.2 2.7 3.1 -4.4

111 -0.5 -1.3 -0.1 6111 2.1 6.4 0.3 -2.7 -7.7 -0.4
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The rotations about the x and y axes are seen in Figure 4.2. The

largest differences occur with respect to the NWL-9D solution, but the

differences for SAO-III are also significant. As with the w rotation,

the GEM-6 solution was in better agreement. It should be noted that the

SAO-III and GEM-6 transformations which included only the stations con-

nected by survey agreed very well.

z

W _ EQUATOR

Sm 10m ISm 20m

Figure 4.1. Dynamic Zero Meridians Relative to the BC-D6 Zero
Meridian
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--10m
NWL-9D

SAO-111

-5mu

SAO-IIl (7)

GEM-6(16)

BC-D6

A 270 c-D6

5m -Sm -10m

GEM-6

5m

ynmiPleositionsRelativetotheBC-D6ole

Figure 4.2. Dynamic Pole Positions Relative to the BC-D6 Pole
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APPENDIX A



TABLE A. 1

COORDINATES OF THE BC-4 WORLDWIDE NETWORK STATIONS FROM THE GEOMETRIC ADJUSTMENTS

Corrections to Approximate Coordinates

Station Approximate
No. Name Coordinates BC-DI a BC-D2 a BC-D3 a BC-D4 a BC-D6 a BC-D11 a BC-D13 0

1 Thule X 546551.3 8.0 3.7 9.6 3.5 14.5 3.2 13.8 3.5 12.6 3.1 16.8 3.2 9.8 2.7
Y -1389976.8 - 9.1 3.2 -11.8 3.4 -17.1 2.9 -15.2 3.0 -22.5 2.8 -21.0 2.9 -21.7 2.4
Z 6180216.4 -14.2 5.0 - 1.6 6.5 14.3 3.9 15.1 3.8 13.3 3.6 27.7 3.8 13.3 3.3

2 Beltsville X 11:30751.5 4.2 3.9 5.4 3.3 8.5 3.1 13.1 3.7 7.0 3.0 9.2 3.1 5.8 2.6
Y -4830822.5 - 0.5 3.6 - 7.5 5.0 -24.3 2.6 -26.1 2.6 -25.2 2.5 -34.8 2.6 -25.4 2.1
Z 3994698.9 -17.3 4.8 - 9.9 5.9 6.2 3.2 3.6 3.3 5.2 3.1 16.7 3.2 3.8 2.6

3 Moses Lake X -2127841.1 6.8 3.4 4.3 3.2 2.1 2.8 - 1.5 3.0 1.2 2.6 - 0.6 2.8 - 1.5 2.2
Y -3785839.5 - 8.9 3.1 -15.5 4.6 -30.9 2.6 -29.0 2.6 -31.0 2.5 -40.6 2.6 -32.2 2.1
Z 4656032.3 -22.3 4.9 -15.5 5.8 1.0 3.3 2.7 3.4 - 1.3 3.1 11.4 3.3 - 4.1 2.6

4 Shemya X -3851751.5 -37.3 5.3 -43.0 5.9 -54.4 4.9 -55.9 4.9 -46.3 4.3 -62.7 4.9 -47.8 3.5
Y 396384.1 28.9 6.3 29.4 6.2 31.0 6.0 31.8 6.1 20.7 5.1 31.8 6.1 21.4 4.2
Z 5051266.2 29.6 10.2 38.6 11.1 49.3 7.6 49.8 7.6 56.4 6.1 60.8 7.6 61.0 5.0

6 Tromso X 2102908.3 2.9 3.3 6.2 3.9 17.3 2.7 15.0 3.1 16.8 2.6 24.6 2.7 14.9 2.2
Y 721686.9 -19.2 3.8 -20.4 3.7 -18.3 3.4 -17.1 3.6 -21.8 3.4 -16.3 3.5 -19.5 2.8
Z 5958153.2 -10.6 5.5 0.9 5.9 16.4 3.0 19.6 3.4 18.3 3.0 28.0 3.0 17.6 2.8

7 Terceira X 4433636.1 - 2.0 3.8 2.8 5.2 12.4 3.0 14.7 3.1 9.9 3;0 22.4 3.0 9.4 2.5
Y -2268138.8 - 7.7 3.6 -10.8 3.6 -13.6 3.1 -15.1 3.3 -17.6 3,0 -17.4 3.1 -17.8 2.5
Z 3971637.0 3.7 4.9 8.2 6.2 14.9 3.7 13.9 3.8 14.0 3.6 25.9 3.7 15.5 2.9

8 Paramaribo IX 3623218.4 - 2.2 5.2 3.5 6.0 22.6 4.1 23.4 4.2 22.4 4.1 30.5 4.2 18.6 3.3
Y -5214222.7 - 2.3 5.1 - 9.6 6.8 -35.6 3.5 -35.8 3.5 -35.8 3.5 -47.8 3.5 -35.1 3.0
Z 601532.3 - 0.6 6.7 0.2 6.8 5.1 6.3 4.4 6.4 1.8 6.3 7.6 6.4 4.4 4.8

9 Quito x 1280811.5 1.7 5.1 3.9 5.2 11.9 4.8 13.0 4.8 11.6 4.7 14.1 4.8 11.6 3.8
T -6250937.6 - 1.2 6.5 -10.3 8.5 -39.9 4.4 -40.5 4.4 -38.7 4.4 -54.4 4.4 -38.9 3.9
Z - 10814.6 3.1 6.6 3.3 6.6 4.9 6.3 3.9 6.3 0.7 6.2 5.7 6.3 2.7 4.8

All units are in meters.



TABLE A.1 (cont'd)

Corrections to Approximate Coordinates

Station Approximate
No. Name Coordinates BC-DI o BC-D2 a BC-D3 o BC-D4 C BC-D6 a BC-D11 o BC-D13 a

11 Maui X -5466047.1 37.6 5.2 30.5 6.9 17.9 4.3 15.8 4.3 18.0 4.1 5.6 4.3 14.8 3.4Y -2404405.6 -21.3 4.3 -25.8 4.7 -30.1 4.0 -30.0 4.0 -24.4 3.9 -35.4 4.0 -29.3 3.1z 2242220.0 -18.0 5.9 -12.3 6.3 -10.4 5.3 -12.5 5.3 -11.0 4.8 - 5.1 5.3 - 7.9 3.8
12 Wake Island I X -5858501.6 -21.9 5.3 -31.0 7.4 -58.3 3.8 -59.0 3.8 -57.4 3.6 -72.0 3.8 -56.6 3.1Y 1394466.1 7.8 5.1 10.7 5.2 20.0 4.7 19.6 4.8 28.5 4.3 23.1 4.7 25.4 3.32 2093775.9 5.2 6.1 10.6 6.4 18.8 5.2 18.4 5.2 17.2 4.7 22.8 5.2 15.8 3.7
13 Kanoya X -3565896.5 31.6 5.1 26.0 6.0 10.6 4.5 10.5 4.5 5.4 4.2 1.8 4.5 7.9 3.4Y 4120638.9 32.7 7.4 40.0 8.2 58.6 6.5 58.2 6.5 54.9 5.6 67.9 6.5 53.7 4.4Z 3303398.7 -19.3 8.4 -14.3 8.9 4.9 7.0 6.5 7.0 14.3 5.5 12.2 7.0 12.7 4.4
15 Mashhad X 2604328.6 0.5 3.2 3.3 3.9 13.6 2.8 14.9 2.9 15.5 2.7 20.2 2.8 16.7 2.2Y 4444161.0 -25.6 4.1 -20.0 4.8 - 8.4 3.3 - 5.7 3.4 -11.7 3.1 - 0.1 3.3 -11.7 2.5Z 3750292.7 - 7.4 4.3 - 3.3 5.6 12.8 3.4 12.9 3.5 15.4 3.3 23.3 3.4 16.0 2.6
16 Catania X 4896372.5 - 7.5 3.3 1.8 4.7 16.2 2.3 17.2 2.5 14.5 2.3 26.3 2.3 15.3 1.9Y 1316185.2 -17.5 3.3 -15.5 3.2 -14.1 2.9 -12.8 3.0 -18.5 2.9 -12.6 2.9 -16.5 2.3Z 3856639.7 - 0.3 4.0 2.7 5.5 17.4 2.8 18.8 3.1 19.5 2.7 28.7 2.8 20.8 2.3
19 Villa Delores X 2280596.7 0.5 4.2 4.3 4.7 14.7 3.9 15.6 3.9 14.9 3.9 19.4 3.9 14.4 3.1Y -4914539.4 1.2 4.6 - 5.8 6.4 -25.4 3.7 -25.9 3.7 -26.3 3.7 -37.0 3.7 -26.1 3.0Z -3355431.0 14.1 5.9 8.2 6.6 - 1.9 4.5 - 1.0 4.5 - 1.9 4.5 - 9.9 4.5 - 4.9 3.5

20 Easter Island X -1888624.9 3.3 6.6 1.0 6.7 - 1.3 5.9 - 2.6 5.9 - 0.2 5.7 - 4.9 5.9 1.6 5.0Y -5354875.8 - 7.4 6.2 -15.5 7.8 -35.4 4.7 -35.8 4.7 -33.0 4.7 -47.9 4.7 -30.3 4.0Z -2895760.4 6.8 7.1 2.3 7.6 - 9.3 5.9 - 8.5 5.9 -11.4 5.8 -16.6 5.9 - 6.6 4.4
22 Tutuila X -6099896.7 -36.7 5.2 -45.9 7.5 -66.7 4.1 -67.4 4.1 -66.6 3.9 -80.9 4.1 -66.8 3.2Y - 997387.0 21.8 4.4 19.3 4.5 17.3 4.2 17.1 4.2 24.2 4.1 15.3 4.2 22.5 3.2Z -1568593.2 18.3 5.9 15.6 6.0 7.8 5.5 8.5 5.5 1.2 5.3 3.5 5.5 0.2 3.9

All units are in meters.



TABLE A.1 (cont'd)

Corrections to Approximate Coordinates

Station Approximate
No Name Coordinates BC-D1 C BC-D2 a BC-D3 a BC-D4 I BC-D6 a BC-DI1 a BC-D13 a

23 Thursday Island X -4955317.3 -29.6 4.5 -38.6 6.2 -63.6 3.3 -63.7 3.3 -63.2 3.3 -75.2 3.3 -58.8 2.7
Y 3842192.5 9.2 3.7 16.2 4.9 30.8 3.0 30.7 3.1 34.9 3.0 39.3 3.1 37.1 2.4
Z -1163844.4 -11.1 4.8 -10.3 4.8 -15.9 4.0 -15.4 4.4 -13.3 4.0 -20.7 4.0 -16.5 3.0

31 Invercargill X -4313741.0 -52.0 4.3 -59.6 5.8 -80.8 3.5 -80.9 3.5 -81.3 3.5 -90.9 3.5 -77.9 2.8
Y 891290.8 29.3 4.1 29.5 4.1 30.7 3.8 30.9 3.9 33.1 3.8 32.9 3.8 36.4 3.0
Z -4597214.3 -29.1 4.8 -39.0 6.2 -56.0 3.8 -54.9 3.9 -55.7 3.8 -66.8 3.8 -57.7 3.0

32 Caversham X -2375439.4 29.0 3.9 25.8 4.5 16.7 3.5 16.9 3.5 13.3 3.4 10.4 3.5 13.0 2.6
Y 4875498.6 - 1.4 3.8 7.4 5.7 22.9 3.2 23.0 3.2 26.8 3.2 33.7 3.2 30.6 2.5
z -3345507.0 88.0 4.7 80.5 5.5 73.5 3.9 74.7 4.0 79.6 3.8 65.5 4.0 72.4 2.9

38 Socorro Island X -2160990.2 5.4 3.8 3.1 3.8 - 0.5 3.3 - 3.6 3.4 1.0 2.9 - 3.9 3.3 - 1.9 2.4
Y -5642692.6 - 2.4 4.4 -11.4 6.4 -32.0 3.5 -32.4 3.5 -30.2 3.1 -45.2 3.5 -30.9 2.6
Z 2035359.0 -11.8 5.6 - 6.9 5.9 0.9 4.7 - 2.6 4.8 0.9 4.4 6.9 4.7 - 0.7 3.5

39 Pitcairn Island X -3724765.6 10.1 8.2 4.8 8.8 -10.3 6.6 -11.3 6.6 -10.7 6.5 -18.7 6.6 -16.0 5.6
Y -4421211.4 - 9.9 7.6 -17.4 8.7 -35.0 5.9 -34.9 5.9 -31.2 5.8 -45.3 5.9 -30.2 4.9

Z -2686087.6 7.5 7.4 2.9 7.8 -11.2 5.8 -10.2 5.8 -13.9 5.8 -18.2 5.8 -11.3 4.5

40 Cocos Island X - 742006.4 24.7 5.0 23.5 5.1 20.3 4.9 21.4 4.9 18.9 4.7 17.8 4.9 18.3 3.5
Y 6190736.4 5.0 4.4 15.0 6.9 35.7 3.8 36.3 3.8 33.0 3.8 49.8 3.8 33.3 3.0
Z -1338553.1 15.5 4.7 11.6 4.9 8.5 4.3 10.4 4.3 10.0 4.3 5.0 4.3 11.0 3.1

42 Addis Ababa X 4900734.9 -22.1 4.0 -14.4 5.8 4.8 3.4 5.1 3.4 5.5 3.4 16.4 3.4 6.8 2.7
Y 3968220.4 - 0.9 3.8 4.3 4.7 16.7 3.3 18.3 3.4 14.6 3.3 24.6 3.3 13.5 2.6
Z 966333.1 -10.1 4.3 -10.3 4.4 - 5.9 4.0 - 5.0 4.0 - 5.8 3.9 - 2.9 4.0 - 5.3 2.9

43 Cerro Sombrero X 1371345.7 4.0 4.6 6.5 4.8 13.5 4.4 14.4 4.4 13.5 4.3 15.9 4.4 13.5 3.4
Y -3614746.0 - 2.8 4.8 - 7.9 5.8 -22.9 4.3 -23.5 4.3 -23.7 4.3 -31.3 4.3 -23.4 3.4
Z -5055948.9 16.0 7.3 7.6 8.6 - 7.6 5.1 - 6.5 5.1 - 7.9 5.0 -19.8 5.1 - 8.7 4.1

44 Heard Island X 1098875.8 - 4.2 7.2 - 1.5 7.3 3.6 7.0 4.0 7.0 7.8 7.0 5.6 7.1 9.'7 5.6
Y 3684559.0 12.8 6.4 18.7 7.1 28.2 6.2 28.9 6.2 31.2 6.4 36.1 6.2 26.6 4.9
Z -5071862.6 - 7.8 11.2 -17.8 12.2 -24.1 7.9 -22.8 7.9 -21.6 7.9 -36.9 7.9 -26.5 6.6

All units are in meters.



TABLE A.1 (cont'd)

Corrections to Approximate Coordiantes

Station Approximate
No. Name Coordinates BC-D1 a BC-D2 0 BC-D3 o BC-D4 a BC-D6 a BC-D11 a BC-D13 a

45 Mauritius X 3223392.5 10.3 3.8 14.9 4.8 28.5 3.5 29.2 3.6 30.3 3.5 36.3 3.6 31.9 2.8
Y 5045274.9 23.8 4.0 31.1 5.6 47.8 3.5 48.8 3.5 45.5 3.4 58.8 3.5 43.6 2.8
Z -2191814.4 23.6 4.9 18.2 5.2 10.4 4.4 12.5 4.4 8.2 4.2 4.7 4.4 10.7 3.2

47 Zamboanga X -3361988.3 39.1 4.6 33.5 5.5 20.7 4.2 20.9 4.2 17.9 4.0 12.4 4.2 19.3 3.1
Y 5365744.0 8.8 5.3 18.2 7.0 38.2 4.2 38.2 4.3 40.2 4.1 50.4 4.3 40.5 3.2
Z 763605.8 0.0 6.5 2.1 6.4 8.6 6.0 9.5 6.0 5.0 5.7 9.5 6.0 3.1 4.1

50 Palmer Station X 1192648.5 7.1 5.8 9.1 5.9 14.6 5.6 15.8 5.6 15.4 5.5 16.6 5.6 15.2 4.4
Y -2451015.8 1.2 6.6 - 2.2 7.0 -12.5 6.4 -13.9 6.4 -11.6 6.3 -17.7 6.4 - 8.9 5.2
Z -5747042.3 11.6 10.0 1.7 11.3 -16.0 6.2 -14.7 6.2 -16.1 6.2 -30.2 6.3 -18.3 5.5

51 Mawson Station X 1111310.9 0.0 5.1 2.8 5.2 8.1 4.9 8.4 4.9 11.8 4.9 10.3 4.9 13.9 4.0
Y 2169218.4 18.6 3.8 21.5 4.2 27.1 3.6 27.8 3.6 30.3 3.6 31.7 3.6 30.4 3.1
Z -5874303.6 - 7.2 6.6 -19.1 8.6 -39.7 4.5 -38.6 4.5 -38.8 4.5 -54.0 4.5 -38.2 4.0

52 Wilkes Station X - 902620.3 1.9 4.7 1.2 4.7 - 2.2 4.5 - 2.1 4.5 1.5 4.4 - 4.9 4.5 0.9 3.5
Y 2409459.5 33.3 4.1 36.5 4.6 44.0 3.9 44.4 3.9 48.0 3.9 49.5 3.9 48.9 3.1
Z -5816487.2 -39.4 6.7 -51.2 8.7 -72.9 5.6 -71.7 5.6 -72.1 5.7 -87.0 5.6 -71.3 4.7

53 McMurdo Station X -1310845.0 -11.5 4.8 -13.0 4.9 -18.1 4.5 -18.1 4.5 -16.2 4.6 -21.5 4.5 -14.8 3.7
7 311214.8 33.6 4.7 32.8 4.7 31.1 4.5 31.3 4.5 33.8 4.5 31.9 4.5 36.0 3.5
Z -6213216.8 -29.9 6.6 -42.4 8.8 -66.2 4.3 -65.4 4.3 -66.1 4.3 -81.1 4.3 -65.6 3.8

55 Ascension Island X 6118319.0 - 7.0 4.7 1.8 6.7 19.4 3.8 20.1 3.8 18.6 3.7 33.3 3.8 19.3 3.1
Y -1571738.8 - 8.7 4.2 -10.1 4.1 -13.2 3.8 -15.5 4.0 -16.6 3.8 -15.7 3.8 -16.3 3.1
Z - 878629.6 11.5 5.7 9.7 5.4 11.7 5.0 10.1 5.2 11.6 5.0 12.3 5.1 10.7 3;8

59 Christmas Island X -5885347.6 33.8 5.0 25.4 7.1 7.8 3.9 6.6 3.9 7.1 3.8 - 5.8 3.9 7.1 3.1
Y -2448345.0 -24.8 4.3 -29.4 4.8 -34.7 4.0 -34.7 4.0 -29.8 3.9 -40.2 4.0 -32.0 3.1
Z 221690.0 -21.8 5.8 -21.2 5.8 -24.6 5.4 -24.6 5.4 -27.0 5.2 -24.5 5.4 -27.5 3.9

60 Culgoora X -4751553.4 -58.0 4.3 -66.3 6.1 -89.9 3.3 -90.0 3.3 -90.2 3.3 -101.1 3.3 -86.5 2.7
1 2791993.4 27.8 3.7 30.9 4.6 42.1 3.2 42.4 3.4 46.4 3.2 49.0 3.2 49.4 2.5
Z -3200117.7 -34.6 4.4 -42.3 5.1 -52.4 3.6 -51.2 3.7 -51. 3.6 -59.7 3.6 -54.2 2.7

All units are in meters.



TABLE A.1 (cont'd)

Corrections to Approximate Coordinates

Station Approximate
No. Name Coordinates BC-D1 a BC-D2 a BC-D3 a BC-D4 a BC-D6 o BC-D11 a BC-D13 a

61 S. Georgia Island X 2999889.2 - 2.5 4.6 2.5 5.3 14.7 4.2 15.3 4.2 14.6 4.2 21.3 4.2 18.2 3.3
Y -2219363.2 - 6.6 6.1 - 9.5 6.4 -18.8 5.9 -20.1 5.9 -18.3 5.8 -23.5 5.9 -15.7 4.6
Z -5155268.2 15.3 7.9 6.7 9.2 - 6.2 5.5 - 5.0 5.5 - 5.6 5.5 -18.8 5.5 - 4.1 4.7

63 Dakar X 5884455.6 - 8.1 4.2 0.6 6.1 15.8 2.8 16.5 2.9 15.2 2.8 28.9 2.9 15.5 2.4
Y -1853:486.3 - 7.0 3.6 - 8.3 3.3 -11.1 2.9 -14.4 3.3 -14.8 2.9 -13.6 2.9 -15.6 2.4
Z 1612833.8 7.4 4.9 7.3 5.2 13.4 4.3 13.2 4.4 11.9 4.3 19.6 4.3 13.4 3.2

66 Fort Lamy X 6023363.7 - 7.0 3.9 2.4 5.9 20.3 3.0 21.7 3.1 21.0 3.1 33.3 3.0 19.8 2.5
Y 1617939.9 -14.6 3.5 -13.8 3.1 -12.6 2.9 - 9.1 3.2 -15.2 2.9 -11.3 2.9 -14.1 2.3
Z 1331706.1 9.6 4.2 9.9 4.5 16.7 3.8 16.6 3.9 16.9 3.8 21.7 3.8 18.1 2.8

65 Hohenpeissenberg X 4213551.5 - 3.0 3.3 - 1.7 4.6 12.4 2.3 18.8 2.7 10.6 2.3 22.1 2.3 9.9 1.9
Y 820849.1 -15.8 3.4 -20.0 3.2 -18.6 3.0 -13.3 3.1 -23.9 2.9 -17.3 3.0 -23.0 2.4
Z 4702734.5 2.5 5.1 25.4 5.6 40.7 2.6 31.1 3.3 41.5 2.6 51.9 2.6 40.6 '2.2

66 Wake Island II X -5858501.6 -23.8 5.3 -33.0 7.4 -60.3 3.8 -60.9 3.8 -59.4 3.6 -74.0 3.9 -58.5 3.1
Y 1394466.1 -34.6 5.1 -31.6 5.2 -22.3 4.7 -22.7 4.8 -13.9 4 3 -19.3 4.7 -17.0 3.4
Z 2093775.9 30.9 6.1 36.2 6.4 44.4 5.2 44.1 5.2 42.9 4.8 48.4 5.2 41.5 3.7

67 Natal X 5186389.3 - 9.7 5.1 - 2.0 6.7 14.0 4.2 14.1 4.2 12.9 4.2 26.1 4.2 16.0 3.3
Y -3653935.6 - 3.7 5.3 - 7.7 5.7 -15.8 4.6 -18.0 4.7 -18.8 4.5 -23.2 4.6 -17.4 3.5
Z - 654306.7 8.9 5.6 7.1 5.5 9.2 5.2 8.5 5.2 8.2 5.2 9.6 5.2 8.3 3.8

68 Johannesburg X 5084799.2 - 7.7 4.6 0.5 6.5 24.0 3.8 24.3 3.8 24.7 3.8 36.1 3.8 23.4 3.1
Y 2670327.0 -10.6 3.6 - 7.5 3.9 0.9 3.2 2.5 3.3 - 0.5 3.2 6.0 3.2 - 2.1 2.6
Z -2768104.8 28.2 5.7 21.6 6.2 8.9 4.9 11.2 4.9 7.8 4.8 2.0 4.9 11.6 3.7

69 Tristan Da Cunha X 4978402.8 - 4.2 8.5 3.4 9.6 19.5 6.8 19.9 6.8 18.9 6.8 31.3 6.8 18.5 5.3
Y -1086867.2 - 6.9 7.3 - 7.6 7.2 -10.0 7.0 -12.7 7.1 -13.7 7.0 -11.0 7.0 -16.4 5.2
Z -3823192.5 9.1 10.4 3.2 10.7 - 0.9 8.1 - 0.2 8.1 - 1.0 8.1 - 9.7 8.11 1.7 6.3

72 Chiang M4ai X - 941730.1 21.9 7.1 20.0 7.2 15.8 6.9 17.6 6.9 25.2 6.1 12.6 6.9 25.2 4.6
Y 5967368.6 19.7 6.2 29.4 8.2 56.9 4.8 57.1 4.8 62.7 4.3 70.6 4.6 59.8 3.5
Z 2039280.6 - 0.7 6.0 2.3 6.3 16.3 5.1 17.4 5.1 18.1 4.5 21.0 5.1 16.4 3.5

All units are in meters.
All units are in meters.



TABLE A.1 (cont'd)

Corrections to Approximate Coordinates

Station Approximate
No. Name Coordinates BC-DI c BC-D2 c BC-D3 a BC-D4 o BC-D6 o BC-DII o BC-D13 a

73 Diego Garcia X 1905107.0 8.1 4.0 10.4 4.3 18.2 3.8 19.3 3.8 19.7 3.7 22.6 3.8 21.8 2.9
Y 6032224.7 15.1 4.7 24.0 6.8 43.4 3.9 44.0 3.9 40.6 3.9 57.0 3.9 40.2 3.1
Z - 810739.1 8.4 4.9 5.4 4.9 3.3 4.5 5.2 4.5 3.9 4.4 1.2 4.5 7.5 3.3

75 Mahe K I  3602799.9 -12.3 4.5 - 7.3 5.6 7.4 4.1 7.9 4.1 10.6 4.1 16.4 4.1 10.0 3.3
Y, 5238233.9 -31.2 4.7 -23.7 6.3 - 6.9 4.0 - 6.1 4.0 - 8.5 3.9 4.7 4.0, -10.6 3.1
Z! - 515970.0 23.1 4.8 20.5 4.8 19.6 4.4 21.4 4.4 20.0 4.3 18.3 4.4 22.4 3.2

78 Port Vila X1 -5952304.2 47.5 21.0 37.2 22.0 8.3 9.8 7.7 9.8 6.6 9.8 - 5.1 9.8 5.5 9.0
Y 1231898.6 -11.0 9.9 -10.0 10.0 - 7.1 S. ! i- 6.9 8.5 - 4.9 8.4 - 4.3 8.5 - 0.2 6.7
Z -1925944.7 -27.2 18.3 -29.6 18.3 -37.8 13.4 -36.0 13.4 -35.4 13.4 -44.3 13.4 -32.3 10.8

111 Wrightrood I X -2448865.4 11.1 4.2 9.0 4.1 7.1 3.6 2.5 3.7 3.7 3.0 3.6 3.6 1.7 2.5
Y -4667971.2 - 7.0 4.4 -11.6 5.4 -23.9 2.9 -28.5 3.3 -24.2 2.7 -34.0 2.9 -26.4 2.3
Z 3582743.9 -14.5 5.5 - 3.9 6.2 9.2 3.4 1.1 4.1 7.0 3.2 19.8 3.4 3.8 2.7

123 Point Barrow X -1881801.8 12.6 14.1 11.7 14.0 6.0 13.5 3.5 13.5 - 3.9 5.3 2.8 13.5 - 5.1 4.1
I Y - 812422.7 - 4.5 11.5 - 6.6 11.4 -10.7 11.3 - 8.7 11.3 -20.6 4.9 -13.3 11.3 -19.7 4.0

Z 6019606.9 -33.0 17.8 -20.6 18.6 -24.2 7.2 -24.1 7.2 -25.7 5.0 -10.1 7.3 -23.7 4.4

134 Wrightwood 11 X -2448914.6 6.6 4.2 4.5 4.1 2.6 3.6 - 2.0 3.7 - 0.9 3.0 - 0.9 3.6 - 2.8 2.5
Y -4668062.8 - 5.5 4.4 -10.1 5.4 -22.5 2.9 -27.0 3.3 -22.7 2.8 -32.6 2.9 -24.9 2.3
Z 3582433.7 - 9.6 5.5 0.9 6.2 14.1 3.4 6.0 4.1 11.9 3.2 24.6 3.4 8.5 2.7

All units are in meters.

Ln
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FORMING NORMAL EQUATIONS USING CORRELATED OBSERVATIONS

The computer programs for the formation of normal equations using

uncorrelated observations is described in detail in the OSUGOP Report

[Reilly, Schwarz and Whiting, 1972]. The purpose of the computer pro-

grams described in this Appendix is to form reduced normal equations

using the correlated satellite observations in the NGS/DOD (BC-4) world-

wide network.

The programs described herein are not incorporated into the OSUGOP

program. They are separate programs which result in the reduced normal

equations punched on data cards. These cards are then input into the

OSUGOP program for the adjustments. Even though these programs are

physically separate from OSUGOP, many subroutines from OSUGOP have been

incorporated. The program logic, up to the point of reading the ob-

servations, is the same as described in [Reilly, Schwarz and Whiting,

1972, pgs 7-9]. A separate subroutine had to be developed to read the

Type II data from the: magnetic tapes, sort and merge the observations,

compute the matrix of correlation coefficients if needed, use either

full correlation or no correlation, and store this data on two disks

in such a way that the data could be processed. This is the subroutine

READIN. The subroutine ASD360, from OSUGOP, was modified to read the

data from one of the disks for the purpose of computing the approximate

satellite positions, and from the second disk to form the A, B, W, M-1

and all other matrices described in Chapter 2 that are necessary in the
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development. The subroutine DEDIT, from OSUGOP, was modified to com-

pute the approximate satellite positions from the observations and the

approximate satellite positions. The subroutine FORMRN, also from

OSUGOP, had to be modified to use larger sub-blocks in order to form

the reduced normal equations. The names of these subroutines, even

though modified, have not been changed in these programs. All other

subroutines except for the driver, MAIN, are the same as described in

the OSUGOP Report.

The reduced normal equations were formed by two different tech-

niques, the generalized least squares and the method of observation

equations. The only change necessary in going from one method to the

other is one subroutine. If the observation equation method is used,

subroutine ASD360 is replaced by a modified version to handle the ob-

servation equation mathematics. It is not necessary to have both sub-

routines in the same program, since they both perform the same task.

The analyst should decide which technique to use. If it is desired to

use images 1-3-5-7, subroutines READIN and ASD360 must be modified.

Input to the Program

As with OSUGOP, the input is made up of card packets. The deck

setup is shown in Figure A.I. The entire program is input, either as

a source program or object deck. The description of the title packet,

datum packet and station coordinate packet are described in [Reilly,

Schwarz and Whiting, 1972, pgs 5-6]. The problem codes card is used

only to define PCODE(12) and PCODE(13), which are the following:
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Figure A.1. Deck Setup for Formation of Normal Equations from the
Type II Data
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PCODE(12) = 3 means read only the diagonal elements of the

variance-covariance matrix.

PCODE(13) = 1 means compute and print correlation coefficient

matrix for each station.

There are two additional cards required in the data stream to

complete the input deck. These are a card telling how many files

(events) are to be read from the magnetic tape, and a second card with

the test distance. The card formats are as follows:

File Card

Columns Fcrmat Contents

1-2 12 The number of files to be read

from the magnetic tape.

Test Distance Card

Columns Format Contents

1-10 F10.0 Rejection criteria, in sec-

onds of arc, to be applied to

each observation during the

event adjustment.

The Type II data processed by these programs is on magnetic tapes,

and the subroutine READIN will read all the data. For each file (or

event) to be read from a tape, there must be a Data Definition (DD)

statement in the Job Control Language (JCL). This means that if 90

events are to be read from a tape, there must be 90 DD statements. The

program was designed to process the data from only one tape. After
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the data has been processed the set of normal equations for that par-

ticular tape will be punched onto cards. Experience has shown that

when a data tape is being processed, the station coordinate packet

should include only the coordinates of stations that have observations

on that particular tape. Otherwise, blocks of zeros will appear with

the punched output, with the number 1000 (not 999) at the end of each

row, and these must be removed before the OSUGOP program performs an

adjustment.
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C
C PROBLEM CODE DEFINITIONS

C
C COLUMN MEANING

C 1. OVERALL PROBLEM CODE

C PCODE(I)=1 MEANS OPTICAL PROGRANMGEOMETRIC MODE, OSU FORMAT

C 2 MEANS RANGEGEOMETRIC MODE

C 3 MEANS SOLUTION ONLY RUN

C 4 MEANS ORBITAL MODEOPTICAL OPSFRVATIONS

C 5 MEANS ORBITAL MODE,RANGE OBSERVATIONS

C 6 MEANS ORBITAL MODFEMIXED OBSERVATIONS.

C PCODE(1)=7 MEANS OPTICAL PROGRAMeGEOMETRIC MODE, GEOS FORMAT

C 2. PERFORM SOLUTION?

C PCODE(2)=1 MEANS YES

C 0 MEANS NO

C PCODE(1)=3 IMPLIES PCODE(2)=1

C 3. MAXIMUM NUMBER OF ITERATIONS?

C PCODF(1) MUST EQUAL 1, 2, OR 7

C PCODE(2) MUST EQUAL 1,

C PCODE(5) MUST EQUAL t, FOR ONE OR MORE COMPLETE ITERATIONS

C 5. FORM NORMALS?
C
C PROCESSING CODES

C 1 MEANS YES, 0 MEANS NO

C 6. SIMULATE GUIDE MATRIX?

C 7. PRINT NORMALS?

C P. PERFORM SUMMARY BY OBSERVED LINES?

C 9. PUNCH NORMALS IN ASO FORMAT?

C 10. SUMMARIZE RESULTS
C PCOFO(f0)=0 00 NOT PRINT SUMMARY

C =1 PRINT THE OXIS AND STANDARD DEVIATIONS

C =2 PRINTS THE XYtZ9S AND STANDARD DEVIATIONS

C =3 PRINTS THE LATITUDELONGITUDF AND HEIGHT

C =4 PRINTS BOTH X,Y,Z & LAT.,LONG, & H

C 11. PRINT SATELLITE POSITION FOR EACH EVENT?

C 0 MEANS NO

C 1 MEANS PRINT XYZ AND GEODETIC COORDINATES

C 2 MEANS PRINT XYZ ONLY

C 3 MFANS PRINT GEODETIC COORDINATES ONLY

C 12. THIS PARAMETER DESCRIBES WHERE THE STANDARD DEVIATIONS OF THE

C INDIVIDUAL OBSERVATIONS (USED TO FORM THE WEIGHTS) ARE TO BE FOUND

C PCODE(12)=O MEANS TO READ THE OBSERVATIONAL STANDARD DEVIATION

C FROM THE CARD CONTAINING THE OBSERVATION.

C PCODE(12)=I MEANS TO ASSOCIATE A SINGLE STANDARD DEVIATION WITH

C ALL OBSERVATIONS FROM A GIVEN STATION.** THE STANDARD DFVIATIONS

C TO BE ASSOCIATID WITH EACH STATION ARE GIVEN IN COLUMNS 73-7Q OF

C THE CARD CONTAINING THE INPUT COORDINATES OF THE STATION.

C PCODE(I?)=7 MEANS TO ASSOCIATE A SINGLE STANDARD DEVIATION WITH

C ALL OBSERVATIONS.** THIS NUMBER IS FOUND IN COLS. 21-30 OF THE

C CARD CONTAINING THE TEST DISTANCE (OPTICAL) OR TEST VARIANCE

C (RANGE).
C ** IN THF CASE OF OPTICAL OBSERVARTIONSw THIS NUMBER IS INTFRPRETE

C AS THE STANDARD DEVIAION OF THE DECLINATION AND OF THF RIGHT

C ASCENSION TIMES THE COSINE OF THE DECLINATION, AND THE

C COVARIANCE IS SET TO ZERO.

C PCODF(12)=3 MEANS TO READ ONLY THE DIAGONAL ELEMENTS OF THE

C VARIANCE-COVARIANCE MATRIX (CPGS CORRELATED DATA ONLY)

C 13. COMPUTE AND PRINT CORRELATION MATRIX FOR EACH STATION
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C ( CCGS CORRELATED DATA ONLY).
C CODES WHICH APPLY TO ORBITAL MODE PROCESSING ONLY
C 14. TREAT COORDINATES OF CENTER OF MASS AS UNKNOWNS? (ORBITAL MODE ONLY)
C 15. PUNCH UPDATED ORBIT ELEMENTS? (ORRITAL 'ODE DNLYI
C
C
C SOLUTION CODES
C
C 16. WRITE NORMALS AND INVERSF DURING SOLUTION PROCFSSING?
C 0 MEANS PRINT NOTHING
C 1 MEANS PRINT PIVOT ELEMENTS
C 2 MEANS ALSO PRINT NORMALS AND INVERSE
C 3 MEANS ALSO PRINT REARRANGED NROMALS AND INVERSE
C 17. PUNCH ADJUSTED STATION XYZ AND VARIANCES FOR INPUT TO PADEKAS'
C DATUM TRANSFORMATION PROGRAM?
C 18. PUNCH ADJUSTED STATION POSITIONS?
C 19. COMPUTE EIGENVECTORS OF VARIANCE-COVARIANCE MATRIX
C 20. COMPUTE CORRELATION COEFFICIENTS
C

COMMON/NSTA/NSTA
INTEGER*? ENDSIG/1HE/,CONTIN
INTEGER*2 PCODE(20)
COMMON/PCODES/PCODE
REAL*8 TITLE(IO)

3 CONTINUE
WRITFI6,6001)

6001 FORMAT(1H1,20(/))
4 READ(5,5001) TITLECONTIN

50nl01 FORMAT(9A8A7,AA)
IF(CONTIN.EQ.ENDSIG) GO TO 5
WRITF(6,601?) TITLE

6012 FORMAT(30X,9A8,AT)
GO TO 4

5 CONTINUE
C

READ(5,0550) PCODE
5050 FORMAT(80I11

WRITE(6,6050) PCODE
6050 FORMAT(////IOX,*PROBLEM COOES*,lOX,2011J

CALL STAIN
CALL READIN
CALL ASD360
CALL FORMRN
STOP
END
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SUB~ROUTINE STAIN
IMPLICIT RFAL*R(A-Hv0-Z)
COMMON/PCOVE S/PCODE
INTEGER ENDSIG/1HF/,CONTIN
COMMON/NSTA/NSTA
COMMOYN/STAnRO/KORDER (150)
INTEGER STANAM9IOS*2
INTFGER*2 PLUS/1H+/
INTFGER*2 ISCNP,IPHI0,I1PHIM,LCNG0,L0NGF, I SGNL
COMMON/STALOC/STAUVW(3,I50O),OATPRM(2,15),DATNAM(4,1'),9
1VTANAM(5#150)?1DVf150)
COMMON/STAPLH/STAPLH(2, 150)
CnmPmnN/0FRSD/O8SO( 150) ,OVOBSD
MAX STA=190
WRITE (6, 6000)

8000 FORMAT(lH1)
600O1 FORMAT(lNI,20(/)l

WR ITFE(6,6002)
6002 F0RPAT(/////4X,29HDATUMS INVOLVED IN ADJUSTMENT,//)

C INPUJT DATUMS
10 READ(S,5002) IO0,AE,BE,CONTIN

500? )0RMAT(12 ,2F 2.3v53XvAI 3
TF(COPNTIN.EQ.ENDSIG) GO TO 30
DATPRM(1, IDO)=AE
VAT PRM (2, I0O)=RE
REAnt5 ,5003) EDATNAM( 1,100), Id ,&)

'-OP3 FORMAT(4AB)
WRITE(6*600)3) ID,(DATNAM( IIOD),I24) ,(OATPRM( IIDD),Ial ,2)

6003 F0RMATC6H0OATUM,13,3X.A8*3lA ,FI0.Z,12t4 METERS So ,FIO.2,
17H4 METERS)
GO TO 10

C
30 CONTINUE

C STATION INPUT
WRITE(6,6005)

6005 FnRMAT(1H1///40X,29HINPUT COORDINATES OF STATIONS)
KSTA=O

35 KSTA=KSTA.1
READ(5,5005)IODIDTS,(STANAM(IKSTA),I=1,5),ISGNPIPHI,1P4IMpHis
I ,LONGDLONGMqFLONGS,H,CONTIN

5005 FORMAT(14,T2,4A4,A2,AI,2(213FR.4), F10.2,16XAI)
IF(CONTIN.EQ.ENnSIG) GO TO 50
PHI=ANRAOO( ISGNP,IPHIO,IPMIM,DHIS)
ISGNL=PLIJS
FLnNG=ANRA0D(ISGNLONGD,LONGMFLONGS)
KORDER IKSTA) =100
IOS (KSTA )=DTS
STAPIHI,KSTA)=PHI
STAPLHf(2.KSTA)=FLONG
CALL UVWD(OATPRM(1 ,IOTS) ,OATPRM(2,IDTS),PHIFLONG,HSTAUVW(1,KSTA)
1, STAUVWI7 ,KS TA ),STAUVW (3 KSTA ))

J'Ri'T,(660061DD, (STANAM(lIKSTA),l15).IOTS ,(OATNAMfIIDTS),1=l,4
l),ISGNP,IPHIOIPHIMPHISISGNLLONGOLONGMFLONGSN

6006 FORMAT(1H0,14,8X,4A4,A2.10X.5NDATUM,14,4X,4A8/lOX,?OHGEODETIC COOR
IDINATES,2(6X,AI,213,Fa.4),F12.4)
WRITE (696007) (STAUVWIKSTA),Iw1,3)

6007 FORMAT(I1X,21MCARTESIAN COODINATES, F16.3)
GO TO 35

50 CONTINUE
NSTA=K STA-1
NSTAUN=3*jSTA
RE TURN
END
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SURROUITINE READIN
C THIS SUBROUTINE IS USED TO READ THE DATA FROM THF ORIGINAL TAPF
C ANID PUT THE DATA ON UNITS 3 AND 4 FOR PROCESSTNG

IMPLICIT REAL*AEA-H,r-Z)
DIMENSION SIGAE(14,14), GHA(7), RDEC(7), ALFS(28), DFC(28),
1KSTATE(50),ID(4),COR(I4,14)
DIMENSION TEMPl(28),TFMPZ(28)
INTEGER*4 CONTIN/IH /,ENDSIG/IHE/
INTFGER*2 IGHH,IGHM,IDCH,IDCM
COMMON/NSTA/NSTA
INTEGER*2 PCODF(20)
COMMON/PCODES/PCODE

C
C

PI = 3.141592653689797300
SPR =(180.00 *3600.00)/PI
KT=0

REWIND 3
REWIND 4
READ(5,5015) KOUNT
READ(5,50O0) TO
WRITE(3) TO

5020 FORMAT(FIO.0)
125 KT=KT+1

N=1
1 READ(8,5000 ,FRR=50O,END=100) NEVFNTiNSTENOPTS

500 FORMAT(iX,I5,I1,12)
WRITE(6,7000) NEVENTtNSTENOPTS

7000 FORMAT(IX, 5II1tI2)
IS=l1
NN=NSTF*7

2 READ(Bt5005) ISTNUPTS
7005 FORMAT(1XI6,28X912)
7006 FORMAT(I6,28X,12)

ID(N)=IST
KSTA=KSTAID(IST)
IF(KSTA.FO.O) GO TO 80
KSTATE(N)=KSTA

%005 FORMAT(16,?8X,12)
NO=2*NUPTS
RFAD(B,50101((SIGAE(ItJiJ=INOI,I=1,NOI

5010 FORMAT(4E20.13)
7010 FORMATfIH ,4E20.13)
7011 FORMAT(4E20.13)

IFIPCODE(13).EQ.O) GO TO 200
DO 49 1=1.14

49 CORIII)=I.O
DO 51 1=1,13

DO 51 J=K,14
51 COR(IJ)=SIGAE(ItJ)/DSORT(SIGAE(1,1)*SIGAE(J,J))

WRITFI6,b396) NEVENT,IST
DO 53 1=1.14
DO 53 J=l,14

53 CORi(JI)=CDR(1,J)
DO 52 1I1,14

52 WRITE(6,6397)(CORIIJ),J=1,14)
6396 FORMAT(IH ,'EVENT NO.II5s5X*OSTATION NO.IIS)
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63q7 FORMAT(IH ,14F9.31
200 no 5 T=1,NUPTS

RAP(8,'5015) IUP7S,rHAIIUPTS),RDFCtIUPTSI
'jo15 F6RMAT(12,2EI6.9)
7015 FPORMA7I ,12,2F16.9)

S CONIINUF
Kul1
00 6 1=1,1392

6 K=K+l
1F(PCODEII2).FQ.3) Go TO 300

O P 1=1,13,2
'4=1+1
00 7 J=M,14*2

7 SIGAEILJJ=SIGAEIi ,J*OCOS(ROEC(K))
8 K=K+1

Ku1
L-2
00 10 1=1913,2
M=1+2
IFIM.GT.14) GO TO 10
DO 9 J=M913,2
SI(,AEE 1, '=S GAE(I IJ) *DCOS IRDEC 1K) I*DCOS IROECI LI

9 L=t+1
K=K .

10 L=K41
K=2
L=2
DO 12 1=2,12,2

DO 11 J=14,13*2
SIGAEIIJ)SI'AEII ,J)*DCOSIROECIK))

11 K=K.1
L=L+1

12 K=L
520 DO 4 1=1,14.

DO 4 J=1914
SIGAEI J,1 )=SIGAE(1 ,J)

4 CONTINUE
GO TO 530

300 00 527 11l,14
00 527 J=1,114

527 COR(I,J)SCAE(1,j)
00 528 1=1,14
00 'q2S ju1,14

578 SIGAI,J)O0.00
00 520 1114

529 SIGAE(III)=CORII,1 I
530 CONIINUE

C
Jul
DO 20 1=NvNNvNSTE
ALFS I I =GHA(J)
DEC II)=ROECIJ)
J=J+1

20 CONTINUE
WRITEI 3) NEVENTNSTEIST ,NUPTSSIGAV ,(GNA(IS 1 ROFC IXSI.ISmlWJPTS)
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1 ,CnNTIN
c WRITr(6,6847) NFVFNTISTNSTE
68'47 FORMAT(lH v31SiJ
eQIO FOVRMAT(lH ,4022.14)

1F(N.EC.NSTE) GO TO 60

N=N.1
GO To ?

60 WRIlfI&) NFVFft4,N SIFNN, IALFS(1S),OECITS),1S=1.N) ,IISTATF(LIL 1,

*NSTE) ,t1 OL) ,L1 ,NSTF) ,C0NTIN

Go Tn 1
80 WR7TEI6,63qE) 1ST

63CJS FORMAT(IHn,'STATION9,I5,1X,tNOT FOUND IN INPUT LIST#)

STOP
50 WRITF(6,75)
75 FORMAT('FRROR FOUND) WHILE RFAr)TNC TAPE')
100 CONTINUF

IF(KT.LT.KO)UN7) GO To 125

RACKSPACL 3
WRITF43) NEVENTNSTEISTNUIPTSSIGAE,(GHA(IS),RDEC IIS),1S1,tNUPTS)

C RETURN
END
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SUBROUTINE ASD360

C S/360 VFRSION OF ASO PROGRAM FOR OPTICAL SATELLITE DIRECTInNS

IMPLICIT RFAL*8(A-HO-Z)
INTEGER*2 PCODE(20)
COMMON/PCODES/DCODF
INTEGER*4 FNDSIG/IHE/,CONTINDELCOD(2)/iH rIH*/,ECODE

CnMMON/NSTA/NSTA
COMM N/DEDITC/ALFS( 4)DFC( 4), S(3)tD( 4),SDC(3, 4)sEVSUM,

1 STAXYZ(3,50),,OI,
2TDKSTATE(50hIPASS(50 )NSTENSUSEDECOOE
INTEGER STANAMIDS*?
COMMO'/STALOC/STAUVWi3,150)0ATPRM(2,15),DATNAM(4151s
1STANAM(5,150),IDS(150)
COMMON/STALVRD/KORDER(150)
DIMENSION SSDC(21,4),AW(21),A(21t21),AT(21,71),DDN(21,21),W121,21)
1,WW(14,14),AL(28)0DC(ZEINOBSTA(150),Alf21,3),AIT(3,211,lD(4)
2 DDK(21),TMP(914,14 01(21,21),AM(212,?11

3T(21211),TEMP(21921)tTEMP2(2171)tBN(3,21,4),TEMP(21),
40N(3,3,50),DK(3,5C),XX(3), AKl(21),TAf21)
DIMFNSION VPV(4)
COMMON/WPW/WPWXPUIDEGFNFSTA
REAL*4 VPVSTA(1501
MAXSTE=50
PI a 3 .14 159 2 653589797300
P12 = 2.DO*Pl
RPO = 180.00/PI
SPR =(180.DO *3600.00)/PI
WPWSP=O.O

C
REWIND 2
REWIND 3
REWIND 4
READ(3) TOD
WRITE(6,6004) TO

6004 FORMAT(//20X,'TEST DISTANCE =eF20.2#, SECONDS OF ARC')
C

KEVENT=0O
EPR=0.O
DO 70 KSTA=I,NSTA
NOBSTA(KSTA)=O
VPVSTA(KSTA)=O.O
00 70 1=1,3
DK(I KSTA)=O.
DO 70 J=1,3
DN(IJ,KSTA)=0.

70 CONTINUE
DO 80 1=1,21
DO 80 J=1,3
AlfI,J)=O.O
A1T(JI)=0.0O

80 CONTINUE
J=1

313 DO 314 I=J,21,3
AIT(J,I)=-1.0

314 A(lfIJ)=-1.0
J=J+1
IF(J.LT.4) GO TO 313

317 CONTINUE
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00 81 I=I1,21
00 81 J=1,21
A I,J)=0.0

81 CONTINUE
00 82 I=1,21
00D 2 J=1,21
W(I ,J=0.0

82 CONTINUE
C START DATA INPUT

210 CONTINUE
READ(4) IEVENT,NSTE,NN,IAL(IS),DC(ISIS=1,NN1),KSTATE(L),L=1,
INSTE), ID(IS),IS=I,NSTE),CONTIN

6325 FORMAT(1H .2021.14)
DO 272 IS=1,NSTE
KSTA=KSTATF(IS)
00 272 M=l,3

272 STAXYZ(M,ISI=STAUVW(M,KSTAI
WRITEI6,6008) KEVFNT,IEVENT JPR

6008 FORMATI/ IX,'FVFNT*l6,5X,I6) JPR
LL=0
JJ=0
KEVENT=KEVENT+1
00 301 K=1,7
00 275 I=1,NSTE
L=I+LL
ALFS(I)=ALIL)
DFC(I)=DC(L)

275 CONTINUE
CALL OFOIT
0O 280 IS=1,NTE

280 WRITF(6,6010) IDIISI,ALFS(IS),oECIIS),D(IS)FDELCODIIPASS(IS))
6010 FnRMAT(IT,20X,F15.7,5X,FI5.7,5X,F1O.1,2X,Al)

DO 305 1=1.3
J=I+JJ
DO 305 IS=1,NSTE
SSC(J,IS)-SDC(I,IS)

305 CONTINUE
LL=LL+NSTE
JJ=JJ*3
IFIFCODE.GT.1) GO TO 630
IF(PCODEI11)) 610,630,610

610 IF(PCODF(11)-3) 611,612,611
611 WRITE(6,6024) S

6024 FORMAT(' SATELLITE POSITION',3FI5.3)
IFIPCODE(11)-2) 612,630*612

612 TOTS=IOSIKSTATE(1))
CALL UVWTG2(S,DATPRM(1I TS),PHIvFLAM*HI
PHI=PHI*RPD
FLAMfFLAM*RPD
WRITE(6,6023) PHIFLAMH

6023 FORMATI(' GEOD. COORD. OF SATELLITE',2F4.6,FI4.1)
630 CONTINUF

WRITF(6,6012) GOI
6012 FORMAT(1OX,'GOI=,FIO.51

IF(FCODE.GT.1) GO TO 290
IFINSUSED.EQ.0) GO TO 290
RMSMC=DSQRT(EVSUM/DFLOATINSUSED)
WRITE(6,6011) RMSMC
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6n11 FORMATIIH+,27X,'RMS MISCLOSURE IN MFTERS=#,FIO.I)

GO TO 300
290 WRITF6,6015) ECODE

6015 FORMAT(1H*927X9eENTIRE EVENT DELETED, KODE='rT4)

GO TO 302
C
C SFT UP ORSERVATION EQUATIONS FOR THIS EVENT ANn COMPUTE CONTRTRUTOONS

C TO THF NORMAL EQUATIONS
300 CONTINUF
301 CONTINUE

6o03 FORMAT(1H ,6n20.13)
DO 310 TI=121
AWIl)=O.O
DDK (I)=0.
00 310 J1,21
DDN(IJ)=O.0

310 CONTINUF
307 CONTINUE

C
JS=O
DO 390 IS=1,NSTE
READI3) NEVENTNST8,ISTNUPTSWWt(ALi Ilt OC( II I=1,NUPTSJI

*CONTIN
IF(IPASSIIS).GT.1) GO TO 390
CALL VERSOL(WWvTMP,14,14)
K=1
L=2
N= 1

3=I

00 10 1=KL
Do 5 J=1,21,3
WIIJ)=TMPINM)
W(I,J+I)=TMP(NM 1)
W(II,J2)=0.
M=M+2

5 CONTINUE
N=N+I
M=:I

10 CONTINUE

L=K+1
IFIK.GT.21) G0 TO 1
GO TO 3

15 CONTINUE
00 303 II ,NUPTS

303 ALII)=PI2-AL(I)
6900 FORMATIIH ,7D15.8)

JS=JS+1
C JS IS THE COUNTER FOR NON DELETED STATIONS IN THE EVENT.

1=1
J=1
L=1

311 M=L+1
N= L+
RSQCSD=SSOCiL,ISI**2+SSOC(MtIS)**2
RSOQ=RSQCSDOSSDCINIS)**z
RCD=SORTIRSQCSD)
RANGE=OSQRT(RSQ)
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SG=DSINIAL()I
CG=DCOS(AL(I))
Sn=SINInC(I))
CD=DCOSIDC(I))
A(LL)=S'*CG*RANGE
A(LM)=SG*CD*RANGE
A(L,N)=-CD*CG*RANGE
A(ML)=SO*SG*RANGE
A(M,M)=-CG*CD*RANGF
AIM,N)=-CD*SG*RANGE
At NL)=-CD*RANGE
At N,M)=O.
A( N,N)=-SD*RANGF
AW(tl= SSOC(LIS)-RANGE*OCOS( AL(II)*DCOS(DOC( l
AW(M)= SSOC(M,IS)-RANCE*DSINIAL(1))*DCOS(DCII)
AW(N)= SSDC(NIS)-RANGE*DSINDC(I))
I=I1
J=J+2
L=L+3
IFIJ.EO.1 ) GO TO 312
GO TO 311

312 CONTINUE
KSTA=KSTATE(IS)

C ELIMINATE DELETED STATIONS FROM THE LIST OF STATIONS INVOLVED IN
C THE FVENT.

KSTATE(JS)=KSTATE(IS)
C

CALL VERSOL(ABT921,21)
DO 940 1=1,21
DO Q40 J=121

940 A(I,Ji=BT(ItJI
DO 821 1=1,21
DO 871 J=1,21

821 AT(J,I)=A(ITJ)
CALL DGMPRD(AT, WtTEMP1t1,21,21)
CALL DGMPROITEMP1,ATEMP2,21,21,21)
CALL OGMPRD(AlTTEMP2,BN(ItIlJS)3,21,21)
CALL DGMPRD(TENP2,AW*TEMP3,2171,1)
00 915 1=1,3
00 915 J=121

915 BN(IJJS)=-BN(IJJS)
DO 916 1=1,21
00K(l)=DDK(If+TEMP3(I)

6910 FORMAT(1H ,4022.14)
DO 916 J=1,21

916 DDN(IJ)=DDN(IIJ)ITEMP2IJ)
DO 330 1=1,3
DO 325 J=1,3
TERM=0.0
DO 370 II=1,21
DO 320 JJ=1,21

320 TERM=TERM+AIIII)*TEMP2/IItJJI*A1IJJtJI
DN(I,J,KSTA)=DN(I JtKSTAI*TERM

325 CONTINUE
TERN=O.0
00 378 11=1,21
DO 328 JJ=1.21

328 TERM=TFRM+AlIIItl)*TEMP2(IIJJ)*AW(JJ)
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OK(I,KSTA)=0K( ,KSTA)-TFRM

330 CONTINUF
CALL DGMPRD(SSDCIlIlShITEMP2,AKlel21,211
CALL DGMPRD(AKI,SSC(I1TS),VPVTOI,21,1)
WRITFI9Q381 VPVTO

938 FORMAT(IH ,NFW VPV020.12)JPR
KNn=KORDER(KRTA) JPR

C wRITF(7,7043) NFVENTKNOVPVTO
7043 FnRMATi5Xv215,D05.7)

VPV(IS)=VPVTO
VPVSTA(KSTA)=VPVSTA(KSTA)+VPVTO
NO9STAIKSTA)=NOBSTA(KSTA1.14

390 CONTINUE
IFIECODE.LT.2) GO TO 670

KEVENT=KEVENT-1
GO TO 602

C
C FORM REDUCED NORMAL EQUATIONS.

C
C INVERT DON

670 CALL VERSOL(DDN,BT,21,21)
CALL OGMPRD(DDKBTTAI,21,21)
CALL DGMPRD(TADOK,T,1 921,l)

WRITE(6t939 TF

939 FORMAT(1H ,'WPW CONTRIBUTION FROM SATFLLITE POSITIONS',D20.12)

VPVS=O.
DO 943 I=t1,NTE
VPVS=VPVS+VPV(I)
IFIVPV(I).LT.100000.) GO Tn 943

CALL DEIGNI(OODNRR,21,1)
PNO=OON(lll/OONIZI921)

IF(PNO.GT.O.) GO TO 943
KSTAnKSTATEII)
KNO=KnRDER(KSTA)
WRITE(6,6985) KNOPNO

6985 FORMAT(1HO,THE P NUMBER FOR STATION NO.'lI5,ql ,IS*,D16.8)

GO TO 944
943 CONTINUE

TEST=VPVS-TB
IF(TEST.GT.O.) GO TO 942

944 DO 941 I=1,NSTE
KSTA=KSTATF(I)
VPVSTA(KSTA)=VPVSTA(KSTA)-VPV(I)

941 NOBSTA(KSTA)aNOBSTAIKSTA)-14
ECOOE=2
KEVENT=KEVENT-
WRITEI6,6983)

6983 FORMAT(IH ,'THE ABOVE EVFNT WAS REJECTFD BFCAUSE OF POOR CONDITION

IING')
WRITE(6,6984) PNO

6984 FORMATflHO.THE P NUMRER FOR ONE OF THE STATIONS IN THE ABOVE EVEN

IT IS',016.B)
GO TO 602

942 CONTINUE
WPWSPwWPWSP+TB
NSUSED=JS
WRITE(ZI NSUSED,87,bTK,((IPN(IJJS) tl*1,31,JaI,1),KSTATEfJS)t

IJSwirNSUSED),CONTIN
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602 CONTINUE
C
C TEST FOR END OF INPUT

IFICONTIN.EQ.ENDSIG) GO 0O 700

GO TO 210

C
C

700 CONTINUE
C
CHECK TOC EE IF END SIGNAL HAS BEEN WRITTEN ON DATA SET FTOZ

IF(FCODE.EO.lI GO TO 710
BACKSPACE 2

C READ AND RFWRITE LAST RECORD FROM LAST GOOD FVENT

READ(2) NSUSFDBT0,DK(((BN(IIJJS
tI l

1,3)
t J =

121I)KSTATE(JS),

1JS=I,NSUSED)
BACKSPACE 7
WRITF(21 NSUSEDBTDDK,(((BN(ItJJS)J,

=
1,3),

J =
1,21),KSTATE(JS),

1JS=INSUSED),CONTIN
710 CONTINUE

WRITE(2) (( DN(IJKSTA),=l1,3),OK(J
t
KSTA),

J = 1,3),
XKSTA=1 NSTA)

C WRITE6,6018 )(KORDER(KSTA)tf(DN(I JKSTA) J=l.3)
I = l v

,
3
)

C 1KSTA=I,NSTA)
6018 FORMAT((15/3(3D18.7/I))

WPW=O.O
NOBS=0
WRTE(6,6Ol19)

6019. FORMAT(1H1,8(/),1OX,'ANALYSIS OF MISCLOSURES BY STATION'//

1T10,STATION',T2OI'NUMBER OF OBSERVATIONS'T50O'RMS MISCLOSURE')

DO 750 KSTA=1,NSTA
NOBS=NOBS*NOBSTA(KSTA)
WPw=WPW+VPVSTAIKSTA)
RMSMC=0.O
IF(NOBSTAI(KSTA).GT.0) RMSMCDSQRT(VPVSTAIKSTA)/DFLOATINOBSTA(KSTA)

I1)
WRITF(6,6020) KORDER(KSTA)tNOBSTA(KSTA),RMSMC

6020 FORMAT|T0,I7,T35I,7,T50,FI4.2)
750 CONTINUE

IDEGFuNDBS-21*KEVENT
RMSMC=DSQRT(WPW/OFLOAT(IDEGFII
WRITE(6,6021) NOBSKEVENT,IDEGF,WPWRMSMC

6021 FORMAT(////10X,'TOTAL NUMBER OF GOOD OBSERVATIONSIT60,18//

11OX,'TOTAL NUMBER OF GOOD EVENTS',T60,I,//

21OX9,CORRESPONDING DEGREES OF FREEODOM'T609t8//.

310X#'TOTAL SUM OF SQUARES OF MISCLOSURESvT60sF11.2//

410X9'CORRESPONDING STANDARD DEVIATION OF UNIT. WEIGHT',T60,F11.2)

WPW=WPW-WPWSP
WRITF(6,6022) WPW

6022 FORMAT(iHO,9X,'WPW INCLUDING CONTRIBUTION FROM SATELLITE POSITION'

1/15X,*(I.E., VPV+UX)6tT60,FI1.2)
RETURN
END
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SUBROUTINE UVWD(AB,PHILAMDA,H,UV,W)

DOUBLE PRECISION PHILAMDANFE2,FACUqVWqSP
REAL*8 AtBtH
E2=1.0-(8/AI**2
SP=OSINIPHI)
N=A/DSQRT(1.O-E2*SP*SP)
FAC=IN+H)*DCOS(PHI)
U=FAC*DCOSiLAMDA)
V=FAC*DSIN(LAMDA)
w=(N*(1.0-E2)+H)*SP
RETURN
END

DOUBLE PRECISION FUNCTION DPDOT(X,YN)
DOUBLE PRECISION X(N),Y(N)
DPDOT=0.0
00 10 1=1sN

10 DPDOT=DPOT+X I)*Y II
RETURN
END

DOUBLE PRECISION FUNCTION ANRADD(ISGNIDEGtINSEC)
INTEGER*2 MINUS/IH-/t PLUS/IH+/,ANPSAN/IHM/ ISGNeIDEGNMIN

DOUBLE PRECISION SEC
IF(IDEG.GE.0) GO TO 10
ISGN-MINUS
IDEG=-IDEC,

10 CONTINUE
ANRADD=(DFLOATI(IDEG*60+MIN)*60)+SEC)/206b64.6Ob2500
IF(ISGN.EO.MINUS)ANRADO=-ANRADO
IF(ISGN.EQ.AMPSAN) ISGNPLUS
RETURN
END
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SUBROUTINE UVWTG2jUVWpDATIN4,PHTLAM,H)
C CONVERT RECTANGULAR TO GEODETIC COORDINATES

C ALIAS FOR UVWTG
IMPLICIT RFAL*81A-Z)
DIMENSION UVW13) ,DATUM(2:1
LAM=DATAN2 (UVWU21 ,UVW(I) J

JF(LAM.LT.O.O) LAM=LAM.6.28318530?1
7 9 5 8DO

OMEZ=(DATUM(2)/DATUM(I1) **2
E?=I.O-OME2
P=DSORT(UVW( I3**2+UVW(2)**2)
WP=UVWE3)/P
TP1=WP/OME?
PHI1'=OATAN(TPI)

5 ITP=TPI*TPl
SECP=DSORT(1 .O+TTP)
N=DATUM(1)*sEcp/lSQRTI I.OOME2*TTP)
H=P*SFCP-N
TP2=WP/(l.O-E2*N/(N+H))

PHI=DATAN( IP2)
IF(DASPHI-PHIl).LT.1.D-121 RETURN
PHI 1=PHI
TPI=TP2
GO TO 5
END
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SUBROUTINE DEDIT

IMPLICIT RFAL*8tA-HO-Z)
COMMON/OFDITC/ALFS( 4)#DEC( 4)q 53),D( 4),SDC(3, 4), SUM

1 STAXYZ(3,50OhGQIv
2TDKSTATE(50),IPASS(50),NSTENSUSEDKODE

C EDIT DATA BASED ON PRELIMINARY STATION 
POSITIONS AND DELETE BAD

C OBSERVATIONS AND BAD EVENTSBASED ON THE 
DISTANCE CRITERION TO

C THIS SUBROUTINE IS DIMENSION FOR A MAXIMUM OF MAXSTE=50 
STATIONS

C PARTICIPATING IN ANY ONE EVENT. ALL AFFECTED 
ARRAYS ARE IN

C COMMON BLOCK /DEDITC/.

C THE NUMBER OF STATIONS PARTICIPATING 
IN THE EVENT IS NSTE.

C THE NUMPER OF STATIONS NOT DELETED IS NSUSED.

C
COMMON/STALOC/STAUVW(39150)
DIMENSION Q(33)vRHS(3)1QI(3,3),VI(3),U(

3
94)

C
PI=3.1415926535897

9
3DO

TPI=2.*PI
MAxSTF=50

C INITIALIZE
KODE=1
DO 110 IS=1,NSTE

110 IPASSIIS)=1

C IPASSa1 MEANS THIS DIRECTION OK

C IoASS=2 MEANS THIS DIRECTION DELETED FROM EVENT

C
C FORM UNIT VECTORS FOR ALL DIRECTIONS IN THIS EVENT

DO 125 IS=1,NSTE
STS=TPI-ALFS(IS)
CA=DC$SISTSI
SA=DSIN(STS)
CD=DCOSIDECIIS))
SDUDSIN(DEC IS))

U(1,IS)=CA*CD
U12,IS)xSA*CD
UI3,IS)xSD

125 CONTINUE
C
C INITIALIZE ARRAYS FOR THIS ITERATION

130 CONTINUE
NSUSFD=O
DO 140 I21,3
RHS(I)=O.O
S )=O.0O
00 140 J=1,3
O(1 ,J)O.0

140 CONTINUE
C
C ACCUMULATE EQUATIONS

00 190 ISni,NSTE
IFITPASS(1S).EQ.2) GO TO 190

NSUSED=NSUSED+1
DO 170 121,3
00 169 J.l,3

169 QI(I,J)oU(I,lS)*U(JIS)

170 Ol(II)0QI(II)-lIO
DO 175 I1,3
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DO 175 J=1,3

OQ(IJ)=Q(I,J)Q(III,J)
RHS(I)=RHS(I)+Q1(IJ)*STAXYZ(JIS)

175 CONTINUE
190 CONTINUE

C
C TEST FOR DELETION OF WHOLE EVENT

IF(NSUSED.LT.2 GO TO 420

C
C INVERT AND SOLVE

C THE SATELLITE POSITION S IS SELECTED IN SUCH A WAY THAT THE SUM OF

C THE SQUARES OF THE DISTANCES FROM S OF THE NON-DELETED 
RAYS IS MINIMIZED.

DET=1.O
CALLDMINV(Q,3,DET,QI(1,1),I01112))
GQIZDAPS(DET/DFLOAT(NSUSED))
IF(GQI.LT.I.OD-4) GO TO 430

CALL DGMPRD(QtRHS,S,3,3,1)
C
C COMPUTE DISTANCE FROM S FOR EACH RAY

ISMAX=O
DMAX=O.0
SUM=O.0

00 280 IS=1,NSTE
00 270 1=1,3
DO 269 J=1,3

269 QI(I,J)=U(I,IS)*UIJtIS)
OII)=OI(l)-10
VIII)=S(I)-STAXYZ(IIS)

270 CONTINUE
DDI=rPOOTI(VI,U(1,IS),3
DDI=DABS(DDI)
DI00.0
DO 275 1=1,3

DI=DI+(VI(I)-DDI*U(I,ISI)**2
SDC(IIIS)=VI(II

275 CONTINUE
D(IS)=DSQRT(DI)/DDI*206264.80625
IF(IPASSIIS).EQ.2) GO TO 280

SUNMsUM+DI
C TEST 0 AGAINST TD AND DELETE IF NECESSARY

IF(D(IS).LT.DMAX) GO TO 280

DMAX-D(IS)
ISMAX=IS

280 CONTINUE
IFIDMAX.LT.TD) RETURN

IPASS(ISMAX)=2
C .
C GO BACK AND MAKE ANOTHER PASS THROUGH THE DATA

GO TO 130
400 CONTINUE

C DELFTE WHOLE EVENT
DO 410 IS=1,NSTE

410 IPASS(ISI=2
NSUSEO=0
RETURN

420 CONTINUE
C DELETE FOR INSUFFICIENT GOOD OBSERVATIONS

KOOE=2
GO TO 400

C DELETE FOR INSUFFICIENT GEOMETRICAL SEPARATION BETWEEN OBSERVATIONS

430 CONTINUE
KODEw3
GO TO 400
END
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INTFGFR FUNCTION KSTAIDIID)

COMMON/STAORD/KORDER(150)
COM"ON/NSTA/NSTA
KTAID=0O

C SEARCH TABLE OF STATICN IDENTIFIERS FOR THE INTERNAL NUMBER OF THIS STATION

00 10 I=I1NSTA
IFtKOROFR(II.NE.ID) GO TO 10

KSTAID=I
RETURN

10 CONTINUE
RETURN
END

SUBROUTINE DMSTRIAtRt9N#SAMSRJ
IMPLICIT REAL*8(A-HO-Z)
DIMENSION A(1),R(1)
DO 20 Iwl,N
DO 20 J=1,N
IF(MSR) 5,10,5

5 IF(I-J) 10,10,20
10 CALL LOC(IJ,IR,N,NM4SR)

IFIIR) 20,20,15
15 R(IR)=O.O

CALL LOC(I,J,IA,N,N,MSA)
IF(IA) 20,20,18

18 RIIR)=A(IA)
20 CONTINUE

RE TURN
END
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SUBROUTINE FORMRN
IMPLICIT.REAL*8(A-HO-Z)
COMMON/NSTA/NSTA
INTFGER*2 PCODF(20)
COMMON/DCODES/PCODE
COMMON/WPW/WPWXPUIDEGFIFSTA
DIMENSION DDN(21,21) D)KI21),Lit),L2(3),FINDONI3t21),TNI?,3),
1TK(3)CN(3,21,4),0N(21,3),DDL(3)
INTEGER*2 LLSOLVE
INTFGFR CONTINTfNOSIG/1HE/
CnMMnN/STAROD/KORDER(l50)
COtMON/NORMEO/LSnLVE
DIMENSION REDN(3,3,1275,U3r,50,Li1l275)
PIEFNSION BN4(3,3501 LG(50)

C FORM REDUCED NORMAL ECUATIONS FOR UP TO 50 STATIONS
DIMFNSION KSTATE(SO)0
LOnC(K)=*((K1))/2
MAXSTA=50
IFINSTA.GT.MAXSTA) GO TO 901

C
C THE REDUCED NORMAL EQUATIONS ARE STORED AS 3 X 3 BLCCKS TN THE ARRAY REDN.
C ONLY THE UPPER TRIANGULAR PART OF THE REDUCED NORMAL EQUATIONS IS STORED.
C THE BLOCKS OF THE REDUCED NORMAL EQUATIONS ARE NUMBERFD
C ACCORDING TO THE FOLLOWING SCHEME:
C
C 1 2 4 7 11
C 3 5 8 12
C 6 9 13
C 10 14
C 15 ET CETERA
C
C L(1275) IS THE GUIDE MATRIX
C L=I SIGNIFIES A NON ZERO BLOCK
C L=0O SIGNIFIES A ZERO BLOCK

I=LOC(NSTA)
DO 100 JB=I,IB
00 99 1=1,3
00 99 J=193

09 RFDNIl,JtJB)O.0O
100 L(JB)=O

C
BACKSPACE 7
READ(2) ((BN(ItJKSTA)tI=l,3),U(JoKSTA)tJ=l,3)t

XKSTA=1,NSTA)
REWIND 2

C
C STASH DIAGONAL BLOCKS

DO 110 KSTA=1,NSTA
IB =LOC(KSTA)
DO 108 I1*,3
00 108 J=1,3

108 RFDN(IJIB)=BN(ItJKSTA)
110 CONTINUE

C
FDEGF=IDEGF

TF(PCODEI9).EQ.1) WRITEIT7010) FDEGF#WPW
7010 FORMAT(16X92FI6.6)

C READ BLOCKS FROM EACH EVENT AND REDUCE NORMAL EQUATIONS
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C
150 READ42) NSTEtDDNDDK,(((CN(IItJtS)tI=te3),J=1#21)

1KSTATEIIS),IS=1,NSTE),CONTIN
C

DO 180 IS=1,NSTF
I!TA=KSTATc ( )
IB=ISTA
CALL nGMPRD(CNI1,lIS),DtDN,B4DNI,3,21,21)
CALL DGMPRDIRNDDNIDDKTKt3,21,1)
DO 155 I=1,3

155 U(tISTA)=U(I,ISTA)-TKII)
DO 180 JS=1,NSTE
JSTA=KSTATE(JS)
JB=JSTA

C SKIP IF (ISTA.GT.JSTA), SINCE ONLY THE UPPER TRIANGULAR PART OF THE

C RFOUCFD NORMAL EQUATIONS IS BFING COMPUTED AND SAVED.

IF(ISTA.GT.JSTA) GO TO IPO

C (IB,JR) GIVES THE ROW AND COLUMN NUMBER OF THE BLOCK IN THF REDUCED
C NORMAL EQUATIONS CURRENTLY BEING PROCESSED.

C
C SET INDICATOR

NB=LOC(JB-1)
NR IP+NB
L(NB}=L(NB)+7

C PERFORM REDUCTION
DO 156 1=1,3
nO 156 J=1,21

156 DN(JI)=CN(IvJgJS)
CALL DGMPRD(BNDDNIoDNvTN3el713)

6910 FORMAT1IH ,3020.12)
DO 130 1=1,3
00 130 J=l,3

130 REfN(I,JtNB)=REDN(IJ,NB)-TN(IvJ)
180 CONTINUE

C IF END OF DATA, GO OUT OF LOOP
IFICONTIN.EOQ.ENDSIG) GO TO 400

C IF NOT, RETURN TO PROCESS ANOTHER FVENT
GO TO 150

C
C ENTER HERE WHEN ALL EVENTS HAVE REEN PROCESSED.

400 CONTINUE
C
C SIMULATE KRAKIWSKI'S GUIDE MATRIX

IF(0COOE(6).NE.1) GO TO 441
C

WRITF(6,6001)
6001 FORMAT(1H1,fl(/),20X,*GUIDE MATRIX')

DO 440 ISTA=1,NSTA
IB=0
LG(I)=lO00
DO 435 JSTA

m
!STANSTA

JR=LOC(JSTA-I1+ISTA
IF(L(JBI.EQ.OI GO TO 435
IR16l1
LGIIB)=KORDERIJSTA)

435 CONTINUE
C

1818B+1
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IF(IB.GT1) LG(IB)=Q99
439 WRITE(6,6002) KORDRf(ISTA),tLG(1),I=11IB)

6002 FORMAT(2OXI5-X,1815,200I/30X,1P15))
440 CONTINUE
441 CONTINUE

C
C PRINT NORMALS IN ASO FORMATAN, PUNCH IF DESIRED.

WRITF(6,6003)
6003 FORMAT(1H1//' NORMAL EOUATIONS (SEE rUI F MATRIX)I//)

DO 450 ISTA=1,NSTA
90 442 1=1,3

442 DDL(I)=-U(ItISTA)
IB=0
JB=LOC(ISTA)
TFIL(JB).GT.0) 1R=1

C PUNCH NORMALS
IF(PCODE(9).NE.I) GO TO '43
WRITF(7,7001) KORVERfISTA)

7001 FORMAT(14I)
WRITF(7,7006) DDL

7006 FORMATI3IDI6.9tiX))
WRITET7,70n8) ((qEDNIIJ,JBIJ=1,3),I=1,3)

7008 FORMAT(3D6.9/3D16.q/3DI6.9)
C

443 CONTINUE
C PRINT DIAGONAL RLOCK

IF(PCODE(7).NE.1) GO TO 444
WRITE(6,6004) KORDERIISTA)

6004 FORMAT(//IS)
WRITE(6,6006) DODL

6006 FORMAT(/3(F16.10,5X))
WRITE(6,6008) f(REDN( lJJ8),J=I,3),I2v3)

6008 FORMAT(3F16.10)
444 CONTINUE

C PRINT OFF-DIAGONAL BLOCKS
KSTA=ISTA*1
IFIISTA.EO.NSTA) GO TO 448
DO 445 JSTA=KSTANSTA
JS=LOCIJSTA-I)+ISTA
IFIL(JB).EQ.O) GO TO 445
18=B8+1
IF(PCODE(9).NE.1) GO TO 7445
WRITE(7,7001) KORDER(JSTA)
WRITE(7,7008) ((REON(IJJB),J=1,3),I=1,3)

7445 CONTINUE
IF(PCODEI7).NE.1) GC TC 445
WRITE(6,6004) KORDER(JSTA)
WRITE(6,6008) ((REON(IJJR),J=1,3),lIla3)

445 CONTINUE
44P 1=1000

IFIIB.GT.O) I1999
IF(PCODE(7).FQ.I) WRITE(b,6004) I
IFEPCODE(9).FQ.I) WRITE(7,7001) I

450 CONTINUE
IFIPCODE8).NE.l) GO TO 478
WRITEF(66010)

6010 FORMAT(10(/),2OxOBSERVATIONS ON EACH LINE')
IB=NSTA-1
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DO 475 ISTA=1iIP
KSTA=ISTA+1
DO 475 JSTA=KSTAoNSTA
WRITF(6,6011) KNRQFR(I ISTAIKCRRERIJSTAILILOC(JSTA-I)+ISTAI

6011 FORMAT(8110)
475 CONTINUE
478 CONTINUE

RFTURN
001 CONTINUE

WRITE(6,9001) MAXSTANSTA

9001 FORMAT' FORURN IS PRESENTLY DIMENSIONED TO HANDLE ONLY'e159

I' UNKNOWN STATIONS.'/20X,' THIS PROBLEM HAS'T*I,' UNKNOWN STATI

2IONS.*/1OX9,EXECUTION IS TERMINATED.BY PROGRAM.')

STOP
END

!URROUTINF VERSOL (PRGMATVEFRMAT, I M)

IMPLICIT REAL*8(A-HC-Z)
COMMENT I IS THE NUMBER OF ROWS IN nRGMAT9 AND N IS I PLUS THE NUMBER OF

C OF UNKNOWN COLUMNS. THE ORIGINAL VALUES OF ORGMAT ARE RETAINED.

PIMFNSION ORGMAT (1,M), VERMAT (IM)
IMENSION P(72)

N= 1-1
41 M-I
On I J=1,I
DO 1 K=1,I

1 VFRMAT(J,K)=0RGMAT(JK)
OD 5 K=I,I
DO 7 J=1,MI

2 P (J) = VERMAT (1,J+1)/VERMAT (1,l)

PtM)=I.ODO/VFRMATI1,1)
DO 4 L=1,N
00 3 J=l,MI

3 VFRMAT (LJ) = VERMAT (L.1,J+I) - VERMAT (L+I,1) ' PiJ)

4 VERMAT (LM) = - VERMAT (L*+l1) P(M)

DO 5 J=I,M
5 VFRMAT (IJ) = P(J)

RETURN
END


