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1. STATEMENT OF WORK

The primary objective of the OSU investigation is the geometric

analysis of geodetic satellite data. In order to fulfill this objective the follow-

ing tasks are being attempted during the current grant period.

(1) Extension of the computer programs which can handle optical and/or

range observations for range and range rate, Doppler, and laser systems.

(2) Development of data preprocessing systems to handle the data from

the above observation methods.

(3) Analysis of observational data for the National Geodetic Satellite

Program for the purpose of fulfilling the primary objective as observational

data becomes available.

(4) The development of computer programs for the adjustment of optical,

ranging and Doppler data in the short-arc mode.

(5) Theoretical investigations into sequential least squares adjustment

of simultaneous satellite observations in combination with terrestrial data.

2. ACCOMPLISHMENTS DURING THE
REPORT PERIOD

2.1 The North American GEOS-I Tracking Network

2.11 Geometric Adjustment

As mentioned in the last semiannual report, most of the simultaneous

optical data (PC-1000, MOTS, and BC-4) that was deposited in the Data Center

as of July 1, 1968, has been received. Since that time OSU has received from

the U. S. Naval Observatory the new values for A.1 - UT1 and UT2 - UTl for

every day of the year from January 1, 1956 to September 20, 1967. These

values made a significant difference in the UT1 times during the timespan of

GEOS--I, and for this reason all times recorded on the data cards were converted

1



6

to what we have referred to as the "New UTL'I

From the optical data available from the Data Center enough good data

was available from 15 MOTS stations and 15 PC 1000 stations, all located in

North America (see Fig. 2.1). This data, along with 2000 SECOR ranges

from the SE United States, was used to perform four simultaneous network

adjustments. These adjustments are referred to as NA-1, NA-2, NA-3, and

NA-4. The characteristics of each of these adjustments is given below.

NA-1	 Only MOTS and PC-1000 data was used. Columbia, Missouri was

given a weight of 10 (which keeps the station coordinates effectively

fixed). The scale was determined by imposing a chord constraint

between Homestead, Fla. (3861) and Greenbelt, Md. (7043). These

two stations were tied to the precise traverse of the Coast and

Geodetic Survey. This chord distance was constrained to 1: 750, 000

(as estimated by the USCGS).

NA-2	 Only MOTS and PC-1000 data was used. Columbia, Missouri was

given a weight of 0.11 (which corresponds to the standard deviation

computed by Simmons' formula). The scale wa.g determined in the

same way as the NA-1 adjustment

NA-3	 The SECOR data was included in this adjustment along with the MOTS

and PC-1000 data. Columbia, Missouri was given a weight of 0.11.

There was no chord constraint; the scale was determined from the

SECOR ranges.

NA-4	 The SECOR data was included in this adjustment along with the MOTS

and PC-1000 data. Columbia, Missouri was given a weight of 0.11.

The scale was determined in the same way as in the NA-1 and NA -2

adjustments.

All of the information pertaining to these adjustments, along with the final adjusted

coordinates, are given in Table 2.1. Also included in Table 2.2 are the North

American datum transformation parameters.

2
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These parameters are the translations (L` xo, Dyo, Az o), rotations

(9 1 , B 2, 8. of 8;,, 62 . P 3), and scale changes (E) from the North American

coordinates (x, y, z) to the adjusted satellite coordinates (X, Y, Z). The values

for Ax., Ayo, Azo are the translations as defined by Veis and Molodensky; the

values 6 1 , 62, 63 are the rotations as defined by Veis; and 6 1 , 92, 63 are the

rotations as defined by Bursa and Molodensky. The following equations were

used:

X = x + Axo + EDx

+ (sin (poAy - coscpo sinX O &z) dA

- cos(ko L6z)dµ - (cosoo b y + sinoo sink() &z)dv

Y = Y+AYo +EQy

+ (- sin(poax + coscpo cosXo Az) dA

- (sinXO Qz) dµ + (cos po &x + sincpo cosXo Qz) dv

Z = z + p zo + E©z

• (cos(po sinXO Ax - cospo cosXa oy) dA

+ (cosXo Ox + sinXO Ley) d1i

• (sinoo sinXo Lac - sin(po cosX O &y) dv

where

dA	 = 93

dg	 = 92

dv	 = 91

MO	 = latitude of origin

Xo	 = longitude of origin

for the Veis parameters;

and where

dA = A3

dµ = 62

dv = k

00	= 0°

Xo	 = 90°

for the Bursa and Nviode,_cky parameters.

9
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e

Lax, LN y, pz	 are the coordinate differences between the station in

question and the origin (at(-%, Xo in the Veis and

MolodenskY eases, and at the origin of the coordinate

system in the Bursa case)

The NA-2 solution is considered the most reliable. From Table 2.2

it is evident that while the translations are not significant, a systematic 1"

rotation in azimuth (to the east) and a 1:'3 rotation in the prime vertical plans

(to the west) is present between the NAD system and the satellite-determined

system. It is also interesting to note the scale change indicated in solutions

NA-3 and NA-4.
Table 2.2

Datum Transformation Parameters

Parameter NA-1 v NA-2 v NA-3 Q NA-4 u

Oxo(m) 0.6 -2.0 0.4 2.3 7.9 2.7 2.6 2.6

Dyo(m) 2.4 1.7 4.1 2.1 -1.9 2.4 -1.3 2.3

Azo(m) 0.6 1.7 -0.3 2.0 2.0 2.3 3.5 2.2

03	 (") -1.0 0.3 -1.0 0.3 -0.9 0.3 -0.8 0.3

02	(") -0.2 0.4 0.0 0.4 -0.1 0.5 0.0 0.5

01	 (") 1.4 0.3 1.3 0.3 1.1 0.3 1.0 0.3

83	 (") -1.7 0.3 -1.7 0.3 -1.4 0.3 -1.3 0.3

82	 (") -0.1 0.3 -0.1 0.3 0.0 0.3 -0.0 0.3

81 -0.2 0.4. 0.0 0.4 -0.1 0.5 -0.0 ! 0.5

E ( x 10-6) -1.7 1.4 -1.6 1 . 6 -17.0 1.8 -4.6 11.7

10



2. 12 Short-Arc Orbital Mode Adjustment

In addition to the geometric solutions described in section 2. 11, one

adjustment was performed in the short-arc mode. Only the optical tracking

stations were involved in this adjustment since no timing i LLormation was

available for the SECOR observations. The results of this adjustment are

given in Table 2. 3.

The orbital arcs used in the short-arc adjustment were limited to about

10'. These arcs are too short to afford a strong determination of the scale of

the network through the adopted value of the GM. Therefore, scale was

furnished by constraining the spatial chord distance between Homestead, Florida,

and Greenbelt, Maryland, as had been done in the geometric adjustments. This

distance and its a priori uncertainty were computed again from the geodetic

coordinates of these two stations on the Cape Canaveral datum (i. e. , the USCGS

high-precision traverse).

The geocentric coordinates of Columbia, Missouri were constrained in

order to define the origin of the coordinate system. These geocentric coordinates

together with their associated covariance matrix, were taken from [Kurt Lambeck,

"A Spatial Triangulation Solution for a, Global Network and the Position of the

North American Datum Within It," presented at the Annual Meeting of the AGU,

April, 1969]. Lambeck's geocentric coordinates for Columbia are

X = -191 290m±3.8

Y = 4967 274m±4.1

Z = 3983 255m±4.1

The difference between the NAD coordinates and the short-arc solution

coordinates of Columbia was (NAD - short arc)

0



b

In order to be able to compare the short-are solution coordinates to the NAD

coordinates, these shifts were added to the short-arc solution. The resulting

coordinate differences appear under the heading "Orbital" in Table 2. 3. The

uncertainty of these coordinates was obtained by quadratically removing the

uncertainties of the Lambeck geocentric coordinates (3.8, 4.1, 4.1) of

Columbia from the standard deviations of the short-arc solution, and quadratically

adding the uncertainties of the NAD coordinates of Columbia (3.0, 2.5, 2.7).

The geometric mode adjustment that most nearly resembles the orbital

mode adjustment in terms of data used and constraints applied is the one

designated NA-2. The short-arc solution and the standard deviation between

the two was computed by removing the variance of the coordinates of Columbia

from the variances of the two solutions and adding the resulting variances.

These also appear in Table 2.3.

From the following table it is evident that the agreement between the

geometric adjustment and the short-arc adjustment is satisfactory at all

stations, except at St. Johns, Newfoundland, and especially at College, Alaska,

where the blame should probably be placed on the insufficient amount of data

available and/or on the poor geometry.

V
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2. 2 The BC-4 Experiments

2.21 Experiments with the Adjustment of BC-4 Data in the Short -Arc

and Geometric Modes

Previous experiments with the adjustment of BC-4 data were reported

in the last semiannual report (p. 3) and in [Ohio State University Department of

Geodetic Science Report No. 11.8]. These experiments used data from the

following four BC-4 stations:

6001 Thule, Greenland

6002 Beltsville, Maryland

6003 Moses Lake, Washington

6038 Revilla Gigedo Island, Mexico

The first series of experiments used 12 plates and the second series used 45

plates. Five adjustments were performed in each series: 20 individual images

from each plate were adjusted in 1<tth the short-arc and geometric modes; 10

individual images per plate were du;usted in both the short-arc and geometric

modes; and a single fictitious image per plate, analogous to the ESSA fictitious

image, was adjusted in the geometric mode. From these experiments it

appeared that the most information could be obtained by processing 20 individual

images per plate in either the short-arc or geometric mode, although some

allowance must be made for the worsening of the solution if the correlation

between different images on the same plate is neglected. The way in which

the data was selected appeared to have at least as great an effect on the solution

as the mode in which the data was processed.

During this report period two more series of experiments were carried

out, each consisting of the same five adjustments. These were:

(1) The Minimal Data Set series, consisting of 9 plates and 5 events. If

only one image per plate is used, this number of plates and events gives a

unique (i. e. , not overdetermined) solution with zero degrees of freedom. Thus

17



6

this is the minimum number of plates and events for which a solution for the

network may be obtained. The results of this series of experiments are

shown in Table 2.4.

(2) The 74 Plate Data Set series, which utilized all of the acceptable

data available from the four stations. The results of this series of experiments

are shown in Table 2.5.

The minimal data set series was conducted to investigate the strength of

a solution using as little data as possible. In comparison with solutions obtained

from larger data sets, the minimal data set solutions are unacceptably weak.

Not only are the a posteriori uncertainties of the adjusted coordinates high, but

there are also very large differences between the different adjustments. There

are several coordinates for which the difference between two solutions is

several times the standard deviation of that difference, suggesting that with such

a small set of data she solution is highly affected by sampling variations as well

as any small components of systematic error remaining in the observations.

In the case of the 45 plate series, the agreement between different

solutions was much better, although there were a few coordinates for which

different solutions d ffered by more than would be expected from an examination

of their standard deviations. The 74 plate series of adjustments was carried

out in order to see if closer agreement would be obtained between the different

solutions if more data were used. The results of this series indicate that this

is indeed so.

The results of the 74 plate series indicate that the use of several images

per plate is clearly superior to the use of a single fictitious image per plate.

Even when all acceptable data available is used, the use of the sir_gle fictitious

image produced only. about 1/4 degree of freedom per unknown, which does not

appear to be a sufficient overdeterminancy to produce reliable results.

It may be the case that the use of a single fictitious image will produce

good results when an even larger set of data is available, or when global

networks, such as the U. S. World Geometric Satellite Net being established

18
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by the USCGS, are considered. However, it appears quite clear that at least

for small networks, the best results are obtained by using several images

per plate, each as 10 or 20, and adjusting in either the geometric or the

short-arc mode.

2. 22 BC-4 Data Tape Processing

This work concerned the magnetic tape Astro #221 (Serial #3380) which

was deposited with the NSSDC by ESSA on April 15, 1968, and which contains

approximately 75, 000 BC-4 observations on 298 files (plates). The details

of the work were described in the last semiannual report. Essentially three

tasks were involved:

(1) Bad and duplicated plates were deleted.

(2)Corrections for parallactic refraction, phase angle, and light travel

time were made to all observations so that the corrected observations

represent truly geometric directions to the center of the satellite at

the recorded time.

(3)The tape was unblocked and put into card image format so that it can

be read by standard Fortran programs. After unblocking, the

data occupied three reels of tape.

All work on this phase was completed during the reporting period. The

three reels of magnetic tape, together with a description of their contents, were

sent to the NSSDC on March 27, 1969.

2. 3 The SECOR Network in the Pacific Ocean

The investigation involving the SECOR data from the Pacific network is

in its final stages. There; was only enough 4-station simultaneous data available

from the 9 stations extending from Truk Island to Midway, and this investiga-

tion consisted of tying these stations together in one coordinate system using

both goemetric and short-arc adjustments. Because of the lack of known

coordinates and orientation in this network, arbitrary station constraints had
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to be imposed. However, the same constraints were imposed on both the

geometric and short-arc adjustments as a means of comparing the results. A

separate report on this investigation will be published shortly.

An interesting by-product of the SECOR investigation was the modifica-

tioos that were made to the short-arc computer program. Changes were made

so that the orbital elements X, Y. Z, X, Y, Z in either the earth-fixed or inertial

system can be used if they are available. Another very significant modification

was to allow for an error model term for each observing station on each pass to

be carried as an unknown. If a priori information about zero set of ambiguity

level is available this can also be included in the adjustment.
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2. 4 The Range-Difference Experiment

In order to verify the theory and the formulas when using range

differences as observed quantities, five programs will be used in this sequence:

(1) data generating program

(2) range differences forming program

(3) coefficients program

(4) repunching program

(5) adjustment programs, using the method of least squares, namely

(a) method or variation of parameters, (b) modifying the solution by

the constraints.

The data generating program uses Keplerian orbit to represent the motion

of a satellite in short-are method. The system of reference is the true celestial

system which is, for this purpose, assumed motionless. Keplerian orbit is

represented by a set of six parameters (w, r, i, e, DL, M 1). The semi-major

axis is computed by

a = a 
k2 

M
V n2

where

n	 = M1

These parameters may be supplemented by additional "osculating" parameters,

namely W 1 , r l , e l , M2. For given times the program computes, among other

things, the ground stations' coordinates in A. T. system using their geodetic

coordinates, the coordinates of the satellite in A. T. system and also the ranges

from the ground stations to the satellite.

Ranges from all ground stations (fixed and unfixed) to all satellite posi-

tions serve as an input to the range differences forming program, together with

stipulated standard deviations in the case when the observations have random

errors attached to them. This program forms the range differences corres-

ponding to previously generated satellite positions, either errorless or with
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attached errors.

Using range differences as observed quantities, ground stations'

coordinates in A. T. system (coordinates of fixed ground stations and approxi-

mate coordinates of unknown or weighed ground stations) and approximate coordi-

nates of satellite positions in A. T. system, the nonzero coefficients in observa-

tion equations and the constant terms are computed by the coefficients program.

If the geometry is supplemented by the short-are, method, the six

Keplerian parameters (or eventually ten parameters) are used in eliminating

satellite position parameters during one pass so that the number of parameters

is reduced. In such a case, the program also computes nonzero coefficients

for the constraint equations accounting for this elimination, using as additional

input approximate values of the orbital parameters.

The repunching program puts the above-computed coefficients and

constant terms in appropriate places in corresponding matrices for an adjust-

ment.

For the short-arc method two ways are possible: (1) Make an adjust-

ment by "A" method for orbital parameters and unfixed ground station coordi-

nates. (2) For the case when purely geometric adjustment was already

carried out for satellite positions and ground station coordinates, take

advantage of this solution and modify it by using the method of constraints.

This is accomplished by adjustment programs, mentioned at the beginning.

For generated data all five steps are used consecutively. For real

data computations start at step (3) (i. e. , coefficients program).

It is possible to weigh all or part of the parameters (ground station

coordinates, orbital parameters, or satellite position coordinates). Also

constraints amoung ground stations may be incorporated and computations

carried out by the program mentioned in steps (5) and (6).

Over the period of the last several months the first four programs were

written while the adjustment programs had been written and tested before.

24



e

During many of the testing runs with generated data some difficulties

were encountered, first using the geometry alone. The observation equations

for range differences correspond to those of ranges when differen^.es between

the consecutive observation equations are made and used instead. This

amounts to a loss of information pertaining to absolute position of one satellite

position, say the first. To compensate for the loss of this vital information,

another kind of information is needed. If, for instance, the range from some

or all ground stations to the first satellite position is known (with certain

precision), the above-mentioned information is provided for and the system

is equivalent to the range case: actually the observation equations for ranges

may be restored knowing the observation equation for the first satellite

position and observation equations for the following range differences.

Another possibility is to have more ground stations fixed (or weighed)

than would be necessary for the range case. FaitAg to do this leads to ill-

conditioned systems invalidating all the results.

It is being currently examined how many such stations are needed and

what causes eventual ill-conditioning which appears to be more serious than

was foreseen. It has been found so far that the minimum number of known

ground stations in three-dimensional space yielding a valid solution in some

cases is 5, while in a plane it is 3. It also appears that for a valid solution

for unknown ground stations, the number of passes should be at least two (in

which case it would be best if they intersected in right angles).

It is proposed that the study of the range difference adjustment continue

so as to lead to a general conclusion and analysis pertaining to a minimum

number of known ground stations needed for the range difference model using

both geometric and short-arc modes, and analysis of the precision and applica-

tions of this model.
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2.5 Conversion of Existing Computer Programs

As mentioned in the last semiannual report, The Ohio State University

Computer Center has recently installed an IBM 360/75 computer. Although

the date of its removal is not decided, it is expected that OSU's 7094 computer

will be removed sometime in the next year. This means that all computer

programs written under this contract must be converted to the 360 operating

system and Fortran IV language. For programs that were originally written

in Fortran IV for the 7094 the conversion is not difficult. However, the programs

that were originally written in the SCATRAN language must be rewritten.

During this report period the program known as "optical program" was

rewritten for the 360/75. This program forms normal equations from

simultaneous satellite directions, such as furnished by BC-4, MOTS, and PC 1000

cameras. During the conversion, the features described in the last semiannual

report were incorporated into the program. In addition, the following features

were added to the data editing module to gain greater flexibility.

(1) The rejection test was modified so that a single observation can be

deleted from the event, and the rest of the event may be used. Previously

the whole event was deleted whenever a blunder was detected in the data.

(2) A rejection test based on the geometric quality of the individual

event was added. The need for a test of this kind became apparent during the

adjustments of the GEOS-I North American Optical Network described in section

2.1. This network contained five tracking stations, all employing different

cameras, located in close proximity at Jupiter, Florida. At times, events

made up only of observations from cameras at Jupiter appear in the data. Since

these events produce satellite position determinations that are geometrically

extremely weak, it is necessary to detect and delete them.

The new optical program was fully debugged during the report period and

is now operational.
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