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PREFACE
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Contract is adminigtered by the Office of University Affairs, NASA, Wash-
ington, 1. C., 20546,
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ABSTRACT

The Close Grid Geodynamic Measurement System is conceived as an
orbiting ranging device with a ground base grid of reflectors or fransponders
(spacing 1.0 to 30 km), which are projected to be of low cost (maintenance
free and unattended), and which will permit the saturation of a local area to
obtain data useful to monitor crustal movements in the San Andreas fault
zone,

This investigation includes a siation network of 75 siations covering an
ares between 36°N and 38°N latitudes, and 237°E and 239°E longitudes, with
roughly half of the stations on either side of the faults. In addition, the
simulation of crustal movements through the introduction of changes in the
relative positions between grid stations, weather effect for intervisibility
between satellite and station and loss of observations thereof, and compara-

tive evaluailon of various observational scheme/pattern have been critically
studied. -

The study considers laser radar as the main ranging system pending
final selection from many possible candidates and the ranges used have been
generated for standard deviations of 2 and 10 cm, The sateliite orbit is
inclined at 110° and slightly eccentric (e = 0.,04) with orbital altitudes varying
from 370 lam to 930 km. Geomefric and short arc modes are the two main
methods for handling ranges and solution/adjustment of the system,

The constant rate of crustal motion has been assumed as 3 em per year

both in latitudinal and longitudinal directions. No vertical motion is congid-
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ercd. Using ihis rale, two time epochs, to and iy ( =t, + 12 months) are

considercd to investigate motion recovery.

The results have been analyzed in two stages: (1) Recovery analysis in
terms of the differences between the actual and the recovered chords between
any two stations to selcct the most optimum design of experiment, (2} Staris-
tical analysis in terms of the convenlional « and B errors for the recovery
' of motion rate for the selected design of experiment.

The geometric mode with minimum of five grid and three dislant (fun-
damental) stations and mixed ranging to satellite and airplane seems to be
most promising. The fundamental stations are distinguished from the grid
station in their location and this location should be 'distani' enough from the
area of crustal movement so that they can be considered stationary over the
time span of the motion mvolved,

The recovery of molion rate for magnitude is quite straightforward,
while for direction each case may requirc consideration on its own merit,
The .tudy also recopnizes the sensitivity of the results/deductions obtained
thereof to any design of experiment associated with them. TFor the specified
sefup, fime interval betwecn two sels of station recovery for different motion

rate or ranging accuracies has also been suggesied.
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1. INTRODUCTION

1.1 Historical Background

This study is the continuation of a recent simulation study "Error
Analysis for the Proposed Close Grid Geodynamic Satellite Measurement
System (CLOGEOS)," jointly undertaken by the author [Mueller et al., 1975].
I may be quite appropr:ate here to include a brief historical background of
the problem which triggered the present experiment.

The scientific community has been for quite sometime actively engaged
in the detailed study of the San Andreas fault system because of its great im-
pact on the stability, growth and development of the surrounding areas n
California and Mexico. The fault system lies along the boundary between
the North American and the Pacific tectonic plates and comprises an extreme-
ly complex zone with relative slippages of varying rates of 1-6 cm per yvear,
and spasmodic sersmic activities [Drake et al., 1973].

The San Andreas '"break™ i the earth's crust 18 actually not one fault
but a system of faults, most ot which trend roughly northwest-southeast. The
prominent exceptions are the east-west transverse ranges and faults that
make up a band of some 150 km 1n width and extending inland between Los
Angeles and Santa Barbara. However, in simple terms, the San Andreas
fault system separates a northward-moving wedge of California, including
Los Angeles, from the rest of North America.

In its complex entirety, it would be misleading to think of the San
Andreas fault as an "igolated" mechanical system, or of the entire San Andreas
fault zone as a "single" system. There is evidence that the part of the fault
that lies mn northern California, which was activated earlier, has moved
farther than southern California, and may even be moving at a different rate

-~ a quite unlikely phenomenon sinee both these sections are consldered to be
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attached to the same Pacific plate. However, the compression in the trans-
verse ranges/faults may be attributed to this differential motion. Another
point of view is that all of the relative motion is not being taken up by the
San Andreas fault system alone but extends well inland.

The present understanding of the San Andreas fault system suggests
that at about 15 km depth the plates slip past one ancther fairly uniformly
aleng a steep contact [Savage and Buford, 1973), i.e., a condition of continu-
ous stable sliding may very well prevail at depth, as is evidenced by rather
uniform long-term displacement rates measured at the surface and by an
apparent absence of earthquake foci at depth greater than about 15 km. The

section north of Holhster (Figure 1-1) behaves as if the fault sur tfaces were

38°N
\ Mt.Diablo
San Francisco
Hollister
Mt. Toro
36°N -
w uJ
e °
Y 0
N ol

Figare 1-1. San Andreas Fault System in Central California

locked with strain accumulation in the vicinity of the fault system,



In the latter case where the fault surface behaves as '"locked, " Savage
and Buford [1973] have obtained a rough estimate that, to include 90% of the
relative motion, related measurements must extend across a belt of about
100 km on either side of the fault to span the zone of strain accumulation.

A review of some of the important current studies, both practical and
theoretical, on the San Andreas fault system and other closely associated
phenomena [Cox, 1968; Oliver et al., 1969; Scholz and Fitch, 1969; Savage
and Bulford, 1970; Anderson, 1971; Bird and Isacks, 1972; NOAA, 1973 ;
Savage and Bulford, 1973; Agreen and Smith, 1973; Scholz et al., 1973 ;
Turcotte and Spence, 1974; Rodgers, 1975; Brown, 1975; Pope, 1966} indicates
the following two main limitations which have all along been hampering a better
msight into the problem:

(a) lack of "continuous" data to monitor, analyze and study the crustal/plate
tectonics,

(b) lack of sufficient accuracy in the collected data vis-a~vis the order of
magnitude of the motions involved.

In the case of traditional geodetic monitoring, the data available mostly
consist of repeated surveys of triangulation, geodimeter or leveling networks
and direct measuremenis of fault creep, where one or both of the above limita-
tions are inherent, In addition, all such data have limited area coverage--
another obstacle that the measurements may not have extended sufficiently far
enough from the fault to include the entire strain accumulation zone in the
"locked" block-type section (s).

Thus, in cases where it may hecome necessary to extend the study of
relative motion over extensive areas beyond the actual fault to span the zone
of strain accumulation, the time span needed to provide such data coverage
becomes an important factor. The brevity of time span for observations ig
also essential to assume that the chserved stations do not move relatively dur-

ing that period.



The system investigated in this étudy is free of all the above limita-
tions. E provides accurate and continuously repeated measurements distri-
buted over wide areas on both sides of the fault. Thus it is envisaged as a
monitoring system which could register the time variant topography of the

area covered on a continuous basis.

1.2 Review of Previous Works

The studies [Blaha, 1971b; Tsimis, 1973] elaborate the principle of
multilateration and the report [Reilly et al., 1972] deals with the computer
program for the determination of three-dimensional station coordinates and
satellite ephemerides.

In another study [Escobal et al., 1973], making use ofa system of
six ground stations and one or two satellites with simultaneous slant ranges
between them, numerical results presented indicate that relative stalion
positions can be determined with an accuracy that is limited only by the hard-
ware measurement system.

However, inthe study mentioned earlier [Mueller et.al., 1975], the
Close Grid Geodynamic Measurement System (CLOGEOS) was originally con-
ceived as an active orbiting ranging device with ground base reflectors or
transponders in the San Andreas fault zone. & was envisaged that a grid of
these reflectors/transponders which are projected to be of low cost (passive,
maintenance free and unattended) will permit the saturation of a local area
(spacing 0.5-50 km) to obtain data useful for geodynamic and geodetic purposes.

In the above investigation a first attempt was made with a grid of nine
stations (Figure 1-2) with a spacing of five minutes of arc (A¢=9.3 km and
AN = 7.3 km) to get an insight on how maximum accuracy of relative station
position recovery can be achieved in a short time span, say three«o five days.

From the numerous possgible instrumental candidates, e.g., laser
radar, R¥ radar or a combination of both operating in a continuous wave or

pulse mode, providing ranges, range rates (Doppler) or range differences



# | #2 #3
- o ?—38°05'N

#4@ #5? #6@

(38° N,240° E)

9.3 km
*7 *8 *S 37° 55'N
@ 7.3km@- .
239°55"' 240°05'E

Figure 1-2. Nine-Station Configuration

{(integrated Doppler), this study was carried out only with laser ranges of
already feasible precision of 10 cm.

Two types of vehicles carrying the transmitter were considered: (1)
three active satellites at altitudes of 392, 657, and 1007 km with nea:rly
circular (e= 0.001) polar orbits --these altitudes were selected to avoid
periods commensurate with the earth's rotation with the intention to suppress
all possible resonances with the geopotential; (2) an airplane flying at an
altitude of 9 km-~these flights arranged from south to north.

With reference to Figure 1-2, if the ground stations and/or satellite
points happen to be in eritical configuration with each other, the golution for
the system will be singular even when the number of obgervations is sufficient
and the coordinate system is properly defined [Blaha, 1971bj. In practice,
the case of near singularity or ill~conditioning also affects the solution and
degenerates the recovery of the system when all the stationg and/or the
satellite points are near critical. In view of the above, the ellipsoidal height

differences (Ah) between the nine stations were investigated as a parameter
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for their eifect on system's recovery. Three cases, viz., A, B, and C with

Ah equal to 0, 100, and 1000 m were included in the study- (Figure 1-3).

#1 #2 #*3

Case A
Halght of stations

«abova alllpsoid—00m
#4

j%;_ ._._
o0
i
0

7

e e

O — e e e B - e = e

! i
| : |
| !
Pl |
|1 |
L]
| =100m
+j!\ [ % % h= 50m
Case B
- 1
| ! t i ; | I 1
‘ A
| {1 | S
{ A S T T
! R S UL T T
I 11 | L A T
I S S N
Lt o F h=1000m
P Jr o
I h= 500m
i i I i i
é CosaC

Figure 1~3. Diagrammatic Representation of Station Height
Separation [from Mueller et.al., 1975].

To define the origin and orientation of the system in the short arc
mode (see algorithm (2) of the following paragraph) and to distinguish them
from the nme grid stations, three distant stations were selected outgide the
griEl‘area and were referred to as ""Fundamental" stations in the study. As

.2 matter of convenience, these stations were located at future ground laser



station sites near San Diego and Quincy in California and near Bear Lake,
Utah [Smith et al., 1974]. Figure 1-4 shows the location of grid and funda-
mental stations inthe study. The broken line circles, which are marked U
and L, represent the general coverage of the satellite orbits with 1007 lom
(upper) and 392 km (lower) aliitudes respectively.

The ranges were simulated in two observational modes, simultaneous
and nonsimultaneous (or sequential) and were then utilized in two different
algorithms to compute relative positions of grid stations: (1) Geometric
adjustment which takes advantage of the simultaneity of the observations
leading to a very simple mathematical model but also involving degeneracies
of near critical configurations in local networks as opposed to global net-
works. The definition of origin and orientation was obtained through "inner"”
constraints [Blaha, 1971a]. (2) Short arc adjustment which does not require
simultaneous observations as of necessity and involve the bothersome critical
configurationa--however, in order to get stability in the sohitions, the three
distant fundamental stations had Lo be observed during each pass.

Since the range measurement system lacks coordinate definition,
especially in the geometric mode, the recovery of the relative positions was
expressed in terms of the estimable quantities, the lengths of the chords
between the grid stations (Figure 1-4) and the angles between the chords. The
recovery representation is in terms of absolute differences ( D

Ry
ed between the recovered and the true distances between the grid stations ™i"

)y comput-

and "j".

The geometric mode resulis indicated two possibilities to avoid the
above-mentioned critical configurations (see Table 1-1, line 1) : (1) Separate
gtations in height either by introducing some height differences Ah (Figure
1-3)}~-a possibility only in the case of accom modating local topography (see
Table 1-1, line 2), or by including into the observation-campaign the three
fundamental stations (see Table 1-1, line 4)--a stringent requirement of having

favorable weather conditions at four different sites,viz., grid area and three



STATION SEPARATION
NORTH-SOUTH 5's 9.3 KM
EAST-WEST 58 7.3KM
/ 45° N \
/ / £ BEAR LAKE (##11) \
! / QUINCY#12) 42°N,248°E )
] 40°N, 239°IE ¢4/ \ }
U SFR L ] i
\ ! I
\ - \JSAN DIEGO (4#10) raudt
T 33°N, 243°E o
", -.. x’
[ 30: _:-,.'-. :'
~o - .:: l."'\_ _.....‘:
— — -f — s 59“ .p
225° a 2 " Sigys ot
1 2‘?0 ‘ .
Tigure 1-4, Location of Grid and Fundamental Stations

[from Mueller ot al,, 1975]
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Table 1-1

Recovery of Station-to-Station Distances™

36 Distances Between 9 Grid Stationg, 500 Observations per Station
Accuracy of Range Measurements: o, =10 cm

No. of Height {lam) Percentages of Absolute Differences DR |
No. of
Lh Funda~ Maximum
Mode Grid .
) | stations mental | Safel- | Axr- 0-1cm|1-2 cm| 2-3 om| 34 em| >4 Maximum fem)
: Stations | 1lite | plane ¢ M pifference] R
Geometric| 0 9 0 1607 - 100 669 569
Geometric |1000 9 0 1007 —— 14 11 11 11 53 25 14
8 | Geometric| 0 9 1 | 1w007| - | 28 | 16 14 | 14 28 11 11
‘g Geometric| © 9 3 1007 | - 72 22 6 3
£ | Geometric] 0 9 0 3921 9 69 28 3 3 4
<
Short Arc 0 9 3 1007 - 22 28 14 14 22 T 7

Note: For a graphical representation see Figure 1-5.
* From [Mueller et al., 1975]




fundamental stations. (2) Separate the ranging devices in height which in
turn suggested the best (and most realistic) solution as the combination of an
airplane and a satellite (see Table 1-1, line 5) thereby eliminating the need
for fundamental stations. The only disadvantage of this mode is the instru-
mental problem related to the realization of simultaneous observations which
for lasers may be overwhelming.

Tn the case of short arc mode results (see Table 1-1, line 6), it 18
important to note that a pass of four to ten minutes in length n time for
sateilite altitudes between 400 to 1000 km 18 extremely short in duration of
time during which "expected" favorable weather conditions almost simultane-
ously at all four distant sites might be just as stringent a requirement ag 1n
the case of the geometric mode. TFurther, an improvement in ranging accur-
acy did not produce any significant difference in the system's recovery by
the short are mode.

Figure 1-5 shows a graphical representation of the results of the
study, both in the geometric and 1n the short arc modes. I summary, the
main conclusions of the study were the followmg:

(1) Ranging with o, = 10 em and 500 observations per station can recover

relative positions {(or chords) between grid stations well (0, = 4 cm

g

Ry

and |DR ‘:3 cm) for chord lengths varying from 7 km to 23 km mna
}

limited grid of nme stations,

/ o can be achieved with fewer than 500 chservations

(2) Unit efficiency O'R” .

{about 50).

(3) Expected improvements in the ranging accuracy {to 1-2 cm) and in the
corresponding precisiton makes the proposed system an excellent candi~
date for geodetic and geodynamic applications. .

(4) As far as the mode of operation is concerned for a laser system, the
trade-offs between the likelihood of having favorable weather conditions
at the distant fundamental stations in the case of the short are mode

(possibly with a single satellite and nonsimultaneous ranging) and the
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36 DISTANCES BETWEEN 9 GRID STATIONS. 500 0BS,/STAT.
ACCURACY OF RANGE MEASUREMENTS:crrﬂOem

® j MODE  |SmopunDIssat Il s TogRAM ‘—_l

. GeCcMETRIC! 9 | 0 Jioo?} - | —— —— | ‘

i " ol 1 fl007} - |~~~ P

i " g 0]|3s2je v o [ |

5 L r—l SHORTARG| 9 | 3 [1007] - | ceocmmmrssnns | |

] Pl

L | |

] | |

N | |

of 1| ||

g ||| | |

N | )

‘! || ||

a [ 1 ||

2 5+ l ' - I ,

I R |

gL L:E | | |
1

b 4 | |

T B T |

ﬂ R L1 I

-3785-65-55-45 -35 -25.15 -0505 15 25 35 4,5 55 6;5 6695

Differences D

B,y
Figure 1-5. Recovery of Btation-to-Station Distances
[from Mueller et al., 1375]
feasibility of overcoming problems in the geometric mode (satellite and
airplane with simultaneous ranging) need to be considered.
The questions and recommendations which the study raised for future
studies and investigationg were a8 tollows:

(1) At what stage do computational problems due to double precision arith-
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(2)

(3

(4)

()

(6)

M

metic start to dominate the ill-conditioning due to near critical config-
uration? Or, will guadruple precision arithmetic be able to cope with
problems in system's recovery arising from ill~conditioning due to near
critical configurations?

The grid station network should be extended to a large grid, and an
observational scheme/procedure for the same is recommended.

The case of very closely spaced (=1 km) grid system should be in-
vestigated.

In an extended network, actual changes in the relative positions of the
grid stations should be simulated and through successive recoveries
monitoring capabilities for these changes in relative positions studied
in the system.

A short investigation should be made into the correctness of the step
and iterative adjustment including any pitfalls [Pope, 1972] and the
computational accuracy of geometric mode algorithms.

Better algorithms for short arc adjustment should be devised to cater
for systematic effects at centimeter level, if necessary.

An optimum estimation procedure for station recovery might be a geo-
metric mode which takes advantage of orbital constraints which connect
the different (unknown)} gatellite positions, or, the reverse--a sghort

arc mode which makes use of (near) simultaneities between ohservations,

The present study was initiated to accommodate some of the above recommenda-

tions.

1.3 Brief Description of the Present Study

The current study also envisages an active ranging satellite. The

laser radar has been retained as the main measurement system pending

final selection from many possible candidates. The inclusion of airplane

flights is treated as a special case of low flying satellite.

The selected satellite orbit 18 inclined at 110° and is slightly eccentric

(e =0.04). With this orbit, satellite passes were generated in a mesh pattern
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over the grid area with perigee and apogee heights as 370 and 930 km respec-
tively. For low altitude ranges, the airplane flighis are arranged south to
rorth at 10 km height.

The present simulation includes 75 stations covering an area 36°N and
38° N Iatitudes and 237° E and 239° E longitudes, with station-to-station
distance varying from 5-30 km with roughly half of them on either side of the
faults. In addition to the choice of three fundamental stations at distant ground
laser station sites outside the grid area, two other possible locatiofls, viz.,
at the periphery and within the grid itself have been investigated. For densi-
fication of network and for the investigation of very closely spaced (=1 km)
grid, ten stations were replaced by a new set of ten stations at one-minute
spacing both in latitude and longitude.

The ranges generated were 1n two observational modes, simultaneous
and nonsimultaneous (or sequeniial). In case of simultaneous observations to
four or more stations, the geometric mode algorithm uses the satellite as the
common point for generating observations and ignores the fact that it moves
in the orbit., The other algorithm, the short arc mode, utilizes each observa-
tion individually thereby eliminating the need of simultaneity in cbservations.
The orbital constraints linking individual satellite positions become a part
of the algorithm and are made use of in obtaining a solution fowards recovery
of station positions.

In addition, this study sumulates various possible combinations of
observational paiterns and station groupings hoth for geometric and short arc
modes, the effect of weather on visibility, the effect of crustal motion by the
introduction of changes in the relative positions of the grid stations, the effect
of varying accuracy of the observed ranges, and analyzes their role/effect on
the results.

i may be quite appropriate to mention here that the success of this
study depended to a very large extent on the successful setting up of the Goddard
Trajectory Determimation Sysiem (GTDS) and Short Arc Geodetic Adjustment
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(SAGA) computer programs, on the suitable modifications of these two pro-

grams and The Ohio State University Geometric and Orbital (Adjustment)

Program (OSUGOP) as well. In addition, a new program for laser range

generation (LRGP) was written. In view of this, four appendices have been

added giving brief details about these programs and the modifications made

for the present investigation.

The main contribution of this study lies in the attempt to answer the

following questions:

A,

D,

How is the recovery of the relative positions (or chords) between grid
stations at an epoch of time affected by

a) the choice of fundamental stations

b) the number of grid stations simultaneously observed in an event
¢) the number of grid stations observed in a pass

d) the number of grid stations participating in any solution

e} the densification of network

f) the weather

g) the number of observations to station

h) the accuracy of ranging

i} the observations from airplanes?

What are the statistical aspects of station position and chord length
estimation ?

For the recovery of the motion at a given grid station,

a) what is the minimum time needed for a specified ranging accuracy
(say o= 2cm)

b) how does this mimimum necessary time depend on the ranging
accuracy ?

How are the specified motions of the plates recovered?

In brief, this study begins with detailed discussion in Chapter 2 of the

mathematical models, procedure of recovery and statistical analysis, and

details of data simulation. Chapter 3 includes the details of the experimental

setup of stations, weather effect and crustal motion modeling, and of different
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observational patterns. Following this, in Chapters 4 and 5 the information
about the various solutions performed and the results are reported. A

summary of main results and the conclusions thereof are included 1n Chapter 8.



2. MATHEMATICAL MODEL AND PROCEDURE OF RECOVERY

Out of the many possible candidates in measurement systems such as
laser radar, RF radar, or a combination of both operating in continuous wave
or pulse mode, this study again concentrates with the already feasible laser
precision of 10 em and expected precision of 2 c;rn [Byrns and Cooke, 1975},
This approach would allow the design of an optimum and operational drill now
with laser ranges and still permit adaptation of the same drill with suitable
modifications to any measurement system once the final choice 18 made at a
later stage.

As regards the recovery of the relative positions of the grid stations
and the velocity (or the differential position) vectors with the desired accuracy,
two most promising methods are the geometric and short arc modes--the first
involving the geometry of the system with its limiting critical degeneracies
and the second following the orbital restraints with its complexities of the force
model and equations of celestial mechanics. A brief and general description
of mathematical models for geometric and short arc modes has been included
here along with salient remarks/features pertaining to this study where appro-

priate,

2.1 Mathematical Model
(a) Geometric Mode
Following the treatment in [Krakiwsky and Pope, 1967 and [Mueller
et al., 1973], the geometry of a fopocentric range Ty from any ground station
Py (w5 vy5 w3 1=1,2,3,4...) to any satellite position Q] (uj s Vi W, 3 j=
1,2,3,4...) is given in Figure 2~1. Here, the coordinate system (earth fixed)
is oriented towards the Greenwich Mean Astronomical Meridian ( u-axis) and

the Conventional Infernational Origin (w-axis) ~- both as defined by the Bureau
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<«

Figure 2-1. Geometry for a Topocentric Range

International de 1'Heure (BIH)--while the v-axis forms a right handed system
with u and w, and with u defines the average gecdetic equator. Then, from

Figure 2-1, the following relation can be written:

Fiy = [ -w)f + (vy-v® + (wy-w)’1® - vy = 0 (2-1)

This basic mathematical model is solved through trigonometric com-
putations hased on simultaneous observations to or from a satellfe (or air-
plane) from or to four or more ground stations (at least six in the case of a
small network) [Blaha, 1971b; Escobal et al., 1973]. As the system extends
with the increase of "i" or "j", the model becomes overdetermined and the

unknown paramefers are then recovered through an adjustment.
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(b} Short Arc Mode
This mode of solution recognizes the fact that the satellite motion

through space can also be represented by a set of three second-order differ-
ential equations. K these satellite orbit arcs defining its motion are restrict-
ed to 10 - 30 minutes in time, many approximations, namely in gravitational
and nongravitational force models, are possible without jeopardizing the
accuracy. As the solution inthis mode does not involve geometry (inthe
same sense as geometric mode), this approach requires only nonsimultaneous
(sequential) ranges.

The solution to the above~mentioned sets of differential equations at

any assigned time (T) may be written m the following form

T —
3 = ; -t) % (2-2)
%) —tf (T-t) P at + (T-t) Xy * X4y

(o]

whereby requiring six arbitrary constants of mtegration. Inthe present case
the constants would be the position x to) and velocity §( t) vectors at epoch
time "t,", and the symbol F ) describes the force function of the system at
any arbitrary time """ during the flight.

In this mode, the computer program used in the present study 1s Short
Arc Geodetic Program (SAGA [Brown and Trotter, 1969], Appendix B) which
employs a power series solution to the equations of motion [Hartwell, 1968)
wherein each coefficient 18 formed in terms of its predecessors by means of
recursive algorithms. Thus if X,y,z denote the geocentric inertial coordinates
at any arbitrary time t relative to an adopted epoch t, , the power series solu-

tion is given as

1 0
x X a a1 8 ... a,| [t 1
y ¥ = |k bi by ... b |Ff 2t (2-3)
Z  Z ¢ G €1 Ca .. Cn : .

t*  nt""*
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The geocentric inertial coordinate sysiem is here defined as oriented
towards the mean vernal equinox (x-axis) and the mean north celestial pole
(z-axis) at some selected fundamental epoch. The y-axis forms a right handed
system with x and z-axes and with x-axis defines the mean celestial equator.

The coefficients in equation {2-3) are functions of nitial state vector

(Xt ; Sct , irt , %, ) and gravitational coefficients, Inthe program
0

o’ Yto’ %t o bo
the series is fruncated as the specified tolerance of 0.001 m is reached for
the maximum value of £ to be exercised for any given short arc. Ifiy 1s
taken near the mid-arec, the radius of convergence for each expansion is
sufficient to cater for ares as long as one-third of a revolution for a nearly
circular orbit. Keeping this in mind, the length of any arc in the current
study was always kept less than one-fifth of a revolution.

Ku,, v,, w, denote the earth-fixed coordinates of the center of mass,
SAGA uses variational equations to\relate errors in Xs Voo %y to errors in
adopted Uyand imitial state veclor at t,. The matrix of partial derivative
can then be represented as

(%, Yo % B
M oy Yor Ve X 2V 22 X 2T 0 5
0, 0, k] tc, to, [‘0’ %, to, to

mu m]_g e m]_B (2—4)
= Mg Men - Moo
ma Mgag “en Mag

where each clement 1s developed in the following polynomial form:

= 2
Ty (&, Oy, €, ..., Qs | T (2-5)

19



If the state vector at time t in an earth-fixed sysiem is denoted by

(U, '(.I), then

_ - r
u_, X
vy y
W} _ R 0 2
. (2-6)
v
i WJ- " i ZJ ¢
where the transformation matrix R and its derivative R are given as
cos wt sinwt 0
R = -sin Wt cos wt 0 (2-7)
0 0 1
—sin wt cos wi O
R = w j|-coswt -sinwt O (2-8)
0 0 0

where wrepresents the earth's rotational angular velocity.

From equations (2-7) and (2-4), the partial derivative matrix

can also be transformed to the earth-fixed system as

M = RM (2-9)
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Using now the values obtained in equations (2-3) and (2-6), the final

mathematical model then becomes

Tyy = f(uos VorWos Uis Vi Wi ) (2-10)

] ] ,"-,.’t
" Yh "t T T %

where u;, v;, w, are the earth-fixed coordinates of the ground station.

2.2 The Adjustment Scheme

2.2.1 Normal equations

(a) Geometric Mode
The mathematical model as given in equation (2-1) can be linearized
by Taylor series expansion about the preliminary values of the ground stations,
satellite positions and the observed ranges to obtan observational equation in
the following matrix form [Uotila, 1967]:
BV + AX + W =0 (2-11)

Here, corresponding to any observed range )

a ! t ]
Bn=*ﬁ=[0:“1i0]
ar“
oIy, ‘
Ay = —o—= = lay | -n
i) aufj, auc; [ 1) lJ]

- e} 0
Uy — U Vi - v wy - Wi
dy = T Iy iy

Xy = [dwy dvy dw, @ du; dvy dw,]

Wy = 1y (computed) - r}y (observed)

The superscript " o ' denotes the initial approximate values of the
quantities involved. The approximate satellite pogiftions (u? ’ vlo , w? ) for
any event are computed from a preliminary least squares adjustment for that
event with observing ground station positions (u? R vf’ s w?) held fixed. For

this purpose in the compuier, an approximate satellite height h is assumed and
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the computations iterated to obtain satellife positions. I was noticed that with
the assumed satellite height ( say, h =1000 km), the iteration failed to converge
for the airplane case while in the reverse assumption (h =10 km), the iteration

did converge in less than 20 iterations to the satellite positions.

]
]

compute the range r; from equation (2-1) to obtain the misclosure vector Wll .

The satellite positions (u? s Vo o, w;’) so computed are then used to

Also, in the present case the design matrix B becomes a negative unit matrix

[-1] and the residual matrix Vij then corresponds directly to the observed

ranges rihj

I P is the weight matrix for the observed ranges, then the variation

function € to be mmimizec{ 18 given as
\
® =V®v+)ﬂm&{2KmX—V+W) (2-12)
%
kY
where y
P, = weight matrix for gzi'ound stations X, and satellite positions X,
K = vector of correlates 8;‘ Lagrange multipliers

i

Afier enforcing the minimum condition for equation (2-12) and eliminat~
ing unknowns K and V, the expanded form o{ the equation for matrices A, P,

and Py, 1s as follows: ! "\‘

]

T LaT \ )
f’% a1y P1y gy T Py 21y Pyy Ay X

T
~845 D1y A4y

1
1
1
1
e e st et et o e e -
1
|
1
|
1

al +
? N 1Py ay Px, X,

LY

T
? 813 P1y Wey

it
o

et s b i i

(2-13)

T
‘? Q3 Diy Wyy
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The matrix M in the above equations is defined as:

0 singno - cosQen —cos@ysindo® - cos Ao &
- 8ing@e sinAom
-singe @ + cospn 0 COS(Pg COS A& —-SinA &
M= +singgcosAen
cosyg sin), & —COS (Do COS Ag &
+cosAoé +smAg €
+singqsinien -singgycos AN 0

where (0g, hos ho) are the geodetic coordinates of the initial point and
n, £, o are the respective rotations about the above three axes.
Further, the three rotationsm, £, & are related to the rotations €, P

and w of Bursa's and Molodensky's models as

o singg CcoS(Pp Sindg €8s Ap COS Qg w
= 0 CoSAg -sinXg © (3}
1 ~C 08 Pg singgsini, COS Ao 8in g €

Also, if EOLE'n and Ewa,b ¢ are the variance-covariance matrices in the two

cases, then the principle of propagaiion of errors gives

Eagn = GEwa,b . e (4)
where ) -
sing, cos@psini, COS Aq COS P
G = 0 cosS hg -sin\g
L—cosqoo singgsinig €08 Ap singe |

The above relations (3) and (4) would then supply independent rotational constraints

in Veis's model.
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As the satellite positions X; are only necessary "enroute" to the
final least squares adjustment for X, , these "nuisance' parameters are
elimmated from equation (2-13) to obtain the final normal equations for geo-

metric mode as

NX, + U = 0 (2-14)

Then, expanding the equation (2-14) for any kth ground stations, the

3 x 3 blocks in N and 3 x 1 blocks in U are as given as

t
3 X 3 diagonal block for k b station

N = (2-15)
= (? 5y Pyy Ayy) - )-33 aly Py ayy) (E; aly Pyy oy (afy Dy ag)d P
- . th . th )
Ny = 3 X 3 off-diagonal block for k™ station corresponding tol  station
= - L (e D ) (T 2 py ay) aly py ayl (2-16)
th .
Uy = 3 X 1blockfor k station

‘(}“:r 8y Dry Wieg) + 213 L@f; Dy wiy) (213 aly Puy a4y)” 21; @l py wiyl (2-17)

In the above equations (2-13) to (2-17), the ‘t? denotes the summation
over all ground stations involved in any event and }? over all events observed
observed by ground stations k and/or 1. Further, in equation (2-13), the
weight matrix le for satellite positions Xj is set equal to zero as there is
no independent external source to give a priori estimates for these positions.

(b} Short Arc Mode

Equation {2-10) is linearized by Taylor series as follows:

aru

o
I‘” = rid +
O (uUgs ¥os Wos U, Vi, Wy, to’y 1%,y X LV,

’fototufoto

X (Auc.g AV o AWO, Aui. A'J’;, AW_{' PR A.Zt_o).r (2"‘18)
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In the above equation, r] 18 the computed value of the range based
on the imit1ally assumed values of coordinates for center of mass for earth,

ground stations and given value of the state vector and can be given as

riy = (), (), e G ) )t (2-19)

where superscript " 0’ denotes assumed or approximate value of the unknown
to be obtained through adjustment. ¥ (@ ) , ?) , @) , @) ,
O (v'v]°} denotes the earth~fixed state vector of the satellite as deter-
mined from the integrator (equations (2-3) and (2-6) ) based on the approximate

state vector, then the partial der:ivatives of r, can be expressed as follows:

s} rij

= - [L(ua)o - (u)? /Yy, Lv)® - (v)® i/,
{w)° - (w)° }/1‘33] (2-20)

Oy, Vs Wy)

arid ari‘} ;
. —_———— M -
O (g, Vs Wos X ey B2) (g, Vi, Wy) {2-21)

ty’ t

where M’ is given by equation (2-9). Also, the approximate value of 1;; is

obtained as
(uy)°
(v, (2-22)

(Wy)°

0 arm
Tyy = =

¢ (111, vis Wy)

The ranges r,, 80 computed (corresponding to the observations) are

then used to form the discrepancy vector ¢« as

€ = ry (computed) - ry, (observed) (2-283)

24



and a least squares adjustment from the discrepancy vector ¢ gives a correct-
ed earth-fixed initial state vector at time to . This state vector transformed
to an inertial coordinate system * can then be used again in equation (2-3) to
iterate,

In general, the short arc programs are written to cater both for raw
data and preprocessed data. In cases where the observations have not been
preprocessed, a number of corrections, e.g., propagation delay, interstation
timing offset (or bias), tropospheric and ionospheric refraction, clock correct-
ion, frequency offset, ete., are taken into account depending upon the ranging
system used. Inthe present study, corrections not relevant for laser rangmg
system were suppressed by assuming extremely small variances (as input in
SAGA) instead of zero values. This procedure is possible as corrections

involved are also treated as parameters in SAGA.

2.2,2 Weight matrix

(2) Geometric Mode
Each of the topocentric range r,, from ground station t to satellite
position j was considered independent; and if 012, is the variance of the ob-
il

served range in meters squared, then the weight p. 18 given as
i)

prij ) 020 /021‘13 (2-24)
where 0'02 is the a priori varance of unit weight. Thus, this makes the weight
matrix P (equation (2-12) )} as diagonal containing all the independent weights
pril as i equation (2-24) above. Two values for O'r” » viz., 2 em and 10 em,
were used in this mode.

In order not to prefer any station or stations over any other station for

a "free" adjustment with inner constraint, no weights were assigned to ground
stations.

* The program SAGA also accepts itial state vector in earth-fixed system,
but then the iteration converges slower.



(b) Short Arc Mo@e
Table 2~1 shows the various standard deviations adopted for different

parameters for the short arc adjustment in the present study.

Table 2-1
Assumed Standard Deviation for Short Arc Adjustment
Assumed .
Unit Remarks
Parameter Standard Deviation

State Vector

(i) coordinate 100.0 m for each component
(ii) velocity 0.1 m/sec for each component
Observed Range 10.0 cm

The weight matrix P for observations in this case also contained only
diagonal terms. Other parameters like frequency bias, drift and offset,

refraction bias, clock synchronization, etc. were not considered.

2.2.3 Constraints

(a) Geometric Mcde

As the range measurements mherently define only the scale in a sys-
tem, the normal matrix equation (2-14) ) would still need origin and orienta-
tion to be defined. Inthe present study, the defimtions for origin and orienta~
tion were obtained through inner constraints [Rinner et al., 1969 ; Blaha,

1971a] which can be represented in matrix form as

CXy = 0 (2-25)

where
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c = Cori n
Corlentation

i I 1 I I 1

3X%x3 | 3X3 ! i E
T e e

0 o 0 0 .
am 0 W - Vl i 0 Wz - V2 { i E
|
=] (8] 0

-wi 0 u i ~Wa 0 3% i E E

I I ! i

V?. —ug 0 | vg ~us 0 i (

L ! 1 H 1

(2-26)

The number of 3 x 3 blocks in the equation (2-26) is the same as the ’
total number of unknown ground stations, and geometrically interpreting, the
inner constraints (for origin and orientation) adjust the system preserving the
mean position and mean orientation of the ground stations involved.

The resulting solution--where the trace of the variance-covariance
matrix (equation (2-28) ) for the unknowns would be minimum compared to
any other solution--is termed "free." Also, from equations (2-14) and (2-26),

the final normal equation takes the following form:

MR HR o

whence the a posteriori "weight coefficient” matrix @ for the unknown X

is given as [Blaha, 1971a)
Qx = n+c'icet* el t-ciect el = N (2-28)

where N + denotes the pseudo-inverse of the normal matrix N {Bjerhammar,
1973].

However, in order to investigate the recovery of motion at grid stations
(Question C, Section 1.3), the three distant ground laser stations were agsum-
ed stationary. In such cases, the geometric mode sclution was obtained by

constraining the coordinates of these distant staiions and holding them as fixed.
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(b) Short Arc Mode

In this mode, despite the dynamical constraints inherent in the short
arc model, the system still needs origin and orientation definitions for stability
purposes. One of the ways to achieve such a definition is to constrain any six
coordinates between three "distant" fundamental stations in the system.

In the preliminary investigation {Table 5.3-2, Mueller et al., 1975],
it was found that these three fundamental. stations must be observed in all the
satellite passes which are included for solution--failing which the system's
recovery of relative positions between ground stations shows rapid decrease
in aceuracy, )

In the present investigation as an experiment, three fundamental stations
were moved "closer' to the station grid itself to abate the influence of unfavor-
able weather conditions. To achieve this, the solutions in short arc mode
were also run with the three fundamental stations as part of the grid where the

average distance between fundamental stations ig only 80 to 250 km as compared

with 1000 km in an earlier study [Mueller et al., 1975].

2.2.4 Critical configuration and estimable quantities

In the present experiment the effects of limiting critical degeneracies

of the geometric mode [Blaha, 1971b] have been reduced or eliminated by

(iy the extension of the station grid to 75 stations spread over a larger area
with differential heights of up to 1555 meters as topographically permitted
i central California,
(ii} the suifable observational patterns or station grouping observed in any
event,
(iia) the selection of an elliptic satellite orbit varying in height from 370 -
930 km.
The above experimental destgn has shown significant improvement m
the recovery of relative positions even in cases where no fundamental stations

and/or airplane observations are included (Section 1.2, Table 1-1).

28



i has been discussed carlier (Section 2.2.3) that o ranging system
when solved in a geometric mode yields a design matrix A which is less than
full columnu rank due to lack of origin and orientation definition. However, a
least squares solution using pseudo-inverse gives a unique solution (minimiz-

ing both VTPV and X'X) of equation (2-14) as

Xy = -N U (2~29)

In such cases, one method of computing pseudo-1averse |Bjerhammar,
1973] is Lo border tho singuli matrix N (~ N A) by columns and/or rows
which are orithogonal to a1l columns and/or rows of the matrix N, i.e., the
method of applying inner constraints as shown in equation (2-27). Grafarend
and Schaffrin {1974] have shown that m such solutions through pseudo-inverses,

the solution vector X, does not satisfy the relation

E
(}{I) ?é XT (2_30)
where E(X, ) denotes the expected value of X, and X; thetrue value. In
other words, the vector X, does not yield estimable guantities.
H any transformation matrix R satisfies the following necessary and

sufficient condition [Rao, 1973]

R{I - (A'A) (ATA)} = 0 (2-31)

then the vector X; (=RX,} 18 a vector of estimable quantities. Further, apply-
ing the principle of propagation of errors [Uotila, 1967], the variance-covari-

ance matrix of X{ is given as follows:
Z,,=RI,_ R = RN)HER (2-32)

if the a posteriori variance of unit weight (3'(,2 ) is equal to 1.
Thus, inthe geometric "iree" solutions for ranging system through

inner coustraints (as investigated in the present study), two such estimable
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quantities, obtainable from nonestimable quantities X, , i.e., ground station

coordinates, are the station-to-station distances R,; and the angles 815

between stations, i, j (and k).

The chords R,, , angle &;, , Or and Oy are then obtainable
i ik

from the following relations:

kR
2 2 212
= 2-33
Ry {Axu * AYi; * AZiJ ; ( )
- 1 -
8 = cos [{AxiijJk +%UAYJ5: + AZ;JAZJ;:}/R“RJ“ {2-34)
2 ?
=G Z, G 2--35)
Ry Xy, (
2 = ’ 2-36
Oiauk H EXiJkH ( )
where
X, = X4,¥s,21--reciangular coordinates of station ™"
Axij = Xy “XJ
By, =TT
7y = By -y
1
25{1 % z%(ﬂ(j
G_EXJXt : EXJ 6
%, EX!.X.} E X X,

______ —_——— e ——

I
1
! I
1
Z:X“k = EXin E EXJ i E)(J)(k
1
1

i
]
EXkX3= sz Q




G - |3By B3Ry SRy 3Ry SRy SRy
9%y Jdy+ dzy 03Xy 0y, 97y

~ - raeijk 38 s 00y B8apn 0 1x
iaxi dyy 0%g Xy **t Juzy

Here, the typical partial derivatives in matrices G and H are given as

O R

2y

aXi = AXU/RIJ
SRy _ _9Ry
X, 9 Xy

aaijk _ Sin BiJk
6}:1 R%j de

{RUAXH - COs giJkRJkAXu}

00y _ Su; agk {Ryy Ry (2% ~ X3 — %) + cos fypx (RJE Ax“ + Ri? Axkj)]
JX; Re Rx

2.2.5 Recovery of velocity vector

In order to recover the velocity vector (Section 2.2, 3 (a) ) for any grid
station X,, Figure 2-2 shows a simple schematic diagram depicting the pro-
cedure followed in the present study.

Here, in Figure 2-2 the recovery scheme has been broken into two
main steps. First, at step IA and/or IB the recovery of station positions at
different time epochs; and second, at step II the geodetic monitoring of velocity
d{fk of crustal motion between two time epochs as explained in the following
paragraphs.

Let Xto represent the position vector for any grid station at any
arbitrarily chosen fime epocht,. Then, modeling (or simulating) the crustal

motion, subsequent grid station locations at the foliowmng time epochs separated
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Crustal motion
modeled by simu-
lating actual changesg
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between ground
stations at another
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X
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Monitor velocity vector
Ve = (X, - X,)/Aty for
different ranging accuracies
or. (3 distant laser stations
held fixed-~Section 2. 2. 3(a))

Figure 2-2

and Velocity Vectors
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by any time interval At, can be represented as th (k=1,2,3...) and the

time interval is then defined as
Atk = tk - tk"l (2_37)

Now, if the position vectors for any grid stations can be recovered at
any two successive time epochs, say t,_;and t, , then the velocity vector

_'i}k of the crustal motion at that station can be modeled as

.Vk _ th - th—l - AXk

(2-38)

It is evident here that in practice it may not always be possible to set
up the recovery procedure at "constant” time interval At. However, i the
present simulation study this time interval At was set up as constant with a
time interval of one year.

In the present investigation, step II was performed (with three distant
laser stations held fixed-~section 2,2.3 (a) ) at two epochs ty and t; (=ty+ 12
months) for 2 cm assumed standard deviation of laser ranging, The velocity

vector V, is then given as

Y, = & - X )/ A (2-39)

The 0‘; is then computed through error propagation [Uoctila, 1967] from the
1

following equation .

2 = a! 2~40
0V1 GZX ( )

where V; denotes the magnitude and

G = Y pv, oV, v, v oV
Oy, Ddyy DLy DX DYy 02

0 0 o
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Ly =

= (2~41)
bxtl v,
where 1
(x Ve (v, -y ) e (g, —2 )Y
(%, ™% 6T T T
V1 =
At,
"
The three direction cosines A, B, and C are:
A = (xtl - xto )/V:. (2-42)
B = (ytl " Yy y /vy (2-43)
C = (Zt]__ ztn)/‘.”1 (2-44)
Now
2 — r -
0 pe = HIH (2-45)
where A A SA oA " A o
DX oy 0z OX oYy, o}
t t t ty te b
H - >B B 0B B B B
DX [0)'4 0z OX oy i<}
t ty t ty t to
o C oC »C aC oC aC
[oh:s () [/} 3. [\ o4
B £, t t t, t, |




Tour typical partials in matrix H above are given as

- 2 _y2
DA {(xtl Xto) Vl }
- (2~46)
[o):4 3
tl v 1
*——DXA = - -—-—:}f (2-47)
t t
oA { (xtl- xto) (ytl- % )}
— = (2-48)
dy v3
tl 1
DA {x, - x)(z -2 )
T )
= (2~49)
3
bztl V1
2.2.6 Recovery and gtatistical analysis
ED denotes the difference between the estimable quantity chord

Ry
Ry, (obtainable from unbiased least squares estimator) and the actual Ry,

between two grid stations "i" and "j", then

A
- -R 2-50
DR“ Ryy 1) ( )
A
E(D, ) =ER; - Ryy)

A
and using equation (2-30),

= Ryy ~ By
=0

Thus, m a design of experiment the deviation of DR
1

ed value can be interpreted to mdicate the inherent limitations ot that experi-

from its expeci-



ment. These limitations themselves may be attributed to a particular source
{or combination thereof) like lack of randomness in observational error, model
deficiency, computational accuracy (obtainable through number of significant
digits retained), truncation errors etc.

The importance of any simulation study also depends on the statistical
analysis performed to determine and evaluate the chances for success (or
failure) of the experiment, as specified in the investigation. Any statistical

hypothesis leads itself to two alternatives and thus to two types of exror:

(@) When the hypothesis is true, it would be an error to reject it. This type
of error is called an ¢ error, where ¢ signifies some preassigned
chance of rejecting the hypothesis.

(b} When the hypothesis is not true, a mistake in accepting it is called a
B error.

Even though these two errors in any problem would not occur simul-
taneously, there is no way to defermme which error, it either, is likely to be
made. Controlling the chance of making the o error in any test, it would be
most advantageous to have the chance of rejecting it (il the hypothesis is not
true) to be as large as possible. This probability of rejectirig a hypothesis 1s
called the power of the test [Dixon and Massey, 1957] and 15 dencted 1n terms
of 1-8.

I may be pointed out here that declaring a hypothesis as not true
implies the existence of some knowledge of alternative situations. Inthe cur-
rent study, two such alternatives are whether any grid station in the fault
zone shows some evidence of crustal movement or not. The risk of rejecting
such evidence of any motion (when there has been an actual motion at any grid
station) would be an « error at preassigned significance level (say 0.05). On
the contrary, the chance of aceepting such evidence of motion (when there has
been no motion at all at the station) would mvolve a 8 error with an assigned

power 1-8 (say 0.80) or vice versa.
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Using the above specification for o inthe case of evidence of motion
at a grid station, a two-sided test of the hypothesis ,u:‘?l , the critical

region for any recovered velocity {f-k with its standard deviation 0‘—7 would
k

be given as

V-V V, -V
_ XY <-1.96 and X ! >1.96 _ (2-51)

g Vk g Vk
where V| 1s true mean or theoretical velocity tested for the validity of the
hypothesis at significance level o = ¢ 05,

In the situation that the station has moved with a different velocity, t.e,,

L=V +A\7 , the computed quantity

(V, + AV) -V,

O'{I'k

d = {2-52)
can be used to determine the power 1-8 of rejecting the above hypothesis
°w= \71 . Alternatively, the power 1-8 can be preassigned at a large value
(say 0.80), In such a ecase, from Table A-12b [Dixon and Massey, 1957} the
value of d for power 1-f egual to 0.80 is 2.802 (for degree of freedom > 36),
and this value can then be used to evaluate A\7 -- the limiting value at which
the hypothesis (equation 2-52} can be rejected at the preassigned power.
Similar test would apply for the case when any grid station shows evidence
of no motion 1n the fault zone.

In the above statistical analysis, the equality of variance-covariance

matrices at epoch t, and t; isinherently assumed. The hypothesis

-

H, : ZXZZX

of the p-dimensional normal populations N(y; , 0;) can be tested against the

alternative

H, : EXH-?-"' Ext
0

37



through a test as suggested by G.E.P. Box in 1950 [Winer, 1962].

2.3 Data Generation
In the earlier study (Section 1.2), the investigations were carried out

with three satellites in near circular ( e=0.001) polar orbits with altitudes
between 392 km and 1007 km. However, in the current study the separation
in vehicle heights was obtained by suitably selecting an eccentric (e==0.04)
orbit which more or less combined the altitude separation of the three orbits
of the earlier study into one orbit (Table 2-2).

Also in one of the observations it was found that the recovery of east-
west relative positions between grid stations (i.e., where the distance under
consideration lay more or less perpendicular to the polar orbit) showed an
abrupt deterioration compared to other chord disiances. To avoid such a
situation to happen again, the satellite orbit in the present case was also

modified to 110° melmation (Table 2-2} to produce a2 mesh-like coverage over

Table 2-2
Gencral ntormation for Satellile Orbit

Perigee Height 370 km
Apogee Height 930 km
Period 97 72 min
Inclination 110°
Eccentricity 0.04
Length of Long Arc 168 hrs
Available Short Arcs Over
the Designated Area 21
Observational Time Span Nov, 1, 1972 (0*30) to
Nov. 8, 1972 (0"0)
Geopotential Model GEM 6 (Degree and Order 15)
Atmospheric Density Model Modified Harris-Priester

the study area (Figure 2-3).
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Details of generated orbit, both long arc and short arcs, airplane flights,

simulation of ranges and associated precision and accuracy of generated ranges

are presented in the following sub-paragraphs:

Latitude (N) —

Study Area

70°~
26
—
o 20 Zea A0 s P
60°- } 24
Bey
%
50° /.‘744
40°
30°
20°

[ ’ ’. r f// { 3¢
210° 220° 230° 240° 250° 260° 270°

Longitude (E) ~—

Figure 2-3. Satellite Passos and Gencral Coveragoe
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2.3.1 Orbit setup
(1) Satellite Case

Table 2-2 and Figure 2-3 give the general information and the coverage
about the satellite orbit selected. The solid and broken lines show passes
from southeast to northwest and from northeast to southwest respectively.

To generate suitable short arcs over the selected study area with a
dense distribution of satellite points from where the grid stations can be ob-
served, the orbit generation was carried out in the following two steps.

A. Long arc. In view of the nonvisibility of the specified small study
area from most of the satellite orbit, long arc over 168 hours was used only
to select satellite positions in the complete arc where the satellite would be
able to observe for the first time the designated grid stations. This require-
ment allowed the generation of the long arc with relaxed specifications, viz.,
with a potential field of degree and order 8; integration step size of 300
seconds; no polar motion, drag and solar radiation; and sparse density of
satellite points every two minutes apart (in time).

The long arc was generated in True of Date (TOD) system using the
Goddard Trajectory Determination System (GTDS) program (Appendix A).

B. Short arcs. From the above long arc, the poriions were sorted
out when the satellite in each such portion was over the study area under con-
sideration. The "starting" satellite position coordinates for each over-pass
were then used as input info GTDS program to generate short arcs to the posi-
tions where the satellite would not be able to see the grid stations.

In generating these short arcs, all possible/permissible refinements
as available 1n GTDS, e.g., inclusion of the geopolential model GEM 6
[Lerch et al., 1974] up to degree and order 15, solar radiation and air drag
effects, polar motion, luni~golar perturbations, ete., were utilized to simu-
late the orbit as near to reality as possible.

An extremely dense distribution of satellite points ( At = 1.0 sec)

over the selected area were generated (Figure 2-3). In the present simula-
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tion only 21 passes were visible during a time frame of seven days, namely ,
4, 8, 9, 13, 16, 17, 21, 24, 25, 28, 31, 32, 35, 36, 39, 42, 44, 45, 48, 51,
and 52. These passes were then designated as (S) for reference purposes in
this report.

Further, the integration step size was also reduced to 1.0 sec in place
of default value of 24.0 sec used in GTDS so as to be compatible with the
desired density of satellite points and to increase the accuracy of the integrated
short arcs. All short arcs were generated in earth-fixed coordinate system.

In the present study it was noticed that the orbit generation program
GTDS (Appendix A) uses Atomic Time (UTC) in its orbit integration while the
input time for SAGA (Appendix B) is in Universal Time (UT1). Thus in order
to minimize the effect due to the difference between the above two inherited
time systems in the two main programs used in the present investigation, the
observational time span for orbit generation (Table 2-2) was selected in
November, 1972, when the time difference (UT1 - UTC) was mmimum, 1i.e.,
less than 12 msec [Bureau Inlernational de L'Heure (BIH), 1973].

(2) Airplane Case

For the airplane case (designated as A in this report), the coverage
was retained from south to north as in the earlier study and the approximate
longitudinal spacing between any two consecutive flights was 0.205. In all, 40
airplane flights were simulated. To cater for various densities of satellite
positions which may be needed in difterent solutions, the data points along the
airplane flights (A) were generated at 0?05 interval.

It may be pointed out here that the above satellite orbit and airplane
flights setup provided the short arcs (S) to lie either northeast-southwest ;)r
southeast-northwest configuration and the flights (A) in south-north direction
and thus this arrangement avoided the situalion when all the data was more or
less along north-south selup [Mueller et al., 1975]. Table 2-3 gives a few
important details about the satellite short arcs and airplane flights and density

of satellite/airplane positions along any arc or flight per second of time.
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Table 2-3

Generation Details for Short Ares/Flights and Satellite Positions

Type of Height of No. of Average Length of Densgity of
Short Ares/| Vehicle | Short Arcs/| Each Short Arc/ | Satellite Position

Flights (k) Flights Flight (in time) per second (in time)
Airplane (A) 10 40 30 sec 20
Satellite (S) 650" 21 15 min 1

11*3Lverage height--Refer Table 2-2 also.

2.3.2 Precision and gecuracy of generaled ranges

The ranges which have been utilized in the present experiment were

considered to be free of systematic errors and generated with a Gaussian

noise only.

N

I is reported that the next generation of satellite laser ranging system

IByrns and Cooke, 1975] 18 expected to be capable of ranging to low orbit and

synchreonous orbit satellites with 2 cm accuracy and precision. The above

accuracy, with system modifications, may also be possible in the time scale

of three to five years when the proposed satellite~borne ranging system

becomes operational.

This significant (and possible) improvement in accur-

acy of the system was taken into consideration while selecting the Gaussian

noise level for range generation. Two different noises at one sigma level,

viz., 2 cm and 10 em, have been utilized n this study.

2.4 Data Reduction and Computations

2.4,1 Adjustment of data

(a) Geometric Mode

The simulated ranges under this mode are processed event-wise by

The Ohio State University Geomelric and Orbital (Adjustment) Program

(OSUGOP) for Satellite Observations (Appendix C).
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The OSUGOP requires observations in grouping by events. BSince in
geometric mode the time of an cbservation does not enter the computations,
the time associated with an observation is used by the program to distinguish
two events, The computer program allows a deviation of 0. 0002 sec between
different observations in an event, Thus, as and when the time of a new obser-
vation differs more than 0.0002 sec from the time of the previous observation,
the program treats the new observation as part of the next eveni. In.the present
version of the program, an event is deleted whenever the number of stations
observed in the event is less than four.

As the coniribution Irom cach new evenl 18 computed, the requisite
blocks {equations (2~15), (2-16), and (2-17) ) are lormed and algebraically
added to the normal equation matrices N and U. At the end of observational
data, the contribution from the inner constraints (Section 2, 2.8) is taken into
account to obtain the final reduced normal equation.

(b) Short Arc Mode

In this mode of adjustment the simulated ranges are subjecied to adjust-
ment in Short Arc Geodetic Adjustment (SAGA) Program (Appendix B).

SAGA requires nonsimultaneous (sequential) range observations sorted
out for a subset of ground stations observed in any given pass. At the same
time when data is being read, appropriate constraints on ground station coord-
inates, siate vector and other ciror model terms, as applicable for the problem
under consideration, are also exercised. With remnitializaiion ot error model
coefficients, each observed station from the subset can introduce as many as
seventeen new parameters peculiar to any pass--a patterned system of normal
equations which grows in dimension both with the number of passes processed
and number of parameters exercised on each pass.

In view of the above, SAGA employs second-order partitioned regress-
ion [Brown and Trotter, 1969] which then allows processing of an arbitrarily
large number of passes. In this method, the parameters are arranged in the

lform :
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(a) parameters common to solution (N),
(b) parameters common to different passes (I;Ii ,i=1,2,..., n), and

(c) parameters pertaining to any particular pass (N, j=1,2, ...,

m) where n and m denote the number of passes and the number of parameters
in any pass respectively.

Parameters Relaled to Passes

u}
o
3% m o @
[T g % % 3
g § g‘ o oy oY
“ = - o ]
£33 g ; :
n
Z Ny N M, Nz N Nea N3 Na
i=1 pass no.1
N; N: Nig Niz
=1 . -
Nl}_ N_‘:_'!. N11
N Niz Mo
pass no.z
No Ng Npy
L Na | Na
pass no.s
—1 } ” — (i=3)
Ns NS Na]_
"I T -
Ll Naj, Nay

Figure 2-4. Second-Order Partitioned Regression Setup for
Normal Matrix N (Arranged Pass-wise)

This order of arrangement of parameters then gives rise to 2 normal
matrix of the form shown in Figure 2-4. If the normal matrix N is rearranged

for three groups of parameters, then the setup would look as given 1n Figure
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2-5. Then, the arrangement in Figure 2-5 for a second-order system takes

the form of double application of the reduction of a first-order system.

5 2
4;9) 8 o
2 E
§ g = Parameters Common to Parameters Related to
AODR Varicus Passes Different Passes
B - - ¥ o
2 Ny Ny Na N» Ny, N1 Nes Naa
1=1
ﬁl N;L Nll
N3 Nz Nao
N.'Ts N3 l-qsa
N N,
N1y Np N
N Neo
Nis Nas

Figure 2-5 Second-Order Partitioned Regression Setup for Normal
Matrix N (Arranged Parameter-wise)
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3. EXPERIMENTAL SETUP

3.1 Selection of Stations
3.1.1 Grid stations

A grid of 75 stations was laid over the San Andreas and Calaveras
Faults in central California running about 75 km northwest and southeast of
the junction of these faults located east of Monterey, California (Figure 3-1).

The grid points were located al existing geological survey stations of
the National Center for Rarthquake Research (NCER) wherever possible,
while attempting to maintain a station separation of 5 -30 km maximum with
roughly half of them on either side of the faults. A somewhat more dense
network of stations has been located around the fault mtersection east of
Monterey for cobvious reasons. The fault lines are shown in gross locations
since the intricate structure 15 not required for this experiment,

When it was necessary to add new stations, an attempt was made to
locate them conveniently at points that were readily definable in terms of
latitude, longitude, and elevation while ensuring that opposing stations are
far enough removed so as to be decidedly on opposite sides of a particular
fault but close enough to the fault to register the desired relative crustal
motion.

In order to study the capability of an active satellite-borne measure-
ment system 1n recovering the relative position in an extremely dense network,
stations 1021 to 1030 were replaced by an "alternate' grid of one~-minute inter-
val in latitude and longitude (Figure 3-1, insert) while retaining all other 68
stations at therr original locafions.

Table 3-1 is a tabulation of the grid points with numerals refering to

an arbitrary numbering system. Stations identifled by a thres-letter code or
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Figure 3-1 Crid and Fundamontal Stations Layout
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Table 3-1
Geodetic Coordinates of the 75~Station Grid and 3 Laser Stations’

at Epoch tg
(Ellipsoidal Parameters?: a = 6378142 .0 m, 1/f =298.25)

Stat Geodetic Coordinales Ciustal
a1on Station Name Motion
No. Latifude Longitude Height(m) | Zone®

1001 STN NO. 1001 36°10° u5J200/] 239° 9/ aplzao 1040 1
1002 LOR 36 14 47.400] 238 57 27.000 308.0 ur
1003 GEOD 36 18 45.000| 239 10 30.000 1367.0 1
1004 STN NO. 1004 36 23 45.000] 238 55 3D.000 305.0 184
1005 STN NO. 1005 36 25 0.0 239 1  12.000 8320 ¥
1006 GEOO 36 24 54.,000( 238 48 1£.000 1007.0 ul
L1007 BEN 36 30 36.,000| 238 S5 28.200 NN I
1008 STN NO. 1098 36 30 30.000| 238 45 544000 7570 nl
1009 JHC 36 32 49.200| 238 35 2%.200 2070 n:
1010 BVL 36 34 30.600) 238 48 39.4600 51040 ni
1011 BGM 36 35 28,800} 238 58 28.800 1217.0 I
1012 STN  NO. 1012 36 35  6.000] 230 43  15.000 91440 ur
1013 STN NO. 1013 36 36 S54.000) 238 52 30.000 60740 1
1014 SYN NO. 1014 36 36 45.000] 238 34 6.000 £07.0 m
1015 EMM 36 39 40.800( 233 S4 144400 4BB.0 1
1016 EXR 36 39 52.800| 238 49 33,000 34240 1
1017 LR 36 39 57.600| 238 43 30.400 232.0 1
1018 STN NO. 1018 36 41 45,000 238 35 48.000 1003.0 1
1019 SRS 36 40  6.600] 230 28 S2.200 35940 m
1020 CNR 36 42 33,000} 238 39 24.000 305.0 o1
1021 GLoo 36 44 42.000f 238 46 45.000 27,0 1
1022 STN WO 1022 36 44 48,000] 238 40 30.000 2570 1
1023 FRP 36 45 13,200 238 30 34.200 10540 i
1024 $J6 36 47 524800 238 25 34,200 171.0 m
1025 STN NO. 1025 36 48 15,000| 238 32 0.0 305.0 O
1026 QsRr 36 50 14200 238 47 144400 536.0 1
1027 LTR 36 53 44200 238 41 30.600 183.0 1
1028 DIL 36 S0 T7.200f 238 21 33.400 204.0 o
1029 STN ND. 1029 36 54 24,000 238 28 30,000 361.0 i
1030 STN NOe. 1030 36 55 4.000[ 238 17 59.200 151.0 uy
1031 PLY 36 58 37.200] 238 10 4.200 158.0 o
1032 CHR 36 57 27.600| 238 24 59.400 24140 o
1033 FEL 36 55 0.0 238 35 54.600 121.0 1
1034 STN NO. 1034 37 2 36.000| 238 2 15.000 973.0 I
1035 STN N0« 1035 37 1 584800 238 20  4.600 11.0 n
1036 GHS 37 5 45.000) 238 33 10.200 71840 1

YRefer Section 1.2,
2 [Museller et al., 1973]
® Refer Figura 3-2,
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Table 3-1 (cont'd)

Station Geodetic Coordlnates Crusatal
N Station Name Motion
o Latitude Longltudo Holght (n) | Zone®
1037 CBO 37° &' 42.600 | 238°18' 400200 192.0 n
1038 RCY 37 9 37.200 | 237 58 25.800 66040 I
1039 ALM 37 9 30.000 [ 238 9 10.B800 24640 I
1040 CRC 37 14 30.009 | 237 52 10.800 607.0 hits
1041 STH  NO. 1041 37 13 4B.800 | 238 2 %l.200 0.0 n
1042 STN NO. 1042 37 13 264.000 | 238 24  4B.000 610.0 I
1043 CoE 37 15 27.600 ]| 238 19 39.000 36640 I
1044 sVC 37T 17 6.600 1 238 13 39.000 12840 1
1045 STN NOe. 1045 37 19 5.500] 238 8 21.300 45640 1
1046 GEOD 317 20 4B.000 ) 238 22 0.0 121940 1
1047 STJ 37 20 1.800 1 237 54 31.200 122.0 i
1048 BGH 37 20 314200 | 237 39 39.600 158.0 i1
1049 SFT 37 24 19.800 | 237 49 27.000 14340 I
1050 STN NO, 1050 37 25 1B.000 | 237 38 42.000 641.0 I
1051 STN NG« 10%1 37 27 48.0090 237 43 6.000 6l1.0 1
1052 STN NO. 1052 37 31 42.000 | 237 31  5.000 132.0 11
1053 SAC 37 34 S57.000 | 237 34 58,200 207.0 o
1054 STN NO. 1054 37 25 49.900} 238 2 1T7.700 200.0 n
1055 STN NO. 1058 37 22 464600 | 238 11 12.400 1555.0 big
1056 STMN  NO. 1056 37 256 184000 | 238 18 0.0 120440 1
1057 M5J 37 31 15.900 238 T 46200 49840 I
1058 STM NO. 1058 37 33 58,600 | 238 13 0.0 17.0 1
1059 MNR 37 35 40.800 | 238 21 464800 50040 I
1040 CYH 37 33 32.400 | 237 54 22.800 38,0 II
1061 PAL 37 37 52.800 § 238 2 34.800 46340 1
1062 STN N0l 1062 37 39 55.500 | 238 9 30.500 123.0 1
1063 CSH 37 38 52.800 | 237 57 25.80Q0 17040 It
1064 LCH 37 44 16.800 ] 237 56 10.200 312.0 I
1065 MOR 37 48 40.800 | 238 11 45.000 792.0 1
1066 MDC 37 52 54.000 | 2338 %5  9.000 1173.0 1
1067 BIL 37 48 584200 | 237 56 16.800 510.0 I
1068 MIL A7 46 52.800 | 237 49 2T.000 0.0 II
1069 SFR 37 47 16.800 | 237 36 37.800 B.0 It
1070 BHR 37 55 27.000 | 237 53 36.000 221.0 In
1071 STH NO. 1071 37 57 0.0 237 59 24.000 3113.0 i
1072 STN NO. 1072 37 41 0.0 237 50 0.0 6e0 I
1073 STN  NO. 1073 36 10 0.0 239 20 0.0 D0 I
1074 STN NO. 1074 37 35 0.0 237 30 0.0 0.0 143
1075 STN N0« 10T% 38 5 0.0 738 0 0.0 0.0 1
1076 STN  J{0. 1076 33 0 0.0 243 0 0.0 0.0
1077 STN NO. 1077 42 0 0.0 248 0 0.0 0.0
1078 STN NO. 1078 40 0 0.0 239 0 0.0 0.0

ORIGINAL PAGE IS
OF POOR QUALITY
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labelled "Geod" are existing National Center for Earthquake Research (NCER)
seismograph and geodimeter stations respectively [Greensfelder, 1972; Bufe
et al., 1975]. Those points with identification "Station No. ...'" are nonexisgt-
ing new stations which have been added to the grid. This table also contains
the coordinates of the three distant ground laser station sites at San Diego,

Bear Lake, and Quincy (Section 1.2) numbered from 1076 through 1078,

3.1.2 Fundamental stations

In the earlier study (Section 1.2) the importance and necessity of three
distant "fundamental” stations outside the nine-station grid area was established
for ineclusion in the system.

However, as the present simulation extends over a large area (Figure
3-1), it was felt that it may be possible to select fundamental stations from
the grid itself. Thus, three alternate methods of selecting fundamental stations

were chosen:

(a) Laser Fundamental Stations (LFS)--In this choice the three distant ground
laser stations (Nos. 1076, 1077, 1078) were retained at their original sites
as used m the preliminary study (Figure 1-4). The locations of these
fundamental stations are shown by the symbol B in Figure 3-1and to
accommodate them n the figure their positional plotting is not to scale.

(b} Peripheral Fundamental Stations (PFS)~-In this case three grid stations
(Nos. 1073, 1074, and 1075) were selected at the periphery of the area
covered by the station grid under consideration. These stations are shown
by the symbol B 1n Figure 3-1.

(c) Grid Fundamental Stations (GI'§~--Here three grid stalions (Nos. 1020, 1034,
and 1059) were selected within the grid suitably located at the three vertices
of 2 more or less equilateral trianple. These stations are shown by the

symbol @ in Figure 3~1.

i may be noted here that the likelihood of having more or less favor-

able weather conditions at three PFS and the 72 grid station(s) might be just as
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stringent (with the increase 1n the area covered by the grid) as in the former

case of three "distant” LFS and nine grid station(s) (Section 1.2).

3.2 Crustal Motion Simulation

A number of papers on crustal motion in the San Andreas fault zone
are avallable [Whitten, 1967a and b; Whitten, 1973; Holdahl, 1973; Greens-
felder, 1972; Savage and Buford, 1970 and 1973; Meade, 1871 and 1973;

Scholz et al., 1969; Turcotte and Spence, 1974; Rodgexs, 1975; Brown, 1975]
assigning either a linear or noniinear model with respect to time or various
drift rates in the area. However, for this study the crustal motion was modeled
in the fault zone through a constant drift rate by creating changes in the rela-
tive positions of the grid stations.

Thus, for this purpose the area was subdivided into three sections
(Figure 3-~2) and the arcas associnted with individual gr1d stations are indicated
in column 6 of Table 3-1. "The stations in area I, east of Calaveras fault,
were considered to be moving 1n a southeasterly direction with an annual rate
of -1 marcsec in latitude and 1 marcsec in longitude. The stations in area II,
between Calaveras and San Andreas faults, were assumed to be stationary,
while stations in area III, west of San Andreas fault, were considered to be
moving in a northwesterly direction with an annual rate of 1 maresec in latitude
and -1 marcsec n longitude. The above rate of motion represents about 3 em
per year drift in latifudinal and longitudinal directions or about 4 em total hori-
zontal motion per year. The station positions at epochs t, and t) (=t + 12 mms.)

were designated as CM00 and CM12 for reference purposes in this report.

3.3 Weather Effect Modehng

To simulate weather effects for landmarks or grid stations on a satellite
pasg over the area, the requirements placed upon any active satellite ranging
gystem for a sighting of specific landmark(s) will result in one of two possible
events:
(1) I the sighting is successful, then the ranging system continues with a pre-

scribed sighting procedure, and
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Figure 3-2. Simplified Crustal Motion Pattern

(2) K the sighting 18 unsuccessful, because of weather obscuring the landmark,

the system reorients the sighting mechanism for a try on the next landmark.

These events, consisting of a group of sightings for the geometric mode
or mdividual sightings for the short arc mode, would require a different but
predictable amount of time. In the present state of operation of a laser system,
each landmark secanning may take as small as 1 msec of "dwell" time allowing
an acquisition out to 150 km [Wyman, 1970;personal communication, 1975].
During this time of acquisilion and sighting, the spacecraft will have traveled
over a certain distance along its orbit, and may have passed over a certain
number of other landmarks, especially in a close and dense network, that
cannot be used.
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In studying the cloud cover distributions and adverse weather effects in
the current investigation, two extensive simulation studies [Sheer et al., 1968;
Daniels, 1973] were utilized. In the study [Sherr et al., 1968], the following

questions were investigated:

(i) How many passes are required to give a probability of 95%
(or some other level) of at least one clear pass over an area
of about 500 km x 500 km ?

(ii) If the number of passes required fo reasonably assure one
clear pass is excessive, what is the amount of pieced-
together coverage expected in N passes ?

{iii} How many passes are required) to give a 90% { or some
other level) probability that at least 90% (or some other
fraction) of the area can be photographed ?

To answer the above questions the study [Sherr et al., 1968} assumes
that the cloud coverage is "randomly' gscattered and probability distribution of
piece-wise sighting (which includes Lotal sighting) is a function of the number
of passes of any satelhite. In a simulation study covering an area of about
500 km x 500 lom which assumes that favorable total sighting occurs every
three days and in which the cloud distribution for the study area was generated
from the spatial data, a number as an answer to question (1) above was that 28
passes must be programmed Lo provide 95% probability of encountermg clear
skies.,

Further, Table 3-2 and Figure 3-3, reproduced from the above-quoted
study, show the estimate of most probable coverage and probability of photo-
graphing a given percentage of the above-quoted target area respectively.

In the more recent study [Brown and Jayroe, 1973] carried out over a
comparatively more cloudy section of the earth, the results obtained were
more conservative., The results ave made available 1n the following two forms.

TFirst, the satellite pass numbcer and the probability of success were considered
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Figure 3-3. Probability of Photographing a Given
Percentage of a Target Area [Sherr
et al., 1968]
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variable with the suceessful sighting of the required percentage coverage of

the target area fixed. The plot in Figure 3-4 taken from this study gives the

CUMULATIVE PERCENTAGE FREQUENCY

g T —T
0 5 10 15

NUMBER OF SATELLITE PASSES

Figure 3-4. Probability ol 95% Photographic Coverage of
Target Area [Brown and Jayroe, 1973]

probability of success versus the pass number, if 95% sighting coverage of

the target area is needed, and shows that there 15 a 60% chance of sighting
95% target area in six satellite passes,

Second, the pass number is [ixed while the percentage coverage of
area sighted and the chance of success are treated variables. The plot in
Figure 3-5 shows that after eight satellite passes there is a 60% chance of
sighting 90% of the target area. Further, based on the statistics obtained
from three study areas [Brown and Jayroe, 1973], 21 passes are required to
be 95% confident of acquiring 35% of the target area (Figure 3-8). Figure
3-7 indicates that after ten passes there is 90% chance of covering 76% of
ihe target area.

Compared to the area mvestigated by Brown and Jayroe [1973], the

Fault area in the present study is comparatively "cloud free' [Sherr et al.,
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Figure 3-5 Photographic Coverage of Target Area After Eight
Satellite Passes [Brown and Jayroe, 1973]
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1968]. This would imply that here the above statistical figures would be on
the conservative side.

In addition, the study [Sherr et al., 1968] assigned a probability of
sighting a landmark in a region depending upon the amount of cloudiness
generally prevailing in that region. To achieve this, the clouds were classi-
fied in four groups, from clear in group 1 to mostly cloudy in group 4. For
group 1 the probability of sighting a landmark was 95% which was decreased
to 4% in group 4.

From the above perusal, 1t was assumed in the present mmvestigation
that 21 satellite passes would be sufficient for simulating the required data to
cover the study area. To model the weather effect and study the resulting
pattern with respect to visibility of a station from the satellite, the following

procedure was adopted:

(a) The visibility from the satellite (or the participation of any station in
any observation) is determined through a probanlity factor (PF).

{b) PF= 1 for any station signifies the participation of that station in any
observation.

(¢} PF < 1 for any station signifiesthat that station may or may not be able

to participate in any observation.

In case (c), the computer generates a uniformly distributed random real
number between 0.0 and 1.0 for each station siglting and if this random
number is less than an assigned PF for the station, the observation is generated
and the sighting is considered successful. Otherwise, the station is ignored
and the cycle is continued with the next station.

The above procedure is no doubi more simplified than real nature.
However it still can serve the purpose of randomly omitting station(s) in any
given observational scheme/pattern for weather effect. The present method

resulted in about 10% loss of obscrvations,



3.4 Observation Pattern or Sfation Grouping

3.4.1 Geometric mode

A. Station Grouping with Fundamental Stations
(1) With peripheral fundamental stations (PFS). In this scheme the

stations were grouped with a maximum of twelve observed (illuminated) by
the satellite in any simultaneous event, but the group always included the
PFS stations Nos. 1073, 1074, and 1075. Here, if the weather effect model
is included, any event will involve the three PFS and a minimum of three
other stations.

This group serves as a ""standard" of comparison with other observa-
tional patterns.

(2) With grid fundamental stations (GFS). This groupmg 18 the same

as above except that the GFS Nos. 1020, 1034, and 1059 replace the three
PFS. The total number of stations (including the three GFS's) "illuminated"
by one event under this scheme was reduced, as a first alternative, to eight
or nine and also made flexible as compared to Mode 1.

(3) With lager fundamental stations (L¥S). This scheme is identical

to {2) above except three LFS's Nos. 1076, 1077, and 1078 are now treated
as fundamental stations. Stations Nos. 1021, 1031, and 1041 are excluded to
keep the total number fixed at 75.

B. Station Grouping Without Fundamental Stations

(1) Stations in groups ol eight or nine. In this scheme as the satellite

reaches a prespecified elevation angle, the observational scheme 1nvolves

eight or nine grid stations observed simultanecusly (Figure 3-8). Two success-
ive events are designed to have [our or more common stations in an overlapping
(leapfrogging) fashion.

(2) Siations in groups of six. This scheme differs from the previous

one in that in any two successive events only four stations form the link. The
total stations observed simullanecusly in any event is also reduced to six

(Figure 3-9).



Event(j+) _ Event (j+2)

Figure 3~8. Stations in Groups of Eight or Nine

(8) Stations in groups of four. As a next alternative thigs scheme

envisages the start of an observational sequence with a group of only four
stations. Then from each group of four stations, two stations are dropped
and two new stations are included so that in any two successive events two
stations will always be common (Figure 3-10)

(4) Stations in fixed regional grouping (FRG). The design for this

scheme became necessary for the simulation of observations in an airplane
case (Section 2.3.1). Due to the close proximity of the airplane flights to
the ground (h = 10 km), the total number of 75 stations were grouped in
eleven regions (Figure 3-11) with each section having some common gtations

with the adjoining section. Maximum number of stations in any section was
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Event (j+2)
Event (j+1)

Figure 3-9. Sations in Groups of Six

restricted to nine. This regional grouping for airplane flights (A) has been

termed as FRG for reference purposes 1n subsequent sections of this report.

3.4.2 Short arc mode

In this mode, the two main approaches were either to tackle the
complete grid of 75 stations as one entity or to try to break up the full grid
into two or more regional configurations.

The first approach was subdivided 1nto two aliernatives: (a) when all
stations are observed by the satellite along all the passes, (b) when all the
stations are ohserved by the satellite but not in all the passes.

For the secend alternative, while conducting the earlier study [Mueller
et al., 1975], it was found that the participation of all the grid stations in

each pass is not so critieal as the participation of the three fundamental
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Event (i+2)

Event (j+)

Figure 3-10. Stations in Groups of Four

stations and that the recovery starts deteriorating as the number of grid
stations observing any pass falls below two-thirds of the total number of
stations in any solution. To investigate this fact in case of an extended grid,
three solutions were set up with 25 stations (about 33%), 35 stations (about 50%),
and 50 stations {about 67%) to be observed in any single pass.

In the regional approach the grid was divided into three sections of about
25 stations each. The stations in each of these sections were observed to-

gether with the same GFS's (Figure 3-12).

3.5 Range Simulation

Using the short arcs (8),an airplane flights (A) and the Laser Range
Generation Program, LRGP (Appendix D), the ranges were generated with a
cut-off maximum zenith distance of 75° both for the geometric (event-wise) and

the short arc (station-wise) modes.
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During the range generations the density of points was suitably altered
in short ares (S) and flights (A) to keep the number of ranges the same, as

far as possible, for various observational pattern or station groupings.
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4., SOLUTIONS PERFORMED

The feasibility of the_ geometric and short are modes as possible means
for determming the relative positions of the grid stations over a limited area
with the required accuracy has already been established [Mueller et al., 1975].
In view of the questions to which answers are sought in the current analysis
Table 4-1 gives the full listing of all solutions performed. To facilitate sub-
sequent referencing, the various solutions have been designated by a number
associated to the solution mode, geometric or short arc, under which they
have been grouped. The associated numbers for geometric and short arc modes
are 1 and 2 respectively. The numerical results are given and discussed in

Section 5.

4.1 Geometric Mode Solutions

To perform the solutions 1n the geometric mode in order to obtain the
adjusted station positions, The Ohio State University Geometric and Orbital
(Adjustment) Program (OSUGOP) [Reilly et al., 1972] was suitably modified
(Appendix C) to enlarge 1ts scope and capability in handling an enlarged station
network (up to 100 stations), large data sets and normal equations as Input
and/or output through magnetic tapes and disks, and mapping info estimable
quantities and their variances.

All OSUGOP geometric solutions were performed using inner constraints
{Blaha, 1971a], for the origin and orientation, except where otherwise stated
(see Table 4-1) and are summarized under two main groups: (1) solutions with
observations from satellite only, and (2) solutions with observations from

both satellite and airplane-borne lasers.

66



/

Ny
NS Table 4-1
&
& Summary of Solutions Performed
Soluticn | Station Station Group~ | Obser- Type of No. of Satellite Weather Ranging
No. Type ing or vation Fundamental Passes/Airplane Effect Accuraecy Remarks
Stations/Pass Type Stations Used Flights Used Modeled {cm)
GEOMETRIC MODE
1-1 CMO09o 12 ‘ 8 3PrFs 21 - 10
1-2 CMO0 Bor9 S 3GFS 21 - 2
1-3 CMOOD 8org 5 3 GFS 10 - 2 pass Nosg, 4~ 28
:"‘5 1-4 CMO0 8org s 3LFS 10 - 2 pags Nos, 4-28,
station Nos 1021, 1031,
1041 excluded
3 LFS held fixed
1-5 CMO00 8or%g s 3Grs 21 - 10
1-6 CMO00 Bor9 ] 3 GFS 10 - 10 pass Nos, 4-28
1-7 CMo00 Borg s 3GF3 21 yes 10
1.8 CM12 gor9 8 3 GFS 10 - 2 pass Nog 32-52
1-9 cMiz 8or9 S 3 LFS 10 - 2 pass Nos. 32-52
station Nos, 1021, 1031,
1041 excluded
. 3 LFS held fixed
1-10 cM12 Bord S 3LTS 10 - 2 same as No, 1-¢ but with
inner constramts
1-11 CMl12 8ord S 3 GFS 10 — 10 pass Nos, 32-52
1-12 CMO0 8or9o S 3 GFS 21 - 10 l-are minute grid included
. for densification of network
1-12A CMO00 8or$g S 3 LFS 21 _— 10
1-13 MO0 4 S - 21 - 10 -
1-14 CM00 ] 5 — 21 e 10
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Table 4-1 (Cont'd)

Station Group- | Obser- Type of No. of Satellite Weather Ranging
So:::im S'It?.ﬁon ing or vation Fundamental Passes/Alrplane Effect Accuracy Remarks
) ype Stations/Pass Type Stations Used Flights Uged Modeled {cm)
1-15 . CMO00 6 s - 10 - 10 pass Nos 4-28
1-16 CMO00 8ord s - 21 - 10
1-17 CMO0O 8or9 + FRG SandA 3Grs 21 and 40 - 10
1-18 CMO0 8or 9+ FRG SandA 3 GFs 21 and 40 yes 16
1-18 CMGO 6 + FRG S andA - 21 and 40 . 10
1-.20 CMO0 8or9 + FRG Sand A -— 21 and 40 - 10
SHORT ARC MODEXE
2-1 CMOO 75/pass s 3 GFS 1 —_ 10
2-2 CM00 50/pass ] 3 GFs 7 - 10
2-3 CMO00 35/pass s 2 GFS 7 - 10
24 CMO00 - 25/pass S 3Grs 7 — 10
2-5 CMOO 35/pass s 3 Prs 7 — 10
2-6 CcMO00 35/pass s 3 LFS 7 — 10 station Nos, 1021, 1031, 1041
excluded
2-7 CMO0 17/pass s 3 GFS 7 - 10 27 stations in solution
2-8 CMO0 16/pasg 8 3 GFS 7 -— 1o 25 stations in solution




4.1.1 Solutions with observations from satellite only

(1) Solution with peripheral fundamenlial stations {o. = 10 em), The

solution (No. 1-I) under this scheme was performed with station grouping as
described in Section 3.4.1 (1}. All the 21 satellite passes observe all the
75 grid stations and the average mumber of observations to each station (other
than 3 PFS) per pass is 25. Twelve stations (nine grid stations and three
PFS) were involved 1n any simultaneous event under ideal weather conditions.
The observational pattern, station grouping, and observation density
m solution No. 1-1 and the results so obtamned are viewed as ''standard" for
subsequent comparison with other geometric mode solutions under other ob-
servational schemes, density of observalion, ete,

(2) Solution with prid fundamental stations. The solations (Nos. 1-2,

1-3, 1-5, 1-6, 1-7, 1-8, 1-11, and 1-12) under this scheme have stations In
groups of eight or nine (including 3 GFFS-- Nosg., 1020, 1084, and 1059 -~ ag
fundamental stations). All 21 passes are involved except when otherwise
stated. These solutlons are subdwvided for weather, crustal motion, special
1-arc minute grid for densification of network, different ranging accuracy o).,
ete. as follows:

Solutions No. 1-2 ¢,=2 cm) and no. 1-5 ( 0= 10 em) involve station
positions CMO00 and the average number of observations to any grid station
(cther than 3 GFS) per pass is 25 without weather effect.

Solutions No. 1-3 (0,.= 2 cm) and No, 1-6 (0, =10 cm) differ from
Nos. 1-2 and 1-5 as they use only the first ten passes, i.e., passes Nos. 4 -
28 (Section 2. 3. 1) which reduces the total number of observations io about
one half.

Solution No, 1-7 (0. =10 cm) corresponds to No. 1-5 but includes
the weather effect as shown in Figure 4-1. As the GFS Nos. 1020, 1034, and
1059 are observed in each event (being fundamental stations), the PF value
assigned to each of them 18 1, i.e., only those events are considered when the

weather at all the three GIFS 1s clear.
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With the above assigned condition at the three GFS, if is assumed that
the weather at any other grid station is a function of its distance away from
either of the GFS's. With this assumption, for stations within a radius of
25 km of the three GFS, the assigned PF value is 0.95 (Section 3. 3) and in all
other cases as 0.85--decreasing the probability of sighting with the distance
from the three GFS's. This stipulation results in a loss of about 10% observa-
tions (compared to solution No. 1-5) to any grid station--the average per pass
being 22.

Solution No. 1-8 (0= 2 cm) and No. 1-11 (0= 10 cm) differ from
Nos. 1-3 and 1-6 as each takes into account the crustal motion model (Section
3.2) at epoch ty (=tg+ 12 months) with station positions CM12. Other condi-
tions remain the same.

Solution No. 1~12 ¢ = 10 cm) differs from No. 1-5 in the setup that
this experiment replaces ten stations, Nos. 1021 to 1030, by the alternate
1-arc minute grid {Insert, Figure 3-1) while the balance of 62 grid stations,
three GFS and other observational features are kept the same.

This solution was designed to study the recovery of relative positions
when a denser station network forms part of a larger grid.

(3) Solutions with laser fundamental stations. In the solutions (Nos.

1-4, 1-9, 1-10, and 1-12A), the observations for any event are to stations in
groups of eight or mine (including 3 LFS Nos. 1076, 1077, and 1078 as
fundamental stations). First two solutions are run towards recovery of velocity
vector (Sectrons 2.2,5 and 3, 2).

Solution No. 1-4 (0,=2 cm) involves station positions CMO0 at epoch
to with average number of observations to any station (other than three 1LFS)
per pass as 25. First, ten passes, viz., 4 fo 28 (Section 2.3.1) are used
under ideal weather conditions. See Figure 2-3 for satellite pass configura~

tion. Three LFS are held fixed (Section 2,2,3 (a)). Three grid stations, .1z.,
1021, 1031, and 1041 are excluded to koep the total number of stations in the

solution fixed at 75.
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Solution No. 1-9 (0, =2 cm) involves station positions CM12 at epoch
ty (= to + 12 months) using last ten passes, viz., 32-562 (Figure 2-3), All
other conditions remain the same as in solution No, 1-4.

Solution No. 1-10 ( 0= 2 cm) uses inner consiraints instead of 3 LFS
held fixed ( No. 1-9). Aﬁ other conditions remain as in solution 1-9.

Solution No. 1~12A (o,.= 10 cm) differs with No. 1-5 as this includes
three LFS in place of three GFS. All other conditions remain the same.

(4) Solutions without fundamental stations. These solutions have no

fundamental stations, 1.e., all the 75 grid stations have equal chance of
participating in any obsérvation/event. However, the stations are observed
by all the 21 satellite passes in the following station grouping in ideal weather.
Solution No. 1-13 ( 6, =10 cm) contains the station grouping where the
stations are coobgerved in groups of four. The average number of observations
to any station per pass is 25.
Solution No. 1-14 differs from No. 1-13 that in this experiment the
stations are in groups of six, Other conditions remain the same. In addition,
| solution No. 1~15 has only 250 observations to each station while the rest of
the conditions remain identical as in No. 1-14,

Solution No. 1-16 differs from No., 1-13 or 1-14 that here the stations

are in groups of eight or nine. Other conditions remain the same.

4.1.2 Solutions with observations from both satellite and airplane

This section deals with the case when observations from the airplane
are included in fixed regional grouping (Section 3.4.1 (6) ) with observations
from the satellite to improve the recovery of relative positions between grid
stationg (Section 1.2). Four typical cases of Section 4.1.1 were rerun as solu~-
tions Nos. 1-17 to 1-20 and their details are given below.,

(1) Solutions with grid fundamental stations. Solution No. 1-17 (o*r:

10 cm) was setup the same way as No. 1-5. The average number of obgerva~
tions (both from satellite and airplane) to any grid station per pass is 25. All

other conditions remain the somo,
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Solution No. 1-18 (0, =10 cm) differs from No. 1-17 by the fact that
it includes the weather effect. The average number of observations to any
grid station per pass ig 22.

(2) Solutions without fundamental stations. Solution No. 1-19 (o,=

10 em) corresponds to No. 1-14 and is to examine the effect of including ob-
servations from airplane when stations are coobserved in groups of six. All
cther conditions remain the same.

Solution No. 1-20 ( g,,= 10 cm) corresponds to No, 1-16 for station

grouping of eight or nine, All other conditions are the same as in No. 1-19.

4,2 Short Arc Mode Solutions

The soffware used to generate solutions in the short arc mode to obtain
adjusted station positions is a modified form of a Fortran program developed
by Duane Brown Associates between 1968 and 1973 known as ""The Short Are
Geodetic Adjustment'' (SAGA) [Brown and Trotter, 1969 and 1973]. For a brief
description of the same, see Appendix B.

All SAGA solutions were carried out using necessary origin and orienta-
tion definition by constraining six coordinates of ithree fundamental stations
(Section 3.1.2). Inthe earlier study [Table 5.2.1, Mueller et al., 1975}, it
was noticed that a minimum of seven passes with 500 observations to any one
grid station were needed to obtain an optimum recovery (Table 1-1). This
specification has been retained.

*Brief descriptions of short arc mode solutions and their setup are as

follows:

4,2.1 Complete solutions

A solution mm which all the grid stations and the three fundamental sta-~
tions are observed by all the selected satellite passeg has been designated as
"complete" and is viewed as "standard" for subsequent comparisons with other

short arc mode solutions.



Solution No. 2-1 { gy, =10 cm) under this experiment has the average
number of observations to any station as 500 and the three GTI'S Nos. 1020,

1034, and 1059 are held fixed for necessary constraints.

4.2.2 Partial solutions

In comparison to complete solution (Section 4. 2. 1), a solution 1n which
the selected passes observe to some of the grid stations has been named as
"partial."

Solutions Nos, 2-2, 2-3, and 2-4 include only about 67%, 50%, and
33% of the grid stations (i.e., about 50, 35, and 25 stations) respectively per
pass (Section 3.4.2). However, three GFS are always observed 1n all the
selected passes. All other specifications are the same as in No. 2-1,

Additional two solutions (Nos. 2-5 and 2-6) correspond in all respects
to No. 2-3 except that these are with three PF'S and LFS respectively. In
solution No. 2-6, the three LFS are added after deleting three grid stations
(Nos. 1021, 1031, and 1041) to keep the total number of stations at 75 (Table
4-1}.

4,2.3 Regional soluiions

In this setup, two solutions Nos. 2-7 and 2-8 are with 27 and 25 stations
(including three GFS) respectively. The areas covered by the above solutions

are the ones designated "A" and "B'* respectively in Figure 3-12.
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5. RESULTS

In the present investigation, as the station grid is enlarged, the
importance of the following inherent characteristics of the geometric and
short arc modes towards the success of geodetic monitoring stands out more

and more:

(a) Inthe geometric mode, the failure of the satellite to pick up a station
from any particular station grouping observed simultaneously may
result in a possible loss of only one event. This situation occurs when
the number of stations in the group falls below four.

(b) I the short arc mode the failure of the satellite to pick up three dis-
tant fundamental stations results in the complete loss of the entire pass
(Section 1.2). As pointed out earlier (Section 3.4.2), the participation
of "all" the grid stations in observations from an overpass is not as
essential as participation of the three fundamental gtations, but the
recovery of the system does indicate adverse effects with the decrease
in percentage of the total number of grid stations (from the entire net-
work) observed in any single over pass. This may result in a possible
loss of an entire pass. Further, the likelihood of having favorable
weather conditions at some minimum number of grid stations to avoid
the possible loss of the satellite pass would become more and more

restrictive as the number of stations would grow in the network.

Tabulated results contain references to related sohitions, details of

which are available in Section 4.



5.1 Geometric Mode

Inthe earlier study (Section 1.2), in addition to the investigation of
the recovery of chord distances (R,; ) between any two grid stations, a
variance analysis for the angles, 8 and {§ , between the chords was also

performed (Figure 5~-1). The general behavior of the "horizontal" angles 6
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Figure 5-1. Diagram Showing Definition of Angles
8, ¥ ina Station Grid [Mueller et al., 1975]

is very similar to the behavior of chord distances while the "vertical' angles
i can be related to the strength of the network in the vertical direction, i.e.,
in height (Section 2.2.4),

In view of the above, a representative chain of braced quadrilaterals
and polygons running through the study area was selected to investigate the
questions listed in Section 1.3 (Tigure 5-2). This chain contains chord lengths
{across faults) from 14.6 km (rygp-1003) to  57.2 km (r1hs-100e) a0d angles ¢
and P of varying magnitude. In certain investigations some minor modifications
became necessary to this chain and these changes are commented on at appropri-
ate places. To study the recovery of veloeity vector, the grid stations are
analyzed for each of the three zones shown in Figure 3-2.

Resulis for distances greater than 60 km are also included in some

cases for academic interest. Even though these longer chords do not relate to
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"adjacent or neighboring' stations in the present grid and thus are not rele-
vant in the monitoring, their recovery behavior contains some interesting
information.

& may be mentioned here that a posteriori variance of unit weight,

ol , varied between 0.91 and 1.02 for all the solutions.

5.1.1 Grid and fundamental stations
In this subsection, the effect of different combinations of station group-

ing and fundamental stations is analyzed. The case of ""densification of control™
as part of a larger network is also included to study the recovery of relative

positions in the 1 km range.
(1) Grid station grouping. Tables 5-1 and 5-2 and Tigures 5-3 and

5-4 show the effect of station grouping and the number of stations participat-
ing in an event in terms of the standard deviations O'R'j and relative standard
deviations O‘Ru /Ry j for different chord lengths. The distances selected
vary from 14.62 km to 243.46 km with an increment of about 20 km.
All the tabulated/plotted results indicate that
(i) the station grouping in fours (Section 3.4.1) does not give
satisfactory solution. The behavior of & Ry and O'R” /Ry,
ig erratic, unpredictable, and shows no trend. The same
behavior is reflected in case of angles 8,y and ¥, ik *
(if) The station grouping in sixes shows a significant improve-
ment which is more marked in the case of angles 6,;, and
P« as compared to chords.
(iii) The station grouping in eights or nines shows a further

overall improvement.

3

Table 5-3 shows detailed results of recovery for the chord distances
up to a length of 60 ki between "adjacent" stations (Figure 5-2) in terms of

difference DR for various station proupings and different choices of -funda-
1]
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Table 5-1
Effect of Station Grouping and Fundamental Stations

on Precision of Chord Recovery, Geometric Mode

(500 observations to each station; 0y = 10 cm)

Res (km) | 14 62 | 21.60 | 45.78 | 67 15 77 60 | 102.07{ 121 84| 138.54 | 150 63 | 185 5% | 204,11 | 222 51 |243.46
Solution No ] Remarks
Feo. eoiasN_1j | 1001 { 1003 | 1002 1003 | 1009 1001 { 1003 | 1001 1003 1001 1000 | 1003 | 1073
per Bvobs 1003 | 1073 1009 1909 1073 1033 1042 1034 1059 1048 1064 1075 | 1675
1-13 4 16 {25 | 12886 3557 11000 6078 9810 12035 10831, | 10766, | 12178 | 8490 [5143 | no fundamental
11 12 281 62 142 60, 81, &7 68, 92, 50, 38 33, | statlens
1-14 & 3 4 EN 11 14 1s 19 22 25, 27 28 20 33 no fundamental
z. 2, 2, 2 P z, 2, P 2 1, 1 1. 1 statieas
3 3 6 7 10 12 14 16 19 2 23 28 8 no fundamental
1- g 2. . 2. K . L - a2, = L8 - 2 22
16 Bor 2 1 1 1 1 1 1 1 1. 1. 1 1 1 | stations
a a 4. 5 8 8 10 12. 13 16 15. 18 20
- 9 —_— —_— _ — —_— i —_— _— e —_— U = . .
-5 8or 2. 1. 2. 1. 1 1 1 1 1 1. 1, 1 1 with GFS
1 1 1 2 2 2 3 3 4 4 5 5 6
1-1 12 _— TP . £ .. I3 £ J-—. =2 . o - .- 2 2
o7 | 05 0.3 0.3 03 01 0z 02 3 ) 0| oz| vz WOPF
Refer Figure 5-2.

Tabulated values are op,, (cm), upper mumber, and ch”/Bu (ppm), lower number,
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Table 5-2

Effect of Station Groupmg and Fundamental Stations

on Precision of Angle Recovery, Geometric Mode

(500 observations to each station; O’r =10 em)

” ki,

i P
Bnlkm
Solution o o ~ 160" ~ 150° ~170°

Ne. Station 15 9 E-W alignment N-8 alignment | NW-SE alignment Remarks

Grouping ;-

per Event\ 1001-1073-1003 { 1003-1015-1009 1034-1054-1064 | 1059-1064-1074 1015-1033-1042
1-13 4 9.477 4331.3 6.576 7 112 5,382 nofundamental station
1-14 6 1877 2.615 1,924 2.038 1,022 nofundamental station
1-16 8or9 1584 2,270 1,827 1,464 0,957 nofundamental station
1-5 Bor?9 1.109 1.866 0.804 1,872 0,781 with GIS
-1 12 0,580 0.668 0,344 0,498 0,333 with GFS

Refer Figure 5-1.
Tabulated values are T8, ¥ n (rad, x 105,
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Figure 5-3  Effect of Station Grouping and Fundamental Stations™ on
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Figure 5-4 Effect of Station Grouping and Fundamental Stations®on Relative
Precision of Chord Recovery, Geometric Mode
(500 observations to each station; 0y, = 10 ¢m)
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mental stations. The differences DRui _are computed between the recover;e:d
and the true distances befween the grid stations "i' and "j".

B is seen again that only station groupings in eights or nines are
promising.

(2) Fundamental stations. The trend in improvement in the recovery

of chords with the increase in number of stations participating in any event
(Table 5~3) becomes more gignificant with the inclusion (or treatment) of
certain grid stations as fundamental stations. As the case of including three
fundamental stations within the station grouping of fours or sixes would be
too restrictive in the selection (or dropping) of stations in any event, these
options were not attempted under this scheme.

The recovery of chords for the station grouping in eights or nines with
three G¥S's improves further (line 4, Table 5-3) over the case with no funda~
mental stations (line 3, Table 5-3).

When the station grouping is changed to 12 including three PFS8's (line
5, Table 5-3), or to eight or nine with LFS (line 6, Table 5-3), the recovery
is still more promising in all respect.

(3) Densification of control, Table 5-4 shows the variance analysis

with respect to the recovery of one~minute grid stations for densification of
control. These results then indicate that the standard deviation n ’ /Ry
for one-minute grid stations are comparable to the values in Tables 5-1 and
5-2, while the same, as expecled, is not true for the angles 8 and §p , Table
5-5 indicates the results for recovery of distances in case of one-minute grid

of 10 stations.

5.1.2 Weather effect

Table 5-6 contains the comparalive resulls for the case where weather
effect has been modeled with about 10% loss in observations to each station.
E may be pointed out here that this loss in ohservations not only affects the

total number of observations to any station in any solution, but also the
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Effect of Station Grouping and Fundamental Stations
on Recovery of Cherds (Ry; € 60 km), CGeomeiric Mode

Table 5-3

(500 observations to each station; oy = 10 cm)

1
Percentagé of Absolute Differences [DR,,|

Maximura [Dp, |

Relative Precision

2

Station, | Findamental

Selution Grouping Stations /

No. 0-1¢ 1-2§{ 2-3| 3-4{ 4-6} 5-10| >10 On,,/ B
cm Hay
per Event Used cm cm cm cm cm cm om Ppm PP

1-13 4 - 3 2 ] B z 22 55 66.7 14,0 281

I-14 G ~— 18 15 5 8 7 23 25 28,2 7.0 11

i-16 Sorg -- 22 10 10 30 10 13 5 13.3 3.0 7

i-56 8org 3GTs a7 20 17 4 2 - - 5.0 2.5 6

1-1 12 3Prs 7 20 3 —— — -— —— 3.0 0.5 2
1-12A 8or9 3LFs 92 8 - - —_— - - 1.1 0.2 0.4

1 Total number of chords tested: 74

2 The number tabluated 15 for the worst case m the sclution,




Table 5-4

Effect of Densification of Network

on Precision of Chord Recovery (Ry 3j<b km), Geometric Mode

(500 Observations to Each Station; 0. = 10 cm)

J

Gy {cm), Upper Number 5
Station c}:i-‘/l{“(ppm), Lower Number 08-¢!Jk (radians X 107)
Solulion | Grouping

No. per Chords Ry (lkm) 61_“‘ llluk

Event
1.5 2.4 3.0 4.8 | ~45°| ~90°} ~180°(K-W)

8or9 1 46| 15 | Lo | 1.7

1-12 with 3 - - — 9.5 (12,9 16.6
GFS 1.1 0.6 0.5 0.4

Table 5-5

Effect of Densification of Network

on Recovery of Chords (Rs; <5 km), Geometric Mode
(500 Observations to Each Station; o, = 10 cm)

Solution] Station | Percentage of Difference IDRUI Maximum Difference |Dp, |
No. Grouping
perEventj 0-1 cm 1-2 em 2~-3 em cm pPpm
Bor9
1-12 with 3 44 46 10 2.6 6.5
GTS




98

Table 5-6
55
& Effect of Weather for Satellite and/or Airplane Observations
on Recovery of Chords and Angles, Geometric Mode
No. ef | tfferent Chord Len kmy | SPreadefog - (em) and
Station of| Obser- | Maximum Differences IDR,,! (om) for Different Clo gihs (km) 9@ 0, (radians X 105)
Grouping It wtions
Solution No, per Ob&::r- t Each | 201 40]60]|80 | 200} 120} 140 160] 180 | 200 220[} TRy, TG, b,
Event | 200 | staticn tol toltol o to] to] to} to] to | to | to | =
a,=10tm| 20| 40 60 ) 80| 100] 120 | 140} 160 | 180 200 | 220 { 240 | 240 | Min. | Max. | Min | Max
1-5 8or9 s 500 1] 3| s} & 47 6] 2 5| 4{ 5| 6! sl 3| 2.9 |201]0.11}{3.01
(no weather effect) | (mncluding
GFS)
1-7 s 450 S| 6 7] 9 11] 12} 7} 11| 11y 8| 7| 10} 3| 8.1 |22.2[0.12 |32 30
(with weathe reffecq
1-17 Bor$ S+A 500 1) 8l 2} 3} 2! 3y 2f s 21 4| 4| 8] 8] 0.5 | 4.210.05 |1.62
(no weather effect) | (including
GFS)
1-18 S+a | 450 21 4| 5| 5| 4] 4| 5| s| s{ 6] 8| 6| 2| 10| 7.0]0.08 |2.35
(with weather effect)




station grouping from event to event. However, those events where the number
of stations becomes less than six are eliminated.

In case of chords up to 60 km, a general deterioration of 1-3 em in the
recovery of difference D

R
reaches a maximum value of 7 em for longer chords in case of satellite observa-

is noticed--this adverse increase in differences

tions only. The analysis for angles shows insignificant changes.

5.1.3 Obgervations from airplanes

Table 5-7 contains the results when airplane observations are mixed
with satellite observations and compared to similar safellite only cases.

The improvement is overall in all the cases but more marked in the
case of station grouping of sixes without fundamental stations. Here this mode
of observations almost becomes as good as "standard" Solution No. 1~-1 (line 5,

Table 5-1).

5.1.4 Precision of ranging

The overall effect on system's recovery due to change 1n precision of
ranging (Section 2. 3.3) has been analyzed in Table 5-8. The data used in the
two solutions compared employs different (buf adjacent) satellite positions
selected from the same passes and was generated with two different random
numbers for imposing the respective noises.

The table contains the effect on the recovery of chords in terms of
differences D {cm) and on the precision o and o (radians x 106)

Rj, B1jk Pijk
for varying o,. for laser ranges. The numbers (except for some minor dif-
ferences) show proportional changes in recovery and precision vis-a-vis the
change in ranging precision, The minor differences may be aitributed to the

different randomness in the data used.

5.1.5 Number of observations per station

In the preliminary study it was noticed that, for a small grid of nine
slations in noncritical configuration, the optimum number of observations per

stalion { in termas of oblaining tho officiency ratio o / o, equal to 1) could
1]

I

a1
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Table 5-7

Effect of Combining Satellite and Airplane Observations
on Precision of Chord Recovery, Geometric Mode

(500 Observations to Each Station; 0, = 10 cm)

Station Ry, (km) | 14,621 21.601 45 78| 57,15] 77 60| 102,07] 121 54| 138.54] 150.63[ 195 59| 204.11] 222.51 1 243 46
Solutfen | Grouping -
. No per | Type ot™d 1001 | 1003 | 1002 | 1003 ; 1009 | 1001 | 1003 | 1001 | 12003 | 1001 | 1001 | 1003 | 1073
Event | ObservatiofN 1003 | 1073 { 1009 | 1009 | 1073 | 1033 | 1042 | 10%4 | 1059 | 1048 | 1064 | 1075 | 1075
1.14 3 3 4 )9 |11, 14 | 18 | 18 [ 22 28, | 27, | 28 30 33
6 2 2 2 2, 2 2. 2 2 2 1. 1 1 1
wae ] e 2 lale e s el e b ] ] s s | s | s
1, 1 .5 04/ 04 0. o3 03 0.3 03 0.3 0.3 03
-3 g g 0 8 le | e ta ) |20 a2 |1 {1 |2 . | o2
8or 8 2 1 2 1. 1. 1. 1 1, 1 1 1 1, 1
with GFS 2 2 2. 2. 2. 2 3 3, 3 4 4, 4, 4
1-17 B+a 1 1 4 0.4 02 02 oz z 0.3 02 0.2 0.2 0,2

Note- Tabulated values are UR“(cm). upper number; and OR“/Rg-(ppm), lower number,
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Table 5-8
Effect of Ranging Precision on Recovery of Chords,
Geometric Mode
(500 Observations to Each Station)
Station Maximum DifferencelDRdll(cm) for Different Chord Lengths (km) k Spread of cR“(cm) and TO, Wy {rad. xloe)
Ranging 2
Solutlen| Growplng| procision| . |20 | 40 {60 | 80 | 100|120 [ 140 160 f 180 | 200 [ 220 | _ OR,, O sy
No. per | o (om) to | to [to |to|tolto]to] to|to]to]to
Event 20 140 | 60 | 80 | 100|120 {140] 160 180 | 200 | 220 | 240} 240 | Mintmum | Maxrmum| Mintmum | Maximum
1-2 | goro 2 osl1.1l1.3{1.6|16]1.8{1.8]1.7}2.0]2.1]2.4]2.4(0.5 0.6 4,0 0.02 0.55
1-5 g;tgs 10 1.213.4|5.0|5.6]4.3]{5.7|3.9]5.0]/3.9[53|5.6]6.2]2.38 2.9 20 1 0.11 3 01

1 Total number of chords: 120




be as low as 20-50. However, to recover chords between grid stations in the
desired centimeter level (| DR.}‘ < 3 cm), this optimum number was found
to be 500 (section 1.2).

In the current investigation, the effect of number of observations to
each station for two main station groupings and different ranging precisions
has been further studied. The case of 500 observations to a station uses all
the 21 satellite passes while the other case 1nvolves the first ten passes, viz.,
4 to 28 (Section 2.3.1). The random number used o incorporate noise was
different i each case.

Table 5-9 compiles comparative results for the effect of number of
observations per station in an extended station grid, both in termsg of o

R

and | DRI for chords up to 60 km. The tabulated values of o and

|DR| do not refer to the same chord.

In the case of station grouping in eights or nines with 3 GFS, the de-
crease in observations per station from 500 to 250 results in a deterioration
However, this deterioration is about

of about 50% both in ¢ and |D

R gl -
100% in the case of stations in groups of six and without any fundamental
station.

5.1.6 Accuracy estimation

Figure 5-5 shows the error ellipses for ¢ and X at the selected grid
stations and chords between them (Figure 5-2) for golution No. 1-10, i.e.,
with inner constraints only (Table 4-1), The ellipses for different chords
show better recovery precision in the center of the grid as compared to SE
and NW corners and the maximum error (as shown by the error ellipses) is
about 1.5 cm in length. The differences DR” for some of the chords
have also been indicated in Figure 5-5, along side the ellipses, for compari-

son.
In comparison, when the same data ( as in the above case) is solved

with three LFS's held lixed (Solution No. 1-9), the error ellipses show a

very unitorm trend in size and shape over the entire grid (Figure 5-6), In

90



16

Table 5~9

Effect of Number of Observations to Each Station, Geometric Mode

Maximum @ (cm) and Maximum Absgolute

No. of ) 1
cotution | ODSET- Station Difference lDRl for Chords up to 60 km
vations Grouping < Remarks
3 <
No, to Each per Event R 40 lom R 60 km
Station
oR lpg | OR DR |
1-5 500 | 8or9 5.0 3.4 6.5 5.0 - 10 om
1-6 950 with8 GFS 7.8 5.5 10,3 6.5 Or
1-14 50 | 6 10.6 21.7 12.8 | 28.2 .
1-15 250 no ¥S 21.7 44 8 27.5 47.7
1-2 500 8o0r9 1.0 1.1 1.2 1.3 _
or = 2 em
1-3 250 with3 GFS 1.5 1.4 2,0 1.9

1 Tabylated values do not refer to the same chord.
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Figure 5-5, Error Ellipses for Solution No. 1-10 with
Inner Constraints, Geometric Mode
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this case, the maximum error for any chord is abowt 0.3 cm. ‘The differences

DR show no significant change from Solution No. 1-10.
1

5.1.7 Crustal motion

In order to recover the simulated crustal motion (Secticn 3. 2), two

solutions, Nos. 1-4 and 1-9, were carried out with o = 2 cm at epoch tg and
t1 (= tp-+12 months) respectively. In these solutions three distant laser
fundamental stations, viz., 1076, 1077, and 1078 were asgsumed stationary
and their positions at epoch t, were held fixed in both solutions.

Using the results of the above~mentioned solutions, Figure 5-7 shows
the recovered velocity vectors at some of the grid stations (Figure 5-2) for
three areas of Figure 3-2. In the case of areas I and IIl, the directions of
velocity vectors are consistent with the simulated directions; while for area
I, there is no systematic patiern, as expected,

Noting that the velocity vectors in Figure 5-7 are recovered through
error propagation from a very large number of observations, the normal
distribution is assumed in computing the confidence mterval for the true or
theoretical mean p =V taking o =0.05, and rejection eriteria A?f for power
1-8 equal to 0.80 and 0.90 (scction 2. 2.6). -

Table 5-10 shows the results regarding the recovery of velocity vector
% at individual stations for three areas I, I, and III (Figure 3-2), confidence
interval at significance level &«=90.05 and rejection criteria A{V for power
1-8 equalto 0.80 and 0.90. Time interval considered for computing the
velocity vector in Table 5-10 between the two recoveries is 12 months. &
will be seen that the magnitude of the velocity vector is recovered better in
comparison to its direction as the direction recovery is more sensitive to
small deviations in the system's performance. For area II, the recovery for
direction ézosines is too arbitrary,

Knowing the simulation setup, Table 5-11 groups the results of Table

9-10 area-wise with respect to block velocity vector(for weighted mean .\_7}
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Table 5-10

Recovery of Velocity Vector for Grid Stations, Geometric Mode

{250 Observations to Each Station, 0, = 2 cm)

Recovery of

Sample Recovery Vi

Rejection Criteria &V, for

True or .
H
Velooty Vestor|| VoS | rsoreicat | agat_| stndars*| G 2o
Stationsua Value 4 Deviation $ * Power 1 - 8] Powerl-j
Min, | Max. o7, =0_80 = 0,90
Magmtude{cm) 4,0 3.2 4.5 0.4 2.2 <Vi< 4,8 1,1 1,3
Areal Prrection 0.30 0.06{ 0,41 0,04 0.22<Vi< 0.38 0,11 0.13
Cosmes -0,72 -0,85| -0,66 0.06 -0.84 <Vi < -0,60 0.16 0.19
-0,63 -0.72{ -0.49 0.08 -0,78 <V <-0.47 0.22 0.26
Magnitude{cm) 0.0 ~-0.2 1.0 0,5 ~1.0 <V < 1.0 1,4 1.6
Areall -0,84| 0.87 0.57*
Dég:;:i;n de?;:d -0,95] 0.97 0, 80* Columns 7 to 9 Not Applicable
-0,59| 0,81 0,49%
Magnitude (¢m) 4.0 3.8 | 4.8 0.4 3.2 <V,< 4.8 1.1 1.8
Area Ol Direction -0, 30 -0.45] -0.04 0.10 0,50 <V, < -0,10 0,28 0.32
Costnes 0.72 0.64] 0.85) 0.08 0.56<Vi< 0.88 0.22 0.26
0,63 0.49| o0.71 0.08 0.47<Vi< 0,79 0.22 0.26

*Values fluctuate between wide limits,

5 Tabulated values indicate the worse case 1n Figure 5-7
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Recovery of Velocity Vector for Area Blocks' » Geometric Mode

Table 5-11

(250 Observations to Each Station;crr = 2 cm)

Recovery of

Sarple Mean ¥

Rejection Criteria AV for

Velocity Vector Veloecity T:; I:iiz z al Confidence Interval
{Weighted Mean) Vector Value Maematude Standard forVat® =005 Power 1~ 8 Power 1 - 8
for Area Blocks H e Deviation = (¢, 80 =0.90
Magmitude{~m) 4,0 3,9 0.1 3.8 < V< 4,2 1.5 15
Area I Direction 0.30 0.22 0.01 0.28< V< 0.32 0,15 ¢.15
Cosines -0.72 ~0.71 n.01 -0.74 <« T < -0.70 0.15 0.15
-0.63 ~0,66 0.02 ~0,67 < V< 0,58 0.30 0.30
Area It Magmtude(cm) 0.0 0.6 0.1 0.2 <V< 0,2 1.5 1.5
Magnitude (cm) 4.0 4.1 0.1 3.8 <V< 4.2 15 1.5
Area I . -0.30 -~0.21 0.02 ~0,34 < T<-0,26 0,30 0. 30
Direetion 0.72 0.74 0. 02 0.68< V< 0.76 0.30 .30
0.63 0.61 0.02 0.59 < V< 0,67 0.30 0.30

1 Refer Figure 3,2,

2 sample size n= 25,




For area II, only values pertaining fo magnitude are given.

These results also show that a small value of direction cosine (say
<0, 30) will be more difficult to recover satisfactorily. However, in areas
of no motion~-or extremely small rate of crustal motion, say less than 1.5
cm (a value obtained from the rejection criteria in Table 5-10, columns 8 and
9, line 5)--the recovery of direction of motion will continue to be unsatis-
factory due to its extreme sensitivity to station posiiion recovery and its lack
of definition in the case of no motion.

Using the rejection criteria of 1.6 cm (with power 1-8= 0, 90) as the
most conservative case of recovery for velocity magnitude of 4 cm per year,

the minimum time At is given as follows:

-t

S year

At .0

=~ 5 months

Time intervals for different direction cosines (Table 5-10, lmes 3 and
4) can similarly be computed.

It may be pointed out here that m a system's recovery for velocity
vector (as set up between solutions 1-4 and 1-9), the recovery is extremely
sensitive to the number of observations to each station, station grouping, and
participation of three LFS's in an event, but not to the satellite pass configur-
ations (Figure 2-3). More so, in this study, the observations are assumed to
be free of systematic error and to have a diagonal weight matrix--an assump-
tion which may not be fully met in practice. As regards the equality of variance-
covariance matrices (Section 2, 2, ), the test as suggested by Box [Winer,
1962] could not be successfully applied for the large size of matrices involved

in the present study. To avoid this difficulty of testing the equality of EXto

and EXt1 » the recovery of velocity vectors (Figure 5-7)was performed by

using Extofor both the epochs tgand t;. Inanother recovery, the variance-

covariance matrix EXt1was used for these epochs, The results do not show any
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significant variations and are quite stable in spite of some noticeable dif-
ferences being present in variances and covariances between 2Xto and
2%y,

However, additional statistical analysis for equality of variance-
covariance matrices and Hotelling's T? test [Rao, 1973] to test the hypothesis
that the entire set of velocity vectors obtained for a network is compatible
with the theoretical model are recommended. -

Furhter, the results of Table 5-10 can be projected for comparative
system recovery with respect to ranging accuracy 0, = 10 cm. The corres-
ponding time interval in a similar experiimental setup for recovery of magnitude
only would be 25 months, Appropriate increase intime mterval would also be

necessary if the rate of crustal motion is less than 4 ¢cm per year (Section 3,2),

5.2 Short Arc Mode

In view of the basic necessity of fundamental stations and the con-
straints applied to them to obtain the definition of system origin and orienta~
tion (Section 2.2.3 (b) ) for short arc mode, only a recovery analysis was per—
formed for quantities least allected by the systematic modeling errors, namely,
the distances between the grid stations and represented in terms of differences

DRi between the recovered distances and the true distances between them.,
3

The representative chain (Figure 5-2) of chords between the station was also
used in fthis mode with suitable modifications 1n case of regional solutions
(Section 3.4.2).

In the final analysis which compares the geometric mode against the
short arc mode, the common denommator of the analysis was this recovery of

the distances between the grid stations,

5.2.1 Number of grid stations per pass

In this section, four main categorios of number of stations per pass,

viz., 33%, 50%, 67%, and 100% of the total number of stations n the grid,
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were considered (Section 3.4.2). The investigations were earried out asg
follows:

) (a) Tirstly, to obtain a broad outlook about the system's capability for
recovery of any station-to-station distance, a general plot (Figure 5-8) of
differences DRL; (cm) against the corresponding chord distances RU (km)
between any two grid stations of Figure 5-2 was prepared. I is noticed that
all the recovered differences (in short arc mode solution) are negative--a

scale~type effect. The reason for this effect is unexplained at the present time.

300

“50 }—
5 - 100
A
=
fn

- 150 |-

@-c2xrvvee0 25 Stations/pass
~£00 - o= ~ = ~0o 35 Stotlons/pass
Q-+ O 50 Stations/pass
o————5 75 Siations/pass

Figure 5-8 Effect of Number of Grid Stations per Pass on Recovery of
Chords, Short Are Mode
(500 Observations to Each Station: T.=10 cm)
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The differences DRi increase almost linearly with tl;e chord distances
when all 75 stations are observed by the satellite in all the passes and the
maximum difference is 1.39 m for a coxresponding R, , of 243 km.,

However, this linear trend starts showing deviations with the decrease
in number of grid stations observed per pass. Inthe case of 35 stations (about
50% of the total grid stations) observed per pass, the differences are greater
for Ry, < 45 km and smaliler for R, > 45 km when compared to the case of
75 stations observed per pass. The recovery trend deteriorates further with
the decrease in number of gtations observed per pass to 25 (about 33% of the
total number of grid stations).

(b) Secondly, the analysis of these recovered differences DR“ was
narrowed to chords between adjacent grid stations only (Figure 6-2). Table
5-12 shows the percentage recovery for various differences (for Ry, < 60 km)
grouped according to their magnilude in seven intervals.

The above results show that the decrease in number of stations (from
the total grid) observed in a pass does influence adversely the system's re-
covery and a limiting value for the same may be about 50% in any grid, I addi-
tion, it was observed during the setting up of these experiments that a grid

station must be observed in at least two satellite passes for satisfactory recovery.

5.2.2 Selection of fundamental stations

The importance of observing three "distant" fundamental stationg in any
pass and inclusion of such observations 1n & short arc mode solution has already
been established in the earhier study (Section 1.2). The study under this section
was carried out to investigate whether such fundamental stations can be selected
from the grid stations themselves. The results obtained are presented as
follows.

(a) Table 5-13 shows a general recovery with the three different types
of fundamental stations (Section 2.2.3 (b) } and there seems to be no significant

change as the distance befween tundamental stations is altered from 80 km (in
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Table 5-12

Effect of Number of Grid Stations Observed per pass on

5 &y Recovery of Chords (Ryy <60 km), Short Arc Mode
(500 Observations to Each Station;o, = 10 cmy)
-t
(=]
o)
1 1
1o Pr n
Total No. No. of Fundamental Percentage of Absolute Differences |DR:;! Maximum |DR;,| Relative Precisio
Souton ofStahons Statlons | STHOS 1 05| 5101 10-15] 16-20) 2025 25-30) 230 |y | gy OR,/Res
) pe cm | em cm om cm cm cm ppm
2-1 75 75 3 GFS — | 10 24 16 20 | 10 | 20 64.8| 10 3
2-2 75 50 3 GFS - 9 24 14 18 13 | 22 62,9 | 12 4
2-3 75 35 3 GFS - 5 15 20 15 20 | 25 g0.2| 12 4
2-4 75 25 3 GFS - 4 35 10 12 | 14 { 25 74,7} 15 12

'The number tabulated refers to the worst case in the solution,
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Table 5-13

Effect of Fundamental Stations on Recovery of Chords, Short Arc Mode
(500 observations to each station, o, = 10 cm)

Maximum Absolute Differences Dg,, (cm)for
Total Stati Funda- Different Chord Lengths (km)
Solution | Stations lons mental

No. in the ;):;s Stations | _ | 20 { 40 { 60 | 80 | 100 | 120 [ 140 160 | 180
Solution Used’ to | to to to to to to to to

20| 40 | 80 | 80 { 100 | 320 | 140 | 160 | 180 | 200

2-3 75 35 3 GFS 31t 28 | 36| 70 76 68 75 84 95 | 120
2-5 75 35 3 PFS 29 53 39 41 16 54 55 76 79 83
2-6 75 35 3 LFS 19| 31 | 81 44 45 53 63 72 77 87

1 Section 8,1.2




case of GFS) to 1000 km (incase of LFS). The trend in absolute differences
DR4 to increase with the chord distance between grid stations is present

in alldthe three cases but the rate of deterioration in the recovery being more

in the GFS case as compared to the other two cases.

In case of solutions Nos. 2-3 and 2-5 having three fundamental stations
selected from the grid itself, unusually large residuals pertain (in practically
all the cases) to chords having one of their end poinis at these PFS and GFS
stations.

This adverse characteristic of GI'S or PFS would then rule out the
possibility of their selection as fundamental stations 1n any recovery through
short arc mode.

(b) In view of the preceding subsection (a), further imvestigations were
restricted to the three distant LFS case only. Table 5-14 contains the recovered
differences D for chords in two categories, viz., Ry < 20 Iom and from 20
km to 60 km in iéngth.

In order to study in more detail the recovery of chords (R,, <20 km )
and to make the sample more representative, 35 additional chords (other than
those included in Figure 5-2) were investigated in this category.

Thus, it will be seen that as the station network was extended from the
preliminary grid of nine stations {(Section 1, 2) to the present grid of 75 stations
(Section 3.1), the short arc mode has shown signs of deterioration in recovery
of relative positions. Even for chords (R, < 20 km), 28% of the cases now
have differences (between the recovered and the "true' relative positions)
greater than 10 cm as compared to none in the preliminary study (Table 1-1,
line 6).

A likely reason for this adverse trend in system's recovery may also be
attributed here to the "decrease' in percentage of the number of stations
observed in any satellite pass in the present solution as compared to all the
grid stations observed 1n all the passes--a very stringent condition in itself to
fulfill,
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(500 observations to each station; 0 = 10 cm)

Table 5-14

Recovery of Chords, Short Arc Mode

Total Funda- | Percentage of Absolute Differences
Stations Maximum
Solution No Stations per mental Differences
' in the Stations | 0-5 | 5-10 | 10-15 | 15-20| >20
. Pass i cm
Solution Used cm cm cm cm cm
Ri5 £ 20 km
2-6 75 35 3 LFS 38 34 14 14 0 19.8
20km < Ry S 60km
2-6 75 35 3LFS 18 24 20 20 18 31.4
|

'Total number of chords tested: 109




5.2.3 Regional approach

To obviate the practical difficulty in meeting the requirement of "mini-
mum'" number of stations (in an extended network) being observed by the satel-
lite in any pass (Section 5.2.1), another possible approach considered
for investigation was to "break" up the area under study into smaller regions
(Section 3.4.2) with some common stations in the overlapping zones.

In this setup, the problem may give rise to the following two questions:

(1) How is the recovery of relative positions within a region affected with this
"break-up" when compared with the recovery of the total network.

{2) How :s the recovery of "inter-regional" relative pos&tions between two
adjoining regions when compared with the recovery of the same relative

positions within the total network.

(1) Recovery of relative positions within any one region. Figure 5~9

shows a general study for the recovery of relative positions between stations
in case of regions "A" and '"B" (Section 3.4.2) in comparisonto a 75-station
solution for the total network.

All three solutions plotted in Figure 5-9 have the same percentage
(~67%) of the number of stations observed in any satellite pass and the three
GTS as fimdamental stations,

The "smaller'" regional solutions, in general, show an improvement
of about 15-20% in the recovery of relative posttions as compared to the 75-
station solution.

Further, Table 5-15 shows a more specific investigation regarding the
recovery of relative positions (Ryy < 20 km) in case of regional solutions.

The results indicate that about 20% differences are still not
recovered within 10 em limit (Table 1-1, line 8). However, the results in
Tables 5-14 when compared with those 1n Table 5-15 ( and reviewed in light
of Figure 5-9) indicate a possible deterioration in the system recovery with

the mcrease in number ol stations 1n the solution.
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Figure 5-9¢ Recovery of Chords in Regional Solutions, Short Arc Mode

(500 observations to each station; 0y = 10 cm)
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0 40 80 120 kfn
i ! I
[ ]
&\\
- 10 N i
N o— <=~ —@ 27 Stations Region A Solution
N . o—.-—.-—0 25 Stations Region B Solution
20 AN &————=0 75 Stations Solution

-5C

-80




Table 5-15

Recovery of Chords (R1;<20 km) in Regional Solutions,
Short Are Mode

(500 Observations to Each Station; Oy =10 ecm)

No. of Percentage of Absolute
. M Difference
Solution 'Iéc:atatl Mo .igf Stations Differences aximum T
No. th E:Oilsti 0 Observing
e soltio Any Pass | 0-5cm | 5-10cm| >10cm cm ppm
2-7 27 17 40 40 20 13.1 8
2-8 25 16 41 42 17 11.8 7

(2) Recovery of inter-regional relative positions.

Table 5-16

shows the recovery of absolute differences for inter-regional chords between

two adjoining regiong, say "A" and "B'" in the present cage, trom the two

separate regional solutions (Nos. 2-7 and 2-8) and from a sclution (No., 2-2)

containing fotal network.

The results in both the cases are of the same quality, and thus indicate

towaxrds the possible approach of breaking a large network into smaller regions

and expecting comparable results, if not better.

5.2.4 Recovery of station coordinates

In order to study the recovery of station coordinates, Figure 5-10 shows

1034

L1042

Figure 5-10

A Typical Five-Station Setup
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Table 5-16

Recovery of Inter-regional Chords, Short Arc Mode
(500 observations to each station; 0, = 10 cm)

60T

Maximum Absoclute Differences (cm)for

Total . Different Chord Lengths (km)
Solution | Stations Stat;ons
No. in the stl; . 20 | 40 | 60 | 80 N
Solution to to to to
20 40 60 80 100 100
2-1 27 17
2-8 25 16 16.7| 22.6 | 32,1 37.0 | 48.4 | 67.3

2-2 75 50 14.0{ 23.8 | 36.6 | 42,9 | 59.0 | 79,9




a typical centered pentagon as taken from Figure 5-2, The recovery in terms
of the above five grid stations for the solution No. 2-6 with three "distant"
fundamental stations (Section 5.2.2) are listed in Table 5-17.

Subtracting the residuals in X,Y,Z of station No. 1035 (the central
station in Figure 5-10) from all the other stations and plotting the differences,
Figure 5-11 shows clearly that the distances between the grid stations were
nof recovered in the desired centimeter level. Studies of other similar figures

in the grid also showed residual patterns of a type similar to those in Figure

Table 5-17

Recovery of Grid Station Coordmnates, Shori Arec Mode
(500 observations 1o each station; ¢,. = 10 cm)

Solution Grid Correction to Station Coordinates
No Station
No. Ax (m) Ay (m) Az (m)
1028 1.32 0. 11 (. 33
96 1033 1.37 ¢.31 0.19
(with 3 1034 1.44 0.01 0.25
LFS)
1035 1.32 0.27 0.28
1042 1.28 ~0,40 0,42

5-11 and indicated no systematic pattern,

5.2.5 Accuracy estimation

With reference to Section 5.1.6, Figure 5~12 shows the error ellipses

for o and )\ at the selected grid stations and chords for short arc mode solu~-
tion No. 2-6. This solution can be compared to solution No. 1-9 of the geo-
metric mode (Figure 5-6).

In the present case, the errors, both for the station positions in ¢ and
X and for middle points of the chords, are about one order of magnitude larger
than the geometric mode. Figure 5~12 also shows that the system's recovery

is definitely not in the centimeter level for the short arc mode in its present

state.
110



12

-4
0
-26
5
~-18
0
6 X (em) 6 AY {cm)
14
0
-3
-9
D
8 AZ (cm)

Figure 5-11

Relative Recovery of Station Coordinales,
Short Arc Mode
(Refer to Table 5-17 )
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Calaveras Foult

San Andreas Fault
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Figure 5-12 Error Elhipses for Solution No, 2-6 with Three
Taser Fundamental Stations (LFS) Held Fixed,
Short Arc Mode
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6. SUMMARY AND CONCLUSION

The present simulat-ion study to monitor crustal movements in the
San Andreas fault zone by a satellite-borne ranging system takes off from
the findings and the results of its predecessor [Mueller et al., 1975}, In
this investigation, the scope of the experiment has been extended to enlarge
the station network to 75 stations, to simulate crustal movements through
the introduction of changes m the relative positions of the grid stations, to
model weather effect for intervisibility between station and satellite and
subsequent loss of observations due to bad weather, and to study the recovery
of relative positions and motion rates.

The station grid covers an area between 36°N and 38°N latitudes, and
2370}3 and 2390E longitudes, with station-to-station distance varying from 5 -
30 km with roughly half of the stations on either side of the faults. In addition,

the following two features were also incorporated:

(@) Ten original grid stations (Nos. 1021 {0 1030) were repiz;ced by ten
stations af one-minute infervals as an attempt for densification of con-
trol. The recovery of relative positions in thig close network was then
studied as an additional feature,

(b) The location/selection of three distant "fundamental stations' was also
investigated and three possible choices have been included as alferna-
tives. In the first case these stations have been located at ground laser
station sites outside the grid and termed as laser fundamental stations
{L¥'S), while in the other two choices thege stations are partg of the
grid itself and their locations within the grid are the distinguishing
teature--peripheral fundamental station (PFS)--when they are located
at the periphery of the grid, or grid fundamental station (CFS) when
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they are located within the grid.

The laser radar has been retained as the main measurement system
in the study pending final selection from many possible candidates. In addi-
tion to the alveady feasible laser precision of 10 cm, the ranges have also
been generated, both in simultaneous and (nonsimultaneous) sequential modes,
for standard deviations o, equal to 2 cm. In place of circular polar orbits in
the previous study, the satellite orbit has been inclined at 110° and made
eccentric to provide ranging to orbital altitudes from 370 km to 930 km, The
feature of airplane flights at 10 km altitude has also been retained. The soft-
ware used for generating satellite orbits and airplane flights was the Goddard
Trajectory Determination System (GTDS).

The ranges generated were in two observational modes, simultaneous
and nonsimultaneous (or sequential), and were utilized in the following two
methods and computer programs to study the station recovery.

A. Geometric Adjustment -~ This method uses the geometry of an
event which has been observed from the satellite stmultaneously to four or
more ground stations. From the numerous possible station grouping and ob-
servational patterns, four schemes for satellite and one for airplane case
have been investigated., The computer program utilized was The Ohio State
University Geometric and Orbital (Adjustment) Program (OSUGOP) for satel-
lite observations after suitable modifications [Reilly et al., 1972; Appendix C].
The system's recovery was expressed in terms of estimable quantities, the
chord lengths between grid stations and the angles between chords, and was
also analyzed through the standard deviations of the recovered chords and
angles.

The weather effect has been modeled in a straightforward and simpli-
fied manner as compared to real nature. The "probability of sighting" or the
probability factor (0 < PF < 1) assigned to any station in the grid signifies
the probability whether that station may or may not be able to participate in

any observational scheme. This affects the system in two ways: (1) total
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number of stations observed simultaneously in any event, and (2) total number
of observations to a station finalljlr available for inclusicn in the soluiion, In
overall effect, the weather scheme included has resulted in about 10% observa-
tions to a station.

The crustal motion model was simulated by creating actual changes in
the relative positions of the grid stations. The constant rate of motion, as
assumed in this study, represents about 3 em drift in latitudinal and longitudinal
directions which ig about 4 cm total horizontal motion per year. No vertical
motion was considered. Using this motion rate, {wo time epochs, 1, and 1:1
&t, +12 months) were considered and station locations referred to these
epochs were then designated as CM00 and CM12. The station position asa
function of time between two epochs was then utilized to investigate the recovery
of motion rate for (I} the minimum time interval required between two sets of
observations for a given ranging accuracy, say op= 2 cm, and (2) the effect
of a change in ranging accuracy on this minimum time interval., For this
three distant laser stations (LFS) were assumed stationary and were held fixed
in both the recoveries at epoch t; and t .

In the statistical analysis of the recovery of motion rate, both ¢ and 8
type errors were investigated. The « error gignifies a preagsigned chance of
rejecting the hypothesis in cases when the hypothesis 1s true. Using the same,
say at 0.05 level, the computed confidence interval provided an insight towards
the quality of the recovered velocity vectors. Inthe case of 8 error, the
power 1-8 provided the rejection criteria at preassigned levels of 0.80 and
0.90 when the hvpothesis is not true.

Further, accuracy of station recovery was estimated through error
ellipses and also compared in two types of constraints used in this study, viz.,
inner and absolute constraints at three LFS's.

B. Short Arc Adjustment -~ This approach applies the orbital con-
straints on the satellite points used and as such can also make use of non~

simultaneous (or sequential) observations. Due to the positional constraints
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on fundamental stations the recovery was mainly investigated in terms of
differences DR1 3 between true and adjusted chords. In addition, an error
ellipse analysis was also performed for comparison with geometric mode
(Figure 5-6). The software used for thig adjustment was Short Arc Geodetic
Adjustment (SAGA) program (Appendix B).

In addition to’if the necessary and essential requirement of three funda-
mental stations obgerved in "all" the satellite passes, the importance of total
number of grid stations observed in any single pass was also recognized. As
the station grid would increase in number and the extent of ground coverage,
the percentage of stations (from the entire network) which can be observed in
any single pass would also affect the success of an observational scheme.
Four alternative schemeg~~where all the stations (100%) or some of the sta-
tions (say, 67%, 50%, and 33%) from the total grid stations are observed in a
pass-~were investigated.

As an alternative to mitigate the above practical difficulty of a large
number of grid stations being ocbserved from a large network in any single pass,

the breaking of the complete network into smaller regional networks was also

investigated.
6.1 Geometric Mode Resulis

The limiting critical degeneracies of this mode were reduced through

(1) extension of the station grid over a larger area, (2) geparation of stations

in heights up to 1555 m as topographically permitted in central California, (3)
generation of ranges from different altitudes through selection of an elliptic

orbit and the addition of airplane flights, and (4) selection of suitable observa-

tional scheme.

The results in respect of recovery of station-to-station distances with
various setups of cbservational patterns and ranging accuracies and inclusion
of observations from airplane or to three fundamental stations included in

events has significant improvement on the system's recovery. In such cases,
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even a loss of about 10% in total observations to each station due to adverse

weather has only marginal effect (Table 6-1).
The results also indicate that any three grid stations, suitably located

(either at the periphery or at the vertices of a triangle) within the grid, can
replace three "distant" fundamental stations lying outside the grid.

Two station recoveries with 250 observations to each station observed in
groups of eight or nine (including three LFS's) with 0. =2cm were performed al
epochs tyand tq (5tgt 12 months), Table 6-2 gives the results for the recovery
of velocity vector ~in the above case for two areas, one with 4 cm per year motion
rate and one with no motion. The values tabulated for area blocks (Figure 3-2) are
weighted according to individual variances. The recoveries of motion rate for
magnitude at individual grid siations and for the area blocks, with or without motion,
are within the confidence interval (except for area block type II) for & significance
level equal to 0.05, The chance of rcjecting the hypothesis (say for individual sta-
tions) V=4.0cm (if the recovered velocity is 2.7 cm or > 5.3 em) is 0,90, Tak-
ing the worst case for AV (line 9 and Col, 7, Table 6-2) the minimum time At
for recovery of velocity vector magnitude comes out to be 5 months. If may be
pointed out here that an approximately normal distribution has been assumed for

V as the sample considered is large.

In casc of direction for the veloeity vector, the recovery of either small
direction cosine values (Table 6-2, line 2} or direction cosines for areas of no
motion (or with extremely small motion of 1-2 cm per year) will have individual
characteristics. Each such recovery may require consideration on its own merit,

Thus, it will be seen that in general, the magnitude of the velocity vector
is recovered better compared to its direction, The table can be appropriately modi~
fied for changes in ranging accuracy of the system used, experimental setup, ob-

servational errors and the velocity vector for rate of crustal motion involved.
In the error analysis for the station pogitions and the chords between

grid stations, comparative study between two solutions, one with inner cong-
traints and another with abaolute position constrainis on three LFS8's, with

identical data was also made through errorellipses, This showed that for the
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) Table 6-1
E =
& ggﬁ Recovery of Chords (R,; <60 km), Geometric Mode
:? b (500 Observations to Each Station)
1
Total Stations | Fundamental | Weather o Observation Type Percentage of Absolute Difference 1DR-- j Maximum Difference | Relative Precision
Co-cbserved Staticas Effect m:; =
ir an Event Used Modeling Satellite{ Atrplane | 0~lcm| 1-2cm| 2~3ecm| 3-4em | 4-Sem| 5-10cm | >10em om ppm ch,,/Rn «{ppm)
4 - - 10 ] - 3 2 H] 8 5 22 35 66 7 14 0 281
6 - - 10 8 - 18 15 5 8 7 22 25 23.2 70 11
G_ — - 10 3 A 47 31 12 10 -— - - 3.9 10 2
8or9 -— - 10 S - 22 10 10 30 10 13 5 13.3 3.0 7
Bor9 3GFs - 2 5 - 85 15 - - - - - 1.3 0,3 1
Bor% 3 GF8 - 10 5 - 57 20 17 4 2 - - 5.0 2.5 [
Bor?d 3GFs - 10 s A 62 20 16 2 — — - 3.1 1.5 2
Bor?H 3GFS yes 10 5 A 57 18 15 3 2 - - 4 8 25 &
Bor 9 3GFS yes 10 8 - 50 16 8 14 10 2 - 5.8 28 7
Bor9 3L¥s bt 2 8 - 92 8 —— - - - -~ 1.1 o2 0.4
12 3 PFS - 10 S - T7 20 3 e —-_— -— - 3.0 0.5 2

|
"The number tabulated ig for the worst case In the solution,
|
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Table 6-2

Recovery of Velocity Vector, Geometric Mode'

(250 Observations to Each Station; 0, = 2 cm)

- $
Sample Recovery V

True or Rejection Criteria AV for
T of Are
ype of Area Velocity Theoretical Magmbade Confidence I‘rfterval
{Figure 3-2) Vector Standard forvata =0,05
Value |1 Deviation Power 1-8{ Power 1-8
Min. | Max, : = 0,80 = 0,90
Magmtude{em) 4.0 3.2 | 4.8 0.4 3.2 «V<4.8 1.1 1.3
Insdt‘a";d“"l Direction 0.30 0,04 | 0,45 0 10 0.10 < ¥ < 0.50 0.28 0.32
= on Conmes 0.72 0.64| 0,85} 0.08 0.56 < ¥ < 0,88 0.22 0,26
] 0.63 0.49 | 0.72 0.08 0.47< T <0.79 0.22 0.26
8 Magnitude(cm) 4.0 3.9 { 4.1 0.1 38 <V<42 1.5 15
<
Area Block Direction 0,30 0.211 0,22 0,02 0.26 < T<0,34 0, 30 0.30
Cosmes 0.72 0,71 | 0.74 0.02 0 68<V<0,76 0.30 0.30
0.63 0.61] 0 66 0,02 0.59 < V<0,867 0,30 0,30
Magmtudelemn) 0.0 -0.2 10 0.5 ~10 <¥<1.0 1.4 1.6
individual
= nStlthlmn Direction not -0.841 0,87 0.57*
S Cosine defmed -0.95} 0,97 0.B0* Columns 7 to 9 Not Applicable
& 0SIes ~0,59 | 0.91 | 0.49+
Area Block | Magnitude({cm) 0.0 0.6 | 0.8 0.1 -0,2 <V<0,2 1.5 1.5

*Station groupmg of B or 9 meluding 3 laser fundamental stations (LFS) and LTS considered stationary.

*Values fluctuate between wide humits.
$Tabulated values for area 1 or III are absolute and correspond to the worst case.




solution with inner constraints, the errors show a better trend in the center of
the grid. However, inthe case where three LFS's were held fixed, the errors
showed a very uniform trend and maximum error was also less compared to

the first case.

6.2 Short Arec Mode Resulis

In spite of having some inherent practical advantages in comparison to
the geometric mode, the short arc mode approach showed signs of rapid de-
crease in quality of system’s recovery as the total number of stations in the
grid were increased to 75. Even three trial choices for fundamental stations,
viz., from three "distant" ground laser station sites to three PFS's or GFS8's
within the grid itself, and inclusion of the extreme case when all the grid
stations are observed in all the passes did not help the recovery of relative
positions fo desired centimeter level,

Further, even though the number of grid stations observed in any pass
may not be as clear cut and decigive a factor as the inclusion of three funda-
mental stations observed in a pass, a pass of four-to-ten minute lengths for
satellites at altitudes varying between 400 - 1000 km 1s so short a duration
that favorable weather conditions occurring simultaneously at three "'distant"
fundamental stations and a definite minimum percentage, say 50 or over
(Table 6~3, line 4), of all the grid stations in the network might be an exireme-
ly stringent requirement to meet, Inthe case where this percentage is below
50 (Table 6-3, line 3), the recovery deteriorates rapidly.

In an effort to bring the "distant' fundamental stations nearer and
possibly select them from the grid stations themselves, it was noticed that
unusually large differences occurred between the true and recovered station~
to—-station chords whenever these fundamentai stations lay at one of the ends
of these chords. This recovery feature thereby ruled out the possibility of
selecting fundamental stations from the grid itself,

Table 6-3 contains the recovery results for short arc mode with respect

to station—to-station chords (R,, < 60 ki) in various setups of number of
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Recovery of Chords (R <60 km), Short Arc Mode
500 Obhservations to Each Station; 0 = 10 cm)
T
Total No. of | Funda- | No.of Percentage of Absolute Differences [Dg, :] Maximum Relative
Sclution | Stations Stat;ons mental | Satellite . Difference Precision
No. i the Stations Passes | 0~5 | 5-10 | 10-151{ 15-20( 20-25{ 25-30{ > 30
per Pass
Solution Used Used cm cm om om om cm cm om Ppm UR“/ Ry (ppm)

2-8 25 16 3 GFS 7 4 15 20 21 20 16 4 32,7 7 3
2-7 27 T a7 3 GFS 7 12 19 26 19 15 5 34.2 8 4
24 15 25 3 GFS 7 - 4 35 10 12 14 | 25 4.7 | 15 12
2-3 75 a5 3 GFS 7 - 25 15 15 20 20 60 2 12 4
2-5 75 35 3 PFS i - 10 26 16 22 16 10 52.9 12 4
2-6 75 35 3 LFS 7 - 16 24 20 i8 20 2 31,4 7 3
2-2 75 50 3 GFS 7 - g 24 14 18 12 22 62.9 12 4
2-1 75 75 3GFs T - i 28 16 18 16 20 64.8 10 3

*The number tabulatad refers to the worst case in the solution,




stations in the solution, number of stations per pass, and different choices of

three fundamental stations. Table 6-4 shows the spread in recovery of correct-

ions in terms of grid station coordinates for solution No. 2-6 (35 stations per
pass for complete grid with three "distant' fundamental stations (LFS)) as the
best case of recovery in Table 6-3.

The spread in recovery of station coordinates in terms of corrections
obtained through a least squares adjustment, as indicated in Table 6-4, also

brings out the limitations in the final recovery of chords and velocity vector,

Table 6~4

Recovery of Station Coordinates, Short Arc Mode
(35 stations per pass, with LFS, 0. = 10 cm)

Absolute Corrections for Station Coordinates

Solution Ax (m) Ay (m) Az (m)
No,

Min, Max. Min. Max. Min. Max

2-6 1.37 2.29 0. 06 1.12 0. 02 0.50

A regional approach in breaking up a large network into smaller grid,
with or without a common station, did show a slight improvement in recovery
of relative positions, both within a region and inter-regional distances. How-
ever, this procedure may also develop trade-off limits with the increase in
total number of stations under investigation.

In addition, an error ellipse analysis showed that the average error
under this mode for stations and chords is about 15 cm.

As a comparative study, the difference between short are mode resulis
{Table 6-3) with geometric mode results (Table 6~1) is quite striking. In an
extended station network from the preliminary grid of nine stations (Figure

1-2), the deterioration in systen's recovery through short arc adjustment is very
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significant and definitely not in the desired centimeter level under the present

investigative setup and mathematical model,

6.3 Conclusions
Based on the results obtained 1n this study, it can be concluded that
the short arc mode in its cuxrent form will not be able to yield the desired
accuracy at centimeter level for recovery of staiion positions, chords and
therefore for the velocity vector. However, the geometric mode seems promis-
ing under suitable experimental setup, ranging accuracy, station grouping, ete.
In view of the above and the questions raised in Section 1.3, the follow-
ing observations/conclusions pertaining to the geometric mode can be sum~
marized:

A. Recovery of Chords

The mclusion of three lundamental stations inihe observational scheme
of any event from the satellite 1s strongly indieated and their selection from
the grid itself is also possible. However, with reference to subsection C
below, the final choice goes only for three "distant' laser stations.

The minimum optimum number of grid stations simultaneously observed
in any event is eight including three fundamental stations. Any increase over
eight stations per event strengthens the geometry and improves the recovéry.

The inclusion of any number of grid stations in a solution is only re-
stricted by computer system limitafions in core memory and has no adverse
effect on the system's recovery. These remarks will also hold if the station-
to-station distances are reduced up to one kilometer for densification of net-
work. However, in any event consisting of eight or more stations, 1t will
always be advantageous m any observational scheme to group and mix the grid
stations of varying station~to-station distances for better geometry.

The adverse weather resulis in a loss of observations 1o any station
(both withmn an event and in total number) and this affects the system's recovery

only marginally so long as the loss of observations 15 about 10%, An optimum
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number for observations to any grid station, other than three fundamental
stations, is about 500.

The ranging accuracy is an important facior in achieving the desired
centimeter level in system's recovery and thus the recommended standard
deviation for ranging (o) is 2 cm (see subsection C below).

The observations from airplanes improve significantly the system's
recovery and their inclusion is strongly recommended.

B. Accuracy Estimation

The error ellipse analysis shows that the recovery trend for station
positions and the chords over a network is more uniform and significantly
improved when three "distant'" fundamental stations are held fixed as compared
to a solution with inner constraints only.

C. Recovery of Velocity Vector at any Grid Station

For the recovery of the motion rate at any grid station, the inclusion
of three "distant” fundamental stations in the observational scheme is impera~
tive. As this recovery will be relative to these fundamental stations, their
selection should be "'distant” enough from the area of crustal motion so that
they can be considered stationary over the time span of the motion involved.

For a specified ranging accuracy (say Oy = 2 cm), suitable experi-
mental setup as described earlier 1n this section and preassigned ¢ equal to
0.05 and power 1-8 equalto 0.90, the recovery of velocity vector (Table 6-2)
may be further subdivided as follows.

Magnitude ( 4 cm/yr): Time interval required is five months between two
sets of station recovery.

Direction Cosines. Time interval required varies according to the mag-
nitude of the direction cosine. In cases of amall
values of direction cosines (say about 0.30) and of
very small motion rate { <2 cm/yr), each recovery

may have to be considered on its own merit, In
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other cases (Table 6-2, lines 3 and 4), the ftime
interval required is five months.

In view of the above, a motion rate for magnitude of 2 em/yr would
need a time interval of ten months for the above specified setup or a change
of ¢, to 10 em would accordingly require an interval of 25 months to recover
motion rate of 4 em/yr.

D. Recovery of Velocity Vector for a Plate (or Area Block)

For the specified ranging accuracy (0, = 2 cm) and taking sample size
as 25, the time interval required for recovery of velocity magnitude for the
area blocks under consideration is five months between two sets of recoveries.

E may be stressed here, as a statement of caution, that the above
time intervals are relative to specific design of experiment and will have their
statistical limitations. In practice or in experiments of similar pature the

above figures may show minor deviations. Refer to Section 5.1.7 also.
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APPENDIX A

Goddard Trajectory Delermination System (GTDS)

1. Introduction

Presented in this appendix are the different procedures in brief
which are used in the GTDS program (out of its many-facet capabilities) to
give an extremely accurate orbit. The system version described here refers

to the status as was operational in June 1974,

2. Coordinate and Time System

2.1 Coordinate Systems

The GTDS program has the capacity to use different coordinate
systems including subgroups, and it can convert from one system to another
as needed. The integration is done referred to mean of 1950, 0 or o a speci-
fied epoch,

The parameters like obliquity, 6 €, 8%, ete. are input to GTDS by
fitting polynomials through the Jet Propulsion Laboratory (JPL) ephemeris
data while polar motion information is taken from publications of the U .S,
Naval Observatory,

2.2 Time 8ystems

The GTDS uses the atomic time system A.1 in the integration of
equations of motion and the output time is Universal Time Coordinated (UTC).
The UTC is derived from A, 1 and since January 1, 1972 is kept synchronous
with earth rotation derived time UTI within +0,7 sec by step size adjustment
of exactly one second when needed. The transformation between ephemeris

time (ET) and A.1 is done by the rolation:
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ET = A.1+32%15
where the suspected discrepancy is about two parts in 10° . In the case of
transformations between A.1, UTC and UTI, they are done by time difference
polynomials based on information from the U.S. Naval Observatory and be-
tween UTO, UT1 and UT2 on information from the BIH.

3. Spacecraft Dynamics

3.1 Grawvitational Acceleration

In the N-body case the GTDS can include sun, earth, moon and all
the planets in inertial mean of 1950,0 or true of epoch sysiem and for the
nonspherical gravitational field, up to degree and order 15 for earth and

degree and order 4 for moon in body-fixed true of date system.

3.2 Dragand Atmospheric Models

The air drag force model considers a rotating atmosgphere of
"dynamic" type where the accounted factors are air density, altitude, posi~
tion, season of the year, time of day, position relative to sun and solar energy
influx. The three solar effects modeled in GTDS are as follows: (i) diurnal,
(ii) 27 day, and (iii) solar wind {11-year cycle).

For air density the GTDS uses either Jacchia or Harris-Priester

{default) models.

3.3 Solar Radiation Pressure

The GTDS modeling of radiation pressure takes inio account the

surface reflectivity, luminosity of the sun and eclipse factor (or shadow effect).

4, Integration of Equations of Motion

While integrating equations of motion, the GTDS takes advantage of
another system of linear differential equations, called variational equations,

and their integration is then carried out at the same time.
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The GTDS has three main integration options (analytical, semi-
analytical and numerical) and local error control is achieved by variable
step size and different error bounds, both automatically or as a function of

the distance ''r'' from the primary body.

5. Modifications/Alterations Made at OSU
5.1 Sequential Qutput of Satellite Ephemeris

In addition to the options already available, a new simplified output
choice was introduced in GTDS on unit FT98T001 to write the satellite ephem-
eris in the format as required by Laser Range Generation Program (Appendix
D), Im this simplified vergion, the output contains the state vector (}E{_, -Rr) and
the corresponding time {Julian date in UTC),

5.2 Density of Printed Qutput

In the case where the satellite ephemeris densgity written on unit
FT'98¥001 (Section 5.1) has to be time-wise very close, an option was intro-
duced in GTDS to control the deunsity for printing this ephemeris on paper. A
data input card is introduced as the "first" card in front of the "normal'* input
deck of GTDS and an integer number punched in 15 format (columns 1-5) on
this card then reduces the paper output by not printing all the satellite ephem-
eris, e.g., a number 11 will only allow every eleventh satellite position on

unit FT98F001 to be printed.
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APPENDIX B

Short Arc Geodetic Adjustment (SAGA) Program

1, Infroduction

The Short Arc Geodetic Adjustment (SAGA) program employs a
power series solution to the equations of motion and is ''general' enough
in its approach to handle a wide variety of data types.

Since the time when the first SAGA was written, the program has
been primarily modified for improved {ropospheric refraction, option to use
precise NWL ephemeris, aulomatic detection and removal of errors in cycle
count, option for landling integrated Doppler, Geoceiver, and laser data, and

define coordinate system by inner constraints,

2. Normal Equations

The normal equations are built up in set patterns and their solution
is-obtained by second-order partitioned regression in the program, thus
taking advantage of auto-regressive feedback. This method also enables the
computation of the inverse ot the variance~-covariance matrix of the cbserva-

tions analytically.

3. Refraction and Geopotential Modeling
3.1  Refraction
The model used in SAGA is from Willmann and Hopfield with an

expected uncertainty of 10-30 cm for elevation angles of 16° or greater, The
program can also include refraction parameters in the model for adjustment

along with other unknowns.
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3.2 Geopotential
To enforce the use of precise ephemeris, the SAGA. in its original

form accommodated a potential model of degree and order 8.

4, Cycle Count Editing

In the event of utilization of raw data, the program has the built-in

option to edit cycle count in Geoceiver data,

5., Restart and Subset Merging

5.1 Resfart
The program now stores simultaneously the processed informa-
tion: (a) in the event of a computer malfunction during a run, the last itera-
tion is still maintained on unit FT02F001, and/or (b) to retain a subset data
to be run for simultanecus adjustment with other subgets after independent

editing (see Section 5.2).

5.2 Subset Merping

This is a stand-alone program capability which can merge two or
more independent and pre-edited subsets as restart (Section 5 1) for simul-

taneous adjustments.

6. Observation/Parameter Specifications

Table 6-1 gives the details about the various specifications,

capabilities and limitations of the SAGA program iIn its original form.
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Table 6-1
General Information About SAGA

Ohservations per Pass 300 (if more, then the pass
can be treated/broken into two

or mere sections)

Number of Passes per Solu- No limit
tion
Number of Stations
(2) per pass 19
(b) in solution 40
Model Parameters
{2) per pass 17
(b) for refraction, ete. 29
Constraints {a) Spherical coordinates @, A
and h
(b) Chord

(c) Azimuth
(d) Inner constraints

7. Modifications Made at OSU

7.1 Core Storage

The computer program was restructured at its link-edit stage to
allow an 'overlay' processing of subroutines and this procedure then cut down
the core storage requirement {o one-third enai)ling cheaper and efficient

running.,

7.2 Number of Stations
With the availability of overlay structure the total number of

stations in any solution was raised to 100,
Another modification removed the restriction of having 'lesser' num-

ber of stations {than the overail tolal) por pass--now SAGA can handle passes
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being observed by less or all the stations in the solution.

7.3 Constraints
In the new option the rectangular coordinates x, y, and z can be
constrained for any station in the following two choices:

(a) At Data Input Stage--In this case the constraints are read along with the
station coordinates and used in the normal sequence of the adjustment as
reguired,

(b) At Solution Stage--In this choice the normal matrix is developed without
constraints, This normal matrix, being singular, can then be used

repeatedly to investigate {ho effect of different constraints.

7.4 Rccovery of Chords and Angles

A new feature has been added to compute and print chords and space
angles with their statistics through error propagation (see Section 2,2,4 of
the main report) in sclected combinations of grid stations. This oufput can
then be used to study the quality of recovery of relative positions between

stations and angles between chords in any short arc solution.
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APPENDIX C
The Ohio State University Geometric and Orbital
(Adjustment) Program (OSUGOP})

for Satellite Qbservations

1., Introduction

The OSUGOP is extremely efficient program to perform geodetic
least squares adjustment, both in the geometric and orbital modes, from
either optical or range data, and in double or quadruple precision,

The program has built-in capability of rejecting single "bad" ob-
servations, or an event or all observations from a station as the case may be
on some preassigned specification and or specifying/altering the rejection
criteria, e.g., inthe case of ranges, any event having less than four obser-

vations is automatically rejected,

2. Time System

In the geometric mode the time for observation is required to
separate the event, and hence can be in any system or even fictitious so long
as the difference for any two cousecutive events is greater than 0,0002 sec.

In the orbital mode, however, the mput time is in UT1.

3. Normal Equations

The normal equations generated in the program are before the
applications of any constraints and, therefore, are singular. Thus it is
sufficient to form the normals once and then run different solutions by vary-
ing constraints. Normals can be generated both from uncorrelated or cor-
related data,

The OSUGOP can also combine normals from different systems
info one adjustment according to their individual weights.
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4, Constraints

The OSUGOP can apply both absolute and weight constraints, but in
the case of absolute constraints, the follow ing considerations are applied:
{a) When constraint is defined as weight, a very large number as weight
(as compared to weights used for observations, parameters, etc,) is
included,

(b) When constraint is defined as inverse of variance, a very small number
(not zero) as variance is included.

The program can include the following live types ot consiraints:

( 1) Station coordinates--Rectangular (u,v,w) and Spherical (@, A, h)

( ii) Chord distance (R}

(iii) Relative Position (us ~uy, vy - Vg, Wi - Wy)

(iv) 'Inner' constraints for origin, scale and orientation (Blaha, 1971)

The OSUGOP has the capability of performing a solution even with
constraints only. One important factor to note is that the consirained value
camnot be zero, whence the program takes the 'approximate' value of the
parameter from the input as default value for the constraint, In such a case

the constraint value can be given as an extremely small number (but not zero).

5. Data Input/Qutput

In the latest version tho options for input/output of data have been
enlarged as under:

(a) Observational Data--The observational data can be input either through

IBM cards or magnetic tape (in a single file or multiple file}. There is
no limit on the number of observations which canbe processed in the

program,
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(b) Processed Data--The print output density for processed observations can

be controlled, hoth station-wise and event-wise.

(c) Normal Equations~-In this case the output for normal equations can be

selected on paper, IBM cards, and/or magnetic tape. However, any
one set of normal equations fo be read in as input must be only in one

single file of a tape.

(d) Variance-Covariance Matrix--The output for variance-covariance matrix

can also be selected on paper, IBM cards, and/or magnetic tape.

6. Analysis of Estimable Quantities
A new feature has been added to the OSUGOP {0 compute and print

chords and space angles with their statistics through error propagation (see
Section 2,2.4 of the main report) in selected combinations of grid stations.
This output has special significance for analysis when the solution has been

obtained with inner constraints only.
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APPENDIX D

Laser Range Generation Pro gram (LRGP)

1., Iniroduction '

This computer program was written specifically to set up an al-
gorithm fo generate ranges between the statellite and the station positions
for use in the solution programs SAGA (Appendix B) and OSUGOP (Appendix
C). The algorithm could be kept relatively simple as the program uses the
satellite positions (and velocities) in a body-fixed coordinate system as gen-
erated by GTDS (Appendix A).

The generated ranges can be either in simultaneous or non-simul-
taneous sequential form with desired density and, if generated event-wise
in the simultaneous mode, the program can also sort them station-wise in
non-simultaneous mode for subsequent use in SAGA. In addition, the pro-

gram also simulates crustal motion or weather effect.

2. Range Generation

From the satellite positions as obtamed from GTDS the actual

ranges are computed by checking if a particular satellite position happens

!

to be in the observable cone :




The observable cone is visualized as a cone with its vertex coin-
ciding with the observing station, its axis being along the zenith axis of that
station, and its vertex semi-angle being equal to the maximum specified
cut-off zenith distance., As soon as a satellite pass (or the satellite position)
would reach within this observable cone, the data generation by the program
starts and this process stops when the satellite leaves the cone. In the
simultaneous mode, the range generation only starts when minimum of four
(or any other specified number > 4) stations of a group can sight the satellite
within their respective cones and stops as soon as the number of stations
which can sight the satellite within their respective cones falls below four or

the specified minimum,

3. Accuracy and Precigion of Ranges

The computer program LRGP uses the subroutines GAUSS and
RANDU from the Fortran's Scientific Subroutine Package o superimpose
Gaussian noise on the ranges generated.

In its present form, the subroutine RANDU will not repeat before

229 entries,

4, Weather Effect

This effect is modeled in subroutine CLOUD through a probability
factor {(PF) associated with each station (Secction 3.4, main repoxt). A value
(PF = 1) for any station signifies a sighting/participation of that station in
any event,

In case PF< 1, the computer generates an uniformly distributed
random real number between 0.0 and 1, 0 for each 'entry' and if this random
number is less than the associated PT value of the station in question at that

particular 'entry,' the range observation is generated. Otherwise, this
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station is ignored and the cycle is continued with the next station.

In order to safeguard against the possibility of any station with
PI'<1 missing an observational simulation completely, a provision has also
been made in the program to override the generated random number after a
certain number 'k' of consecutive entries and trials to observe a station in
vhich it hasbeen missed by the satellite, In this case, PF is restored egual
to 1 and observation generated. After this observation, PT value is again

changed to its original value for subsequent 'entry.'

5, Crustal Motion

The crustal motion is generated by the subroutine DRIFT by intro-

ducing changes in the relative position between the stations.

6. Input/Output of Data

The satellite ephemeris input is through a magnetic tape as gener-
ated by GTDS (Section 5, Appendix A).

Using the above input together with the station coordinates, infor-
mation regarding densiily ol observations, ete., the program generates
another magnetic tape containing ranges, simultaneous or sequential, togethar

with the observational time as output,
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