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1 INTRODUCTION

1.1 Purpose and Scope

The purpose of this report is to document the software implementation of a Karhunen-
Loéve estimator of local surface gravity fields from measurements of airborne gravity gra-
dient fields, and to present and discuss the results of associated numerical experiments.
Extensive derivations and theoretical justifications ave avoided. For these the reader is
referred to Bose (2] of which a brief extract covering the principal equations is presented
in Appendix A.

Here we place special emphasis on the validation of the software using synthetic data
from a single dipole gravitational field, which we simulated ourselves. The main body of
experiments were performed on simulated measurements produced at the Naval Surface
Weapons Center (NSWC) based on multiple layers of random dipoles.

1.2 Problem Statement

Given a measurement of the gravity gradient field collected on a regular grid at an altitude
h above the earth’s surface, estimate the gravity vector field at altitude 0. Design and
implement in software an estimator based on the Karhunen-Loéve algorithm. Validate the
software using controlled data and test it on foreign data supplied by the NSWC. Perform
an error analysis on the results.

1.3 Overview of Report

Chapter 2 briefly discusses the technical approach including an overview of the algorithm,
software design, various sets of measurements, and finally error analysis. The theory and
results of validating the software using known single dipole simulations are presented in
Chapter 3. Naval Surface Weapons Center (NSWC) data and related pre-processing are
discussed in Chapter 4. Results of testing the Karhunen-Loéve estimator for various sets of
measurements are presented in Chapter 5. Observations made from analysing the results
are discussed in Chapter 6. A summary of the research performed, significant conclusions
drawn and recommendations for future research are outlined in Chapter 7.



2 TECHNICAL APPROACH

2.1 Algorithm Overview

The modeling approach taken here is to exploit the marriage of nhysical geodesy and
random process theory. Laplace’s equation is solved with the unknown mass distribution
below the surface of the earth modelled as a two-dimensional white noise layer representing
the vertical derivative of the disturbance potential to any pre-specified order. This results
in a series solution of the disturbance potential wherein the unknown coefRcients of the
expansion are forced to be uncorrelated by invoking the Karhunen-Loéve condition. It
can be shown that the disturbance potential covariance obtained from this model is both
non-stationary and non-isotropic.

The six (6) gravity gradient measurements are represented in terms of the Karhunen-
Locve series expansion of the disturbance potential resulting in six basic functions. These
basis functions are shown to be orthogonal. A linear mear square estimator utilizing
all the gravity gradient measurements simultaneously is obtained in continuous domain
by solving an integral equation involving the estimator ¢1ins which are represented by the
same orthogonal basis functions. 'The discrete implementation of the estimator is facilitated
by exploiting the orthogonality or near-orthogonality of the transformation matrices so
that inverting these matrices be.omes computatisnally trivial. It tuins out that the near-
orthogonal cosine matrix must be ¢f even order for its inverse to exist, a minor restriction.
The gravity disturbance vector is obtained in a two-dimensiona: grid which can be denser
than the measurement grid and also at any altitude, including the surface of the earth.
Thus, interpolation and downward continuation are performed automatically. Details of
the mathematical development of the algorithm are discussed in 3ose [2]. A summary
extraction of the relevant equations necessary for software development are outlined in
Appendix A.

2.2 Software Overview

A modular software package was constructed to realize the estimation algorithm and facil-
itate numerical experiments, see Figure 1. The estimation process is split mto two parts:
in module KLE (Karhunen-Loéve Estimator) the measured gravity gradient fields are pro-
cessed to produce the K-L (Iarhunen-Loéve) coefficients &y of the estimated potential
field; in module SYN (synthesizer) the coefficients . re used to synthesize the gravity vec-
tor ficld from the now known coefficients. Incidentally, the SYN module can be used to
simulate random gravitational fields by feeding it cocfficients from a suitably distributed
psucdo-random variable. These two modules are constructed so that, in principle at least,
any combination of derivatives of the potential may be used as the observation, and any
combination may be estimated: this includes the potential T, the gravity veetor T, and the

gradient tensor T or any subset of their -components. For computational speed, fast sine
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and cosine transforms (FST and FCT) are used to compute the discrete sine and cosine
transforms (DST and DCT) in both the KLE and SYN modules. Note that the sine-matrix
of our algorithm is identical to the standard DST, whereas our cosine matrix differs from
the standard DCT in that it lacks the first and last rows and columns corresponding to
the region boundaries. This fact does not prevent the use of the FST and FCT to obtain
the speed advantage of the fast transforms. In order to fully realize this speed advantage,
the number of samples transformed plus one must be : . (odd) product of small primes.

In addition, there are modules which prepare the measurements for processing and
which generate plotting files from any of the measured or computed fields. Yet anoti.r
module was created to merge the K-L coefficients from west-east and north-south tracks to
form K-L coefficients representing the best estimate from all of the data, i.e. the S-N and
W-E grids together. A module was designed to generate single dipole gravitational fields
including the gravity vector and gradients; the controlled data produced by this module
were used to exercise and validate the estimation software duriug its development.

These modules are coded in portable Fortran 77 and are invoked by VAX (tm) DCL
command procedures to do production runs. Internally, all the programs compute using
physically consistent SI/MKS units. Inputs and outputs may be expressed in units con-
venient for the user, e.g. mgal or Eotvos. Any conversions between internal and external
units are performed when-the data are input or output.

dipole —]

~——e— KLE -+ SYN — plot

read tape

Figure 1: Software Modules




2.3 Single Channel Measurements on a Single Grid

Experiments were performed consisting of estimating the gravity vector from each gravity .

gradient component. The measurement data were presented on a rectangular grid. File 1

measurements are taken every 1 km on south-north (S-N) tracks which are 5 km apart.

File 2 measurements were taken on west-east (W-E) tracks with the same spacings. -
Figures 2 and 3 illustrate rectangular grids with S-N and W-E tracks, respectively. The

sample points used in the estimation are represented by the d-‘s. The border, which is

not processed, is represented by the enclosing box. The width and height of the box are

the half periods A and B of the Fourier series representation of the fields. The numbers

of interior sample points horizontally and vertically are given by K and L. The numbers

of samples in the illustrations are not those of the actual data processed.

Figure 2: Rectangular Grid: File 1, S-N Tracks

........................

........................

Figure 3: Rectangular Grid: File 2, W-E Tracks




2.4 Full Tensor Measurement on a Single Grid

After successful estimation of the gravity vector from single gravity gradient components,
the full gravity gradient tensor was used as a measurement and an estimate successfully
produced. The six components measured were Ty, Tyy, Tizy Ty, Tyz, and T, Strictly
speaking, any one of the first three of these may be considered redundant in view of
Laplace’s equation, but all were still included and all six measurement noises were consid-
ered independent. For simplicity, all of the six measurement noise variances were taken to
be cqual to unity. This experiment was performed with both file 1 and file 2 data, i.e. the
same measurements which were used singly in the previous set of experiments.

2.5 Full Tensor Measurement on a Dual Grid

Files 1 and 2 contain measurements of the same fields over the same survey region, but
one has south-north tracks and the other has east-west tracks. Samples are taken 1 km
apart and the tracks are 5 km apart. Thus the sampling densities differ in each horizontal
direction. We would like to use both sets of measurements together in obtaining our
estimates, but the basic estimation process requires an orthgonal sampling grid, which the
union of the two grids is not. Figure 4 illustrates the irregular grid obtained by overlapping
the S-N and W-E tracks of figures 2 and 3.

A direct approach to extending the method so that the survey data from both files could
be used is to superimpose the two grids and fill in the missing points, i.e. the interiors of
the squares between the tracks, by interpolation. The new, densified grid would then have
samples separated by 1 km in both directions. Unfortunately, the-sample count of the new
grid, illustrated by Figure 5, would thus be much larger than either of the two original
grids.

A much-simpler method has been devised whereby the K-L coefficients are estimated
on cach of the two grids separately and then combined to form a single K-L coefficient
field from which the estimated gravity vector is computed. The two fields are rectangular
and overlap. For the overlapping portion, the mean of the two fields is used. For non
overlapping-portions of the two fields, whichever field is present is used to form the com-
bined field. Otherwise, zero is used. This is called the union method because all of the two
coefficient fields were used, i.e. the (square) convex hull of their union. A variation of this
method was-also employed, called the intersection method because only the overlap, i.e.
the (square) intersection of the two coefficient fields was used to reconstruct the gravity
vector field-estimates. The K-L cocfficient field grids are illustrated in Figures 6 and 7.
The two combination methods, the union and intersection, are -illustrated in Figures 8
and 9.
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Figure 5: Densified Dual Grid

Figure 6: K-L Coefficient Grid: File 1, S-N Tracks
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Figure 7: K-L Coefficient Grid: File 2, W-E Tracks
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Figure 8: K-L Coefficient Grid: Combined Files 1 & 2, Union Method

Figure 9: K-L Coefficient Grid: Combined Files 1 & 2, Intersection Method




2.6 Error Analysis

The primary error analysis tool employed is the three dimensional plot of gravity vector
estimates and truth values, which can be compared visually. A error analysis based on
the plots was undertaken, in which the minima and maxima of the estimate and truth
fields were employed to compute some simple indicators. Both the plots and the indicators
appear in this-report.

The minimum and maximum values over the plotted region of the estimates T, Ty, .,
and the truth values T, T}, and T, were taken from the graphs and fed into an awk [1}
program, The following indicators were computed and tabulated for each estimate:

ain. = maxf’,- —minff‘,- (1)
BN = ax T — min T3
bias; = max T; — max T; ;—mng —minT; @)
. 4 ~ bias;
relativebias; = (3)

max T; — min T

where i =z, y, 2.




3 SOFTWARE VALIDATION
3.1 Dipole Simulation

The estimator software was tested with deterministic controlled data generated by a simu-
lation of the gravity field due to a single gravity dipole. Whether or not such dipoles exist
in nature is, of course, entirely immaterial; they were selected because of their theoretical
simplicity, the ease of computing them, and the ease of interpreting the results. Formu-
las for a dipole potential and its first and second gradients were derived from elementary
physics and differential calculus. The gravity gradient field was computed at altitude and
the gravity vector field was computed at ground level for comparison. A 104 x 104 sample
grid with 1 km was used. The choice of 104 was dictated by the fact that 1) it is even, which
makes the cosine matrices Equations (97) and (99) invertible and their inverses expressible
in terms of the fast cosine transform, and 2) 104 4+ 1=105=3 -5 - 7 is highly composite, a
property which makes the fast sine and cosine transforms computationally more efficient.
Row spacing is 1 km in both directions. The dipole is horizontal, centered in the region,
and oriented antiparallel to the z = y line, i.e. parallel to the vector (z,y,2) = (-1, -1,0),
at a depth of 105/8 km. The gravity gradient was computed at a height of 2 km, and the
gravity vector was computed at a height at 0 km.

3.2 Dipole Math Model

The gravitational potential T' due to a point mass m is given by
T =mr! 4)

where r is the distance from the mass point to the observation point. Suppose we have two
point masses +m and —m at distances of r, and r_, respectively, from the observation
point. Then the potential at the observation point is

T=m(r;' —r2Y) (5)

If the masses are separated by the vector §, then linearizing the inverse distance, this
becomes 5
T ~mé —r! (6)
or
where r & ry & r_ is the norm of the vector # from the midpoint between the two masses
to the observation point. Defining the mass dipole

fi=md ©)

and letting the distance—”g” — 0 while preserving the product in equation (7), equation
(6) becomes exact:

L, 0 _
T=#"Eﬂ' !

(8




To synthesize the dipole field, we need t_a‘qgations for the potential T', the gravity vec-
tor VT and the gravity gradient tensor VVT. Switching to component notation, direct
differientation yields:

T=3 mdr™" (9)
k
TI=0T= Zukakﬂ'_l (10)
k
Tlm = almT = Eﬂkaklmr_l (11)
k

Note that 0., is shorthand notation for the partial derivative operator with respect to
the vector components ry, ry, .... Also, all indices range over the set {z,y, 2}, The partial
differientation of powers or r is facilitated by the formula

O™ = nr'*" 2, (12)
The partial derivatives are
Or~t = —r3p; (13)
Our™! = 8r~Srry — r36K (14)
Okimr ™t = =157~ "rpryrm + 3r'5(rk61m + 716k + rmbir) (15)

where 6y, is the Kronecker delta. In the dipole simulation program, where correctness takes
precedence over speed, the partials given by equations (13)-(15) are computed and sub-
stituted into equations (9)~(11) yielding the gravity potential, gravity vector, and gravity
gradient tensor.

For completeness of presentation, we note that the substitution can be performed sym-
bolically and simplified to obtain the following formulas for the potential and its derivatives:

T= —7"-3 Z KETE (16)
“
T =3B () pari)r — pul] (17)
k
Tlm = 37'_5[(2 ﬂkrk)(_5r—2rlrm +'5lm) + Tifhm + 7'm/~ll] (18)
k

These equations are slightly more general, as well as more compact, than equations (2.1-
4)-(2.1-13) of White [4], which are restricted to vertically oriented dipoles. By sctting
pr = py = 0 in equations (16)—(18), the White -equations may be derived, which were
supposedly used to produce the NSWC data described in this report.

3.3 Simulation Results

3.3.1 Gradient Measurements

The simulated gravity gradient measurements-are plotted in Figures 13-18.
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3.3.2 Gravity Truth

The simulated true gravity vector components are plotted in Figures 10-12.

3.3.3 Single Channel

The estimated gravity vector components, based on measured single components of the

gravity gradient, are plotted in Figures 19-42. Also plotted are the K-L coefficient fields
Q.

3.3.4 Full Tensor

The estimated gravity vector components, based on the measured full gravity gradient
tensor, are plotted in Figures 43-46. Also plotted is the K-L coefficient field a.

3.4 Error Analysis

Visual comparison of the plots shows excellent agreement between the truth values of the
gravity vector and the estimates. Edge effects can be seen clearly in the estimate plots.
Table 1 shows the results of a simple error analysis based on just the maxima and minima
of the true and estimated fields. In this and subsequent tables, the first three rows in
the table represent the truth values themselves, hence the unity gain and zero bias. In
subsequent tables, missing row entries correspond to estimates which exhibited directional
instability (discussed later in the report) so that the minimum and maximum values are
not meaningful.
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Table 1: Single Dipole Gain and Bias.

meas | est | min | max | gain [ bias | relbias |
- T, | Tz | -9.37e-14 | 3.11e-13 | 1 0 0
T, | Ty, | -9.37e-14 | 3.11e-13 | 1 0 0
T, | T | -3.79¢-13 | 3.79e-13 | 1 -0 0
Tz | Tz | -9.76¢-14 | 3.07e-13 | 0:998 | 4.31e-15 | 0.0106
Tzz | Ty | -1.05¢-13 | 2.92e-13 [ 0.98 | 1.49e-14 | 0.0369
| Tex | T: | -3.66e-13 | 3.66e-13 | 09650 |0
- Ty | Tz | -1.05e-13 | 2:92e-13 | 0.98 | 1.49e-14 | 0.0369
T, | T, | -9.76e-14 | 3.07e-13 | 0.998 | 4.31e-15 | 0.0106
Ty | T: | -3.66e-13 | 3.66e-13-| 0.965 | 0 0
| T | T | -9:73e-14 | 3.08e-13 | 1 | 3.65e-15 | 0.00902
" T, | Ty | -9.73¢-14 1. 3.08e-13 | 1 3.65¢-15 | 0.00902
T:: | T, | -3.79e-13 | 3.79¢-13 10.999 | 0- 0
Ty | Tz | -9.73e-14 | 3.06e-13 | 0.996 | 4.37e-15 | 0.0108
Tey | Ty | -9.73e-14 | 3.06e-13 | 0:996 | 4.38¢-15 | 0.0108-
Tey | T; | -3.84e-13 | 3.84€-13 | 1.01 | -6e-18 -7.91e-06
Ty: | Tz | -9.7e-1a | 3.07e-13 | 0.998 | 3.65e-15 }-0.009
Ty: | Ty | -1.08e-13 | 3.09e-13 | 1:03 | 8.21e-15 | 0.0203
T,. | T; | -3.86e-13 | 3.86e-13 | 1.02 | -8¢-18 -1.05e-05
Te: | Ty | -1.08e-13 | 3.09e-13 | 1.03 | 8:22e-15 | 0.0203
T;. | Ty | -9.7e-14 | 3.07e-13 |-0:998 | 3.64e-15 | 0.00899
Ty, | T | -3.86e-13 | 3.86e-13 | 1:02 | -Ge-18 -7.91e-06
full | T, | -9.69¢e-14 | 3.08e-13 | 1 3.18e-15 | 0.00785
full [ T, | -9.69e-14 | 3.08e-13 | 1 -3.18e-15- |-0.00785
full | T, | -3.78e-13 | 3.78¢-13 |°0.996 | -2.01e-18 | -2.64e-06




4 NSWC DATA
4.1 Data Tape

The algorithm was tested on foreign data obtained from the Naval Surface Weapons Center
(NSWC) [3]. The data were synthesized from a multilayer vertical dipole array. The
magnitude of the dipoles was randomly selected in such a way as to produce gravity fields
which are statistically similar to those observed in a certain region of Texas. Details of the
model are found in White [4].

The simulation data were supplied on a magnetic tape which we refer to as “tape 1°.
There are three files of data on this tape: the first two contain simulated gravity gradient
measurements such as would be obtained by a survey aircraft. The third contains the
gravity force vector at zero altitude. File 1 data are presented as south-to-north (S-N)
tracks, file 2 date are presented as west-to-east (W-E) tracks, and file 3 data are presented
at the intersections of the S-N and W-E tracks. The sampling density is greater along
track than across track.

4.2 Grid—Index Mapping

Each file was divided into records, each record constituting a sample point. The x (east)
and y (north) coordinates for the point were given and then either the six components of the
gravity gradient tensor (files 1 and 2) or the three components of the gravity disturbance
vector (file 3).

The range of z and y was —250 km to +250 km. In the direction of the tracks, the
sampling interval was 1 km and in the perpendicular direction it was 5 km. This makes the
full arrays 501 x 101 points (file 1), 101 x 501 points-(file 2) and 101 x 101 points (file 3).

Each tape file was read into the computer and processed. Each physical quantity
represented was placed in a matrix whose elements represented the sampling nodes in the
grid. The value of the coordinate = or y was mapped linearly as appropriate so that the
lowest index value of 1 represented the lowest coordinate value, and the highest index value
represented the highest coordinate value. The matrices were then output sequentially; this
permitted the estimation software to be structured so that one measurement field at a
time could be processed. This sequential processing of the measurements greatly reduces
the amount of storage needed to perform estimation from multi-component (vector and
tensor) measurements.

4.3 Cropping of the Data Region

The number of samples in each direction recorded on the tape was selected without regard
to the requirements of any particular estimation algorithm. Because the cosine matrix
equations (58)-(59) must have an even number of rows and columns in order to be invert-
ible, we require an even number of samples. Furthermore, in order to use fast sine and
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cosine transforms efficiently, the number of samples in each direction should be one less
than a highly composite! (odd) number. Of the 101 available points in the cross-track
direction, we therefore used 98 = 3% - 11 — 1 corresponding to-the range —240, —235, ...,
4245 km. Of the 501 available points in the along track direction, we used 494 = 32.5.11-1
corresponding to the range —246,—245, ...,4247 km. Table 2 summarizes the grid infor-
mation. The symbols Az, and Ay denote the sampling intervals along each axis (east and
north), K and L denote the numbers of samples, and A = (X +1)Az and B = (L +1)Ay
denote the region dimensions.

4.4 Data Preprocessing—Transformation

The data were presented in north-east-down (NED) coordinates. They were originally
believed to have been in east-north-up (ENU) coordinates. Because our analysis and
software were based on ENU (really any right-handed frame with the z axis pointing
upward) we applied a transformation from NED to ENU to all the data. The equations
for this transformation are:

oy = y@,—z 19)

1,7, = T,T,-T: (20)
T Tg:y’ T;z = Ty, Tz, T2 (21)
Téy’ T;v T, = Toyy ~Tozy =Ty (22

where unprimed coordinates are in the old NED frame and the primed coordinates are in
the new ENU frame. Here also T is the disturbing potential and the z, y, and z subscripts
denote partial differientation.

Incidentally, the transformation works equally well in reverse.

YThe product of small primes.

Table 2: Sampling Grids
| file no. | Az (km) [ Ay (km) [A (km) [ B (km) [ K [L |

1 1 5 495 495 494 | 98
2 ) 1 495 495 | 98 | 494
3 5 5 -495 495 98 |98
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4.5 Gradient Measurements
4.5.1 Filel

The simulated gravity gradient measurements along S-N tracks, recorded on tape 1, file 1,
are plotted in Figures 47-52.

4.5.2 File 2

The simulated gravity gradient measurements along W-E tracks, recorded on tape 1, file 2,
are plotted in Figures 81-86.

4.6 Gravity Truth, File 3

The simulated true gravity vector components, recorded on tape 1, file 3, are plotted in
Figures 123-125.
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5 TEST RESULTS—NSWC DATA
5.1 Single Channel, File 1

The estimated gravity vector components, based on measured single components of the
gravity gradient (tape 1, file 1) measured un S-N tracks, are plotted in Figures 53-76. Also
plotted are the K-L coefficient fields &. Table 3 shows the gain and bias indicators for this
scries of estimates.

5.2 Full Tensor, Filc 1

The estimated gravity vector components, based on the measured full gravity gradient
tensor (tape 1, file 1) measured on S-N tracks, are plotted in Figures 77-80. Also plotted
is the K-L coeflicient field &. Table 3 shows the gain and bias indicators for this series of
estimates.

Table 3: File 1 Gain and Bias.
meas | est | min | max | gain [ bias | relbias |

T, | T. | -382[45 |1 0 0

T, | T, | -24.5 | 50.6 | 1 0 0

T, | 7. |-534|643 |1 0 0

T, | To | -45.1 | 52.4 | 1.17 | -0.229 | -0.00276
T,, | Tw | -37 |32.3 | 0.833 [5.76 | 0.0692
T, | T, |-44.3]35.9]0953|21.7 |0.258
T, | T.|-664|537|102 |11.8 |01
T., | T, | -41.4 | 40.9 [ 0.989 [ 3.60 | 0.0444
T.. | T, |-47.3|349 0976|238 |0.283
T.. | T.|-59.8|59.6 | 1.02 |5.56 |0.0473
T,, | T. | -40.5 | 40.2 | 0.071 | 3.57 | 0.043
T,. | T- | -41.8 | 40.8 | 0.993 | 3.92 | 0.0472
T, | T, |-47.3|35.5 0984|234 |0.279
T, | 7. |-77.1|655|1.21 |11.3 |0.0959
T,. | T. | -41.2 | 46.5 | 1.05 | 0.776 | 0.00033
full | T, | -40.3 | 41.4 | 0.083 | 2.80 | 0.0348
full | T, |-47 |31.9|0938]251 |0.208
full | T, |-56.9 | 59.4 | 0.989 | 4.16 | 0.0354
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5.3 Single Channel, File 2

The estimated gravity vector components, based on measured single components of the
gravity gradient (tape 1, file 2) measured on W-E tracks, are plotted in Figures §7-110.
Also plotted are the K-L coefficient fields & Table 4 shows the gain and bias indicators
for this series of estimates.

5.4 Full Tensor, File 2

The -estimated gravity vector components, bated on the measured full gravity gradient
tensor (tape 1, file 2) measured on W-E tracks, are plotted in Figures 111-114, Also
plotted is the K-L coefficient field & Table 4 shows the gain and bias indicators for this
series of estimates,

Table 4: File 2 Gain and Bias.

| meas | est | min | max | gain [ bias [ relbias
-38.2 145 1 0 10
-24.5159.6 |1 0 10
-534]1643]1 0 10

-40 42.5 1 0.991 | 2.18 | 0.0262
-4 .7129.8(0.861 ] 24 0.286
-52.5 | 62.4 | 0.977 | 0.495-| 0.00421
-562.4134811.04 | 264 {0.314
-39.3139.6 1 0.949 | 3.26 { 0.0392
-46.6 | 32.8 1 0.943 | 24.4 | 0.201
-58.7 1 57.9 1 0.991 | 5.85 | 0.0497
-50 379 11.04 |23.7 §0.281
-47.6 | 36.2 1 0.996 | 23.2 | 0.276
-40.1 1431 (1 1.91 | 0.023
-47.6140.2 | 1.04 | 21.3 | 0.253
-52.8 1 T2 1.06 |-4.14 | -0.0352
-39.4141.4 10972 2.44 | 0.0294
-46 31.2 1 0.917 | 24.9- 10.296
-66.4 | 59.3 [ 0.975 | 3.54 | 0.0301

= 2lp pplelele P Eele R lelels

Rl ERCRE( L S ISR S EERE RS EE EE S

full
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5.5 Full Tensor, Combined Files
5.5.1 Intersection Method .

The estimated gravity vecior components and K-L coefficients, based on using the inter-
section method, on the measured full gravity gradient tensor from both S-N tracks (tape 1,
file 1) and W-E tracks (tape 1, file 2), are plotted in Figures 115-118. Table § shows the
gain and bias indicators for this series of estimates.

\]

Table 5: Files 1 & 2 (intersection method) Gain and Bias.

| meas | est | min | max | gain | bias | relbias |
T, | T -382]|45 |1 0 0
T [T, 245896 |1 [0 |0
T, | 1. ]|-534{643 |1 0 0

full | T, | -39.1 | 40.3 | 0.955 | 2,86 | 0.0344
full | T, | -45.2 | 31.2 | 0.908 | 24.6 | 0.292
full | T, | -55.1 | 59.5 | 0.974 | 3.27 | 0.0278

5.5.2 Union Method

The estimated gravity vector components and K-L coefficients, based on using the union
method, on the measured full gravity gradient tensor mecasured on both S-N tracks (tape 1,
file 1) and W-E tracks (tape 1, file 2), are plotted in Figures 119-122. Table 6 shows the
gain and bias indicators for this series of estimates.

Table 6: Files 1 & 2 (union method) Gain and Bias.

| meas |-est | min | max | gain | bias | relbias |
-38.2145 |1 0 0
-24.5(59.6 | 1 0 0
-53.4 1643 |1 0 0 -
-40.5 | 41.1 | 0.982 | 3.13 | 0.0376
-46.4 | 31.1 | 0.921 | 25.2 | 0.299

. | -57.6(60 |1 4.26 | 0.0362

~
] Rt Ko K

£
)
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6 ANALYSIS OF RESULTS

6.1 Directional Instability

An interesting phenomenon which occurred with some single channel measurement esti-
mates is directional instability, i.e. the appearance of a surface which is smooth when
scanned along one horizontal axis but which oscillates wildly when scanned in the direc-
tion of the other horizontal axis. The occurrence of these instabilities has been noted from
the graphs and tabulated for file 1 (S-N tracks) and file 2 (W-E tracks) single channel
estimates. We observe that only the gravity vector component which can be consistently
estimated is the horizontal one at right angles to the tracks, that is in the sparsely sam-
pled direction. Only half the remaining combinatiors yield smooth, reasonable estimates.
The other half (six combinations for each file) are unstable in the direction parallel to the
tracks, i.e. the direction on the higher sampling density. For file 1 we can state the rule
that an estimate will be unstable in the y (dense) direction if and only if the measurement
is an x partial derivative and the-estimated quantity is not. For file 2 the same rule applies
if only we exchange the x and y in the rule for file 1. Thus a gravity component in either
the densely sampled or vertical direction can not be obtained from a gradient component
in the sparsely sampled direction.

More investigation is required to determine whether the problem of directional instabil-
ity for single channel measurements with unequal sampling intervals in the two horizontal
directions, is fundamental or can be overcome. In any case they do not pose a serious
problem so long as full tensor measurements, which do no exhibit directional instabiliity,
are available. Even if the full tensor is not available, the method is general enough to
accomodate any subset of the six (five independent) gradient tensor components, which
presumably would be sufficient to overcome the instability.

6.2 Gain and Bias

In examining the tabulated estimator gain and bias errors, we observe that single axis gains
ranged from a decrease of 17% to an increase of 21% for file 1 and from a decrease of 14%
to an increase of 6% for file 1. Relative biases vary from =3% to +30% for file 1 and from
—4% to +31% for file 2. Gain and bias errors based on full tensor gradient measurements
show much less spread, however, than the single axis errors: the gains range from 6% less
than unity (file 2) to 1% less than unity (file 1). Relative biases range from +3% to +30%
(both files). Interestingly, estimates-of T, show a consistent relative bias of approximately
30%. Results are similar for the combined estimates using-both the intersection and union
methods, although the latter seems slightly better on gain and the former slightly better
on relative bias.

The slight attenuation typical of most of the estimates is fairly casily explained by
noting that the estimator is a low pass filter. This is because the estimator knows-that the
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measurement noise is a wide band signal. By filtering out the higher spatial frequencies.
the estimator will dull the sharp peaks which more than likely include the minima and
maxima, resulting in a smaller peak-to-peak magnitude and hence a less than unity gain
by our definition.

6.3 Boundary and Edge Effects

Likely error sources are b, .ary and edge effects. By the former we mean errors resulting
from assuming boundary conditions which do not in fact obtain. Boundary effects which
are in evidence only near the edges of the region are known as edge effects. The potential
model of a pure sine Fouziar series in « and y given by

(o B ]
T(z,y,2) =Y D ansin(are) sin(by) exp(—cuz) (23)
k=11=1
where
a;,.=k7r/A, b[:lﬂ'/B, Crl = a‘,z‘:-{-bl2 (24)

implies certain boundary conditions: 1).T is periodic with period (24,2B), i.e.
T(a,y,2) = T(s + 24,9,2) = T(a,y + 2B, 2) (25)

and 2) T is odd symmetric in 2 and y, i.e.
T(z,y,2) = =T(-z,y,2) = -T(z, -y, 2) (26)

These follow directly from the properties of the sine function and are readily verifiable-from
the representation of T(z,y, z) given by equation (23). A corollary to these conditions is
that T' is odd symmetric about any of the survey region boundaries:

T(A+z,y,2) = -T(A-2,y,2), T(z,B +y,2) = =T{z,B - y,2) (27)

It follows that the mass distribution which induces T must satisfy the same conditions as
the potential, i.e. each mass particle or feature will have a two-diinensional infinite series
of reflective and periodic images of itself, some of whicli are sign reversed.

To the extent that the real mass distribution meets these conditions, the estimator
will produce correct results. Generally, however, the mass distribution will not meet these
symmetry and periodicity conditions. In such cases, good estimates may still be possible
away from the boundaries. The sources of error may be masses outside the region, which
are necessarily not modeled, and the reflective and periodic images located outside the
region which are unavoidably and-erroneously modeled. Since the potential due-to a.mass
particle declines with distance from the observer, estimates can be expected to be good
near the surface and away from the edges, provided there are not unduly significant mass
distributions near or beyond the-edges or at great depth compared to A and B.
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Let us remark that the symmetry condition can be done away with by switching to a
potential representation which includes the cosine-cosine as well a mixed sine and cosine
terms of the Fourier series

T(zyy,2) = | (28)

o0

Y af sin(axz) sin(by)

o} sin(axz) cos(biy)

iPj8 EDMJ8
T

+
M8 i
™Ms E]s

af} cos(axz) sin(by)

e
3 T

+ 33 aff cos(axz) cos(bry)

k=0 1=0
| exp(~cnz)

or the equivalent complex Fourier series. This aliernative approach requires data to be
expanded to a full period, i.e. a rectangle of dimensions 24 x 2B. It has the advantage of
being able to handle non-zero potentials on the boundary.

An alternative approach to dealing with non-zero boundary potentials is to fit a simple
harmonic field to the region boundaries and then apply the existing estimation algorithm to
estimating the residual field, which will necessarily meet the zero boundary value condition.
The final field estimate is the sum of the simple field which fits the boundaries and the
estimated residual field. Such a fit must be done using measurements of the gravity gradient
on the-region boundary. Currently these measurements are not utilized in our algorithm.
A model for the boundary-fitting harmonic field is obtained from the full Fourier series
equation (28) by restricting the range of the cosine summation indices to a maximum of 1.

T(wa y,2) = (29)
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The details of estimating the boundary coefficients are beyond the scope of the present
research. The purpose of introducing them here is to demonstrate a model for the errors
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incurred when the boundary values of the potential, being observed through the gradients,
are non-zero.

The Fourier coefficients in equation (29) uve cbtained sequentially. The aff ar lcter-
mined first so that the four cosine-cosine tcrms produce a harmonic field whicl tits the
corners of the potential. The residual field is computed by subtracting the cosine-cosine
terms from the total field T'(z, y, =) leaving be a harmonic field with zero potential on the
four corners. Then each set of mixed coefficients is computed to fit the interiors of one
parallel set of sides. A new residual field is computed which has homogenous boundary
conditions and is thus representable in terms of sine-sine terms only. But we have already
solved the problem of estimating the sine-sine coefficients by the Karhunen-Loéve method.
The details of this multistep estimation process based on equation (29) are Leyond the
scope of this research. Note, however, that besides providing a means of extending the
K-L method to handle non-homogenous problems, it gives one a model for determining
what types of errors may be present when the homogenous K-L method is applied to
non-homogenous data as was done in this study.

By visualizing several of these boundary harmonics, the reader can imagine what types
of errors may be present. Some examples:

constant in both # and y directions
e cosine in z, constant in y

e cosinein z and y

arbitrary C,.curve in z vanishing at the endpoints, constant in y
e arbitrary C,.curve in y vanishing at the endpoints, constant in

By this analysis we demonstrate a rather large family of harmonic surfaces from which to
select one which corrects for the boundary values.

S
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7 SUMMARY, CONCLUSIONS, RECOMMENDA-
TIONS

7.1 Summary

The Karhunen-Loéve algorithm was implemented, validated on controlled data, and tested
on foreign data. Successful recovery of the unknown gravity field was accomplished in
most cases, the only exceptions being certain single-component measurement cases where
the sampling interval is different in the two horizontal directions. Plots of the measured
gravity gradients and of the true and estimated gravity vectors have been presented. A
capability to simulate dipole fields was developed and applied to produce controlled data
based on a single horizontal gravity dipole; the single dipole data were used for software
validation.

Error analyses were based on qualitative comparison of the plots and on quantitative
comparison of indicators computed from the minima and maxima of the plotted gravity
vector fields. Since a method designed for homogeneous potential fields, i.e. zero-valued on
the rectangular survey region boundaries, was being applied to data derived from a non-
homogenous potential, the estimate regions were cropped on the hypothesis that boundary
and edge effect errors would be mostly restricted to near the rectangle boundaries. This
hypothesis was at least partially justified by the results. Ways to extend the method to
deal properly with the non-homogenous boundary conditions were suggested.

In the process of implementing the K-L algorithm in software, several technical advances
were made. These include 1) an arrangement of equations which minimizes computer stor-
age of arrays and permits (field) measurements to be made sequentially; 2) the application
of fast sine and cosine transforms to speed computation dramatically, especially for large
sample:grids.

7.2 Conclusions

- We conclude that the Karhunen-Loéve method of gravity estimation from gravity gradient
measurements as implemented-for this study is a viable estimation technique. The present
cxperiments did not attempt to account for non-homogenous boundary values, which lim-
ited the region of acceptable estimates to center of the measurement region, i.e. away
from the boundaries. It is believed that better performance over the whole region will
be attained when the method is enhanced in the ways recommended. Still the method
worked well within its present limitations. Because of its excellent results, computational
economy, and suitability for small computers, its-eventual wide adoption is suggested.
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7.3 Recommendations

The principal recommendation for further work is that the method be extended to account
for non-homogeneous boundary conditions. Two approaches have been pointed out: first,
adding a sufficient number of cosine and mixed sine-cosine harmonics to the disturbing
potential model and estimating the additional coeflicients from the boundary data alone;
and alternatively, by adding the full complement of cosine and mixed sine-cosine terms
and expanding the data region to a full period in the z and y directions. A variation on
the latter method would be to use a complex Fourier series instead of the real sine-cosine
series to represent the potential. Additional tests with simulated measurement noise are
recommended.

We note that the algorithm is not limited to simply obtaining estimates of the gravity
vector from measurements of the gradient. With minimal modification to the software,
combinations of measurements of the potential derivates of any or different orders can be
processed and likewise derivatives of any order can be estimated.

The mathematical model for the method tested here can be extended in potentially
useful ways. For example, instead. of representing the source of the disturbing potential by
a single white noise layer, multiple layers should be considered. These would be placed at
various depths as in the model used to produce the NSWC data.




A Algorithm Summary
A.1 Local Region

A local region of interest is represented as such, where z and y coordinates are on the
surface of the earth and the z coordinate is vertical above the surface of the earth. The
local region of interest is specified by the spatial domain D given as

D(z,y) ={z,y; 0<z <A, 0<y< B} (30)
where

A - length of the survey region
B - width of the survey region

'The survey measurements are taken at an altitude H above the surface of the earth.

A.2 Sensor Signal Model

The gradiometer sensor signal S(z,y,z) has six (6) components: three (3) inline signals
and three crossline signals. The six (6) signals of the gradiometer are given below

S = o5 1)
So(z,y,2) = ?(;y—f (32)
Sien) = I (33)
Si(z,y,2) = —aaTzaT; (34)
See) = oo (33)
Se(z,y,2) = -gg; (36)

A.3 Measurement Model

The measurement Z(x,y) at z = H of the gradiometer signal S(z,y) is contaminated with
an additive noise V(z,y) such that

Z(z,y) = S(z,y) + V(z,y) (37)

The autocorrelation function-ofthe additive noise is assumed to be a diagonal matrix such
that

Ryv (21,415 32,32) = {V(21,91)V (22, 2) } (38)
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(620 0 0 0 0 ]
0 o220 0 0 0
0 0 ¢20 0 O
=10 0 0 o2 0 o |%E—2)m-w) (39)
0 0 0 0 o0
0 0 0 0 0 ag )

The vector signal S(z,y) and measurement noise V(z,y) are assumed to be uncorrelated,
ie.

E {S(wl)yl)VT(mh?h)}, = {V(xlayl)ST(mZ, yz)} =0 (40)

A.4 Measurement Grid

In order to obtain the vector signal estimates for all the spatial points of interest a definition
of the two-dimensional grid is necessary. For the present development the two-dimensional
grid of data points is defined to be equally spaced in each direction with K data points in
the a - direction and--L data points in the y - direction. With Az and Ay the grid spacing
in-the 2 and y directions respectively the spatial domain D is given as

(K+1)Az =4 1<k<K (41)

(L+1)Ay =B 1<I< (42)

A.5 Measurement Matrices

[ Zi(z1,m1) Zi(2n,y2) o0 Zi(mi,y) ]
[Zl] — Zl(-‘vz,yl') : (43)
KxL .

RACTED voo Zy(zR,yL) |

[ Zo(xr,n)  Zo21,y2) <o+ Zo(mr,yn) |
[Z2] = Z2(m2ayl) : (44)
KxL :

| Zo(zie, 1) oo Zo(Tr,yL) |

[ Za(xr,11)  Za(zi,y2) o0 Zslxn,yn) |
[ZS] = Z3(‘v27yl) : (45)
Kxl, H

| Zs(xr, 1) coo Za(zr,yn) |




[ Zi(z1,01)  Za(z1,92) o Za(z1,yn) ]
[.-Z,,] _ | Za(z2,m1) : ' (46)
KxL :
| Zu(zry 1) o0 o Za(zroyn) |
[ Zs(z1,11) Zs(x1,92) -+ Zs(®a,yL) |
[ZS] — Z5((E2, yl’) : (47)
KxL :
L ZS(xK’yl) tee Zs(wl\’,yb) J
[ Ze(z1,41) Ze(z1,42) ++ Ze(z1,9L) ]
7[Z6] — ZG(w%yl) : (48)
KxL : :
L Ze(wls’,yl) Zs(xk'ayb)
A.6 Transformed Measurements
(2] _ AB [SAX]T[Z:][SAY] (49)
KxL (K+1)(L-+1) KxK KxL LxL
(2] _ AB [SAX)T[Z,)[SAY] (50)
KxL (K+1)(L+1) KxK KxL LxL
(2] _ AB _ [SAX|T(Z)[SAY] (51)
KxL (K+1)(L+1) KxK KxL LxL
[Zd _ AB __ [I+2C)[CAX|T[2,)[CAY][I +2C] (52)
kxt,  (IX+1)L+1)  Kxk KxK KxL LxL LxL -
(2] _ AB [SAX)T[Z5)[CAY)I + 2C) (53)
KxL (K +1)(L+1) KxK KxL LxL LxL )
Z) _ __ AB __ [I+2C)[CAXYT[Z][SAY] 5)
KXL (K+1)(L+1) KxK KxK KxL LxL

where K and L are even, [I] is the K x K or L x L identity matrix, and [C]isa K x K or
L x L Toeplitz Circulant matrix of alternating one’s (1) and zeroes (0), a 4 x 4 example
of which is

(55)
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The transformation matrices are given by

. .. SAX 1<i<K .
[SAX(¢,4)] = sinn(i X])—-Z— 1< <K (56)
. . .. JAY 1<:<L .
f T _— ~ il -_— — "
[SAY(i,7)]" =sin=(i x j) B 125<1 (57)
rrr ] . WAX 1<i<K .
[CAX(i,j)) = cosn(i x j) 1 1< <K (58)
.. . LAY 1<:<L
T _ —_— == r
[CAY(,5)])" = cosn(i x j) B 125<L (59)
A.7 Karhunen-Loéve Coefficient Estimates
[&mn] — Bmn ® Z~1 (ma n) ® Ymnt + Bmn2 ® ZZ(m, n) ® Ymn2
KxL KxL  KxL KxL KxL KxL KxL
+,Bm113 ®*Z~3(ma n) ® Ymn3 + ,an4 @ Z~4(m» n) ® TYmad-
KxL KxL KxL KxL KxL KxL
+ﬂmn5 ® Zs(m, n) ® Ymns +’ﬂmn6 ® Zs(m, n) ® Tmné- (60)
KxL KxL  KxL KxL KxL  KxL

where ® is point-by-point matrix multiplication and not row-by-column matrix multipli-
cation and,
AmnllSy jui0?

ﬂmm’ = (61)
I-.[,‘is=10'12 + 'A?E'Amn ( _?=1 "/,":,,,J-HLI,,C#U,?:)
and 2
0
AT‘I’Iﬂ = er::,:;(;: (62)
and
=2 ;2 gmemnlH4D)
'mn = m Cmn 63
Ymni ma e (63)
-2 7
mn2 — b2 —cmn|H+D| 64
T2 = TAB (64)
Tmn3 = r——j 2] Cfnne'cmnIH+D| (65)
2
Ymnd = _.\/Z____ambne—Cman'*'Dl (66)
-9 :
Ymns. = sgi}% + D), Cme=cmnlH+DI (67)
—9gp
Ymne = 58\1}%-*- D) chmne_c'""lu'”)l (68)
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A.8 Interpolation Grid

The signal estimates are available at any altitude h. The estimates of the Karhunen-Loéve
coefficients G;,n, are on the measurement grid K x L. For the signal estimates, a finer

interpolated grid can be used that is defined by
(P+1)EX =4 X <AX
(Q+1)TY =B LY < AY

A.9 Signal Estimates

Disturbance Potential Estimate:

PxQ PxK KxL KxL LxQ

Gravity Vector Estimates:

=)

PxQ PxK KxL KxL LxQ

29

PxQ PxK KxL KxL LxQ

Z| = [SEX|([@m] @ [Omea])[STY]T
PxQ PxK KxL KxL LxQ

—y

Gravity Gradient Estimates:

)

EZ| = [S2X)((Gmn) @ Brmns))ISEY I

- ;’XQ PxK KxL KxL LxQ-

5F| = [SZX)([Emn] © (runs))[SZY)”
PxQ PxK KxL KxL LxQ

7] = [STX]([éimn] ® s DISTY T

. ;’XQ PxK KxL KxL LxQ

)

2 ] ' ~
[ZZ] = (C5X1((5 el @ Bume](CBYIT
PxQ -PxK KxL KxL LxQ
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(69)
(70)

(71)

(12)

(73)

(74)




2] = [SX]({Gnn] © s [CTY T
Pxn PxK KxL KxL LxQ

[%T-] = [CEX])([Emn] ® [Bmn10])[SEY]T
PxQ PxK KxL KxL LxQ

where ® has been defined earlier as point-by-point matrix multiplication and

[SEX(i,)] = sin(i x j)?iji 11 §; i f{
[SEY (i, 5)IT = sinn(i x j)?g ! g; < z
[CEX(i,7)] = cosm(i x j)%i—{ 11§; i i’
(CSY ()T = cosmli X ) g; < z
and,

01 = \/_.24'=Be—cmlhwl

Omnz = \/i—Ba"‘e-cMHm

Omnz = \/J%bne-cmnlhwl

Onna = ﬂ;—%‘%@cme‘%"'"wl

Omns = \/a%afne-%nlhbl

Omne = \/TAiBb'z‘ e—¢mnlh+Dl

Onnr = \/124_}3_6121‘ ne—cmnlh+o|

B —-2—-a b.e

mn8 = \/E mOn

—2sgn(h + D)
-9

omnlo —:ﬁ;%anlc"lne-cmnlh.kpl

~cmn|h+-D|

0mn9 = bncmne_cmnlh'*'ol
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(92)

(93)
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B Software Implementation

B.1 Estimator Module

The two software modules KLE (Karhunen-Loéve estimator) and SYN (synthesizer) form
the two stages of the estimation process. The estimator equations orf the previous section
have been modified in form only, not in substance, and adapted for programming.

In the first stage of the estimator, KLE, the ith measurement field is sampled on the
rectangular grid. It is transformed on the left and right by the sine and/or cosine matrix
given by

2sinl—(’%'_’—1, ki=1,..., K (96)
or ,
xk .
2COST\;—_—*:—1, k,fl=1,...,I\ (97)
or
o mkl
2s1nm, kl=1,...,L (98)
or l
wk
ZcosL—ﬁ, ki1=1,...,0 (99)

depending upon the matrix type as given in table 7 and the number >f grid samples in the

Table 7: Signal dependent functions
| ith signal [ ya;  [left | right |

I T I 2 | sine ] sine |
T. 2a; | cosine | sine
T, 2b; sine cosine
T, ~2c sine sine
Tex ~2a} sine sine
Ty ~2b? |sine | sine
T.. 2¢}; | sine | sine
Tey 2ar b cosine | cosine
Ty, —2bicy; | sine | cosine
Tre —2aycy | cosine | sine |

interior of the survey region, I in tie z direction and L in they direction. The multipler of
2 is for compatibility with the FST and FCT functions in the Swarztrauber FFT software
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package FFTPACK. If the table entry is “cosine”, then the cosine transform is followed by
an-application of the matrix

6 +2i—j+1 5,5 =1,.., K (100)
or
5:'1' + zli -J+ 1|2, 4j=1.,L (101)

Note that |k|; denotes k modulo 2, i.e. 1 for k odd and 0 for k even and § is the Kronecker
delta. The transformed ith measurement field is denoted by zjy;.

The following equations combine the transformed measurement fields to yield the K-L
coeflicients ay.

e =\Ja} + b}, ax =7k/A, by=n=l/B (102)

ty = exp (—ckp (h+ D))V AB (103)
M = 0%/ (104)
At (rayrs) .
Bri = - (105)
o? [1 + A8 X 5 (tumns)?/ 03"]

_ AB/4 o
M= R DE D) Y Buizui

o

(106)

The main computational loop in the program increments the index ¢ so that measure-
ments are processed sequentially. Only the-selected measurements are processed. The K-L
coefficient field oy, is stored in a disk file.

B.2 Synthesizer Module

The SYN module reads-the K-L coefficient-field oy, recomputes ti; and yu; and computes
the field

z;‘,,- =:tk17k¢,-ak,/4 (107)

where now ¢ represents the quantity to be estimated. The z};; matrix for the given ¢ is then
multiplied on the left and right by the appropriate sine and/or cosine matrix to produce
the estimate of the ith- signal.

B.3 Matrix Formulation

It is-useful to look at the computational process in high level matrix notation. In fact, the
computations can be summarized in just two equations:

A=%" B0 {L:zZR}) (108)

32




and R -

Vi=L:{A0T}R; (109)
In equation (108) the ith measurement field is transformed on the left and the right by
L’; and R/; which are the sine or cosine matrix of Equations (96)-(99) multiplied by the
matrix of Equations (100)-(101). This puts the measurement field into the K-L domain

where it is multiplied by the weighting matrix B;. The elements of B;, which may be
inferred from Equation (106) and its predecessors, are given by

~ AB/4
(K +1)(L+1)

The “@” product is simply the element by element product given by

[Bilu =

B (110)

AOB=C & apyby = cu (111)

The summation over the measurcment index 7 yieids the field of K-L coefficients. In
‘Equation (109) we obtain an estimate of the ith signal field. The K-L cocfficient matrix
is multiplied element by element by another weighting matrix I';, which may be-inferred
from Equation (107) and its predecessors. Specifically, the elements of I'; are given by

triyre
[P,']H»= —I-‘%kl— ,(112)

The-result is left and right multiplied by L; and R;, respectively, each of which is either
the sine or cosine matrix of Equations (96)-(99).

It is the power of the Karhunen-Loéve method that the éstimation equations can be

cast in such a simple form as Equations (108) and (109), in particular the fact that the
elements of the K-L coefficient metriz are uncorrelated.

33




C Bibliography

References

(1] Aho, A.V,, B.W. Kernighan, and P.]J. Weinberger, The AWK Programming Lan-
guage, AT&T, 1988.

[2] Bose, S.C., Gravity Gradiometer Survey System (GGSS) Post-Mission Data Pro-
cessing, AFGL-TR-88-0008, ADA200739, August 1987,

[3] NSWC, Informal description of content and format of the magnetic tape containing
gravity gradient data and gravity truth, Naval Surface Weapons Center, 15 ‘Feb.
1985.

[4] White, J.V., A statistical gravity model for northern Texas, TASC TIM No. 4423-5,
19 Nov, 1984.

34




D Plots

35




ajodi(g °8utg ‘If aniy, :Q1 2IndLg

0=4 12 yinui1 ra1odig 3ai1buig

- 8[89¢C6 -

36

",
Sty
S ooo:\s:!\ 2

- B0hELh

(gl_OIX)

- ESE92

- 981l €

(D3S,235.,W) X|




ajodiq a[3urg ‘4z aniy, :11 2y

0=4 12 yinuy arodig a1buig

- 8189€6 " —~

37

- BOhELh

- £9€92 |

(e_01%>

- 98ELl £

(d3s,298s5.,w) Q| |




sjodi(q a[8urg ‘3 aniy, :g1 sinSig

0o=U 12 yinui ratodig S1Eurts

hO1 um:ww - G8hEL €~ |

SE L G6R92 [- A2 |

5
Bz TN N R
.1&%::.\#:“.%4
S,
LA A
.\mu\\%t&sso%oooo.
RN

42,

64

- G6h92 |

(g7-01X

L G8hed €

|
(D3S5,2335.W)y Z|




sodi(g o[Butg ‘*X painsedjN g1 aInS g

wy2=y 1@ sesw rajodig 216uU1S

hO1 NMﬂw

SRR 4/
W
f// +

S p

(235,295 -1) XX |

L

9hh6S 2-

251868 "~

251368

9hhkEeS 2

39

¢, 101X




ojodi(q a[Suig ‘M painsesy 1 2In3g

wyo=y 1@ seaw r3ajodig a1buisg

O Cw
2 )
2 Iy hol 2s,
ey - 9hh69 2-
o
| 251868 ~ A
poe
—
NN ©
4 ‘ws..ﬂ'/o " !
AN | 2c1868 N
L 9hhe9 2

(D9s,23s.,1) hHAy




afodi(] 9j8ulg “*2f, paanseay :GT 2In3g

wy2=y 12 seaw ratodig o1buis

Cw Y )
| by hOI wmaww - £o212 o
| 0 A
| -t
~T
7 L hEL2EL - A
X
h 62 \31 X —
e TN o
7 R ,ﬂ,”_...,u"v“.....“.\\«\ » \\Sw.......,v,%ﬂ_%,,.
W ././,,%ﬂa X ooo.. i \5.......‘.."2,.—% I
| ,,,.,,,,,%a”,.".....“s 1| LS =
N - hesge 10 Y
\ 4: il N~
i
;// :\\
, L co212 S

(D35 /,085-1) ZZ |




srodi(q 9[Jutg “**1 painseapy :91 9Bty

wx2=y 12 seaw rajodig a1butg

U ,

hO1 m:ww - 2061 - 7
ﬁ

|

42

- G2GHh8E -

01X)

ooo.

N
\ /;? 00
SN pe
,o,wmm .:/% O #\“« it
i _\\\ I
,4,//.5 \‘:\l
=\

S

- cechge

/
ol
) .\\ \% ’

= !

- 2G6ECST |

(23s,23s.,1) hxy




ajodi(g 2j3urg ‘*A1 pamnseapy :21 aIndig

wi2=y 12 seaw rajodig s1butls

- BETE0 h-

[3g]
~

- SIGCT 2~

8S

01IXD

I
—
21 “_ ~J
oy - SHE822"—

- 82265 I

(D3s,2as 1) zhj




ajodi(q 9[8uig ‘*3y, painsesiy :81 2InJtg

wyI=y 12 seaw r3ajodig a1bulg

OO0
RN
SRR
RNXE0)
RSO
SN
AT

(D35,D035.,1) 2ZX]

1

BE1ED h—

916ST 2- A3
X

o

I
ghe822 - N
N

82265 1



srodi( oj3utg “**1 uaald 0 :G1 9InJi g

w2=y 12 xXx] seaw rajodig oibuig '

O,? 15
2 U, hol €3

e

/V,J.

82181 €-
s
1ss9s -
X
—
o
l
un
- £9e9h0  —
- h0099 I

1ey eydie W




orodi( offuig ‘*=f uaa18 <[ :ggoanSy

0=U 1S3 ‘wX2=y 1B Xx] seaw <3ajcdig a1burg

r £50926 -
O
A -~
¢on.ovq.~ / A
S scrse
,.....“&«“‘.wmm - 1SCI2ET A
Wkl i X
it 27 = ,
S o 7
| |
A |
L 2zete 1 W ﬁ
N/
|
,
L 28590 € |

(D9S5.,035,W) ey X|




ajodig a[8utg ‘=7 uaa1d r :1goinrg

0=U 1S3 ‘wx2=y 1 XX] sesw rajodig aiburg

hOT NMﬁw

LA Y
50.5‘\\‘\ -

T
Wl

% oﬂﬂﬁo\\&%\&

7/

(295,335 ,w) ey hy

A

106H0 i~

~
~r

ghedle

0ix>

[ S Y
w
09s002 1 >

ST =S




ajod(j o[3uig ‘*=f ua8 ip :ggoanSig

~

0=4 1S3 rwy2=y 12 xX| seaw rajodig 3a1burg

/V,J. .VO/V ¢ 7 \v‘b
N Iy kOl 1S
o J - 6£299 £-
:
| Ge
| . - _}osoz2 1- A
W £ g =
/ au%\ﬁu&::é...o.. 2,,;«%3 o
, S It e SN WSt ieecerasess
” ittt e W el
At TN NN oo !
LRI NN 7 2
NN o
ﬁ Wi - osoee b o
ol \\\\ :
NN
m \) $\ !
|
” - 6£299 €

(D9S,D3s,wy 1Yy Z]|




i
i

ajodig 218uig ‘™ usAi8 o :ggemndtg

wy2=y 1 hh| sesw rajodiqg 91burtg _

vO/V wln./m 3

o [ w0l
22 \\ I8
4 \ 2]
\\» se !

A 62 \ 21
\\b , , ,, mﬂmﬁmn

49

- 1629C (-

L 2929h0

- h0099 I

1ey eydie ‘




opodi( o[3uig “*r usa1g 3y :pgoInSig

=4 1S9 rwyz=4y e hhj seaw ratjodiqg 3arburg

hol UMﬁw

,
i

T

- 20ChH0 (-
ORI
O A .
S g - Beesee
N el st
et e
\X) o.st“ 7 1o
- 6h009 |
- G2Ee6 @

(D39S,335,Ww) ey X|

( 0TX)
1~ 50




0=4 159

orodi(q a[3utg ‘"1 uaa1d Ar :ggainSrg

rwyP=y 18 hh] sesw -ojodig 31burg

ho1 ummw

L]

3
/ooﬂ—

T

(33s,23s,w) ey hj

160926

E9CILE

22612 ¢

28950 €

—
wn

(g1-01%X7




stodi(g o13utg ‘M1 uoa1 2 :ggoinSig

0=y 1S9 rw2=y 12 hh)] sesw rajcdig siburs

on ¢
R w
% \Vb
O\ I
hOT umww
, - 0299 €-
2t 08022 [—- w.m o~
11, #\3. R )
2 \sé\ 3900;/ RRY —
W :
AN _ A
7 :\n.w X ouf%o ,ﬂa/o 2
| ,, | 8
V - 08022 | ~r
w L 0hES99 € 7

(235,235 ,W) aey Zj |




ajodi( 98uig ‘**7, uaald » :2gom3g

wy2=y 1° zz] seaw r3ajodig a1burts '

o M\ hO1

? M/@W 7

£6030 €~

wy 26eth 1=

53

0LX)>

8]
- 266h407

L gsehs |

1ey euydie




srodi(g 3[3urg ‘**f uaAId %7, :ggaInIg

0=y 1S3 rwy2g=y 1B zz] seaw rajodig 91burg

hO1 whﬁﬂw

K2
O ’
N boyresrarrzs

Lo}
AT RO A% i
sl
awuow—éw/ﬁ/. 3 Ve d, 2%

120055

A
?ﬂ%ﬁé vﬂ
=

o \\

r

(235,035 ,w) 1Y X]

h82E46 -

h0694E

60222 |

82220 €

54

(CI—OIX)




srodiq ajButg ‘*3f uaard A :ggeinBig

0=4 1S3 rwy2=y 12 zz| sesw rajodig arburg

hO1 wwﬁw

> 0
“ni /) \\ 2
et d] ~ ~0§oo 00
@335%@%.
% s

|

(D9s.,23s,w) ey Hy

222826 ~-

- BO69LE

- 60222 1

L 82240 ¢

55

(ep-01XD




ofodi( 9dutg “**r waald 1 :ggaInSig

0=U 1SS rwx2=y 12 zZz] seaw rajodig a[bulg

O . ),
hO1 Se 90062 €-
J %
i
H
1
r GEEFZ [~ A
Ay OYXX X wn
62 By :%.oooo 2 i —
TR \ |
i il&:&\&#%.ooo RS ! o
SN NS .
s NN

0.
e

90064 €

(295,235 ,w) 1Y Z]|




spodi( 3[8uig “**r uoAId » :[gomSig

wi2=y 12 fix] seaw rajodig a1bUlg '
Jx%v ! ho1
S\ S

) W@/ﬂ

gggel €-

h0249 [~

57

(c_01X)

- 9G2SS1 -

- £G93C I




alodi(g 218utg “*1 uaa18 Iy, :zgondig

0=U 1S3 rwy2=y 12 hx| sesw rajodig a1burg

¢
9&9% G*p ?
RN Y
11, he €y
C
- 26e£26
R
...nw,..w,,.wu :
L 20122E
s
oo
L 2g212 1
L £0£90 €

(D85,23S5,W) 1BY X|

58

(g1-01X)



ajodi( a[Butg “*2f uaal8 A :ggaIndig

0=4 1S9  uo=4y 1 fhix] sesaw rajodig aiburg

Y
N 1t

h6

N s,
I AN SONRIRATIR
he S
aSese el ap1ty £ R s
R o#ﬁs\%\\ \# FADOLRRIERR s
I ROR KL bhuxss\\\\\ s 600000000000
20N KRR AL T \ | ITRRERRS
AN Ml
GYARIL?
R N

\%

(D39s,33s,w) ey hj

£CELLE

2h0clE

Chlle ¢

S8c90 €

Cep 01X

59




ajodi( 918G ‘M%7 waat8 *f :pgoInSiy

0=U 158 rw2=y 12 hxyj sesw ‘o1odig arburg

;.yo/y 48»\0 is
o 1y 6 €3
o - 289€8 £~
9g
€S
<€ 2esez 1
5 22 - A~
he ) // X 3
q o
!
0 4 [
- hoe22 1 W
L 66968 €

(D9S,Das.,wy ey z|




wi=y 12 zhH] sesw

KY./

™M
n

yo,v

e

sjodi( a18utg ‘*Af ueaI8 © :ggaIndLg

W

v

L v hot
e

ey eydie

w@@/ﬂ

8C

ra10d1qg a1butg :

SE

cl

1

1

18eG2 €-

126€9 -

0IXD
61

906520 ~ (S

68485 I




sjodi(q a[8uig ‘> woa1d If :ggoinSi g

i
0=4y 1S3 rwyz=y 1e zh)] seaw rajedig siburg ﬁ
|

| X Cw
o : 7 2s
3 kOl IS
ah 3
C
£S
- sE - 8I1026 -
ST
RN
An. .o..ooff SR ~
.Nw““o"oo"’%”””/ ﬂfﬂ%z%uuo..oo S O
, .o...o,o, ,/f/ y /gﬂfoﬂofn&.&&w&\.\ﬂﬂ?
I Nt 2 - RE62IET A
W _,,//”//,m,,."...“uﬁ»\\\sw. -, |
3 N4y i
i =
WA |
T
- T1922 1 W
v/
L -0 €

(D9S.,235,W) 1Y X|

= s i e i e A S i W it sda s by s ke v — . . I | . . i




3
a uhmvhﬂ .
AL uanld g

fuig

diqg 3

0.—0 .

S
a1bur
dig

\m.mo

zh) seaw
1e

‘wAe=Y
1S9

0=y

92920 I-

)
pte]
7\
- 20218 X
—
()
|
—
&' 8
O
,aouoooo..s 002 | (2
R o
= AN
LR
s \E\.&w.\.
&ﬂﬁ&gg%ﬁww \
55\?5\\5#5 s-~s oy, AN )
., Eﬂs -=~= ~ss~s~s--3¢~ oy, /OO
WV 5555.:::3: i i, 5\.8/... )
Uiy i o .s.e........é
m it s:s..is.w.. )
) .:3\\5..\.?
i T
pr Bl i
s .,,
|

- 8S680 €

A
ey
Ss295,W) 3
(29




ajodig o[3utg *f uaald L :ggoIndt g

0=4 1Se rwx2=4 ¥ zi] swaw ajodig aiburg

o Cwy,
o P
Uy hol S
R IW - £8168 £-
e L 22282 1- A
& ST 2 X
e i §§eaﬁéﬁi§ pl
i LN <
i !
s L sl () AN 5~ liy it iy
s \\ﬂ“ﬂ:.-~:~.n..~=”:~nu:v~“.3ﬁ;=3 .5?5##553%9%..’_.40 ,- \\\g\\ﬁ\\tﬁuhs\!b‘ < [ w
S e ket b o
q Jw 4 s iﬂﬂwﬁﬂ, R ‘.rﬂw..t
_ il s
Wi
L 66168 €

(D95,235,Ww) ey Z|

i & st i S U i P R




ajodi(] 9[8uig ‘**f uaa1d » :ggaInItg

wy2=4 12 zXx| seaw rajodig 91burtg '

o \WL hO1

1s,
€3

1SESe €-

02689 I~

65

(01X

- =88620 -

- £628G 1

1ey eydie




w~oamQ£mEm£mH ﬁo.,.mmﬂam “ovouswm,m
0=y 1S9 rw2=y 1e zx] sesw ¢ajodig arbuig
|

m&v Cw
O )
by hol 25
9.7J & IW
ﬁ h8920 [-
62 X .
\ MW .mﬂﬂmm..a o N
IR 2| :
/a J/»”—/oc ) 4,%4—5. \ .

St %%J%?. ﬁﬁﬂﬂ TheliE ~

i RN [ —

wm&&%w” i | _“ ©

e :

uﬂ oowaoﬂawrﬂﬂ R i 8

Wiz | 200 1S

a%ﬁﬂﬁiﬁA
W |
_,/ ,,.““\ é !
i . |
Y/
\ L 61680 €

| (D95.,335,w) ey X]




aodi(g 2[8ulg **<L uoAld a,,.H TpeInBL g

0=4 1SS rwX2=y 1 zx] sesw rajodig 21butlsg

£S

Gl

S
TR

s
e
(I
Ess“w.wm
it
LY

\‘\\::s

s

u-onﬂoo
™ L)

..V»V%o.”oo X4
RO
o,,,.,”,.. \

(23s.,23s,w) ey Aj

=1 ﬁ 2h0026 -

- £9082E°

- 21822 |

- 82h40 €

67

(e 0IX)




arodt
1q oduig ¢
IS **7L weAld L
] :gyoan3t
X

0=4
1S53
‘W
A=
=y 1e
z
X]| sesw 3
rodrt
qa o
[but
S

/v,?
1
Cw
1)

. - 202
i ) 98 €
.\o..ooo‘ FVAY anfmany |
....o.o.o 1Y AR s%%:% \
.%1?%?%?%%%&%%
3 R0 AR s SRR ?s,..% RS
o—ovooooooooo oao oooo Oouo’.\ /// Q—% /?f 5' «6 ofa..oou‘o?ﬂ.emé N 2
%ﬁﬁzéaaﬁéaﬂﬁg%%gﬁﬁﬁﬁév
YR R XX AR 0\ \) W) N X XN O W R R
¢ ovrof-oﬁo%ooo%— 'oo g X /4 % o 7 (YO 0\ & X XA Wt Nt R R N
W ,o,,o,,o ey e .:::: .9%:9..,4.,. |
o .,.,s,.,_,.w%ws%,ua?, > %x...,».... ..............,w.. ,.r,.,...‘_.m,.u..,,%.,?...., R o
W X ; N (XX R X ol NS l
S W 4r4—¢%4¢;——~ .~'o q \0 00 ..o.. (AL o—-—ofgﬂ”‘%’ﬂcpﬁg orﬂooadfo'—aowaoﬂ H :
) () XN N W o
N %\ ” 1Y ?..,,, ,,,......,vwm.mw_, 3
134 4 >
o
- hh _
282 1 ®
w
v/

S
PR
W
»0«5110».10'0'1%%-—%—"55 W
.b.s...aa R R
o 0 W R 9'%
R R

R
-
o—o‘o' o
RN
)\
W

t'l'a

L 61298 €

(59
S
7035 ,/W)
ey
Z]




ajodi(g 2[8utg ‘quatpesd tosuaj [[nJ udAI3 © :gFaINSGL Y

w3¥2=y 12 J0Ssu3a1 [N} seaw rajodig a1butg

OB umww

e ROl
> e

2
8%
o
gE221 £~
SBOHS -
X o
— D
()]
!
Ui
- G8S0h0
- 22229 |

ey eydie




ajodi(g s[duig ‘quaipe1d 1o0sudy [[ny uoard I :HpoinSig

(o)

= 1S9 rwy2=y 1© JOSU31 ||} Swow I|uuty a1butg

- 208896 -
a/?ﬁnuoo m
o/:o;/a// zfﬂ%ﬁ%ﬁo..\ e z
”M..»””%@ N = FoRSIsE 2
SN o
J% , oz
W L
i o
, L os1ee 1 ¢
. 92280 €

,
| (D39S.,23S5,W) 1Y X|




spodi( a[3utg ‘puarpeasd tosuaj ng usald A :qpoIngdt g

m 0=4 1S3 rw)2=y 12 J0su31 [N} seaw rarodiqg a1butg

- 292896 ~

- 12518€E

- 16162 1

(ep-01X)

L 62280 €

(D8s,23s5,w) ey hy W
W




.20&5 9[3uIg ‘quatpm1R 10sudy [N} usAIS 3 :gpaInTig

0=4 1S3 rwy2=4y 12 J0osSua1 [N} seaw r3afodig s1buts

2 o™ ﬁS\«u
+u,y Ty _hol 2Se
o J - 95622 £~
sz 18
8g
£6
st
L h86S2 1-
62 2 X
—
o
!
[
- ggese | W
L 09622 €
|
|
|

(D9S,D035,wWw) ey Z]|




Txx (Eutvos)

-:"‘.‘—:?__1‘"—" IS
. ——q.‘,.
S =2

— -—~ o —
e e e —
e
Y e R
~ s o pess e, e~ =
S = =
e — S

31 1300 A

10 7100 -~

-9 71000 “J%

~-30 1300 -

-3
W

0 6km

file 1, meas at h=

Tape 1,

Figured7

Measured Ty, File 1

-




Tyy (Eotvos)

=

'
> 0
e
.98

f T = T 1
o ™ [ o
o ™ ™ o
N - T (]
0 'p] D oo}
[ ™ o] I
™ - - m

| |

~3
£

0 6km

meas at h

file 1

1,

Tape

Figure48: Measured T}, File 1



Tzz (Eotvos>

S1 1100 1

1?135>w

-16 B367 A

~
wn

=145

145

meas at h=0 .6km

file 1,

Tape 1,

Measured T;,, File 1

Figure49



Txy (Eotwvos)

: 0
ey >
o o”
- -
¥ T | )
o © © o
Q o o o
@D o o —
o N ® ®
o [1¢]
o] (o2}
Ll 0 0 -
| |

~
(=)}

-145

145

0 6km

meas at h

fi1le 1,

1,

Tape

Measured T, File 1

Figure50




Tyz (Eotvos)

14 1767 -/\

39 5800 -
=11 2267 1

~
~3

-36 6300 -

’8

11

meas at h=0 6km

file 1,

Tape 1,

Measured T, File 1

Figure51




Txz (Eotvos)

—
e\ N
——*—“ r-
~
= r
= 9
= s. ™ ~J S
== -"’L‘ \ X
e &£ 0
Seea,» = o T
e \Nr oo
e e 1l
< — 1
e —— \ T L
e T —
e S n 2 =
— #@- 9“"—“———-—5’4 =+ rU 29
e " = R
B %.& T ~
e ' woooa
e © ’H ‘
[V g~}
€ &
5 |
- \
(1) .
~ g
~ 2
Y- =
L0
- £
©
QL
0
l._

34 9300 -

9 88334 - "
=15 1633 -
~40 2100 J

~3
[eo]



1 91 **%f usa18 » :ggoanSig

WYg p=4 18 XX] sesw ] 3(14 1 adey

NWWIW

o1
29810 <=

1

26

88c120

T

S8190 ¢

0l20l +

1ey eydie

79

(g01%>




1 Q—m& nHHnH G®>mw Hr(ﬁ nvmvhjwmm

0=4 1S3 ‘W9 Q=4 18 XX] sesw ] S[14 ] adey

9G- - £E801 Gh—
22

80

L 5965 21~

- EG16 61

=523

44 WS I
AEREALRARAA b 7
AMOOUN N
AR i e
.z, %ﬁ »%. \ «..%«% ’,.s?as
SRR K WAV KV 0
e
Qﬁo‘é\é\yf ﬁ«%&w Ne,. A ¢/~ |
il ~.§ iy
) 4%9.

c A«f. A %&A A
“ ol
AN AR AT
.w f\%ﬁ.«,ﬁ «.«s..‘ il
@M%b\ A ‘Z\‘ ~9 b
) Rfsiﬁ NS / _:}
Nt
J / a\.\ W\ \q\ L Km,,., es

a

(1ebw)y 1y X



Ty hat (mgal>

e
—
<\
i
oy
[
(o]
[«
Q0
8V}

«©
—

~49 0189 A

-127.028 -

=0

0 6kh, est h

qneas Txx at h

file 1,

Tape 1.

given Ty, File 1

~

Figured5: T,



0=4 1S3

2L

1ong “75p ueatd 7L

‘WG Q=4 18 XX] Sesw

(1ebwy 1ey z]|

goInft g

‘1T 9114

1 sde|

6€s 611-

1168 Ol-

8956 {6

G088 30¢

o~
[+ o]




1 ot ‘M uaA18 » :1gaIn3ty

wAg o=y 1 AR} sesw <] 911y ] sdey -

sy
own Py B8 ®3

hS

26

ey eydie

L T0She 0"

62292 |

201Sh €

83

(01X




T 91 g ‘"L uaA13 %, :ggom3y

~

H
-

0=4 1S3 rwWX9 (O=Y 12 hh] sesaw (] 3714 1

12-
o’

€ N
- %&g \

96-

\

EARVA

A VARRANRT

( .\w »ww”aw é%«,, ]
NN S X

{ ﬁ@%% i
NCRETAG] %.// (LS WSV |

L
A AN R
(7 .&m.«».e’ \\» A &wfué%ﬁé«&&.@«\»y«»& %.%«?
s N

N

\

3\

WA
%EWfﬂg
ORI
i
I

¢1ebwy 12y XJ

sde |

- BlC6 9€-

- 0898 El1-

- G8CI2 6

- 2662 2€

~3
[ee)



1 21t “*if uoa1d [ :ggaIndiyg

0=4y 1S3 ‘w39 g=y 1 A} sesw ] o113 ‘1 ade]
O Cuy, )
o Shl- , Ghi mwww
o
C - 6682 hh—
N | AT
‘ o%%“ﬁ». \Y 9G-
RN
[ Mprissen )
NI e RN, o
»“.?.“_w&»»s..,.gaau._w.vwm....,w%w,«..,..».\.,.h.“,,a\%ﬁ?\ et 6
.f. \ﬁt&.\ 6&0 ‘Nv'. % ’ /] l»»h/\?.(» (TN .a’;‘ \\ b\\.ﬁu\ 8%,
? »&‘ \&?A\\.{&S» \\\\wﬁ Q?P,S\\»(:S V) I
%y &m@i&?f\w%u:.oﬁ qo(s 1 \Kw,/&éﬂ&%: é Vi \ A
,f§$ae$aﬂs$&\s§§e%4éﬁxv
J é\?&«» ?..w.w«%%“@&‘m&ﬁ vwow.«/( L BSE6 GE
U .&5 v

(1ebwy ey hy

wn
oe]

P




19l ‘M uaatd if :09e1nStg

0=4U 1S9 ‘w9 g=4y 112 AAh} sesaw 1 sT7T14 ] sdey

- hS1h 99-

37(%?
AR

X

- £E09E 92-

S

1%
; ‘?‘ﬁ:

86

- Bh6&3 EI

Q)
Y
", X4

L 66he ES

~><%LM5,? 0
D
I 2@»& TN YRR AT R R
) ,M“.M %%w\\«o hily ?%%ﬁ , e"w, .«@«m@ %’w@\\v&s 7
s w,,,, Am.o é&?&m& &« L“
gﬁ?iw ’.ﬁ ‘J?vo mﬂ&
A
AN
AR NRANINA

R ) s W

\ : )

ﬁ« M/ Nc A%
IV SNV
i 7 )

/mu,»ﬁ «oz \ ’Q& s
AT
() «w&\

XA
i
A

ol

(1ebwy 1ey z|




wxg 0=4 1®

1 91td ‘*[ uoatd © :[9amBLyg

ZZ1 seaw ] 91}

ey eydie

1 ade}

6L0CE -

091cht”

18hI0 2

Shi89 €

87

(g0Tx)

B




1 21d ‘7L uoAld 7f :ggaIndig

0=4 1S3 w9 (g=4y 12 ZzZ| Ssesw ] a[1} ‘] <de]

[

(N 9G-
‘é@ﬁf 2 7, - 2hOh Th-
> AR .é.;« VA N
TR A WA, £
gz <,<s.$§.¢é/f,a\ AWA .).?.,e AR
RN A XN PR RO
%0 4 .v.»u“».qoa KON ?«»? NS YA
SN | L 8088 Oh

(1ebwy ey x|

88




0=4y 1S

L a1 “*f wea1d [ :ggamm3ry

‘W9 0=4 1B ZZ] Sseaw ] S[14 ] adej

b
v/ &3

N Y N

Cuy, . "
- m |
s J - 0162 2h- ,
82
WY A2 < L 2806 61-
R R W
'v/ .Q \? .. Q Nx [} ,
ﬁé&@m «.g N.,N 3
VN | [IRARA ,
z@g Q &ooe% w“»w ] - 662k 2
il
ARG
TR :?:4
RN oow..\ o L 6cc8 ke
{7/

(1ebwy 12y Ay




0=4 1S

2
A

i

A

K
R
‘M,w.

\

N
Rl

N
é

=]

-

\
|\

S\

\/
\

z»/w

\

1911 ‘¥ usa1d % :pgoinSig

‘W9 Q=4 12 ZZ] Sesw ] S[14 ‘] sSdey

2 Y
2 Shi~ Shi

£
IR
‘«?
N

»

!
3.. S \m?

-3

(=

Ve

~é5%§

V»v /%o

A Y, M4 W R

Nl “\ i&% g\
SR s
A et

YRR

X MK

]

RN

ALK .%?wi.
AR
i IR \,@%&»ﬁé
5«.».&»%»4&)6 3
Wikttt
sl
RNy
S,@x&,i t»ii\n? \
as.?%é@»%x% ANS7
Cff \. I RHX
o,...é

é»«.

o e
AR dhed
I XA
e W
A, 4o \
V’ -
35 iy wq Q
)

. é&«,

(1ebwy ey zJ

96~

LN
) »efgf
ALY
o@%ﬁ%§,

- 22h8 65—

- hEeld 0c-

- hS6d 61

L 2hi19 65

20




191 ‘"I uoatd » :ggarn3tg

wxg g=4 18 Hix}] sesw ] a[(14 ] sdey

i
o I, 86 Sey

2hae -
26

- 06h0Se

- 63Cee ¢

- 88002 h

ey eydie

91

(g0IX)>




1 91 ‘"L usAld 7f :9gen3rg

0=U 1S3 ‘wxg o=y 18 fAx| sesw (] a[14 -1 sdey

\AQ\%@ Py v&«w’ !
s%%}g@ Y NIy s 95~ [ h8IS Oh-
2L %@ﬂ&ﬂ@%@&&%@%@@%?
A ..\3.\,5;,«.\\.. A T N
"A AR OO
,. Ao AL St
_ At MRS IR RS |
“»“a.w,:%.., AN ,,s,..,,.,%.,,.,_,,,,5:..\5@..2%,?
PR :

|
|
|
i
|
|

AR LA NREN

A CANVE RV 2l

; 95«?»&«2 »??«»@\. SEE2 Oh

(1ebwy 18y Xxj




0=

4L

?}

Yy 1S3

13

g “*%f uaald L 192131y

rwd¥9 g=y 1 fHix] sesw ] 911y ] sdey

(1ebwy 12y hj

- 02h9 E2-

- 8642 0E-

- G880 El

- £9Gh 95

[
o




Tz hat (mgal>
J

S o
_§g§%§§§EEF=$§E=m£§Ln$?’
= = S5
: = ;' 2=
== S g
;‘\“‘a’aiﬂ"g’
=5 oy
SN
T
S s
| A \.aﬁir‘—' :
=<
Q-
= X
1
1 1 ¥ 1
[=] N 4 [4Y]
09} n [o1] +
™ o (\¢} [4a3
o [¥] - n
4] (o3 ™ {V]
- i T T

94

78

=0

est h

0 6km.

meas Txy at h

file 1,

Tape 1.

Figurc68: T, given Ty, File 1




I 911 “**f uaa18 » :692In3iyg

wqg pg=y 12 zhH} sesw ] 11} 1 ade)

s
R P *3

26

ey eydie

02826 [-

698861

hh9e6 |

T0LGZ £

(gO0IXD

95




v

T 31 ‘*L uoatd f, :gLamnStg

0=y 1S9 ‘w39 o=4 1° zfH] sesw (] o113 ] adej
W o h1 e sp
Poﬁ,u PR 82 7
ﬁMXo, RN 1l h
€ vvo.“o&d_’/,, N A :./.« N\ ) _ 2897 1h—
22 N.«»&o«}g:&é%/%/%%@”w AN Z
A
\\ *"yc‘sof% /2/?\%%’4’?%”/@“»”{? %«»4 0 WX\ | 8052 hi- =4
RIS AR AR A
A
»///%%w?:o \\o;««»w”,/ ?o% :»W// O\%W/««w@w@. Ba zoo oa»ow\ L 9992 €1
v ««r g > %“u»w»,e/ A .o«;»/ A‘« \ /vv(.,o.» 7 W
/%W»« .«»,,.,Mm’%/%@%w? - onge On
\7

(1ebw) ey x|




T 3pg ‘*f woad [ 1 0Bty

w
0=4 1S3 w39 pg=4 e zH}] sesw ] 8114 1 sdey
&7
ow ¥
o’ Shi- |, ch 'Sey
cz4o - BSS2 2h-
11
€
20 DAY v 95— L 1029 61-
2t g@ BN Ao )
RN I RS
ire ...«.».\_? AVERKIAN mo«.é zoo%\\ ‘ o A RS
\..”'o«,@%w\\%ww%@&»«»«“@ﬁa W%&M&W‘W@‘&m«w\&w@\%\mw»w,-&«wsa“ ,r 59516 2
b &wg?@.f... PRI RN PP
§$m$3s3%§@>&ﬁ \éxnkﬁkiy% N \
sl W
il il s s

(1ebwy ey A}

r~
(=2}




190y “*f woal8 *p :gzoinig

0=4 1S3 ‘w9 Qg=4 12 zhj sesw ] ai1} 1 adey |

Ghi

86E€L J2-

h

\7

i

he09 62-

98

|
|
W
L 0c€6 21

1

X \ WA

-&%?a. AN

N AR R <¢ . Y ¥ "

o

K WIANRE 00

%‘,.“&%%»."..@ il

,m‘k. %OS} §m§0&2(‘0A€Y!£wS§§Aka ‘¢&\ 0

KA RN
AR A
SN .
RN AR D DY)

QQQFQJ%& zﬁé&u$3§ z;5A

DN 7NN

¥ ,%%,“.%,..,Né.wy..,,“.,.,,,, .

VW‘»( ’ 1[43/ ‘ 7 \r( W“W
cmo \\ %as \

)
.i%\.
&%%v

</
\2

<

h2Zh §9
|

(1ebwy ey z)




1 9[Lg ‘*iL uoAld © :gLam3ty

wHg - g=U 18 ZX] Seaw ] 3114 ] adey

N Py 86 *Sey
mv\ 9L
hS
o 2
e A o1
26 ,\
- £HE9D £-
7\
x
—_— O
0 [=4]
o
212229 -
go8I8 |

%
A

1ey eydje




13 "L uaAI8 L pLamIlg

~

0=y 1S8 ‘WX9 Q=4 18 ZX] SB3aw ] 3[1} ] 3de}

BIZ2T1 Th-

2

100

2L

ihee 11—

T

2292 ¢

62k Sh

M
4«% %&é,ﬁw\

’\.ﬂ«f \v,
4Vs¢,

.‘. A
A,
A
R TR
[\ \f §Qs 442? <’4ﬂ4
.;é% A 4« ey
%..%%. ¢ ,&.,/,/; 5..? N
s XX »w?§ A /%_4 N
bl 0 G
AR AN
( /Q& 5 \ AV ﬂ, v
/> ﬁo«é«oﬁw \
Ae

il ]
S A
.x& A \% ( },.,.»
i \ 4 P t‘
YA i3 Wi Vgloll
r A
&wo WA %,4
\

e

\

¢1ebwy 12y X]J




1 ol “*%f woald f, :gLoanTig

0=U 1S3 rwxg g=y 18 ZX]| Seaw ‘] 3[13 *] adey

- 6h1Z 86—

101

- Shec Be-

L G392 ch

L 962 211

(1ebwy ey Ay




0=4y 1S3

T 3 ‘*if uaA1d L :9rom3ig

‘W9 pg=Y 1B ZX] Sesw

Ch?

(1ebwy 12y zZ)

‘1T 911

] Sdey]

- Z1E° 201~

6922 82-

0292 hh

€E0E'B1I

102




19o1d :._cvmwauw J0suay [[nj uaA1d o :)231n3tg

WX9 Q=Y 1€ JOSu31 T[N} seaw 1 a7ly [ ade)

) W@/ﬂ

1
1
L hoess €

W 1ey eydie




1 9t “yuatpeld Josuay [[nJ usAId I :Q9inFty

0=4 1SS ‘W9 (=Y 18 J0SuUa1 [N} sesw ] a1ty 1 ade}

4 AL
RN
{/

ORI ..»/ S0 A EHEE Oh-
Al |
/7 \) NN \/ WNQO Y
LR
MR { A Vg
A wo« ,¢ \““v:/ O@b 4‘..»&4\%&» »’ww\w..c»’ A
Ao o

N 5 1 )\
A O
ey

wWathy,
WK

O»/
' / \? SO
’3.3//&% !?ﬁ,w\: WY \o. % &&?«o oa&o\w
SRR
(X VIRV (VR ) 4\ O< ()
RN AN OAZAR
O W
e
{7

)

104

- 0280 €1-

- H0ST hi

A

W

V

74 )
AR N, ; )
{ .
R R TRORE R
Q"»\ ‘.« WA \“// ‘\)

- 840h 1h

(1ebwy 1ey x|




0=4

1S3

AN
Ty

st

I 3t “yuatpesd 10suaj fnj usAI1S a.«N 1629131 g

‘WH9 g=y 18 JOSU31 [N} Seaw ] 3714
X Shil- Shi 3
C«u
- I B2
¢/
A | A ? I
£ AR /RN
. “»\V ) »&ﬂo »,/, ?«?.. _ Wv \ 9G-

A [TOAN XY A
—§WW§§§ﬁ%%(\Mﬁ%§ﬁ¢. \.

Lo IR,

e et
Gl

) Q& - o...ou.\iw«#
AN
T »f#» \ &\5).,.\\. \ 4
V% \\S& \h%ftéﬂﬁﬁ\»e.ﬁ§ &%W%»Q’

A
~ ) / «&«4?32
. ).V’MMWK /\

il

W RAS IR
il
&\bﬂ@“&’&

¢1ebwy ey A}

¢1 ade

0500 24—

EE69 02—

T

2h8l9 &

106 1€

105




1 9114 ‘juorped Josusy [Ny udald if :0g8aInI1g

D=4 1S3 ‘WX9 Q=4 12 J40SUd1 [N} sSeaw ] 3714 1 adey

Chi
\ R

€ ~ 6298 95—
RN
MU LERAR
-. i j
IR R RN
»é,/,,«é«»&ss.«\.M,.sé..ae..?..?\%., R :
.,0,«../,/.,@\.,,...@....«.\V.\f?x?% ﬁm\ v
KIS RAIT) ,
é%.é.z Wyioils ,..\..,g.‘,?fzsc
Wb sl
NIRRT TSN
‘w:x<.§£3§&ww@aﬁ, N
ikl

(1ebuwy 1oy zj

00, W/ A’
ﬂ%&ﬁwéﬁw .
j ANHAVY A ‘
’$§}&¥%&?ﬁ§ﬁw,
2h49 02
hChh 6S




Txx (Eotvos)

o
=
4—; —

= S,
S — ———————
B . . T
I ~ie———

~71

7’8

-36

31 1300 H
10 7100 -
-9 71000 A

—
o
~:

-30 1300 -

-145

145

. Tape 1, file 2, meas at h=0 6km

Measured T, File 2

Figure81



g ol ‘M psansed]y :ggaIndiy

WX9 0=y 1B Seaw 2 3[1} 1 3adel’

(son103) AR

- 0008 hE-

- EZhS Ol-

- £€1G6 €1

- 0049 €

108




g °Iid ‘*iL paInsesy :ggaIn3ty

WwYg 0=y 18 seaw 2 S[1}

(S0N103) ZZ}

‘] ode] -

0018 0S-

29E8 91~

29ET 21

0011 1S

109




Txy (Eotvos)

~145

145

]
[}
Q
o]
[0)]
o9}
-

& 03008 -
-6 88000 1
-19 8100 -

—
—
o

0 6km

meas at h

fi1le 2,

1,

Tape

Figure84: Measured T, File 2



Tyz (Eotvos)

el — TR Ve o s
s e e —_— ®
o vt :\h.#..-—— S

vy
. s _
e, L Sy
"'\ —‘: S va
= AP 2 e -
g >
“p’ - z‘:“-‘—

o T n 0
%'§A. - n

e 1

o A~

f T T 1
Q N N (]
Q \D 0 (3]
Q N~ [L¥] ™
N - [}V D
o b - \D
™ - v-l 4 C;')

111

meas at h=0 6km

fi1le 2,

Tape 1.

Measured T, File 2

.

Figure85




Txz (Eotvos)

>y -
e

W
e et

——

-56

34 9300 1

9 88334

112

=15 1633 -

=40 2100 ~

0 6km

. Tape 1, fi1le 2, meas at h=

ed Ty, File 2

-
a

Figure86: Measu



g Atd ‘"L uoa1d p :1ga1nSig

wXg P=U 1B XX] seaw 2 3[14 ] =adej

26

(a2}

—t

- 280291 -
N\
X
—
o
o
- 92206 [ ™
099¢6 €

1ey eudie




¢ Ny “TL uaald If :ggoinFig

0=U 1S3 ‘WX9 Q0=4 1¥ xx)] scow 2 I[14 <] ade]
vO/V Cay D,
o Shl- , chl mdww
p¢+u 12- ,
Ay, o
AN AARIA AR 95~ - BS96 6C-
% ,...\N.."...%%?%%. B
l A e«».ﬁ / Y .««\\&4: ; %&» o«»a»,«» %3&%«, - 006h 2i-
& o«?q»«\»o@»ofo/ /'é(\v?o Q\g '4/@. .»«.9»&#\»%\\%%@
?2%5%&1&% 6 <$¢é&£&@§&?9 AR,
A ‘ 4 /\x @A 0}\6 '/< /’///’\\kf» Q\ 0>/ P?\v \»&%b X f % QN\.O\O
%f. x\,“..,«.s?«,,‘i@,ﬁ A AN
&.«?' WA e %.u.»ﬁﬁwv»%&&w@v v ?é«m&f X
ﬁ”O’O’/” 0\ A”Vb".ﬁ <¢(/./’/M«" 4/’// 4] /. A/
VRVEA REROAN
N »ooa,..o?s\ N L gron 2n
v?. w»w«%&ov& :

(1ebwy 12y X

114




g 31d *7L uoald [ :ggamnSiy

0= 1S3 ‘W39 g=y 18 XX] Seaw (2 a[14 ] adey

ym&v “wy .
o e Shi- y ghl &3
L 1e- - 2229 ch-
£ -—_ 9g-
e ‘ DO A
£ AN [N 7 n | E1EC BI-
40 0v< pe (] Oo& (] O 724, Q\‘ \5\\ TN
s ) o A
[ KRR O AR )
IR R A | e <
A R A P Rcond NI
o RN e
Uprsagi e
.4?04 ‘ . L £09Z 62

¢1ebw)y 12y A}

115



T 9L ‘T3 waa1d 1 :pgoangi g

0=U 1S3 ‘W9 pg=4 18 XX] sSeaw 2 3[14 ] sde)

> 1s, |
» Shi- _ chl ey
96- - 8208 26-

7

22

Ay
,@i&?

|

AN

hB86I1 hi-

116

- 0601 ke

3

¥

1
M
10* 2 MR 7
K ; cﬁ»;m«v’“»»«x CNROAA LA AN |
Vet
oo ran e Oy e
Vil ..@@é?%wwéz gz .?«m W
NP s .s. .
S s )
Gl
WAL LAY YR AR N hSTh 29
Uiy
/

) RUDBT 6. MR
A .«»444. /] q/.?f\\ \ IR
W
44 ‘ A \/ ’
ol N j
) NN
Q”Méz&: fi AR So.vo &wv ]
NN
SNNEARRN A /?.
N\ X “ ’

S
il
b

(1ebuwy 1eq Z|




¢ 21d ‘"[ uaald » :162mTrg

wxg g=4y 12 AR seaw 2 3114 ] 9dey

o1
| - 28611 -
26
” r~
| =
| - 1G220h°
N\
x
—
o
o
| - 2chee T Y
- 6E. h €

ey eydie




Tx hat (mgal>

-—

|
\

|

{
."

147,331 +
58 6958
~118 374 -~

-29 9390 -

118

=0

est h

0 6km.

meAas Tuu at h

frle 2.,

Tape 1.,

~

Figure92: T, given Ty, File 2




¢ o ‘*f uaal3 A ‘g6aIn3rg

0=4 1s8 rwrx9 ¢g=4 e Ah| sesw g o114 1 adey

N yO/V ch 1s, W

hoﬁ/J = Shl- , _ghl ey ”

h

7

22 |

L hS9E £2- ﬁ

\ o |

R .

WK vl 3& As VA ,,ﬂy f se.«o\ ’ ? 7 _?. "

A S m
’ A \ / ‘ ‘ DA/ vl \ 5O

?.5 ‘\:f i\ _i& ;te \.5,? \Wpee ?A« i 7

. \ ,oo.a}.s‘ ”.ﬁﬂ.’(s \\ | aos e |

At
i

(1ebu)y ey Ay




g g "L uoald I pgongiy

0=4 1S3 “wx9 pg=4 12 Ah| sesw g o114 ] ade]

on dS\w )

P

12~ &a

Y -
,

/ ) ?ﬂ« 9G6-

\ , 7 .o \ _

g, ,%,w v,% gmwﬂ, Al A -
bz |

22 - @%«wwﬁf’
,/ @%/ A ) Hﬁzdc
| l %ﬁ IR ‘
W

1

£\ /
B g828hs -

1 \?Aﬁ@. » ’/ >

_ / i e‘ p ANy // ﬁ,/oé 4,4’ @&» ’ \
,,z,,..é% o b il ,
Vel

\) ’«a .%vo
_s
i

181 22t

PN
i

600 She

(1ebwy ey zj

120




g 9l ‘[ uaa1d » :ggonBig

w39 D=4 18 Zz)] seaw g 3(1y 1 adey

S
o I 4 86 €3

. 12281 [-
of

26

5£20Eh

L

61640 2

h3299 €

ey euydie

121

(gO0TX>




€ 9N ‘**f uaA1d I :g9goanSi g

% 1s
S Shi- Chl m/w

ﬂ..,

- 2922 6E~

™~
3
-—

A
G B D) e

-~ 5get El

0=U 1S3 rWwxy (=4 1¥ £z} Sesw 2 (14 -] =de]
by M
A A
! it %ﬁ%
...4%»\»«%&4»9 ,e?o»{ N‘. 4,.,.4,.5..»«9 M A 50
.,%,",M AR AT .,«Wm”m,@wf
N RNLAPANWARALT KX
g e
ey
ARG .«,wm_,,,ﬂ,,,,«ww.«,,.%
VDA W
&K%MJ
/' 0

- 9£29 6E

(1ebw) 1y X|




€ 31 ‘FL uaA13 [ :16a1n3Lg

0=4 1S3 w9 Q=Y 1P Zz] seaw 2 3[1;3 ‘] ade]

0 KN (w ¥ ) ’e
W\ Shl- | Ghi €3 - 2h9C" Oh-
L Shot 02-
22
4\% &. & .
m&\ 0 d\ &ww. Jl \e %:\m«. s\.& | g92cce 9
Ki\? &w oA s\ 5\»&@« %
v AN ¢4
\\? ?& il o %«»«&/& L 0518 2¢
0»4»«5 \ ’ QK

(1ebwy 18y A

123




0=4 1S3

0\
\

D
/4%» /

€

RS 47
A T ‘
A

./»f« A M {
s
%e«ww&.:s‘wg
/»,”//M >~

WK

g o1 ‘7L uead L :ggeandig

~

‘WHG O=4 1¥ 2] sSegw Z I[1}

Chi

1=

e

W Shl-
\/
\

_mmﬁ A
3 0

V

S

AR A
il oo
e N

FR
AT «Nr\h’\\vai <
; X <q€r.\ ) ~ N
S RN s
i AU /
15 &&@2 4
W

(1ebwy 18y z}

‘1

sde |

GEce3 BS—

Shi8 61~

Skel 61

3

§£98 ¢S

124



G 2 L uaa18 p :gpanSBig

wxg pg=y 12 x| seaw 2 3113 1 adey

wh@/w

hittld I-
26

125

- hS2282

(gO0TX>

i gses2 2

SG9IE h

1ey eydie




G P ‘L WaAIS %L :ppremSig

0=4 1S9 w9 =y 12 hx) seaw 2 a[14 1 sde)

J.VO/V (W *b s
R
£ %ﬁ%-=-_ , ) &
it E e
) —
gﬁw g \a—v« (N '

A
’ - Ehiéee 6-

&%L
, L 29h0 2¢
/’ . , L ZEBE €4

-
=
ﬁ,
=T
5‘*
SO

(1ebwy 1ey x|

126




¢ 3l *L waatd AL :1gramSig

‘2 3113 *1 mﬂ_mF
0=4 1S8 rwxg g=y 12 AX| seasw
o Cw ¥ 156
99y Shi- ¢ ghi J r 8eel 0S-
N
12~
- 90E¢ 02—
s, /| ’
g ,.g,\. AR )
22 .\‘\ A T O\ e
s i
AN TN A $ &é 1l ..S. SN | as195 8
?&\&&\ﬁmﬁ\\ ?«.&S NM.%&.w&%&.‘m\a«mﬁz\«.«qwmw\vwwwav.\v\a
QAN \w\\mgmmw,\.#%%s( v %o%s.sﬂ»‘ \Ncof\w‘d 4 ) 4
%.v,s IR ONPHAL] KN
il A sﬁ&.\»%..~$ | gecn se
ol ,«%%..,.M.,,..%

(1ebwy 12y A

127




Tz hat (mgal>

S i
%'\‘)5 <
G=E§=%§EE?-. o

|
W
)

-56

104 205 7

128

-36 3649 4
-106 630 -

-145

145

=0

=0 6km, est h

At h

meas Txui

Tape 1. file 2,

given Ty, File 2

T.

Figurel02



G o1g " uaald » :gOToIMTLg

wx9 g=4 12 zh) seaw 2 911} 1 adey

s
VQ@ T, g6 €3

I1LhkS [~ |
26

129

2eel e

(g0Ix)>

22886 1

- 12012 €

1ey eydie




g 91d ‘*\[ waad I :porondiyg

0=4y 1S3 w9 g=y 1 zh} seaw (2 3114 i 3dey

N\?
Pe
P - 02CE h8-
A
’/ L TEED he- a
.e,,
Wi
/ . 8082 9¢
\
L 2009 96

<=

¢iebwy 18y X]




T °lg ‘*f waad 4L :gorandry

0=4 1S3 ‘w39 g=y 18 zZNn| seaw (2 a1l ] adej]

;x%v Coy, .
o © RS e - 6996 24~
¢ 12-
€ N :3?
ARTON| YRR 95-
22 Wl é.s\w%/«.&m@‘wn’% e
AN R A =
AA \»».;4 \»Aﬂvu. \v\\\\\~ 3«»‘ i‘\aaoso(»Qs Oo’o\%\\‘ s’ ,
N A R AN VR0
el \.‘?s\sos $ «/.u:iyié\»i&o
I ,...&NN.\\,*M.\\W.\%...% Il oo e
Qg
N v...‘..\%&“ &u\w»..i?w,? ?
..n»u«.“\.\\»& ..4364%«? L 90he 9E
DN

(1ebwy 1ey A}




Noﬁi&aozww“wo@awa
0=U 1S3 ‘w9 o=y 212 zhH] sesw 2 3114 ~1 sde]
|
|
,

t1

g )
i ’. .h..’”, //.c ?-’. L 0266 8E-— m
g .a %% / ’ g ? é.%“‘y ) L 2120 14
st o
’///?/—%&__M‘/M%%””X% ‘3“‘. @V\?@fﬁ”& ﬁ 35? heo 12t

==
%
-
==
B
=
- I

o,

(1ebwy 18y Z}




g 3N ‘*5L wA1l » 1 0101081

WYg p=Y 1@ ZX| Sseaw 2 I[14 ‘] =dey

NMMNW

- he022 2-

- 09209€°

92246 2

ey euydie

133

(g0TX)




ALY it ALCISE R AR U |

0=U 1S3 ‘W9 0= 1 ZX]| Seaw 2 3[14 1 3dey
¢ yo/,/. ﬂS\J 1s,
O\ Shi- 1 m/w
o Sh
£ az:«./ ) 95— - 1190 Oh-
A o Y XY / : :
et \oo«nv\%&%@W%«&%«%@ﬂaAm.A..oo”é :
RN AR !
AR &
RN erke 20-, 2
NI NPERY (WA .
AR AR AT
NS LAY ‘o.’/..’. ARG fo\\?»v, A ”/ X o.\u \\ wﬂ\Q\\ Oo\wsr v ‘
AN zn.w»éé‘5_2\,.»«%«,:.».,”, X AANAINAY
NIRRT | oce
\,?».«.%«%&..».,.%«,ﬂ%@%«%.‘ R
oo' AR i <~»¢/«; W >M v
’4«%»”’0’/’?&@\&\ ‘ &/\Ouv“%mw«. L 9860 €4
&\V&A’ \N

(1ebwy ey x|




T A **L waAld L :6012an31yg

~

0=4 1S3 ‘WA9 Q=4 1 ZX] Seaw 3 S11}

I1

v/ ~ /{
Lv\%a # /¢
AN
s

b\}\

/
bl iy
.,,$ i ) ..Ms\
LAINST IR Y
Uil ™
&Q\QQth?ﬁ% %SJ%FfK -
AN el
&

Vi A%W
AR | ) ,
gy s “%:? 0
A et
$$= >£LS§&§=$&»~ f
AT i j i
Ulrigiag T
il mAae%y§mv ! .ﬁ% ’
/.9/ «\nﬂlg
() 0»»% M

(rebwy ey A}

95~

)
awks&ﬂﬂ\&
}&w

W

[
AN
\\ «.,.S\S\. »Q

‘1

%

sde

ched <h—-

68he BI-

Gs2e 0t

6002 Oh

135




. . 2 g ‘*=f waa1d If :QTToind1 g

0=Y 1S3 rWXg 0=y 1B ZX] Seaw (2 2FLy ] ade]

> Shi~ , ohi mgww.
B2
0
95-
, - 1228 26-
|\ N N | L oste Ti-
N ARSI 72 ,44 .w&@é N\ AR
| 4 ‘<‘> ,/AQQ 1 Dvg’ /] \\\ ‘ \ ~(/0\\0’4 4? 4 (‘é., \
A G
Q \ AV (AR . AJNLEX ) s
N\ WSNVARN KA N R I 026€ 0OF
sl
Q o%%«;«‘#.’#?& / .Ls‘\& 2\%‘4:&\\5 .»o%os o~ ;
W ‘»w\\v‘.m.o«.»m«.:\}. N %Q 4&» t\?&‘ g W, ./0?@
W NN o,/:s,:\i»vw AU L 0600 22
NIV AN ».}3 VT
,..a....w%,sw%, i
v _

(1ebwy ey zj

136



¢ 2Itg “quatprad Josuaj [{u] udAl8 © :T1I2INTL]

W39 g=y 18 J0sSu31 11Ny sesw 2 9114 1 ade | 7

s
©3

01

TholE -
26

137

12600€°

(g0IX)

geses |1 7
i

1)

hZ2G6S89 € |

ey eydie




0=y4

{f

T 21t “yustpead Josuay [[n} waald IJ, :g113Im3tg

1S3 WY9  0=4 1B JOSU31 [N} Seaw ¢2 3714

am».?.,
()

0\

i
\\ #TAH ’
”w,«%».,
X

)

e

s

N i
(A e
b NV ,Q
G,
/> ’ W ; N &
’ 5 ‘...,ﬂ%m}. 4:»?..»'
, AR )
\~¢ \V&
, (¢§%¢ 4\
Pikel\ wum»zwmo o:w%»«m»«o L
SRR i

4
‘OQ Q\W()/ ,/A’
Al . A
A aa ) f
N AR
SN AR /
A AR Es,.w,
\o%f\)_ N
i
AR
,/(/) W\ <\O//f>400. «be\y
@?%?Z 47

(1ebwy ey xy

f1 ade

gS1h 6E-

S08h 2Il-

0SS+ hi

G06E 14

138




- G 31 ‘yuatpeid yosuxy [ny usall A :g11oInStg

0=4 1S3 ‘W9 Q=4 12 JOSU31 [[N} SPaw 2 37114

" VO/V ﬂs\vb 2
o > SR 4 84 "3
¢
(7
0 | 17
ﬁmW%fk%: 95~
W NI S SN \ QAN
AR RN TN TR PN
RO z ANYEAR) :érﬁ sl
R AN I \...\.‘.s?ﬁ...w;f Nl
DR N
IINRAFOSEREITRANA | «/&M@ %w
] \1?...»\..\.”2 ~ XNy
s:av, é§%§%mwesoo

(12bwy 12y Ay

1 ade |

1

1SG6 Gh-

9cte 02-

2668+ S

hale 1t

139




) 2 311g ‘yuatpeld 1osuay [[ng uaatd °f R ARCEUV IR

0=4 1S3 ‘W9 p=y 1B J0sua1 [N} seaw 2 3114 T adey

Shl

hZhh GG-

A

ARy

AR
e
’ ‘ ,(V/O/ A_\O )

y—"

Eh02 21~

140

1

BEEOD 12

W Shi-
£
A\
‘.’(y -\,
AR
x| AN AR )

A 1A 4-,-3, 5\\&rw««?.&éwﬁ»... %m@»%
RN AN LA AN
R AR AR «?::
RNV s:..:.%.,.,, 0

\ W ~ 0 ‘4 /)
il
WA
c%&s$§£~

/A
Y IV
N EANRRAR W2
LA &\ Y /.’ .\M'f‘\\\ <2040
RN AR
BRI,

6122 6S

AROX)

¢1ebwy ey z}




POY3IoW UOIPOISINUL ‘g 29 T SI[L] ‘Jus1peld J0suay [y UdAL3 © ;g3

pPOU18W UOI1D3SJ431UT  pauUIqwod 2 3 | S38i14 'I ‘'adey

o1 ,
» - 2hBoE [-
S
- 2hBh6e’ A
N
x
—
5 A
o
- a21ece 1 Y
L 6£129 €

1ey eydie




POYIOUI UOIIDISIIUL ‘g 23 T SOt ‘“Justpeid 1osusy [0 uaald I :gyraInitg

pPOY18W UOTIIZ3S431UT rpauIqwod 2 R [ $a11jf 1 ‘'adey

9G-
Si2tl 6e-

T

cl99 2i-

166 €l

RO
7SS
9 AN ”%%«\ DA eyl !
TR W »@ »«.\ews&m w»g W
2
%»&Eﬁbr% AN X

(x« mrﬁumrﬁ waﬂw
fm‘-‘
&c/,f. /,_,?
L e A
RSN,
e
N
..V/?/%é\%&.’,%w»?&w%%..."“oe
éwé?\.«»w«}/.&m..,//?&»oé
\?»s».o\%-%w» 9, / W,
M,,,M«..,.%%ﬁﬁém.,,,.,%,,,,,,/%% )
et
o \.IMO./,«
4:»« - h6G2 O+

(1ebwy 1ey x|

142




POYIaWI UOI3IISIANUI ‘T 29 T SI[I] ‘Judipeld 10suay [[ny udAld a.«h AR IR |

poy1sW UOT1ID3SU31UT PaUIqwod 2 B | S3aT13 ['adey !

;yo,/w 48\6 2
» O Shl- | gl M:ww _
P&v
< | AN
,Q§/ ?&@I 1
PEONS
R NS e -
2 n @@»@W«@%&«? £ \.. |
/49 N«%..,@.ms..«,.&.m.;,,...%;.,«i\\: o AR
o il s
NG m“.»‘”‘.“,&.",.\s M“.".“.“.@ww \Nwﬁw.,.\.&?,a -
INNELIHR 2.;\ SN IN W N T
ST RRANARB RS
i O
ottty %«“&s -

(1ebwy ey Aj

ShEl Gh-

0563 61—

143

c2chhd S

LEBT 12




POYJoW UOT}0asIAgUY ‘g 29 T SI[L] ‘JudIpRid Josudy [N} uaAld 1L 111Nty

pOYisSw UOI1D3SJ491UT  pPauIqwod 2 R [ S3aftly ' ade}

. vO/V
%uov Chi-
ST
€ ___ )
\J
AN
d R i&&??&& X . I
o A IR SO
z‘.ﬁ. T NSBAN AR VA MRS
AR S et
..z..,,,%%“.s.ww.w.‘,\,m..ﬁ.e.w\,@«5§ |
OONVHUNIVR ..\“sv.\w.ee%.é%: I -
RTINS t...«.....%\. s
NSty oo
N
N 7Zpeim NN Ysa O -
e&m%. ...\.,Amm...w.;@m“\wv‘ R
\ \\/

(1ebwy ey zj

0hel GS-

6226 9l-

€822 12

£64h 65

144




Poyjowr uotun ‘g 29 1 s3] ‘4usipesd losuay [[n usALS » :GIIINIrg

pOU13w UOTUN P3aUTqWod 2 R ] Sa[l4 1 adey W

1s
on L x 86 €3

ot
- chB9C [~
26
n
=
- 2hB8h62
m
X
e
o
o
- 21886 [ VY
6E122 €

ey eydie




Poyjaw uowun: ‘g 7p 1 Sa[L] ‘yudtpeid 1osusy [0 UAAIS L :0gT2IndLy

poyY1aWw UoTUN *pPauwIqwod 2R T S3TTt§ <1 ‘adef

1

2e

o oy,
Ay
”/‘/f (] “O/«q’) v,
R 0/%“)4 b Y
Uil
AR X WesVAR/
AR
OQO ‘V’ L 0./45" ‘\hQ“J “»\.
oy
”/Nw&&. ..o4\é&<¢§wmw“..s«.M.ﬁmﬂa,”«mﬁ.
\ R RGN B A
AR P
ooff«;\e :”{V i
0 .ooo~< w’
7

S8 Shi= ¢ ghl
] }‘%...,.,, .
§ AN A
) ‘
.,0 W N p
e A e
, 5,%3,&.,_»?{,? A .
\» \ \/ S 0.0//, /ﬂ (/ /. CA\’ ¥
s.”.:/%.....; A
O .0.,,,“
\%

(1ebwy ey xj

E0ES COh-—

620€ El-

hhi6e El

8BSt 1h

146




poyiaut uomun ‘g 2p T Sa[tq ‘yustpeld Josusy [y usalg AL g3ty

poy1aw UOTUN  pPauvIqQwod 2 R T S3[T4 1 ade|

Cw
o )
S o Shi- y Ghl waww - 6E9E Gh-
o™
€ L hozs oe-
Mo [ 3
N N A 2 :
. , Y . Zirx]l)
] AN AN AR
|
AT AT THIX AN VTR 7S
il R
/ \\\#\b«\ <>o<~ \ 000 4\\\\\ \\\\ ,%'&4%%» Q/ﬂQ A
X \\ I é&e}s.voﬁ\&»N&. ,«...:.oévw.w/‘ | L gent 16

¢1ebwy 1ey Ay




poyjour uotun ‘g 29 T So[I] ‘JuatpeId rosusy ([} udAld 7 L :gg12an3g

poyi1sw uoIuN ‘pauIqwod 2 R 1 S3(1y 1 =de]

2% Nm
15 Chi- Ghl mﬂw

€
a\ 4 AR
.s.o,. 1 /»o'?w\ R "
A ‘ \\\»&&«ww&&»ﬂﬁf&»«V«A\Wo/
i« % $<$\« RN

.m )
\ A
r N AR
il ..\%\\s»._Q..‘,..m.),:.? ¥

; z?zbwm&.
AR OOV (fadz
?.,,/(,%«,/«N«.\:3«&%&« &&%&é&»«%&%&\%

ORI N RIS [
R
AT AR
.o&/ %«»\»&s .&\w A 4:”,4, Y .\m&w.\.&.

LB ,,.,,.,.“. NS
|

N

YOG
Wl sl ¢
/w// v.\\\sw«‘o{wo\« ) cwv“o’/ W77\ ‘o««

."‘

WX

\
\

{

\/
\ ,w«,o#

\/ ow h
e»,

(1ebwy ey z]

1

gch9 ¢S-

9ich 81—

886< 02

2610 09

148




€ Itd “L Jo enfea yiny, :ggromSig

(4ana1y g€ 911y ‘1 adey . .

~ 1s
W\ Shi- |, chi €3

AN
£ ‘%(\v}(%. ) . 956~
RAPAAARL AN & 0051 8E-
gl e |
AR
R iy NN
\ v \Vw X f 'S, 0‘&2 (A Nw.,v v B -
R VIS
AWZAORTIA Ve ’ UNVZAZAN
OO/’O \\90 <\’ \w\//’/’/ / '4‘\» Oﬂ',, 4 7 ’//‘ Q‘\O” A\ 4‘ \)/ /Qv A S
_.,”%., ."« 1.5..:% é,..%// OGN N ?«w\..qu
“. ".s 'QF/ n»/d\,ﬂ" .On/Q/‘\ %. N Q\ 3 «—< ¢MW “\‘ 'N\ 0\
e R ...
CANSRATAND ‘mﬁ»«»&.ﬁw,ﬁw%ﬁww@»«éé O :&\
Ay VS
- 0010 G4

(1ebwy x|

149




Wi

\\ 4
s A
? O‘&VA\ \

ol

\‘a\ X
‘u& s% :& Qv/
,befm\%@Va \fQ

%ﬂ\ » 4\ 3”- o«b»o(\\

€ 21 L Jo anfea yiniy, pgromdig

(4inJ1y € 3114 1 adey :

CShil- Shi

é »4? ‘

s& ;v~r %
g\aknw&&@pa

P \ f /4 O
- 0\ \\ bﬁ«\%‘ ’.4 ~o< \\

e

l

QI

ciebwy Ay

000S he-

2994S €

£ees 1€

00hS 6S

150




g 9[td “*L Jo sufea yjnij, :ggroIndi g

(4inald> £ a1l 1 9de)

Shi

9G-

W
;..ﬁ. ,A. /4

A AR o

ezs=az xz%s&mqw%, 0

WX Shi-
£
22 ‘
A A v » \
A 0V \\\ ».s‘\soé\s /«\sc T2
v NIRRT A7
(‘,M o) V. S/ 0 0«‘» %bs\'\\ﬂﬁ 1 \\ .\0, P\ \4 ;
mzﬁﬂfﬁﬁaai%%:?yﬁaz§%§$§§ il
.e/,.g&\i:.«ﬁ»&&w.%.%ﬁeé &3 /
,o,.,é;./l:?\.s«g »%.\.we:\ W
AR AR N0 ) N
K R
ﬁ%@(&4:&A%%%m&f&&@@%ﬁvasﬂmﬁ
i
#”%V& A
Y

(rebuy  z)

009 €S-

£EST hi-

£€S0 G

0092 h9

151




