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ABSTRACT

An emphasis is placed on the real-time correction of refraction-induced
tracking errors. With radar data from three missile trajectories the cor-
rected range and angle data, using real-time equations, is compared with
ray-traced data. Itis shown that these ecuations can be effectively used to
reduce the range and angle errors to about the resolution of the tracking
radars; that is, approximately two feet in range and five thousandths of a
degree in angle. It is also shown that the effect of an elevated layer on track-
ing angle errors can be compensated using these equations.
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SECTION 1
INTRODUCTION

In a previous report* an analysis was made of the refraction-induced
errors produced by time and space variations of the medium. These ap-
parent variations limit onebs ability to define a single refractivity profile
which can be used to compensate these errors in near-real-time. Within
these restrictions a radiosonde profile obtained close to the time of launch
and at a location in front of the tracking radar provides a first-order des-
cription of the propagation conditions.

To determine the significance of the refractivity fine structure ob-
tained from the radiosonde requires ray-tracing analysis. Due to the time
required to obtain ray-traced data for real-time corrections one must store
the error data obtained from the tracings in advance and then reacquire this
datd or generate simple empirically-determined functions which can yield
the equivalent error data in real-time. The ray-traced, storage.approach
requires making use of a large part of the tracking computer memory bank.
If several radars are required to provide raw data into this central computer
this approach generally becomes unacceptable.

The second method using functions fitted to the ray-traced error data
has several variations. If the empirical functions are derived directly from
error data the resulting equations can lose identification with the real-world
parameters which produce refraction errors, such as the effect of the range,
elevation angle, surface value of refractivity, etc. These equations are then
mathematical expressions, probably polynomials, but can be made sufficiently
simple to be used for real-time corrections. By preparing a library of these
expressions for a wide range of measured refractivity profiles experience
should permit one to select functions to meet most situations.

Another approach is to assume that on the average the refractivity
profile can be expressed by a simple exponential function® With suitable
approximations equations can be developed for real-time range and angle
corrections. To date, the development of these equations does not permit

one to include an elevated layer in the model.

The following report describes the development and application of
some new correction equations which can be used in real-time. These
equations represent continuous functions which maintain a physical identifica-
tion with the parameters which effect refraction-induced errors. Inherent in
these equations is the ability to include the effect of an elevated layer thereby
making these equations particularly useful for low-angle tracking. A com-
parison is presented of the differences between tracking parameters



determined from these real-time equations and the AFWTR post-flight ray-
tracing analysis for two vehicle launches and with three AFWTR radars
tracking each launch. In addition, one comparison is made with the GERTS
real-time correction program. However, no inversion layer was present
for this launch.

The comparative results indicate that meaningful corrections to re-
fraction-induced tracking errors can be obtained with the SURC real-time
equations. If accurate tracking data is required only above five degrees
elevation angle these equations require only a single value of surface re-
fractivity which can be obtained from the locally associated radiosonde
launch station. To improve the accuracy below five degrees elevation angle
the characteristics of the inversion layer, if present, need to be included.

These considerations indicate that if further investigations are
necessary they should be directed toward the measurement of the residual
errors within an experiment where corrected radar data is confronted with
known target position data. Suitable test targets could be established by first
using high altitude aircraft equipped with accurate radar altimeters for
short range studies. Finally, using satellite targets of known trajectory, the
long range errors at both low and high angles could be studied. However, in
the light of presently available tracking accuracies using the FPS-16 radars
it is believed that the bulk of residual errors will be largely due to the
electromechanical characteristics of the radars and that the residual re-
fraction errors will be almost impossible to detect in a systematic way.
Therefore, further intensive investigations of the nature of all residual
errors is deemed to be meaningless until the tracking system can resolve
range to less than two feet and angles to less than 0.1 milliradians,



SECTION II
ANALYSIS
It was shown that for propagation in a simple exponential atmosphere

the range error, AR, and true elevation angle, By, can be expressed by
(figure 1).

10~® N g -(k? + 2kg)
mos B - . 1
AR c sin ¥ [1 k+g = ] 2
, R
Byl sin ™™ [E [ sin (8, - 7) dR] (2)
(o]

where the magnitude of the ray-bending, T, is

-8 _ 2 2
re LOT°Ng (g -(K°+ 2k

tan vy k +¢g
and
; : -k.Ry -k,8
sm‘y:sm90+[ko+k2ek3 Je 0 (4)
g = ___n_Czr - tan ¥ (5)
k = £ ol Y (6)
Zro
-c(h - H
N = Ng e e s) )
The empirical constants, kg, ..., k, were required at short ranges

and small elevation angles to provide ray-bending calculations from (3) in
agreement with the CRPL exponential model atmosphere. Their variation
with station value of refractivity, Nigs is shown in figure 2.

Since the CRPL model was developed to correct ray-bending, the
magnitude of the exponential decay constant, ¢, (7), tends to increase with
Ng.? The range error, AR, being the integral of N tends to be directly de-
pendent on the surface value, Ng. When the station value, Ng, exceeds
about 340 units the effect of ¢, (1), causes the range error, AR, to decrease
as NS increases, which is abnormal. However, the error produced by this
effect is very small compared with the position error produced by the effect
of ray-bending. Therefore, it is meaningful to concentrate on the reduction
of target position error produced by ray-bending and for this reason the
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CRPL model was adopted in this development. Furthermore, the velocity
error is more seriously affected by ray-bending than by the range error.?2

The true elevation angle, B, can be calculated directly with a digital
computer by writing '

R N
[sin(8,- T} = T sin (8, - ;) » ORj (8)
o i=1

where, 7;, is evaluated at the mid-point of each interval, 8R;, using (3) and
6R; = R/N (9)
Since the bending, T, is a logarithmic function of range, R, itis

possible to greatly reduce the number of elements in the summation by
expressing

SR - ARs - ARy (10)
2
where
AR; = R [1 - logy (N - i +1)] (11)
i=2,3, ..., N

For example, whereas 25 intervals is required with (8) to maintain a
comparative angle accuracy of 0.05 milliradians, the number of intervals:
can be reduced to 9 (N equals 10) with (10). This represents a considerable
reduction in execution time.

The above equations can be used in real-time to determine tracking
errvors from measured radar parameters. Appendix I shows how the effect
on ray-bending produced by an clevated layer can be included. This first-
order layer correction still permits these SURXC equations to be used in
real-time.



SECTION III

COMPARISON OF TRACKING ERRORS BETWEEN SURC
CALCULATIONS AND AFWTR RAY-TRACED RESULTS -
OPERATION 5265

Figures 3 and 4 show the true elevation angle and range from the
South Vandenberg tracker, (FPS-16, 023002) for a vehicle launched from the
Vandenberg firing site. This angle and range data was obtained by correct-
ing the raw radar data using the AFWTR (post-flight) ray-tracing program.
It should be noted that this program was not used in real-time. The propaga-
tion conditions were defined by a radiosonde launch from South Vandenberg
close to vehicle launch time. Figure 5 shows the lower part of the refrac-
tivity profile, and it is apparent that no effective layer was present above the
height of the Tranquillan Peak radar. The radiosonde data for all associated
radars and launches is included in Appendix IL

The raw radar range, R, and apparent elevation angle, 8,, were used
as real-time inputs (10 points per second) to the SURC equations where the
program was set to run with no layer present. (See program description,
Appendix III).

Figure 6 shows the difference between the corrected elevation angle
data where the AFWTR data in all cases is subtracted from the SURC data.
During the first 10 seconds of flight the true elevation angle difference (B,)
reaches a peak of about 0. 0075 degrees (0.131 mr). This difference decreases
rapidly to a negligible amount after the first 50 seconds of flight. Figure 7
shows the elevation angle error data, €, obtained with the AFWTR ray-tracing
program and figure 8, the same angle error data from the SURC equations.

It is apparent that the largest angle difference (0.0075 degrees) in figure 6 is
contributed by a perturbation in the AFWTR calculations. The refractivity
profile, figure 5, does not show any discontinuity above the site elevation
and the vehicles elevation and range are monotonically increasing (figures 3
and 4). Therefore, the perturbation shown in the AFWTR data appears to be
due to some computational error in the ray-tracing program and not pro-
duced because of the propagation conditions.

Figure 9 shows the differences between the corrected ranges. These
differences are so small (well below the range resolution of the radar) they
can be considered to be negligible. These results show that the exponential
model atmosphere does provide an accurate description of the radio propa-
gation conditions for this particular set of tracking conditions.
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Figures 10 and 11 show the tracking parameters from the radar -
(003003) at Point Mugu. Figure 12 shows the difference between the SURC
and AFWTR elevation angle data. Initially, for tracking angles below five
degrees (figure 10), the difference is about . 015 degrees (0.26 mr) and
thereafter decreases below 0. 003 degrees (0.053 mr). Figure 13 shows the
corrected range error difference and the maximum difference reaches about
seven feet at low tracking angles and then decreases below 1.5 feet. Target
position is most seriously affected by the angle errors and the angle dif-
ference (figure 12) of 0.015 degrees at a range of 500 KFT represents a
height difference of 130 feet. At this time, the vehicle is around 30 KFT
altitude. At 200 seconds the height difference is only 98 feet at a vehicle
altitude of about one million feet.

Figures 14 through 17 show corresponding data for the Point Pillar
radar (213001). This radar picks the vehicle up at a higher initial tracking
angle and range due to the fact it is located far north of the firing site. The
angle and range difference data is obviously negligible.

3.1 - Some Comments on the Analysis of Operation 5265

Except for tracking elevation angles below five degrees the SURC
real-time calculations are essentially in agreement with the post-flight, ray-
traced, results provided by AFWTR. Of course, the greater differences in
the elevation angle comparisons which occur at short ranges do not produce
large position errors in height. These angle differences would be serious at
long ranges if they remained above 0.006 degrees (0.1 mr). A more interest-
ing comparison could be made when the radars are tracking at small eleva-
tion angles and very long ranges as the vehicle goes over the radar horizon.
Unfortunately, the tracking data for operation 5265 terminated long before
the radar horizon was reached.

A more interesting comparison is made in the analysis of Operation

2062, which follows, where one radar does track the vehicle almost to the
radar horizon.

15
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SECTION IV

COMPARISON OF TRACKING ERRORS BETWEEN SURC
CALCULATIONS AND AFWTR RAY-TRACED RESULTS -
OPERATION 2062

Figures 18 through 23 show the tracking and difference data for
Operation 2062 for the South Vandenberg tracker (023002). From figure 21
it may be noted that the corrected elevation angle data obtained from the
AFWTR ray-traced program is perturbed within the first few seconds of
flight. Figure 24 shows the associated radiosonde profile and it is apparent
that the propagation conditions do not suggest a reason for this behavior. As
noted before, the AFWTR calculations of the elevation angle error (figure 21)
during the first few seconds of flight are not compatible with the smooth in-
crease of elevation angle and range (figures 18 and 19).

The difference between SURC and AFWTR calculations of the cor-
rected elevation angle (figure 22) and range (figure 23) are negligible after
these first few seconds of flight.

Figures 25 through 28 show equivalent graphical results with the
tracking radar located at Point Mugu (003001). As before, the difference
between corrected elevation angles and ranges (figures 27 and 28) are
negligible beyond 30 seconds of the flight. The radiosonde data (Appendix II)
indicates a very weak layer might be present around 3 KFT. Since the layer
was not introduced in the SURC equations one might expect that the elevation
angle error, ¢, would be larger using the AFWTR program. Therefore,
during the first few seconds of tracking from Point Mugu the effect of a layer
would cause the elevation angle difference (figure 27) to be larger. The
results shown are, therefore, consistent with such propagation conditions.

Figures 29 through 32 show the results obtained with the tracker
located at Point Pillar (213001). The comparative accuracies obtained
throughout the first 300 seconds of tracking results are very good. The
initial range error difference of about six feet (figure 23) is slightly larger
than in previous cases. However, it should be noted that this time the
vehicle was at a range of about one million feet (approximately 200 miles).

Figures 33 through 36 show results for the next 300 seconds of flight
from Point Pillar where the vehicle is now heading towards the radar horizon.
From figure 33 it may be seen that the elevation angle is decreasing towards
five degrees and the range (figure 34) increasing beyond 10 million feet
(approximately 2000 miles). A loss of signal occurs momentarily around
530 seconds.

24
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As the tracking elevation angle decreases towards five degrees the
elevation angle difference (figure 35) increases to a value around 0.003
degrees (0.0525 mr) which is still less than the reported angular resolution
of the tracker. The range difference (figure 36) increases towards a value
of about five feet at a vehicle range of 10 million feet.

4.1 Some Comments on the Analysis of Operation 2062

Basically, the analytical results of Operation 2062 confirm that the
SURC equations can provide refraction-induced error data in agreement with
ray-traced results. As the tracking elevation angle decreases below five
degrees the differences between the radiosonde refractivity measurements
and the CRPL exponential atmosphere become more apparent. This subject
will be treated in greater detail in the conclusions.

It is noteworthy that the agreement between methods is also very good
at long tracking ranges as shown by the final set of results. As the elevation
angle from the Point Pillar tracker decreased below five degrees the tracking
data became erratic probably due to multipath effects. Therefore, the plots
were terminated at 600 seconds,
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SECTION V

COMPARISON OF TRACKING ERRORS BETWEEN SURC
CALCULATIONS AND GERTS FLIGHT DATA - OPERATION 7335

Figures 37 and 38 show the elevation angle and range of the vehicle
from the GERTS system (Vandenberg). Figure 39 shows the elevation angle
error calculated with the SURC equations where from Appendix Il the as-
sociated radiosonde data did not indicate any elevated layer or non-standard
refractivity behavior. However, figure 40, which shows the GERTS elevation
angle error calculations, indicates a peak in the region of 5 seconds. This
behavior is difficult to explain since both range and elevation angle are
monotonically increasing.

Figure 41 shows the difference between the true elevation angle cal-
culations and the minimum around 5 seconds is clearly due to the GERTS
calculation described above. The angle difference decreases rapidly to a
negligible amount after 25 seconds. The initial maximum difference of about
-0.010 degrees is comparable with the results of the previous operation.

Figure 42 shows the corrected range difference which decreases
rapidly after the first 20 seconds of flight. Since the GERTS tracker is
particularly interested in range-rate data it is significant to note that the
difference in calculation is not only small but remains essentially constant
after forty seconds of flight.
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SECTION VI

SOME COMMENTS ON THE GERTS REAL-TIME CORRECTION
METHOD

The GERTS radar data was corrected using a real-time method.
These equations are derived from Snell's law for refraction in spherical
coordinates.?* To calculate the true elevation angle an expression is used,
where

W sin E,'= n, sin Eg (12)
and

E, = the true elevation angle

¥, = the measured elevation angle

n, = the surface refractive index

n. = the average index of refraction between the missile and the

tracker.

This equation can be developed using small angle approximations to
give an expression for the elevation angle error, AE, in microradians,where

AE = tan E, (N, - N) (13)
and
N, = the surface refractivity
= i = oy 2 108
and

N = the average index of refractivity between the missile and the
radar, where

N=(m-1) x10°

The problem is to find values for N which provide meaningful values
for the refraction-induced error data. By assuming an exponential re-
fractivity model of the CRPL type® the average refractivity over the path is
approximated by

i N

N & —0

6, H (14)
where C_ is.the surface dependent expone.zntial scale height and the target
height H is found from apparent radar data.
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There are certain limitations imposed by this method of development
which can limit the usefulness of these real-time equations.

In the first place, Snell's Law is not expressed in terms of the average
of refractivity (12),but it defines the relationship of the index of refraction
and the local elevation angle of a ray at a point in space. Second, the target
height used in (14) is calculated from apparent radar data which is meaning-
ful only at large elevation angles. The calculated elevation angle errors
using these equations must, therefore, be in error. By relating the data
with accurate ray-traced results certain empirical corrections can be added
to these equations to obtain meaningful data, which is apparently what has
been done.

The comparison between these calculations and the SURC results,
(figure 41), indicates that the GERTS equations provide very good error data
for this particular operation.

The major difficulty will be realized if it is required to extend the use
of these equations to low elevation angles and to provide meaningful data
when a strong inversion is present.

The most serious limitation is that the doppler error angle, 6,
(figure 1) cannot be calculated from the GERTS equation, where,

6:1‘-(. (15)

These equations do not permit a calculation of the ray path bending, T. Since
the doppler error angle, 0, corrects velocity measurements obtained from
doppler or range-rate measurements a knowledge of this angle is necessary
to obtain accurate tangential velocity information at low tracking angles.?
This situation occurs when a high trajectory object is being tracked at low
elevation angles over the radar horizon.

It is sufficient to note that the SURC equations have none of these
limitations since they are derived in direct relationship to the physical
principles of ray behavior in a refractive medium, including the effect of an
elevated layer. It is, therefore, advantageous to use these SURC equations
if their execution time can be made compatible with the overall mission
requirements. These equations can be directly extended for use in the
optical tracking region should such a requirement arise.
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SECTION VII
SUMMARY COMMENTS

The analysis of three AFWTR missions demonstrates that the SURC
equations can be used in near-real-time to correct refraction-induced tracking
errors. The corrected tracking data using these equations is comparable in
accuracy with the use of ray-tracing correction methods. They can be used
with a minimum of meteorological support and can take account of additional
effects produced by an elevated layer. This latter ability gives them a
distinct advantage over the present GERTS real-time correction method.

Also, the GERTS equations do not provide a correction to velocity errors,
which are introduced because of ray-bending. This inability may become
significant if greater velocity accuracy is required in future missions.

Since any computational method requires some finite execution time,
there is no direct method to obtain truly real-time error data. However,
the SURC equations can be programmed for use with a raw radar data rate of
greater than ten points per second. A simple linear extrapolation of the
error data would permit equivalent real-time error data to be made available.
Since the required extrapolation period is set by the particular processing
machine we have not attempted to introduce this relatively simple function
in the present program.

The question of the magnitude of residual tracking errors following
corrections for refraction was covered in the previous report.! Unless the
two dimensional structure of refractivity in height and distance could be
measured instantaneously, there is no analytical method to determine the
magnitude of these residual errors. For example, figure 43 shows the
nature of the horizontal changes in refractivity which were measured with a
refractometer-equipped aircraft. The vertical variations of refractivity
near the antenna have the greatest effect on the magnitude of height errors.
However, variations progressively further away from the radar contribute in
a range-weighted manner to the final overall height errors. Therefore, in-
creasing the detail of refractivity structure near the radar site will not
necessarily decrease the overall height error directly.

A sensible approach to the determination of residual errors in real-
time tracking operations is to confront the corrected radar position data with
independent measurements of target position. As mentioned in the introduction,
radar-altimeter equipped aircraft and established satellite orbital parameters
could be used to fix the target locations.
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Measurements of this kind have already been carried out with aircraft®
where a sea-reflection interferometer was used to measure the angle of
arrival of the signal. In general, the receiving system must be able to re-
solve angles of arrival of at least 0. 05 milliradians to be able to discriminate
the effect of residual refraction errors. This accuracy requirement essen-
tially rules out using the FPS-16 radars in such an experiment.®

The exponential model atmosphere including the effect of the in-
version layer has demonstrated an ability to represent propagation conditions
by comparison with ray-traced results. The effect of the layer is covered in
Appendix I . It appears from analysis covered in the previous report? that in
the climatological environment peculiar to the coast of California, that the
CRPL exponential could be adjusted to provide better agreement with ray-
traced results. By establishing the relationship between surface values and
the initial gradient over the first one kilometer height section, a regression
analysis can be carried out using available radiosonde data. The indication
based on previous analysis is that the exponential decay constant, ¢, used
“with the exponential model should be slightly smaller for the California
coastal area than is given by the CRPL model. To this end, data which has
been collected by ray-tracings of radiosonde and aircraft measurements is
compiled in an addendum of which a limited number of copies are available
for this type of further analysis. Since this type of information is not of
general interest, the data is not included with this report.
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SECTION VIII

RECOMMENDATIONS

L. Since the SURC refraction-correction program can be used in near-
real-time to correct range, angle and velocity data, it is recommended that
it be initially implemented on the AFWTR SDS-930 computer for further
evaluation. The program was run on the SURC SDS-930 using AFWTR radar
data tapes. Additional evaluation of the program should be made by AFWTR
particularly when tracking is performed in the presence of a strong elevated
layer (inversion).

25 The program operators should become completely confident with the
program and evaluate it under various optional methods of inputing meteoro-
logical data. It is then recommended that an evaluation be made of the
reduced running time possible through the use of machine language operation
on other superior software.

31, An evaluation of the limitations of the electromechanical angle accuracy
of the FPS-16 trackers should be carried out to determine if they can be used
to experimentally determine the residual errors after real-time corrections
are applied. If the accuracy is well under 0.1 milliradians it would be use-

ful to compare the corrected radar data using the SURC program with
independently determined target position data. Airborne radar altimeters
should be able to give target (aircraft) heights to within 50 feet. The pos-
sibility of using satellite targets should be considered.

4. Presently available radiosonde data can be used to perform a cor-
relation analysis of the initial 1 km gradient with surface data. In this way
it appears possible to improve the correction available with the SURC pro-
gram by determining an exponential model more suited to the seasonal
characteristics in the Vandenberg area.

55 It is recommended that AFWTR consider using the consultation of

SURC in these areas in view of our present experience with the nature of
refraction errors affecting the AFWTR tracking system.
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APPENDIX I

A METHOD TO INCLUDE THE EFFECT OF AN ELEVATED LAYER
AND TEST FOR TRAPPING

g A METHOD TO INCLUDE THE EFFECT OF AN ELEVATED LAYER
AND TEST FOR TRAPPING

On the average the exponential model atmosphere represents realistic
conditions because of the exponential decrease of pressure with height. The
model becomes very non-standard when an inversion exists, in which case
the water vapor tends to remain under the inversion and then rapidly de-
creases with height through the inversion layer. In terms of refractivity,

N, is
. Bl 56 48190e

NZ-—3= (+ =

) (1A)

where
p = the air pressure (mb)
T = the air temperature (° K)

e = the associated water vapor pressure (mb)

The rapid decrease of water vapor through the inversion causes N to
also decrease thereby forming an elevated layer. This layer causes the
ray-bending to increase above normal when the ray enters the layer at small
angles of incidence. If the layer produces enough bending the ray does not
immediately pass through the layer and a radio hole is formed.

Figure I-1 shows two refractivity profiles, one the CRPL exponential
model and the other typical of propagation conditions in the presence of a
strong inversion. The CRPL exponential is generated using the surface
value of 345 N units.

Figure I-2 depicts the paths of two rays, one, S,, propagated in an
exponential atmosphere and the other, Sy, in the same atmosphere but with
an elevated layer included. Due to the increased refractivity gradient in the
inversion layer the ray, Sy, is bent significantly as it passes through the layer.

The bending in the layer produces a local elevation angle, 9, at the
top of the layer, where
ZDH 2DN ]{-

e (- T

(2A)

(see Radio Meteorology, page 83, NBS Monograph 92),

59



A 5084

HEIGHT (km)

4.0 1

3.5+

3.0 1

&0 1

20T

0.5+

-o-—-o- RADIOSONDE
CRPL EXPONENTIAL

200

+
Ll

300 400
RADIO REFRACTIVITY (N UNITS)

60

THE EXPONENTIAL PROFILE AND A LAYERED MODEL

FIGURE I-1.



A5083

FIGURE I-2.

RAY TRACING GEOMETRY IN A LAYERED MODEL

61



where

3, = the local angle of incidence of the ray into the layer

DH = the layer thickness (positive)
DN = the change in N through the layer, and is defined here as positive.

Since the inversion tends to trap the water vapor under the layer the
concentration of water vapor with height decreases slowly under the layer.
Examination of meteorological data shows that the refractivity, N, then
tends to decrease almost linearly with height under a strong inversion. Itis,
therefore, convenient to obtain a determination of 6,, and the distance, RC, to the
layer, RC, by using an effective earth radius approach.

Referring to figure I-2, the true earth's radius is replaced by an
effective earth radius, AE, where (Schelleng, et al, Proc. IRE 21, March 1933).

0D
(3A)
g Dy Tl
10° ‘H, - Hg

The angle of incidence, 6,, is then given by

0, =2 - o (4A)
where
AE + HS
T B, o AL od
~ = sin”? [cos 8, AE 1 HI ] (:SA)_
The range, RC, where the ray enters the layer is then
RC = (AE + HI) * cos & - (AE + HS) sin 6. (6A)

It is mathematically convenient to concentrate the bending produced
by the layer on Sy, at the point where the ray enters the layer. In other
words, as the ray Sy, enters the layer at an angle, 6,, assume that it
abruptly changes its direction to a new angle, 9,, given by (2A). Now com-
pare the remaining bending, T, between S and Sy, over the remaining range
R - RC. If the value of refractivity, N, at the target is very small com-
pared to the value, N,, at the base of the layer, then*

= N, .eot e, x 1@~ (7A)

where £.is the initial elevation angle of the ray at the base of the layer.

#Bean, B.R. and E.J. Dutton, '""Radio Meteorology, ' NBS Monograph 92,
March 1966, p. 53.
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Therefore, over the remaining path, R - RC,
TL, — Ny« edt 8, % 10" for Sy (8A)
where N, is the value of refractivity at the base of the layer obtained from

radiosonde data (figure I-1) and for the other ray S, in the exponential
atmosphere,

]

N

Te 1

¢ @ob By x 16%° (9A)

Taking the ratio of (8A) and (9A) the bending of the ray Sy, over the remainder

of the path, R - RC, is changed from its normal bending, T, in the ex-
ponential atmosphere where
a5 15
r =y X0 (10A)

cot 0,

Since the effect of bending is only significant at small angles of incidence
then using small angle approximations

A

TL ~ Te % (11A)

where T, is obtained directly from (3) over the path where the range, R,
exceeds, RC.

Therefore, (8) (Section 2.0), can be redefined when a layer is
present by setting

n
Z #in (85 Ty OR; = ; sin (B, - T - m) 6R; (12A)
1= =l

where
m =1 for R <RC (13A)
m = 8,/8, for R >RC (144)
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2.0 A COMPARISON OF CALCULATIONS INCLUDING A LAYER WITH
RAY-TRACING ANALYSIS

Let the radiosonde data of figure I-1 describe propagation conditions
in the presence of a strong inversion., Figure 1-3 shows a comparison of
results with the layer present between the SURC calculations and ray-traced
results where the tracking station height is at 0.5 km above sea level. With
the layer not included the error angle is seen to be significantly less at small
elevation angles.

The elevation angle error, €, from SURC calculations is given by

¢ = 8, a sin™ [11—3\- ; sin (9, - 7{ + m) OR;] (154)
i=1
where
m =1 for R <RC | (16A)
m:ql/ep for R >RC (17A)

and RC, 9, and 9, are determined from (6A), (4A), and (2A), respectively,
and T; by (3). The range intervals, 8R;, were found from (10) using nine
intervals or N equals 10 in equation (11).

For the station height of 9.5 km the station value, Ng is 313 and all
other parameters, c, kg, k;, k,, k,, are related to this value of Ng as pre-
viously reported.

Figure I-4 shows a comparison where the station height is increased
to 1 km above the surface. As the distance between the base of the inver-
sion and the station decreases, the effect of the layer on ray-bending be-
comes greater. The calculations with the layer excluded (that is, m is
set equal to unity for all ranges (16A)) shows very much less angle error at
small elevation angles. This data is equivalent to an exponential atmosphere.

Obviously, including the effect of the layer in the SURC equations
gives a first order improvement to the prediction of bending errors when a
layer is present. It is also apparent and previously reported that even the
effect of a strong layer has relatively little effect on ray-bending until the
elevation angle decreases below two degrees (35 mr).
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A 5085

ELEVATION ANGLE ERROR-€(mr)

~—o—o- EXPONENTIAL ATMOSPHERE

—-+—%—* SURC DATA (LAYER)

———-RAY-TRACED DATA (RADIOSONDE)"

RANGE =300 km
Ns= 306
STATION HEIGHT= | km

—t
50 100
APPARENT ELEVATION ANGLE =80 (mr)
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Referring to (10) the range increments, 0R;, are fairly large in which
case the effect of the layer is generally not introduced into (15A) until after
the range, R, exceeds RC. This effect compensates for the assumption made
in the derivation that the bending produced by the layer is concentrated at --
the point where the ray enters the layer. Also, the assumption that the ray=
bending is directly proportional to, cot 6.1, (7A) is true only when the -range
is very large. Therefore, the above comparative results (figures I-3and
I1-4) are most applicable when tracking a vehicle near the radar horizon.
However, the target height error, for a given elevation angle error, €, is
almost directly proportional to range. That is, the height error, Ah, is

Ah = ¢.- R (18A)
Therefore, the errors in calculating the effect of a layer from (15A) at short

tracking ranges is much less serious than if these errors were implicit in
the calculations for long ranges.

To increase the accuracy of these calculations at short range would
require using the expression for 7; from (3), then

- =los2 o 2k
T =N, coty, x 1076 [1 - —Bi— 71 181) (19A)
k, + g,
where ¥,, g,, and k, are associated with the angle, 62.
Also
= . lessl 22
T,=N,coty, x 10781 - —F2— . ;7% k282 (20A)

|| AT

where ¥, g, and k, are associated with the angle 8.. Since the range,
R - RC, is equal in (19A) and (20A), then neglecting second order effects,

cot v
s L4 '—,_7—2.
TL ™ Te cot-v,
" v
= Pl ) (21A)

2

For example, ¥,, for small elevation angles is essentially

-ky (R - RC) -k, 8,

v, Z B+ (ko tkye ) (22A)
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For real-time application where these SURC equations are most
useful, complicating the summation in (15A) through the use of equation
(21A) is not justified.

Furthermore, the characteristics of the layer generally change
significantly with distance from the radar. The radiosonde measurement
of the layer characteristics near the site may be unrelated to the layer
conditions at the range RC. Therefore, including the layer in the SURC
equations only provides a first-order correction in any case and in the same
way even if ray-tracing calculations are used the same problems in defining
the layer apply. However, for very small elevation angles the elevation
angle error, €, can be partly compensated by including the factor, 91/92, in
the bending equation when the range exceeds, RC.
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3.0 A TEST FOR TRAPPING CONDITIONS

When the measured characteristics of a layer are introduced the pre-
ceding analysis shows that a first-order correction to ray-bending can be
made. Possibly of equal importance is the fact that these equations can be
used to give a prediction of the tracking elevation angle where trapping could
occur. For example, setting A, equal to zero in (2A) defines a limiting
condition where the ray would be trapped for a value of 8, less than

2DN 2DH %
< =
SRS ]

= (23A)

(o]
Obviously, since A, has to be a real number the first condition to produce
trapping is that

DN DH
b = 2
1 = r. )
If these conditions are satisfied then 8, is found from an expanded form of
Snell's law in polar coordinates where

r, cos A, (25A)

ng r, cos 9, = T, By

S

and since

g = 1 +Ng/10®
re = g+ Hy
i 4, o NP
ry = L5+ H,

neglecting second order effects

cos 6,
Ng - Ny H; - Hg ]§

cos QoT = (26A)

[1+ 108 r

(¢}

For a real value A, the right hand side of (26A) must be less than one. If
it is then 6,1 is determined and represents the largest apparent elevation
angle which could be trapped. The radar operator is then alerted to the
fact that the target signal may be lost for tracking angles less than By
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With the radar at 0.5 km above sea level both the ray-tracing
analysis and the SURC equation (26A) indicate that the trapping angle, QOT’
was zero degrees, or in other words, no ray would be trapped for apparent
elevation angles above zero degrees. With the radar at 1 km above sea level
ray-tracing results show, 8, equals 0.2817 degrees (4. 92 mr) and the
SURC equations give 0.2480 degrees (4.335 mr). Such close agreement
indicates that the SURC equations can be used to give a very good estimate
of the trapping angle, 8,4, compared to ray-tracing methods. However,
again it should be emphasized that whether or not these results are meaning-
ful depends upon the spatial characteristics of the layer.
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APPENDIX II

RADIOSONDE PROFILES

SOUTH VANDENBERG WEATHER PROFILE OP-5265
ALTITUDE REFRACTIVE INDEX

0 319

3 3.5
400 304
500 300
600 299
700 298
800 297
900 297
1000 296
1100 295
1200 294
1300 292
1400 291
1500 290
1600 290
1700 289
1800 288
1900 288
2000 287
2100 287
2170 288
2200 287
2300 286
2400 285
2500 283
2600 282
2700 281
2800 280
2900 279
3000 278
4000 274
5000 262
6000 254
7000 243
8000 223
.9000 214
10000 207
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SOUTH VANDENBERG WEATHER PROFILE OP -5265

ALTITUDE REFRACTIVE INDEX
11000 200
12000 195
13000 187
14000 181
15000 177
16000 170
17000 164
18000 159
19000 154
20000 149
21000 143
23000 133
24000 130
25000 124
26000 120
27000 115
28000 112
29000 107
30000 104
35000 81
40000 65
45000 50
50000 39
55000 31l
60000 25
65000 20
70000 15
75000 172
80000 10
85000 7
90000 5
95000 4

100000 3
105000 3
110000 1
120000 0
120100 0
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SOUTH VANDENBERG WEATHER PROFILE OP -5265

ALTITUDE REFRACTIVE INDEX
120200 0
1000000 0

10000000 0

e



POINT MUGU WEATHER PROFILE OP-5265

ALTITUDE REFRACTIVE INDEX

5 313
100 304
200 301
300 298
320 297
400 297
500 297
600 296
700 296
800 295
900 294
1000 292
1100 291
1200 290
1300 288
1400 287
1500 287
1600 286
1700 285
1800 282
1900 280
2000 278
2100 277
2200 276
2300 274
2400 273
2500 271
2600 271
2700 270
2800 269
2900 269
3000 268
3100 267
3200 265
3300 264
3400 263
3500 262
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POINT MUGU WEATHER PROFILE OP-5265

ALTITUDE REFRACTIVE INDEX
3600 261
3700 260
3800 260
3900 259
4000 258
4100 256
4200 255
4300 255
4400 254
4500 253
4600 252
4700 251
4800 251
4900 250
5000 249
6000 240
7000 230
8000 218
9000 212

10000 204
11000 197
12000 190
13000 185
14000 B
15000 173
16000 168
17000 163
18000 159
19000 153
20000 148
21000 142
22000 139
23000 133
24000 129
25000 124
26000 120
27000 115
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POINT MUGU WEATHER PROFILE OP-5265

ALTITUDE REFRACTIVE INDEX
28000 Lz
29000 106
30000 103
31000 98
32000 " 94
33000 90
34000 86
35000 81
40000 63
45000 50
50000 39
55000 31
60000 25
65000 21
70000 15
75000 12
80000 10
85000 6
90000 4
95000 3

100000 2
110000 1
120000 0
120100 0
120200 0
1000000 0
10000000 0
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POINT PILLAR WEATHER PROFILE OP-5265

ALTITUDE REFRACTIVE INDEX

0 319

140 309
198 309
200 307
300 305
400 302
500 300
600 299
700 298
800 297
900 296
1000 295
1100 294
1200 292
1300 2901
1400 290
1500 289
1600 288
1700 288
1800 287
1900 287
2000 286
2100 285
2200 285
2300 283
2400 282
2500 280
3000 276
4000 268
5000 260
6000 249
7000 232
8000 221
9000 214
10000 207
11000 119:9
12000 193
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POINT PILLAR WEATHER PROFILE OP -5265

ALTITUDE REFRACTIVE INDEX
13000 187
14000 181
15000 177
16000 170
17000 164
18000 159
19000 154
20000 150
21000 144
22000 140
23000 134
24000 131
25000 125
26000 122
27000 116
28000 113
29000 107
30000 104
31000 99
32000 94
33000 90
34000 86
35000 81
36000 77
37000 74
38000 69
39000 67
40000 62
41000 59
42000 58
43000 54
44000 51
45000 49
46000 48
47000 44
48000 42
49000 40

78



POINT PILLAR WEATHER PROFILE OP-5265

ALTITUDE REFRACTIVE INDEX
50000 39
51000 38
52000 55
53000 34
54000 32
55000 31
56000 30
57000 29
58000 28
59000 25
60000 23
65000 20
70000 14
75000 12
80000 10
85000 7
90000 5
95000 3

100000 2
105000 0
110000 0
115000 0
10000000 0
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SOUTH VANDENBERG WEATHER PROFILE OP -2062

ALTITUDE REFRACTIVE INDEX
000 330
240 322
300 308
400 306
500 303
600 301
700 299
800 297
900 294

1000 294
1100 293
1200 292
1300 291
1400 290
1500 289
1600 288
1700 288
1800 287
1900 286
2000 286
2100 285
2200 285
2300 284
2400 283
2500 282
2600 281
2700 280
2800 279
2900 278
3000 PHEG
4000 266
5000 256
6000 248
7000 241
8000 234
9000 225
10000 217
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SOUTH VANDENBERG WEATHER PROFILE OP-2062

ALTITUDE REFRACTIVE INDEX
11000 209
12000 97
13000 186
14000 178
15000 171
16000 165
17000 1;59
18000 153
19000 148
20000 142
21000 137
22000 132
23000 128
24000 123
25000 120
26000 116
27000 112
28000 108
29000 104
30000 100
35000 83
40000 66
45000 53
50000 42
55000 33
60000 26
65000 20
69000 17
80000 10
90000 6

100000 3
105000 2
110000 1
120000 0
120100 0
120200 0
1000000 0
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POINT MUGU WEATHER PROFILE OP-2062

ALTITUDE REFRACTIVE INDEX
00 315
12 315

100 315
200 313
300 312
490 311
500 310
600 309
700 308
800 307
900 305
1000 304
1109 303
1200 302
1300 301
1400 300
1500 299
1600 298
1700 298
1800 297
1900 297
2000 296
2100 295
2200 294
2400 293
2500 292
2600 291
2700 299
2800 288
2900 287
3000 276
4000 264
5000 255
6000 245
7090 240
8000 229
9000 219
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POINT MUGU WEATHER PROFILE OP-2062

ALTITUDE REFRACTIVE INDEX
10000 212
11000 203
12000 195
13000 186
14000 180
15000 174
16000 167
17000 161
18000 155
19000 150
20009 144
21000 139
22000 134
23000 129
24000 125
25000 120
26000 117
27000 113
28000 109
29000 106
30000 101
35000 84
40000 66
45000 53
50000 42
55000 35
60000 26
65000 20
70000 16
75000 12
80000 10
85000 8
90000 6
95000 5
97000 4

100000 3
105000 2
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POINT MUGU WEATHER PROFILE OP-2062

ALTITUDE REFRACTIVE INDEX

110000
120000
120100
120200
1000000

O O O O
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POINT PILLAR WEATHER PROFILE OP-2062

ALTITUDE REFRACTIVE INDEX
0 308
140 304
200 300
300 296
400 295
500 292
600 291
700 290
800 289
900 288
1000 287
1100 287
1200 286
1300 285
1400 283
1500 282
1600 281
1700 280
1800 279
1900 279
2000 278
3000 269
4000 260
5000 247
6000 239
7000 228
8000 222
9000 214
10000 206
11000 199
12000 195
13000 188
14000 182
15000 177
16000 170
17000 164
18000 159
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POINT PILLAR WEATHER PROFILE OP-2062

ALTITUDE REFRACTIVE INDEX
19000 154
20000 A 149
21000 142
22000 136
23000 130
24000 124
25000 120
26000 115
27000 111
28000 106
29000 102
30000 91
35000 %9
40000 65
45000 51
50000 41
55000 32
60000 25
65000 21
70000 I'5
75000 12
80000 10
85000 .
90000 5
95000 a

100000 3
105000 3
110000 2
120000 1
120100 0
120200 0
1000000 0
10000000 0
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SOUTH VANDENBERG WEATHER PROFILE OP 7335

ALTITUDE REFRACTIVE INDEX
0 328
327 324
1000 31156
2000 306
2170 302
3000 290
4000 260
5000 241
6000 233
7000 225
8000 217
9000 2190
10000 205
11000 201
12090 195
13000 194
14090 190
15000 181
16000 L7
17000 169
18009 164
19000 158
20000 150
21000 144
22000 140
23000 134
24000 130
25000 124
26009 129
27000 115
28000 112
29000 107
30000 104
35000 87
40000 71
45000 54
50000 42
55000 53
600090 26
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SOUTH VANDENBERG WEATHER PROFILE OP 7335

ALTITUDE REFRACTIVE INDEX

65000 21
70000 15
75200 12
80000 10
85000
90000
95000
100000
105000
1060900
110000
115009
120000
1201090
120200
12000000

J

O O O O~ IV W W W WUn
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APPENDIX III

DESCRIPTION OF THE SURC REAL-TIME
REFRACTION CORRECTION TECHNIQUE

1.0 INTRODUCTION

The enclosed program used on the SDS-930 computer at SURC con-
sists of several sections, each section individually numbered. For ease in
explanation, the total package is also renumbered by consecutive pages
from 94 through 120.

It should be pointed out that the actual real-time refraction correc-
tion program is described in pages 109 through 112 which is a small part of
the program described herein.

The total package is actually two individual programs:

L. The initialization program, pages 94 through 108, reads the
data cards, calculates some a priori parameters and outputs
them on magnetic tape.

2 The actual refraction correction program, pages 109 through
120, reads in a priori parameters and the radar data, cal-
culates the refraction error and outputs the results on either
the printer or magnetic tape, whichever is selected by sense
switch control.

89



2.0 THE INITIALIZATION PROGRAM

72 | Pages 94 - 96 : Refraction Correction Initialization

-- This program computes coefficients which are required for use in-the
real-time running program (Refraction Correction - page 109), Meteoro-
logical information is entered at this point as well as the height of the radar
above mean sea level, HS, in kilometers.

Several options are available for entry of meteorological data:

a. If the radar station value of refractivity, SNS, is known, enter
it directly. In general this value would be obtained from a
radiosonde profile where the value SNS is picked from the
profile at the height, HS, of the particular radar above mean
sea level. The radiosonde profile would be selected from the
local launch station and as close in time to the launch as
possible.

Using this method the radiosonde profile will indicate the
presence or absence of the inversion layer. If the layer is
present and above the height of the radar station, set NTRAP =
1. The measured characteristics of the layer must then be
entered where,

H1 = The base height of the layer above mean sea level
(kilometers).

SNI = The value of refractivity at the base of the layer.

DH = The thickness of the layer (kilometers).

DN = The change in refractivity through the layer (always a

positive quantity for the inversion layer).

And refractivity, N, is defined by

_ ZZ.IT()' [p + 48'1110 =
where
T = The air temperature (deg. Kelvin).
p = The air pressure (millibars).
e = The water vapor pressure (millibars).
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AFWTR has programs already available to calculate N.

The local earth radius used is seen to be 6378.163 km (page
95 ) but can be redefined to suit local geographical latitudes.

If the characteristics of the inversion layer are included the
program will indicate if the radar signal can be trapped and,
if so, it will calculate the elevation angle at and below which
trapping could occur.

If no layer is present, or if it is desired not to include the
effect of the layer set, NTRAP = 0.

b. The second option assumes that there is no direct measure-
ment of SNS or any radiosonde profile information available.
In this case there must be a value of refractivity, SNL, ob-
tained at the radiosonde launch site. This value, SNL, 1is set
in and _a_l_s_o the height above mean sea level, HL (km), where
SNL is measured. Also, of course, set, NTRAP = 0, since
no inversion layer information is used.

2,2 Pages 97 - 102: Generalized Mainline Program for Polynomial
Curve Fit

This program is used to generate the values of four constants used in
the real-time running program (page 110). These constants, CK0, CKl, CK2,
and CK3 are functions of the equivalent radar station value of refractivity,
SNS. They are used to provide an optimum calculation of refraction errors
for short tracking ranges and small elevation angles. These constants can
be obtained from graphs or tables in place of using this generating program.
The program is included herein since it facilitates direct and accurate de-
termination of these constants without manual intervention.

2.3 Pages 103 -108: Complete Magnetic Tape Routines

This program is designed to handle all magnetic tape operations. It
has been written in metasymbol making use of the interlace feature and the
extended mode capability but does not use or affect the interrupt system in
any way. It contains all of the present Fortran capabilities plus several
more and will execute all magnetic tape operations much more rapidly and
efficiently than do the Fortran routines.

It is used here to output the necessary parameters calculated in the
initialization program.
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3.0 THE REFRACTION CORRECTION PROGRAM

3.1 Pages 109 - 112: SURC Refraction Correction Program

This is the real-time refraction correction program. It will use
constants derived from the Initialization Program (Section 2.1) and the
Polynomial Program (Section 2.2). Given the uncorrected radar range, R
(feet) and the uncorrected elevation angle, A9, (degrees), it will generate the
refraction induced errors and provide corrected range and elevation angle
data. It will also generate the doppler velocity error angle, § (DELTA)
which can be then used to correct doppler or range rate velocity measure-
ment. (Reference: Rowlandson, L. G., and J. R. Herlihy, "Refraction-
Induced Tracking Errors and Correction Methods for the Air Force Western
Test Range, ' December 1968, ESD, TR-69-52.)

3,2 Pages 113 - 114: Converter Program

This program written in metasymbol for the SDS-930 is used to
convert the radar data supplied on AFWTR tapes (FPS - 16 data, 36 bit
floating point words) to a format compatible with the input requirements
for the SDS-930 (48 bit floating point words).

3rd Pages 115 - 120: Complete Magnetic Tape Routines

This program is identical with 2.3, It is used to input from magnetic
tape the parameters from the initialization program and the raw radar data.
Under sense switch control, this program will output the results for possible
future display purposes.
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4.0 COMMENTS

The above program is being used in the SDS-930 to analyze AFWTR
radar tapes at a data rate of 8 radar data points per second (approximately
124 ms execution time per data point). If the program were run in machine
language on the 930 it could readily handle a data rate of 10 points per second.

We believe that in machine language on the IBM computer at AFWTR
the program should execute in less than 50 ms because of the reduced times
required for division and multiplication.

This SURC refraction correction program does not smooth the radar
data but gives a direct correction for refraction on a one-to-one relationship
with the input data.

It should be pointed out that the program was developed for use in the
metric system requiring that conversions be made from feet and degrees to
kilometers and radians. This conversion is presently carried out within the
program thereby making it directly compatible with AFWTR radar data for
raw radar range input in feet and raw tracking angle in degrees. The metric
system was used within the calculationsbecause the CRPL exponential profile
data and ray-traced error data were metric.

It should be repeated that all height information put into the initializa-

tion program (2. 1) must be in kilometers. Of course, AFWTR may wish to
make the conversion necessary to use height data in feet.
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a.JBBo

PAGE 1

AREWIND B8,
oFBRTRAN B6,L8e

a0 NnNOoOOoOOONMNOOOOONOOn

NN N

OO0

REFRACTIBN CBRRECTION.
INITIALIZATION
€o001~-01 w~=-= PE]SEL

THE INITIALIZATIGN PRBGRAM READS 9 DATA CARCS
PLUS A SET 6F DATA TO BE USED BY THE PABLYNBMIAL
CURVE FIT SUBROUTINE. FRBM THESE IT CALCULATES
SOME NECESSARY PARAMETERS FBR THE REFCOR
PRBGRAM AND SBUTPUTS THEM BN TAPE UNIT {e¢ THE 9
INPUT PARAMETERS T8 TH!S PRBGRAM ARE IN F10.0
FBRMATs THE UNITS ARE KILBMETERS w=

HS s STATISBN HEIGHT ABBVE MEAN SEA LEVEL
HL = RADIBSBNDE LAUNCH
STATION HEIGHT ABOVE SEA LEVEL
SNS s STATIBN VALUE OF REFRACTIVITY
SNL s RADIBSONDE LAUNCH
STATION VALUE 8F REFRACTIVITY
NTRAP = 1 IF LAYER IS
T8 BE INCLUDED, O IF NBT
H1 s LAYER HEIGHT ABBVE MgAN SEA LEVEL
SN1 m REFRACTVITY VALUE AT HEIGHT H1
DH = THICKNESS 8F THE LAYER
DN s CHANGE IN REFRACTIVITY
THRBUGH THE LAYER

DIMENSIOBN DATA(50) 2 XXLG(10)2YX(0/3)
EQUIVALENCE (DATA(1),XXLG(1)),
(DATA(11)2ANGL)2» (DATA(12)2SNS)
EQUIVALENCE (DATA(13),HS),(DATA(14),M1),(DATA(15)458N1)
EQUIVALENCE (DATA(16),DH)» (CATA(17)4DN), (DATA(18),CC)
EQUIVALENCE (DATA(19),CK0),(DATA(20),
CK1)2 (DATA(21)2CK2)
EQUIVALENCE (DATA(22),CK3), (PATA(23),
P1)s(DATA(24).PIP])
CQUIVALENCE (DATA(25)2P12)2(DATA(26),
DTBR),» (DATA(27),RT8BD)
CEQUIVALENCE (DATA(28),ERADIUS),
(DATA(29),S61),(DATA(30),SQ2)
EQUIVALENCE (DATA(31),AE}» (DATA(SEE),
DH2) 2 (CATA(33))AERS)
EQUIVALENCE (DATA(34)sAEHL)» (DATA(35),
FTOKM) » (DATA(36) s AKTEF)
COUIVALENCE (DATA(37)2ELTRAP),
(CATA(38)aN)» (DATA(33)2NTRAP)
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60

10

20

32

31

37

23
35

34

PAGE

PRINT 60
FORMAT (1H14/,20Xs$REFRACTION CORRECTIONS,
/123Xs$INITIALIZATIONS,

1//7)

READ 104HSsHLASNSsSNLYNTRAP,H1,SN1,DH,DN
FERMAT(F10.0)

Pls3414159265
PIP]z2e%P!
PIE-PI/E.
DTO8RsP1/180,
RT8D=18Qe¢/P]
AKTOF=3280¢8236
FTBKMs 1+ /AKTOF
ERADIUS=6378+163
DHZsDH+DH

ANGL =1

CCCs0e

DNI=Q+

ELTRAP&Q

NslQ

XNsN
XXNsALBGF ( XN)

D8 20 Fl=2,N
XXLG(F])®lesALBGF (XNmFI+14)/XXN

IF(SNL)32,31.32
DNIwe7e32%EXPF (+005577%SNL)
CCCesALBGF (SNL/ {(SNL+DNT))
SNS#SNL#EXPF («CCC# (HS=HL ) )
ONNgwn7e32#EXPF (¢ Q05577 #SNS)
CC=ALBGF (SNS/{SNS+DNN))
SQ1sSARTF (CC*ERADIUS*,5)
SQ2sSARTF(CC/(2+#ERADIUS))
XKale/(1e+(ERADIUS/Le0F 06)#((SN1=SNS)/(Hl=HS)))
AEsXK#ERADIUS

AEHS®sAE+HS

AEH1sAE+H]

IF(NTRAP)33,33,37

IF (DN*1+0E~06=DH/ERADIUS ) 33,34, 34

PRINT 35

FORMAT (5Xs N8B TRAPS)

GO To 36

EL1sSQRTF ((2+%DN#1+0E=Q6)=(2¢#DH/ERADIUS) )

ELTRAPsCOSF (ELL1)/(1++(SNS=SN])#
1+0E~Q6=(H1=HS)/ERADIUS)

ELTRAP=ATANF (SQRTF (1 ¢=ELTRAP*ELTRAP)/ELTRAP)
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PRINT 38,ELTRAP
38 FORMAT(5Xs$TRAP$,5X,$ELEVATION 5 $,F12.6)

36 CALL POBLYFIT(SNS,YX)
CKOaYX(0)*1e0E=0Q2
CKlsYX(1)
CK2oYX(2)%10E=0Q2
CK3sYX(3)%1e0E=0Q2

PRINT 61,SNS,SNL,HS,HL,AE,CC,DNN,
CCC,DNI.CKQ,CK1,CK2,CK3
61 FOBRMAT(//s5X,$SNS & $,F12:5,/»
SXsSSNL 8 $,F12e5,/,5X,8HS = $,
1F12e50/7:5%Xs8HL s $,F12¢54/+5%

$AE B $5,F12:54/.5X%X,$CC s &,
2F12¢54/,5X,$DNN = $,
3F12¢52/25Xs8CCC ® $,F12e54/25%)

$DON] = $,F12.54/,5Xs8CKO = $,
4F 12¢50/25%X,$CK1 & $,F12¢5,/45X,

$CK2 = $JF12.5;/45X;$CK3 L $;F1205)

CALL WBT(DATA(1),100,2)

CALL ENDF(2)
CALL REW(2)
CALL EXIT
END
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SUBRBUTINE PBLYFIT(SNS,YX)

GENERALIZED MAINLINE PRBGRAM
FBR 'PBLYNSBMIAL CURVE FIT!

DIMENSIBN YX(0Q/3)

DIMENSIBN X(100),Y(100),A(11),
KTITLE(10)2XX(20)aYY(20),ITAB(3)

LL=0

FBRMAT STATEMENTS

FBRMAT(10A%4)
FORMAT(2F10+0Q)
FBRMAT(4F1040)
FORMAT(///7/7(% A($2]12,%) = $2E15¢8 ))
FORMAT(1H1,40X,10A4///7/7% THE
CBMPLLETE SET 8F DATA INCLUDESS$,15,%
1 PBINTSe$,10Xs$X$,24Xs8YS//(45XsF2008)5XsF2048))
& FORMAT(///% XMIN =$,F20¢8,20X,
$XMAX 8$,F20e8/% YMIN =$,F208,20X
10$YMAX =$,F20e8///)
12 FBRMAT( 1H1$ DATA PBINT NUMBERS,
14, AND THE NEXTs$,15,¢% CBNSECU
{TIVE PBINTS WILL BE USED TO FIND THE CURVE FlT.s)
14 FOBRMAT(//¢ XTEST = $,E15:8/8
YTEST = $,E15e8/% CALX & $,E158)
16 FORMAT(///7/7/7/% THE FBLLBWING
ARE THE COEFFICIENTS 8F A PBLYNGMIA
1L B8F DEGREE$.,13,¢ FBUND AS A
CURVE FIT T8 THE DATA PBINTS GIVEN.s

AQF wh e+

2)
19 FBRMAT(1H1 $*»»x»x THE CBDE SPECIFIED
BY THE USER ]S N8BT PERMISS]
1BLE.$//1H1)
26 FORMAT(////% THESE PBINTS ARES,
10Xs8X%224X2s8YS$2//(15X2F20e8,5Xs
1F2048))
55 FORMAT(1615)
64 FOBRMAT(,/////% THE FBLLBWING CASES
PRBVIDE A CHECK FBR THIS PBLYNB
1{MIAL CURVE FlIT.$)
67 FORMAT(///$ *¥%x¥¥%x%x X TEST
VALUE EQUALINGS,E1548,8 IS 8UTSID
1E THE RANGE B8F INpUT DATA, THUS
NBRMALIZING IS INCORRECT.$/¢ THE R
2ANGE B8F THE X VALUES BF THE INPUT
DATA 1S$,E15:8,% T8$,E15:8)
ITAB(1)=4HSAME

ek
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ITAB(2)=4HNEW
ITAB(3)=4HEND

PAGE

2

READ TOTAL NUMBER 6F PBINTS IN COMPLETE DATA SET.

READ PREBBLEM TITLE.
READ COMPLETE SET BF DATA
PBINTS (X,Y) T8 BE USED.

DATA POINTS 1 THRBUGH tNUMBER' MUST BE READ IN

EVEN IF 'L', THE FIRST

DATA PBINT 76 BE USED, 1S GREATER THAN 1.

EACH DATA CARD CBNTAINS BNE
PBINT THUS HAS AN X AND A Y,

RATA SHBULD BE ARRANGED IN ASCENDING BRDER,

THE CARD FBRMAT IS (2F1040)

9 READ 1,KTITLE
READ 55,NUMBER
READ 22(X(1)aY(1)s1®1,NUMBER)
PRINT 5,KTITLE,NUMBER, (X(1),Y(1),]%1,NUMBER)

READ HIGHEST OEGREE 6F FIT
DESIRED, THE NUMBER 8F DATA PBINTS
T8 BE USED IN CURVE FITTING,
THE SUBSCRIPT 8F THE FIRST
DATA PBINT T6 BE USED, AND THg
NUMBER 8F TEST CASES.
READ XMIN, XMAX, YMIN, YMAX 8F DATA SET.,

20 READ 55,MM,L,sN,NCHECKS
READ 3, XMIN)XMAX,YMIN, YMAX
NNaN=1
PRINT 12,L2NN
PRINT 26, (X{(1)aY(1)Ys1=L,L+NN)
PRINT 64XMIN)XMAX2YMIN,YMAX

NORMALIZE X AND Y VALUES B6F DATA PBINTS
DB 101 Is=LsL+NN

X(I)s{X(1)=XMIN)/(XMAXeXMIN)
101 Y(I)s(Y(I)=YMIN)/(YMAX=YMIN)
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61

60
ée

66
65

68
63

400
400

401
100

PAGE

READ IN ALL TEST PBINTS WHICH
WILL BE USED T8 EVALUATE THE
RESULTING POLYNGMIAL,

IF(NCHECKS)60,60s61
XX(1)®SNS
YY(1)%0.0

FIT A PBLYNBMIAL 6F DEGREE
M THRBUGH THE SET 8F DATA PBINTS

DB 21 Ms2.MM
DB 62 Isistl
A(l)s0e
PRINT 16.,M

CALL LSQ(MyN,LsXsYrA)
PRINT 4,(1,A(1),181,M+q)

IF(NCHECKS)21,21,11
PRINT 64
CONTINUE
08 100 Is1,NCHECKS

NBRMALIZE TEST VALUE BF XX
TG FIT WITHIN DATA RANGE AND
CALCULATE F(XX)

CALX=0Qo
XTESTH(XX(])aXMIN)/{XMAXaXMIN)
IF(XTEST)65,66,66
IF(XTEST=1+)68,68,65

TYPE 67,XX{1)sXMIN,XMAX

G8& 718 100

DO 63 JmlaMe+]

CALX=A(J) *XTEST#*(Jml)+CALX
CALX=CALX* (YMAX=YM]IN)+YMIN
PRINT 14,XX(1)aYY(1)sCALX
IF(M=3)401,400,401

TYPE 401sLL,CALX

CONTINVE

YX(LL)sCALX
FORMAT(2X»$K$, 1223 5 $,E1508)
CONTINUE
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17

18
1313

CANTINVE
LL=LL+1

READ CODE CARDs THE BPTIONS INCLUDE:
SAME DATA SET
NEW DATA SET
END

READ 31,1CH0E

DB 17 1=1,3
IF(ICOBDE=ITAB(1))17+18217
CANTINUE

PRINT 19

GB 76 1113
[F(1=2)20,9,1113

RETURN

END
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SUBRBUTINE LSQ(MsNaLsXsYsA)
LEAST SQUARES PBLYNBMIAL CURVE FIT

FITS AN MaTH DEGREE POLYNBMIAL
THRBUGH N PBINTS
STARTING WITH THE L=TH

DIMENSIBN X(1)soY(1)sA(1)2B(11012)
CLEAR THE MATRIX

DB 2 leisMa4l
D8 2 Jsi1aMa2
B(l,J)=0

FORM THE LOWER MATRIX

00 4 KslL,LwN=i

X]=y

Da 4 I.l,M"'l

XJds1

D8 3 Jsiyl
B(l,J)eB(]lad)+X]#XJ
XJeXJ*¥X(K)
B(laM+2)8B(]sM+2)4X]*Y (K)
XIsx]#X(K)

MAKE MATRIX SYMMETRIC AND SOLVE

DB 5 I=1,M+1

D8 5 Jsislel

B(Js1)sB(1sJ)

CALL SBLVELSO(M#l)B)INDIC)
IF(INDIC)7,7,8

MATRIX IS SINGULAR
TYPE 50
FORMAT (//$NB SOBLN, EQS SINGULARS//)
RETURN

DB & [s1.,M+]
A(l)sB(l,Mes2)

RETURN
END
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200

201

2Q3
204

202
205

206
300

301

e

303
304

SUBRBUTINE SBLVELSQ(NA,A, INDIC)

MBDIFIED VERSION 8F SBLVE
FBR USE WITH LSQ@

DIMENSIOBN A(11,12)

DB 205 I=12NA
IF(A(1,1))200s206,20Q0
Pel/A(lal)

D8 201 JslaNA+1
All,J)sPxA(L,J)

08 202 K=lsNA
IF(l1eK)203,202,203
Q=A(Ke 1)

D8 204 J=slaNA+1l

A(K, ) sA(K) J)=QeA(T,0)
CONTINUVE

CONTINUE

INDIC=Q

RETURN
IF(NA=])300+304,300
DB 303 Lal+1sNA
IF(A(L21))301,303,301
DB 302 J=lsNA=l
HBLD=A(1,J)
All,J)=A(L,J)
A(L,J)sHBLD

GB8 16 200

CONTINUE

INDIC=1

RETURN

END
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AEBFO
aMETA920 S1,L6B,B6.
* COMPLETE MAGNETIC TAPE ROUTINES
# PEISEL
*
* THESE RBUTINES ARE CAPABLE 6F
TRANSMITTING DATA TGO
* AND FREBM MAGNETIC TAPE IN EITHER
A BINARY BR DECIMAL MEDE.
* ANY NUMBER 8F RECBRDS B8R FILES
MAY BE SKIPPED IN EITHER
* DIRECTIBN, THE TAPE UNIT MAY Bg
REWBUND, AN END.BFeFILE
* MAY BE DETECTEDR B8R WRITTEN IF DESIRED.,
IN ADDITIBN, IF
= THE WORD«CBUNT IN THE RECBRD IS
UNKNBWN, THE ENTIRE RECBRD
* MAY BE READ AND THE NUMBER OF WEBRDS
RETURNED IN KBUNT
. BY ENTERING THE RBUTINE WITH KBUNT
s =1¢ AN INDICATBR
* [s INCBRPgRATED Tg ALLsW RECBVERY
FRBM TRANSMISSIBN ERRBRS.
- THE FOLLOWING IS A LIST 6F THE
CALL STATEMENTS AS
* THEY SHEULD APPEAR IN THE FORTRAN
PRBGRAM WITH THE
* ARGUMENTS DEFINED:
# DATA = THE DIMENSIGBNED DATA ARRAY
* KBUNT = WBRD CBUNT
* MAGT = LLBGICAL MAGNETIC TAPE UNIT
* KFILE = Q0 NBRMAL CBRRECT TRANSMISSI6N
* = =1 READ ERRER
* " +1 END=BF=FILE
* N = + BR =~ THE NB, 6F RECBRDS
B8R FILES T8 BE SKIPPED
* CALL RBT(DATA(1),KBUNT,MAGT,KFILE)
* CALL RDT(DATA(1),KBUNT,MAGT,KFILE)
* CALL WBT(DATA(1),KOUNT,MAGT)
* CALL WOT(DATA(1),KBUNT,MAGT)
* CALL SKF({MAGTaN)
* CALL SKRC(MAGT.N)
* CALL ENDF (MAGT)
* CALL REW(MAGT)
+*
ROBRG 0
TFT 8PD 04013610
sWBT PZg WRITE TAPE BINARY ENTRY
SKR MEM



$WDT
$RBT

$RDT

ERAS

PZE
SKR
PZE
SKR
PZg

L.DA

STA
DA
ACD
RCH
STB
ADD
STA
LDA

STA
LDA
STA
LDX
SKN
ST8
LDA
STA
ETR
RSH
MRG
STA
STB
LDA
ETR
MRG
STA
LDA
STA
MRG
STA
SKN
BRU
LDA
MRG
STA
BRM
NBP
BRM
BRU
RZE
LDA
MRG

MEM
MEM
ERCT

ERRCT
MEM

MEM
0402
MEM
THREE
CNTRL
TeP12,2

RWT
RDT, 2
RBT
EBADR
CNTRL
*3,2
*1,2
RCOBUNT
MAXWC
10
T8P11
MBDE
PWBRD
*EBADR
ADRMSK
PWBRD
PWERD
*2,2
MAGT
RWT
RWT
CNTRL,
RERUN
TBP1O
MAGT
$+2
DELAY

ERAS
RERUN

TGP9
MAGT

PAGE 2
WRITE TAPE DECIMAL ENTRY
READ TAPE BINARY ENTRY

READ TAPE DECIMAL ENTRY
MAXTMUM

NUMBER B8F TRANSM]SSIEBN gRRORS

FRRBR CBUNT

MULTIPLY BY 2

Q0 INTO B, A INTE X
RESTORE MgEM T8 ZgRS
READ BR WRITE SWITCH
SET SW]TCH

RETRIEVE

PRBPER TAPE OPERATIEN

104

BBTAIN RETURN ADDRESS
ADDRESS - ERASABLE CBRg

CLEAR KFILE INDICATEBR

2ND ARGUMENT

WBRD CBUNT

CLEAR NEGATIVE WBRD CBUNT
EXTENDED WEBRD CBUNT
EXTENDED WBRD CBUNT.EOM

ADDRESS = 1ST ARGUMENT
NBRMAL WERD CBUNT
INTERPLACE PBT WARD

3RD ARGUMENT

LBGICAL MAGTAPE UNIT
MERGE WITH TAPE BPERATIBN
READ « WRITE SWITCH

BEGINNING 8F TAPE TgST

TAPE BPERATIOGN

ERASE TAPE FBRWARD



RERUN
RWT
MBDE

FILE
TRERR

SCN

STA
NBP
PerT
BRR
BRM
NepP
NépP
PeT
LDA
MRG
STA
N8P
BRU
CZT
BRY
TFT
BRY
CET
BRU
SKN
SKN
BRR
ASC
PIN
LDA
ETR
suB
CNA
STA

BRR
STA
BRR
BRM

LDA
SKN
BRU
MRG
STA
NBP
EXU
POT
BRM
BRUY
MRG
STA
NP
POT

$+]

DUMMY
ERAS
DELAY

PWBRD
T8&P7
MAGT
el

$+3
0
$=3

Q
FILE

TRERR
CNTRL,
RCBUNT
RBT

RCBUNT
*EQADR
ADRMSK
RCAUNT

*1,2

RBT
*3,2
RBT
DELAY

MAGT
CNTRL
SCN
TOP3
$]

MeDE
PWORD
ERCNT
RERUN
TOPY
$+1

ERR

COUNT

ERRBR

1105

PAGE 3

TAPE BPERATISBN

TAPE OPERATIOGN
EXTENDED MGDE EDM

TAPE READY TEST
CHANNEL ZER® TEST
TAPE END=BF=FILE TEST
CHANNEL ERRER TEST
READ = WRITE SWITCH

RETRIEVE LAST ADDRESS

BBTAIN ACTUAL WBRD CAUNT

RETURN

T8 MAIN PRBGRAM

RETURN

SET END=OF«FILE INDICATER
RETURN

TRANSMISSION

RBUTINE

READ » WRITE SWITCH
ERASE REVERSE TAPE
TAPE BPERATIEN
EXTENDED MGDE EBM
RETURN T8& REWRITE
SCAN REVERSE

TAPE GPERATION



ERCNT

ERRD

$SKT
$SKF

$SKRC

BRM
BRU
PZg
MIN
SKN
BRY
BRR
SKN
BRU
LDA
MRG
STA
BRM
NEep
EXU
PBT
DA
STA
BRR
LDA
BRU
RES
PZE
LDA
LOB
STB
BRU
PLE
GlA
STA
LDX
LOA
STA
MRG
STA
STA
L0A
STA
SKN
BRU
CAX
LDA
MRG
STA
BRY
SKG
BRR
CNA
CAX

ERCNT
RERUN

ERRCT
ERRCT
S22
ERCNT
CNTRL
ERRD
MAGT
TE6P9
$+2
DELAY

MEDE
PWBRD
ERCT
ERRCT
ERCNT
ONES
FILE

BNES
$=2
$42
$+3

CNTRL
EGADR
*Qs2
MAGT
TEP6
SCAN
RDF
1,2
RCBUNT
RCABUNT
t46

TBP4
MAGT
SCAN
$45

ZERG
SKRC
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PAGE
RETURN T8 REREAD
ERRBR CBUNT RBUTINE
ARE ERRBR TRIALS DENE
TRY AGAIN
FAILED AFTER 10 TRIES
ERASE TAPE FORWARD

ERASE PASSeD BAD sPOT

RESTBRE ERRBR COUNT
CONTINUE

RETURN WITH KFILE = «1

FILE SWITCH
BBTAIN RETURN ADDRESS

RECORD SWITCH

SET SWITCH

ADDRESS « FRASABLE CORE
1ST ARGUMENT

LBGICAL MAG TAPE UNIT
SCAN FBRWARD

2ND ARGUMENT
RECBRD BR FILE CBUNT
WBRD CBUNT

SCAN REVERSE

ZERS COUNT RETURN
SKJP FOGRWARD



SCAN

RDF

SKR
$REW

$ENDF

DELAY

INTER

BRM
NBP
POT
SKN
BRU
BRM
TFT
BRU
BRY
BRX
SKN
8RR
NBP

POT
BRR
BRX
BRR
PZE
LDA
STA
MRG
STA
BRM
NBP
BRR
RZE
LDA
STA
MRG
STA
N8P
BRM
LDA
MRG
STA
BRM
NEBP
ROT
BRR
PZE
LDA
MRG
STA
NBP
CAT
BRY
BRR
FBRM

DELAY

ERR
CNTRL
SKR
DELAY
0

$+2
SCAN
SCAN
RCBUNT
SKRC

ERR
SKRC
SCANal
SKRC

*EQIND
MAGT
TOPS
$e2
DELAY

REW

*EBIND
MAGT
TEBP10
$+]

ERAS
MAGT
TEP8
$+2
DELAY

TMC
ENDF

TOR?
MAGT
$+l

$n
DELAY
10,14
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TAPE BPERATION
RECBRD B6R FILE SWITCH

TAPE END=OF»FILE TEST

RECBRD BR FILE SWITCH
RETURN
PLACE READ=

HEAD BEYBND FILE MARK

RETURN
RETURN
REWIND ENTRY
REWIND

REWIND TAPE
RETURN
WRITE END«BF=FILE ENTRY

BEGINNING 6F TAPE TEST
TAPE GPERATIGN

WRITE TAPE DECIMAL

WRITE END«BF=FILE

RETURN
TEST STATUS BF TAPE

TAPE READY TEST
CHANNEL ACTIVE TEST

INTERLACE FORMAT



PWERD
ERR

DUMMY
TME

EBADR
EBIND
ADRMSK
LERB
BNES
THREE
MAGT
CNTRL
RCBUNT
ERRCT
MEM
ERCT
MAXWC
TBP4
TOP3
T6P13
TOP4
TBP2
TBPS
TOP12
T8P6
T8P7
TOPS8
TepP9
TB8P10
TeP11

AEBFQ

INTER
INTER
RES
INTER
INTER
DATA
EQU
EQU
EQU
EQU
EGQU
EQU
RES
RES
RES
RES
DATA
DATA
DATA
WTB
ERT
WTD
SRB
RTB
REW
RTD
SFB
TRT
WTD
EFT
BTT
EOM
END

aREWIND Bo.
oaFORTLBAD MAP,LMAP,BI.,

0,0
1,ERR+

1
60020
12 TMC+1

017000000

071
Q74
027
023
026
0342
!
i
i
i
0

=10
077777
*0s004
*020s4
#0;0,4
#0,0a04
*0s004
0.0
*0,0,4
*02004
020
*0s001
*Qa004
020
014000
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PBT WORD

SCAN POT WBRD

INPUT 1ST WOBRD FRB8M SCAN
ERASE BEYSND LBAD PBINT

ADDRESS MASK

LE X X

GENERAL TAPE BPERATIBNS

LR X
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4,JBB,
oREWIND BB,
aFBRTRAN BB8,L08.

NOOOOOOOOOO0O0O0n

REFRACTIBN CBRRECTIEN
REFCOR
Q0001-01 =« PEISEL

THE REFCBR PRBGRAM READS THE PARAMETER LIST
BUTPUT FRBM THE INITIALIZATION PRBGRAM FR8BM TAPE
UNIT { AND THE MEASURED ELEVATIOGN AND RANGE DATA
FRBM TAPE UNIT 2, IT THEN CALCULATES THE ERRGR
AND PRINTS THE RESULTS IF SENSE SWITCH 4 IS SET
BR BUTPUTS THE RESULTS ON TAPE UNIT 3 IF SENSE
SWITCH 3 IS SETe

DIMENSIBN DATA(50)sXXLG(10),LDATA(12),KDATA(34)
EQUIVALENCE (DATA(1),XXLG(1)),
(DATA(11)sANGL) 2 (DATA(12)2SNS)
EQUIVALENCE (DATA(13),HS)s» (DATA(14)sH1)s(DATA(15),SN1)
EQUIVALENCE (DATA(16)sDH)s (DATA(17)sDN),(DATA(18),CC)
EQUIVALENCE (DATA(19),CK0),(DATA(20),
CK1)s(DATA(21)sCK2)
EQUIVALENCE (DATA(22)2CK3), (DATA(23),
P1)s(DATA(24),PIP])
EQUIVALENCE (DATA(25),P12)s(DATA(26),
DTBR) s (DATA(27)sRTED)
EQUIVALENCE (DATA(28),ERADIUS),
(DATA(29),SQ1), (DATA(30),5G2)
EQUIVALENCE (DATA(31),AE)s (DATA(32),
DH2), (DATA(33),AEHS)
EQUIVALENCE (DATA(34),AEH1), (DATA(35),
FTOKM), (DATA(36),AKTEF)
EQUIVALENCE (DATA(37),ELTRAP),
(DATA(38)sN), (DATA(39)sNTRAPR)
EQUIVALENCE (KDATA(4),TIME) ) (KDATA(G),
VRANGE ) » (KDATA(10),VEL)
EQUIVALENCE (KDATA(12),VCR)s(KDATA(L6),
VCEL)2» (KDATA(18)sVDR)
EQUIVALENCE (KDATA(20),VDEL)s (KDATA(22),
CRANGE) s (KDATA(24)sCELEV)
EQUIVALENCE (KDATA(26),DRANGE),
(KDATA(28),DELEV)s (KDATA(30),RDIFF)
EQUIVALENCE (KDATA(32),EDIFF), (KDATA(34),DELTA)

PRINT 66
66 FORMAT(41H1s//,48X2$COMPARISENS,
/236X, sVANDANBERG METHBD AND SURC
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12

10
11

20

47
48

PAGE

1 METHEBD$,/s45X,$FOR COGRRECTIBN
BF%,/,35X,$RANGE AND ELEVATI8BN REF
2RACTION ERRBR%,///)
PRINT 68
FBRMAT(/231Xs Gmm= VANDANBERG
cem$, 8X,Smm=D, 4 X)) $SURCE, 7X,
LPrea$,8X,5SURC = VANS$,12X,$ANGLES,
6Xs) SELAPSES,) /2 15Xs $SMEASUREDS,
5&8Xs$CORRECTEDS, 8X, $3ERRBR%, 8Xs $CORRECTEDS,
9X,)3ERRORS, 8X,
6SDIFFERENCES, 12X, sDELTAS$,7X,$TIMES,///)
LNSs=13

CALL RBT(DATA(1),100,2,KFILE)
IF(KFILEY102 12430

CALL RBT(LDATA(1),1241,KFILE)
IF(KFILE)100,20,30

TYPE 11

FOERMAT ($#READ ERRERS)

G8 19 30

CALL CONV(LDATA(1)2KDATA(1))

ELEVsVEL*DTBR

RANGE = VRANGE *F TBKM

SINEL=SINF (ELEV)

SG3=EXPF («=CK1*ELEV)

IF(ELEV=ANGL)53,53+,54

SINGAM=SINEL

LBP=s1

G& TH6 5%

SINGAM=SINEL+ (CKO+CK2*EXPF (»CK3%RANGE ) ) »SA3

LBP=0

COSGAM=SGRTF (1 ew (SINGAM®SINGAM) )

TANGAMsS INGAM/CBSGAM

GG=SQ1#TANGAM

TAUF=SNG*1e0E=Q6/TANGAM

SK=RANGE *SQ2*CBSGAM

GK=GG+SK

DRANGE=SNS*#1.0EmQ6/(CC*SINGAM) #
(1e=GO*EXPF (~SK*(2e¢%GG+SK) ) /GK)

KBPawm1l

IF(NTRAP)S6.56457

ATPazgELEV

IF(ELEV-ELTRAP )47, 48248

ELEV=ELTRAP

ALPHA=CHBSF (ELEV) *AEHS/AEHL

ALPHA=ATANF (ALPHA/SGRTF (1s=ALPHA*ALPHAY)

EL1=Pl2~ALPHA
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b

45

42
43

41
40

ol
69

58

PAGE

EL2sSQRTF(EL1%EL1=DN#2QE=06+DH2/ERADIUS)
RCsAEH1»COSF (ALPHA) wAEHRS#*SINF(ELEV)
TMsEL1/EL2

ELEV=ATP

KeP=0

SINDEL=Os

DRO=0D»

DO 40 [s2,N

DR®RANGE #XXLG(1)

DDR=DR=DRO

DRO=DR

DRsDR=DDR/2s

[F(LBP) 44244545
SINGAMSSINEL+(CKQ+CK2#EXPF («CK3#DR) ) #SQ3
CB8SGAM=SARTF(1=SINGAM*SINGAM)
TANGAMBSINGAM/CHBSGAM

GGsSQ1*TANGAM
TAUFaSNS*1+0E=Q06/TANGAM
SK=2DR#SQ2*COSGAM

GK=GG+SK

TAUsTAUF % (1 ensGG*EXPF (=SK#* (SK+2,#GG) ) /GK)
IF(KOP) 41,425,473

IF(DR*"RC)41,43,43
SINDELsSINDEL+SINF(ELEV=TAU*TM)*DDR
KBPai

G8 T8 40
SINDEL=SINDEL+SINF(ELEVeTAU)*DDR
CBNTINUE

VDR=sVRANGE =VCR

CRANGE® (RANGE=DRANGE ) *AKTBF

DRANGE sDRANGE »AKTOF

RDIFF=eVCR=CRANGE

CELEVsSINDEL/RANGE

CELEV=ATANF(CELEV/SGRTF({1=CELEV*CELEV))

DELEVSELEV=CELEV

DELTA®(TAU=DELEV)*RTEBD

DELEVEDELEV*RTED

CELEVsCELEV*RTBD

VDELsVEL =VCEL

EDIFFsVCEL~CELEYV

IF(SENSE SWITCH 4)59,28

IF(LNS)S8,27427

PRINT 69

FORMAT(1H1)

PRINT 68

ILNSa=16

PRINT 61,VRANGE,VCR,VDR,CRANGE,
DRANGE,RDIFF,DELTA, TIME,VEL,VCEL,
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1VDEL,CELEV,DELEV,EDIFF
61 FORMAT (2X,$RANGES$,F18+8,F1748)
F13eRsF1708sF14082F15¢82F20+82
1F11eb42/2SELEVATIONSIF16¢82F1708s
F13e8)F17e8sF14e8sF15+82/)
LNSsLNS«+1
28 IF(SENSE SWITCH 3)31s42
31 CALL WBT(KDATA(1)234,3)
Gg 1O 12

30 CALL REW(1)

CALL REW(2)

JF(SENSE SWITCH 3)32,33
32 CALL ENDF(3)

CALL REW(3)
33 CALL EXIT

END
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AEBF o

AMETAS20 SIsLB.BO

*
*
*
*
*

$CONV

LEoP

RBRG
PZE
LDa
STA
LDA
STA
MIN
LDA
STA
LDA
STA
SKR
BRY
BRR
LDX
LDA
LRSH
ETR
STA
LDA
ETR
CAB
LDA
ETR
LSH
LDX
LOE
LDX
STB
STA

LDX
LDA
LRSH
ETR
STA
LDA
LDB
LSH
ETR
LDX
LDE

CONVERTER

Q

EBADR
KDATA
*KDATA
LDATA
KDATA
*KDATA
KDATA
B4
WCNT
WCNT
$42
CBNV
LDATA
0s2

15
0577
SAVE
1,2
2077770000

0.2
Q0077777
8

SAVE

KDATA
Q.2
1,2

LDATA

1.2

3

=Q577

SAVE

1,2

202

20
s(Q37777777
SAVE

KDATA
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72 BIT FLBATING PBINT WOBRDS 716
48 BIT FLBATING POINT WBRDS

LDATA T8O

ADDRESS « ERASEABLE CBRE
ADDRESS « LDATA

ADDRESS «» KDATA
4 TIMES

RETURN
PHASE 1§

EXPONENT

MANT]SSA
EXPONENT INTO B

STORE FLBATING PBINT WORD
IN REVERSE BRDER

PHASE 2

EXPONENT

MANTISSA
EXPBNENT INTG B



*
*
SAVE
LDATA
KDATA
WCNT
EBADR

LOX
ST
STA
LoA
ADM
LDA
ADM
BRU

RES
RES
RES
RES
EQY
END

KDATA
2:2
3.2
=3
LDATA
%4
KDATA
LL6aP

O ¥ 3> > >
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STORE FLBATING PBINT WBRD
IN REVERSE BRDER

MBVE LDATA PBINTER
MBVE KDATA PBINTER



PAGE

AEBF »
aMETA920 SI1,L6,808.
" COMPLETE MAGNETIC TAPE ROBUTINES
* PEISEL
*
* THESE ROBUTINES ARE CAPABLE 6OF
TRANSMITTING DATA TO
* AND FRBM MAGNETIC TAPE IN EITHER
A BINARY BR DECIMAL MBDE,
* ANY NUMBER 8F RECBRDS 6R FILES
MAY BE SKIPPED IN EITHER
* DIRECTIEN, THE TAPE UNIT MAY Bg
REWBUND, AN ENDaBF=FILE
* MAY BE DETECTED B8R WRITTEN IF DESIRED,
IN ADDITIBN, IF
* THE WORDWCBUNT IN THE RECBRD IS
UNKNBWN, THE ENTIRE RECBRD
* MAY BE READ AND THE NUMBER B8F WBRDS
RETURNED IN KBUNT
* BY ENTERING THE ROUTINE WITH KBUNT
= o1« AN INDICATOR
* Is INCORPBRATED Te ALLSW RECBVERY
FRBM TRANSMISSIBN ERRBRS,
* THE FOLLOWING IS A LIST 8F THE
CALL STATEMENTS AS
* THEY SHBULD APPEAR IN THE FORTRAN
PRBGRAM WITH THE
* ARGUMENTS DEFINED:
* DATA s THE DIMENSIBNED DATA ARRAY
* KBUNT = WBRD CBUNT
* MAGT = LBGICALL MAGNETIC TAPE UNIT
* KFILE = Q NORMAL COBRRECT TRANSMISSIBN
* = =1 READ ERRBR
* = +1 END=BF=FILE
* N = +« R = THE N8B, OF RECBRDS
B8R FILES T8 BE SKIPPED
* CALL RBT(DATA(1)sKBUNT,MAGT,KF]LE)
* CALL RDT(DATA(1),KBUNT,MAGT,KFILE)
* CALL WBT(DATA(1),KBUNT,MAGT)
* CALL WDT(DATA(L1),KOBUNT,MAGT)
» CALL SKF(MAGTJN)
* CALL SKRC(MAGT,N)
* CALL ENDF (MAGT)
M CALL REW(MAGT)
¥*
RORG 0
TFT 6PD 04013610
$WBT PZE WRITE TAPE BINARY ENTRY
SKR MEM
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$SWDT
$RBT

$ROT

ERAS

PZE
SKR
PZE
SKR
PZE
LDA

STA
LDA
ADD
RCH
ST
ADD
STA
LOA

STA
LDA
STA
LDX
SKN
STB
L.DA
STA
ETR
RSH
MRG
STA
STH
LDA
ETR
MRG
STA
LDA
STA
MRG
STA
SKN
BRU
LDA
MRG
STA
BRM
N8P
BRM
BRU
PZE
LDA
MRG

MEM
MEM
ERCT

ERRCT
MEM

MEM
0402
MEM
THREE
CNTRIL,
T8P12s2

RWT
RDT,2
RBT
EBADR
CNTRL
*3,2
*122
RCBUNT
MAXWC
10
TEOR14
MBDE
PWBRD
*EBADR
ADRMSK
PWBRD
PWARD
%222
MAGT
RWT
RWT
CNTRL
RERUN
TBP10O
MAGT
$+2
DELAY

ERAS
RERUN

T8RS
MAGT

PAGE g
WRITE TAPE DECIMAL ENTRY

READ TAPE BINARY ENTRY

READ TAPE DECIMAL ENTRY
MAXTMUM

NUMBER 8F TRANSMISSIBN ERRBRS

ERRBR COUNT

MULTIPLY BY 2

O INTO B, A INTE X
RESTBRE MEM T8 ZgRO
READ B8R WRITE SWITCH
SET SW]TCH

RETRIEVE

PRBPER TAPE BPERATIBN
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8BTAIN RETURN ADDRESS
ADDRESS « pRASABLE CBRE

CLEAR KFILE INDICATBR

2ND ARGUMENT

WBRD CBUNT

CLEAR NEGATIVE WORD COUNT
EXTENDED WBRD CBUNT
EXTENDED WBRD COBUNT.EBM

ADDRESS = 1ST ARGUMENT

NBRMAL WORD CBUNT
INTERPLACE PBT WORD

3RD ARGUMENT 5 Ui
BGICAL MAGTA

hERGE WITH TAPE BPERATIBN
READ = WRITE SWITCH

BEGINNING B8F TAPE TEST

TAPE BPERATIGBN

ERASE TAPE FBRWARD



RERUN
RWT

MBDE

FILE
TRERR

SCN

STA
NBP
PBT
BRR
BRM
NBP
NOP
POT
LDA
MRG
STA
NOP
BRY
CZT
BRY
TET
BRyY
CEY
BRY
SKN
SKN
BRR
ASC
PIN
LDA
ETR
suUB
CNA
STA

BRR
STA
BRR
BRM

LDA
SKN
BRY
MRG
STA
NG P
EXU
PeT
BRM
BRU
MRG
STA
NBP
PeT

$+1

DUMMY
ERAS
DELAY

PWBRD
T6P7
MAGT
$+1

$+3
0
$w3
Q
FILE

TRERR
CNTRL
RCBUNT
RBT

RCOUNT
*EBADR
ADRMSK
RCOBUNT

*1s2

RBT
*3,2
RBT
DELAY

MAGT
CNTRL
SCN
TBP3
$+1

MBDE
PWORD
ERCNT
RERUN
TOP4
$+)

ERR

COUNT

FRRBR
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TAPE GPERATIEBN

TAPE BPERATIBN
EXTENDED MBDE EDM

TAPE READY TEST
CHANNEL ZERG® TEST
TAPE END=B8F=FILE TEST
CHANNEL ERRBR TEST
READ = WRITE SWITCH

RETRIEVE LAST ADDRESS

BBTAIN ACTUAL WORD COUNT

RETURN

Té MAIN PRBGRAM

RETURN

SET END=OF-FILE INDICATBR
RETURN

TRANSM]SS16N
RBUTINE

READ « WRITE SWITCH
ERASE REVERSE TAPE
TAPE BPERATIGN
EXTENDED MBDE E6M
RETURN T8 REWRITE
SCAN REVERSE

TAPE GPERATIBN



ERCNT

ERRD

$SKT
$SKF

$SKRC

BRM
BRY
PZg
MIN
SKN
BRU
BRR
SKN
BRU
LOA
MRG
STA
BRM
NGP
EXU
PBT
LDA
STA
BRR
DA
BRU
RES
PZE
LDA
LDB
ST8
BRU
PZE
CLA
STA
LDX
L.DA
STA
MRG
STA
STA
DA
STA
SKN
BRU
CAX
LDA
MRG
STA
8RY
SKG
BRR
CNA
CAX

ERCNT
RERUN

ERRCT
ERRCT
$+2
ERCNT
CNTRL,
ERRD
MAGT
TOP9
$+2
DELAY

MBDE
PWORD
ERCT
ERRCT
ERCNT
ONES
FLLE
0

BNES
$=2
Hep
$+3

CNTRL
EBADR
*0,2
MAGT
TBP6
SCAN
RDF
%1,2
RCBUNT
RCBUNT
46

TOP4
MAGT
SCAN
$+5

ZERB
SKRC
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RETURN T8 REREAD
ERROBR CBUNT ROUTINE

ARE ERROR TR]JALS DONE

TRY AGAIN
FAILED AFTER 10 TRIES

ERASE TAPE FBRWARD

ERASE PASSgD BAD sSPBT

RESTORE ERRBR CBUNT
CONTINUVE

RETURN WITH KFILE = =1

FILE SWITCH
BBTAIN RETURN ADDRESS

RECBRD SWITCH

SET SW]ITCH

ADDRESS « ERASABLE CBRE
1ST ARGUMENT

LBGICAL MAG TAPE UNIT
SCAN FBRWARD

2ND ARGUMENT
RECOGRD B8R FILE COBUNT
WORD CBUNT

SCAN REVERSE

ZERG CBUNT RETURN
SKIP FBRWARD



SCAN

RDF

SKR

$REW

$ENDF

DELAY

INTER

BRM
NEBP
POT
SKN
BRUY
BRM
TFT
BRU
BRU
BRX
SKN
BRR
NBP

R8T
BRR
BRX
BRR
PZg
LDA
STA
MRG
STA
BRM
NBP
BRR
PZE
LDA
STA
MRG
STA
NBP
BRM
LDA
MRG
STA
BRM
NBP
PET
BRR
PZE
LDA
MRG
STA
NBP
CAT
BRU
BRR
FBRM

DELAY

ERR
CNTRL
SKR
DELAY
0

$+2
SCAN
SCAN
RCBUNT
SKRC

ERR
SKRC
SCAN=1
SKRC

*EQIND
MAGT
TGRS
$+2
DELAY

REW

*EQIND
MAGT
T6P10
$+1

ERAS
MAGT
TOP8
$+2
DELAY

TMC
ENDF

T6P7
MAGT
$+1]

Sm2
DELAY
10s14

PAGE

TAPE BPERATIBN

RECORD OR FILE SWITCH

TAPE END-BF=FILE TEST

RECEBRD BR FILE SWITCH
RETURN
PLACE READe

HEAD BEYBND FILE MARK
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RETURN
RETURN
REWIND ENTRY
REWIND

REWIND TAPE
RETURN
WRITE END«BF=FILE ENTRY

BEGINNING 8F TAPE TEST
TAPE OPERATIGN

WRITE TAPE DECIMAL
WRITE END=BF=FILE

RETURN
TEST STATUS 6F TAPE

TAPE READY TEST
CHANNEL ACTIVE TEST

INTERLACE FORMAT



PWORD
ERR

DUMMY
THE

EGADR
EBIND
ADRMSK
LERS
BNES
THREE
MAGT
CNTRL
RCOUNT
ERRCT
MEM
ERECT
MAXWC
TOP4
TOP3
TBP1{3
TBP4
TBR2
TOPS
TBP12
TBPR6
TOP7
TOPS
TOPS
T8P1O
TBP14

ALBF »

INTER
INTER
RES
INTER
INTER
DATA
EQU
EQU
EQU
EGQU
EQU
EQU
RES
RES
RES
RES
DATA
DATA
DATA
WTRB
ERT
WTD
SRB
RTB
REW
RTD
SFB
TRT
WTD
EFT
BTT
EBM
END

AREWIND B
aFORTLEBAD MAP,LMAP,BI1,

0.0
1)ERR+1
1

6000
1,TMC+1

017000000

071
074
027
023
026
0342

1

1

1
0

«10
Q77777
*02Ca 4
*020s4
*CrQark
*0s00 4
*020a4
020
*02s024
*¥02024
0.0
*020,1
*02004
020
014000

PAGE

PBT WBRD

SCAN PBT WERD

INPUT 1ST WBRD FR8BM SCAN
ERASE BEYOND LBAD PBINT

ADDRESS MASK

GENERAL TAPE OPERATIONS
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