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I ABSTRACT

[ This report describes the .:.lgorithms used in com-
puting a navigation fix from data provided by receivers of
the 2-minute integrated doppler type designed to operate

Swith the Navy Navigation Satellite System. The theoretical
basis for calculating the change in range from the naviga-
tor to the satellite as a function of the integrated satellite
doppler shift data is developed. The original receiver of
the integrated doppler type, the AN/SRN-9, is briefly de-
scribed in its developmental versions, designed by APL,

I: and its production versions, built by ITT. The Scripps/
ONR 702CA receiver, built by Magnavox and used for
oceanographic research applicatione of integrated doppler

L navigation, is also described.

The geometrical basis of the equations for obtain-
j ing a navigation fix is developed. The formatting and pro-

cessing of the receiver data for the navigation solution are
described preparatory to a presentation of step-by-step

L proceaures for computing a three-variable navigation fix.
Procedures for calculating satellite alerts, using data
from the navigation solution, are also described, A repre-
sentative FORTRAN program for obtaining a navigation fix
and for calculating alerts is presented.

I• Information is also provided on scaling for the
navigation fix computations, on the calculations for a four-
variable (velocity north) navigation solution, on the pro-
cedures for applying a correction for tropospheric refrac-
tion, on a computer program for geodetic coordinate trans-
formation, and on nonstandard numerical computation
routines applicable to the navigation program.
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PREFACE

I In support of the Naval Electronic Systems Com-
mand, the Applied Physics Laboratory is responsible for
the development and evaluation of integrated doppler satel-
lite navigation equipment and programs. In partial fulfill-
ment of this responsibility, this report presents the coin-
"puter program requirements for the 2-minate integrated
doppler satellite navigation computations. The report is
intended to provide all the information necessary for writ-

-- ing a digital computer program to obtain a position fix us-
ing data from the Navy Navigation Satellite System.

- The information presented updates the program re-
quirements given in TG 819-1 (Ref. 1) and, in addition, in-
cludes the on-line data processing procedures that are re-

"I ~ ouired before the calculation of a real-time navigation fix.
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L. NAVY NAVIGATION SATELLITE SYSTEM

I

I The Satellite havigation System developed by the
Department of the Navy is a worldwide, all-weather navi-
gation system that can provide a navigational fix at inter-
vals of approximattely 2 hours or less. The system is
shown schematically in Fig. 1 and consists of near-earth
s;.Aellites, tracking stations, injection stations, a com-
puting center, and shipboard navigation equipment.

The system employs the doppler effect for both
satellite position determination and navigation. In the
former, four tracking stations in precisely known loca-
tions observe the doppler shift of the ultrastable racio
signals generated by the satellite transmitter as the satel-
lite approaches and recedes from the stations. This
doppler information is translated into satellite positions

_ as a function of time by the computing center. From this
information and with the knowledge that the motion of the
satellite is governed by Newton's laws of motion, the posi-
tion of the satellite as a function of time can be predicted.
These predictions become the ephemeris of the satellite
for the predicted duration (16 hours) and are stored in the
memory of the satellite by the injection station. As the
satellite orbits the earth, it continually reads out data
from which its position can be computed together with
precision time. This transmission is continually updated
by the satellite by discarding obsolete data and drawing

T more timely data from its memory. To determine his
position, a navigator equipped with shipboard navigation
equipment need only observe the doppler shift in the satel-
lite signals, obtain the data on the satellite position, and
perform the necessary computations. The navigator re-
mains completely passive; i. e., no interrogation of the1 satellite is necessary.

The ground support system consists of tracking
I stations to receive, record, and digitize doppler signals

i -1-

I



yEjotNS #HOPipsUNSIVER*fyy
FrDIE p~4ySlrS LABOR~ATORY

S,~I.S~0'" SA~f 3g,~

;J'C4.
vI.

7-I

s~ Il

*-A

mw =5



THE JOHNS "OpKINg U#4IVEOTy

APPLIED PHYS•CS LABORATORY
S#LV9* SPWMG MARYLAND

from the satellites; a computing center where future orbits,

orbital parameters, and time corrections are computed;
T and an injection station to transmit these new orbital param-

eters and time corrections to the satellite. In addition, the
satellite time signals are comr.pared with Universal Time.
This information is used in the computing center for the
time correction computations. The U. S. Navy Astronautics
Group, with headquarters at Point Mugu, California, is
"responsible for operating the system.

Figure 2 shows a block diagram of the AN/SRN-9
system. The purpose of this report is to provide detailed
information for the navigation solution and alert computa-
tions shown as part of the computer programming. The
"descriptions of the remainder of the system provided in this
report are intended to provide background information only
and are not a specification of any form.

3.!i
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Ii 2. INTEGRATED DOPPLER MEASUREMENT OF SLANT
RANGE CHANGE

Integrated doppler navigation is based on the con-cept that the integral of the doppler shift of the satellite

-•signal, as observed by the navigator, over a fixed time
interval Is a measure of the change in the slant range from
the satellite to the navigator over this same interval (Fig.
3). The theory of the slant range change measurement is
as follows:

i "A satellite signal transmitted at time t k with slant

range Sk will be received by the navigator at time tk + Sk/c.
If the satellite is transmitting a stable signal at frequency
(fo--) continuously between transmission of two time mark
signals (transmitted at times tk and tk_1) the ground obser--

-. "ver will count (fo-f)XT cycles for the interval between re-
ceipt of the time markers (T = tk - tkl). The frequency

of this received signal will be denoted fR(t) and the receiver
reference frequency fo. A difference frequency therefore
exists in the ground receiver of frequency fo-fR(t). The
total number of cycles of this difference frequency between
receipt of two satellite time marks is measured by count-

"- .ing positive zero-crossings between times tk-1 + Sk-1 ic
and tk + Sk/c. The apparent doppler count accumulation
at a particular frequency (nominally f.) between receipt of
two such successive time marks is therefore:

P.

t +Sk Sk
St + •tk c

k c t

"* I Nk=/ (f- R(t))dt f t -(f -T)T• (1)1 o 'Ro

fS k- 1 S k- 1
St + k t +

k-i c k-i c

-5-
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i.e., as noted,

tk + 

(k

Sk

f / R (t) dt =(fo- f-) (2)

Sk-i c

where

T k - tk-l,

fo= reference frequency,
0

T = constant satellite offset frequency, and

c = vacuum speed of light.

A Therefore

f

N o (Sk _ Sk -)+1) , (3)
- ~k c k k-

"from which the apparent slant range change over the k th

interval is

A
Sk - Sk_1 S. = LoN -f LoT, (4)

kx- o k 0

where

Lo= = vacuum wavelength at reference
0o frequency fo"

II -7-
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The quantity Sk - Sk- 1 would be an exact measure-
mnent of the slant range change if the process took place in

a vacuum. The slant range change of Eq. (4) is the effec-
tive RF path length change in the refractive media through A

which the RF energy must pass to reach earth. There-

fore, the doppler cycle count must be corrected for refrac-
tion to make it correspond more nearly to a vacuum dopp-
ler count.

Details of the correction for ionospheric refraction
as implemented in the APL, International Telephone and
Telegraph Company (ITT), and Magnavox equipment are
given in Section 3.

i8
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1. INTEGRATED DOPPLER TRACKING EQUIPMENT

I DEVELOPMENTAL AN/SRN-9 EQUIPMENT

In the early stages of the APL development of re -
ceiving equipment for use in the integrated doppler count
method of navigation, the technical approach was centered

Saround a single-frequency system. It was recognized that
the use of a single -frequency system operating at the
higher frequencies, i. e., 400 MHz, would '-esult in a navi-
gation error of approximately 1 nmi because of the refrac-
tion effect of the ionosphere. The elimination of the re-
quirements for a 150-MHz phase-locked receiver, for a

uohrmore complex antenna with dual preamplifiers, and for re-
fraction correction equipment appeared desirable in terms
of the resultant equipment simplification and lower cost.
The single-frequency system was built in breadboard form
"at the Laboratcry, and the feasibility of the system demon-
strated in mid-1961. A block diagram of this system is
shown in Fig. 4.

The design of a two-frequency system, shown in
block diagram form in Fig. 5, was begun by the Labora-
tory about the same time the single-frequency system

S-s reached its breadboard stage. This design effort dis-
closed that since the two received frequencies are always
in constant ratio within a few parts in 10- 8 (the order of
the refraction effect) the second receiver need not be a
phase-locked receiver, but could be merely slaved to thlý
400-MHz phase-locked receiver. "lhe two-frequency sys-
tem design was developed and tested as an eng-neering
model and subsequently developed into a prototype form
designated XN-5. No further development of the single-

- frequency system was undertaken by the Laboratory.

Basic to the design of both systems is the stable
oscillator. Any bias in measuring frequency that io main-
tained over a pass (as olp-osed to point-to-point noise with-
in a pass) produces a proportional error in position. 'f..e
assumption is made, therefore, that the frequency of the
local oscillator is an unknown. This assumption requires

i -9-
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that the measurements and computations needed for a navi-
gation fix be arranged to eliminate the value of the fre-
quency of the oscillator. When this elimination is done
properly, the only stability required is five parts in 1011
over a 2-minute period. Such stability can be achieved,
and a carefully chosen crystal in a thermostatically con-
trolled oven with a large thermal time constant is entirely
adequate.

The AN/SRN-9 (XN-5) receiving equipment has
five basic elements: (1) the antenna and preamplifiers,
(2) the receiver-demodulator, (3) the digital section,
(4) the control group (output section), and (5) the 5-MHz
oscillator (Fig. 6)Y

The antenna is a whip over a ground-plane mounted
on the superstructure of the ship, along with preamplifiers r
for the 150- and 400-MHz signals.

The receiver-demodulator contains circuitry to r
perform the following functions:

1. Selectively track a satellite signal after manual
lock-on. AP

2. Demodulate the binary data from the carriers.
Figure 7 shows the binary modulation format.

3. Provide timing signals to the digital section at
the doublet (half bit) rate (one every 9.83 ms) as
derived from the doublet coding in the satellite
messages.

4. Produce a sequence of pulses from which a
refraction corrected doppler count is obtained.

These functions are described in detail on the following
pages.

The higher frequency signal transmitted from the
satellite is 400 MHz - fH, where fH " 32 kHz, since the

-12-
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frequency offset is nominally 80 ppm. This signal is shifted
dH because of the doppler effect and CH because of ionospheric
refraction. For the system parameters used dH is between
±10 kHz and CH is between ±3 Hz. The set receives a signal
from the satellite on a whip antenna at a frequency of 400
MHz - fH + dH + CH. This signal is amplified in a 400-MHz
automatic gain controlled (AGC) preamplifier with a maxi-
mum gain of 70 dB, a bandwidth of 1 MHz, and a noise figure
of 10 dB.

The signal from the preamplifier then is mixed with
a local RF reference signal. The resulting 5-MHz differ-
er, e frequency is amplified in a high gain, 3-kHz bandwidth
5 .VlHz IF amplifier.

The IF output is fed in parallel to two phase com-

parators in which it is compared with the phase of quadra-
ture components of a stable 5-MHz reference signal.

The phase comparator produces a DC voltage that isI used to detect phase or frequency errors in the RF frequency
and control a second order frequency/phase loop, which
maintains the frequency and phase relationship between the
RF reference signal and the received signal.

ii The stable 5-MHz reference oscillator uses design

concepts similar to those used in the satellite oscillator,
i. e., a thermostatically controlled oven with a very long
thermal time constant between the oven and a monel slug,
which contains the critical circuits. Since the vacuum of
space is not available for the earthbound oscillator, a great
amount of thermal insulation is used, resulting in a rela-
tively large physical size.

The 5-MHz stable reference frequency is multiplied
by a factor of 81 to 405 MHz. The difference between this
frequency and the locally generated RF reference signal is,
provided the phase-locked loop is tracking a signal, the

amount by which the received signal is below 400 MHz, i. e.,
fH- dH - C H, A pulse generator converts the doppler cy-

j cles from the doppler mixer into pulses.

S-15-
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The 150-MHz receiver is slaved to the 400-MHz re-
ceiver to "listen" to a very narrow 20-Hz bandwidth portion
of the RF spectrum centered at a "predicted" frequency ex-
actly 3/8 of the frequency tracked by the 400 MHz phase-
locked receiver. The slaved x,., .ver produces two signals
at the difference frequency betwee.., the predicted frequency
and the 150-MHz signal received. The relative phase of
these signals indicates whether the 150-MHz signal is above
or below 3/8 of the high frequency signal.

The satellite transmits as its lower frequency 150
MHz - fL (where fL " 12 kHz), i.e., 3/8 of the high fre-
quency transmitted. This signal is shifted by doppler and
ionospheric effects to a received frequency of 150 MHz -

fL + dL + C L. The doppler shift is proportional to fre-
quency, but the ionospheric refraction shift has been found
to be inversely proportional to frequency. The received
frequency may then be expressed as,

150 MHz + 3/8 (-fH + dH) + 8/3 CH-

A local reference signal at 3/8 of the high frequency
local reference signal is mixed with the amplified low fre-
quency signal with the following results:

3/8 [405 MHz- f + d + C 150 MHz + 3/8 (-f + d +
H H H H H

8/3 CHI 1. 875 MHz + [3/8 - 8/3] C H = (5)

1.875 MHz - 55/24CH

Because 55/24 CH is typically less than 5 Hz, this
signal can be amplified in a very narrow 20-Hz bandwidth
IF amplifier. AGC detection may safely be performed in
this narrow bandwidth.

The phase rt lationship of this RF output and the
stable reference oscillator determines whether the refraction

- 16 -
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correction adds or deletes cycles from the doppler count.
The corrected doppler pulse train is then counted in the
doppler accumulator to measure satellite slant range change
during the count interval.

The 400-MHz phase comparator also produces a sig-
nal whose voltage excursions versus time are an accurate
repre sentation of the phase excursions of the input signal

in Fig. 8. The decoder accepts these doublet data
fr phase comparator, synchronously detects them,

rts them to a binary format compatible with the
Q .ction. The synchronous detection is followed by
an ,1Legration with end-of-bit sampling to afford maximum
immunity from noise errors. The properly timed gating

I1 signals required for synchronous Jecoding are derived
from the digital section.

The decoder thus associates the adjacent doublets
in the received signals with appropriate bine"y bits. The
process is initiated with an arbitrary association of adja-

Scent doublets. The resulting binary bits are observed in
the digital section, and pulses generated by the pairing of
doublets are counted. If the count exceeds a specified
threshold the doublet association is reversed, and the cor-
rect pairing of doublets into binary bits is achieved. Bi-
nary data are sent serially from the receiver-demodulator
into the digital unit.

A precise timing signal based upon the message
modulation rate is derived in an internal clock in the re-
ceiving equipment. This synchronized internal clock con-
trols the decoding, printing, and doppler count gating
operations with an accuracy of better than 0. 2 ms. Be-
cause the operational satellites transmit the end of message
word two at each Universal 2-minute Time ±500 ps, ade-
quate time information is obtained from the satellite for
navigation and doppler gating.

The digital section contains shift registers for ac-
cumulating the doppler count and for storing the serial bi-
nary data decoded from the satellite messages.

1 -17-
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PHASE COMPARATOR

OUTPUT

f = 5
24 h

FEEDBACK DIVIDER I
INPUT PULSES

f55

=24 'h1

FEEDBACK DIVIDER
OUTPUT PULSES

f = h

QUADRATURE PHASE
COMPARATOR OUTPUT

FOR +e

POSITIVE VOLTAGE OUT OF QUADRATURE
PHASE COMPARATOR AT TIME OF FEEDBACK

DIVIDER OUTPUT PULSE CAUSES PULSE TO

BE ADDED OR DELErrED FROM DOPPLER PULSE TRAIN

QUADRATURE PHASE
COMPARATOR OUTPUT

FOR -, \/ \o/,

NEGATIVE VOLTAGE OUT OF QUADRATURE

PHASE COMPARATOR AT TIME OF FEEDBACK
DIVIDER OUTPUT PULSE CAUSES PULSE TO

BE ADDED OR DELETED FROM DOPPLER PULSE TRAIN

Fig. 8 AN/SRN-9 (XN-5) REFRACTION CHANNEL WAVEFORMS
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The digital section also contains an output register

and the necessary counting and control logic to organize the
satellite messages into words and digits (output format con-
trol). It also programs the data and other timing signals to
the output terminals. The message data are extracted in
four-bit groups (i. e., excess-three binary coded decimal
forrnat). Control signals are available to take all data
(every word) or select only every sixth word (all that is
necessary) for normal navigation.

The data used by the integrated doppler navigator
are ccritained in words 8, 14, 20, 26, etc., up to 128.
These words include the satellite orbit parameters; the out-
put format control selects these words and prints them out
on a paper tape alo'-, with the integrated doppler count.

I The control group of the receiving equipment in its
simplest form produces a printed tape listing:

1. Between three and eight accumulated refraction
corrected doppler counts, each for a 2-minute period and
with end points precisely governed by satellite-transmitted

Universal Time 2-minute marks.

2. Between three and eight readouts of the satellite-
stored orbit parameters, defining satellite positions every
2 minutes.

SI All equipment control functions are provided by a
control group packaged with the numerical printer. Figure
9 shows one control group-printer configuration. The
printer in this configuration prints eight of the nine digits
of the satellite word. Other later control group configura-
tions print all nine digits.

II From the control group, the navigator can monitor
the operation of the equipment. In operation, the navigatorII remotely tunes the 400-MHz receiver from whence it ob-
tains all necessary control functions.

-19-
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A sample of the nine digit printer output is shown
in Fig. 10. The first line is one value of the total re-

fraction corrected cycle count for the previous 2 min-
utes. The second line is the orbital information for the
epoch 6 minutes before the beginning of the 2-minute
interval, followed by the orbital information for the
epoch 4 minutes before, and so on through the iih4 'orma-
tion for the epoch 8 minutes after the end of the 2-
minute interval. After these 8 lines, there occur 17
lines of data from the fixed portion of the satellite
memory. Following these lines of data there is another
readirg of the doppler counter. This reading is readily
distinguished from the orbital data by the different num-
ber of digits in the line. The shifting of the ephemeral

i or variable portion of the memory can be observed by
noting the next 8 lines of the printout. The single and
double signs at the beginning of the fixed and ephemeral

i readout are a code that is described in Secticn 5.

In summary, for any satellite pass the following
* sequence of events will occur in the receiving equipment-

I. The receiver-demodulator is manually locked
1 [onto the satellite signals and phase tracks during the satel-i lite pass.

2. The receiver -demodulator begins decoding the
binary data based on an arbitrary association of adjacent
doublets.

3. The digital section monitors the decoded data
and properly pairs the demodulated doublets to form binarySbits. When the proper pairing is achieved, the digital sec-
tion energizes the bit synchronization line.

4. The counting and control logic is reset by the
synchronization word in the satellite data format. The first
time the synchronization word is received after bit syn-
chronization, the digital section outputs a synchronization
pulse. A 2-minute Universal Time pulse is also generated
each time the synchronization sequence

-21
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29937 730,.-- DOPPLER CYCLE COUNT

++140241337
4+000370950
++010460566
++020520170 EPHEMERAL MEMORY READOUT
+-03052020.5

*-0404305!0
+-050390743 -
+-0602709001

* 36488020
+ 04278850
* 00196610
* 00187520"

+ 07165340
+ 23720880
+ 00000080 FIXEDMEMORYREADOUT
- 00005880
+ 32350310
+ 20189280
+ 54903120
+ 10000000

-- 199870000 -.

++000000000
++000000000
++000000000j

3 3 7 3 1 7 2- .-- DOPPLER CYCLE COUNT
++000370950
++010460566
++020520170
+-030520205 EPHEMEPALREADOUT
+-040480510
a-050390743
+-060270900
"--0701209611
+ + 1103919201.

+ 36488020

+ 04278850
+ 00196610
a 00187520 -
+ 07465340
+ 23720880
+ 00C00080
- 00005880 FIXED MEMORY READOUT
+ 32350310
+ 20189280
+ 54903120
+ 10000000

-- 199870000
++000000000
++000000000
++000000000_

4 093892 -9-0---- DOPPLER CYCLE COUNT

Fig. 10 ANISRN-9 (XN-5) DOPPLER AND ORBITAL PARAMETER NINE-DIGIT PRINTOUT
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I is received.

5.The counting and format control logic in the
digital section governs the handling of the binary data from
the satellite and the accumulation and output of the doppler:1 count.

6. The 2-minute doppler count and satellite mes-
sage data are printed out in decimal form ox. the control
group printer.

I7. Whenever an interrupt in the satellite signal
occurs, bit synchronization must be reestablished.

Reference 2 is a detailed description of the AN/
SRN-9 (XN%-5) Radio Navigation Set.

r RADIO NAVIGATION SETS AN/SRN-9 AND AN/SRN-9A

Under contract to the Naval Ship Systems Command,
ITT has produced shipboard navigation equipment desig-

I nated RadioNavigation Sets AN/SRN-9 and AN/SRN-9A to
the specifications SHIPS-R-5111 (Ref. 3), SHIPS-R-.5111A
(Ref. 4), and SHIPS-R-5111B (Ref. 5). These specifica-

I tions embody APL experience with the developmental AN!
SRN-9 equipment. Radio Navigation Set AN/SRN-9 is shown
in Fig. 11 and described in Ref. 6. Radio Navigation Set
AN/SRN-9A is shown in Fig. 12 and described in Ref. 7.

t Reference 8 describes operational procedures for both sets
when used with the CP-967/UYK computer.

The two sets differ in that the AN/SRN-9A has auto-AL matic signal acquisition and coast mode features (explained
below); in addition, doppler data may be obtained over

f either 2-minute intervals or approximately 4. 6-second in-
tervals at operator option. The following sections will
apply only to 2-minute interval data inasmuch as program-
ming procedures for 4. 6-s interval (or short count) dataii are beyond the scope of this report.

23
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(a) ANTENNA

(b) RECEIVER "

Fig. 11 AN/SRN-9 RADIO NAVIGATIION SET,-
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In the AN/SRN-9 set, loss of lock during a 2-minute
interval results in loss of all data for that interval. If the
AN/SRN-9A set loses lock during a 2-minute interval, how-
ever, the coast mode feature allows satellite message data
to be obtain~ed upon signal reacquisition, provided the time
between loss of lock and reacquisition does not exceed 60
seconds. In addition varying combinations of doppler, re-
fraction, and satellite message data are obtainable in a loss
of lock situation, depending upon whether it is the 150 MHz, J
400 MHz, or both signals that are lost. The following tabu-
lation shows all the consequences for the various combina-
tions:

Condition Doppler Data Refraction Data Message Data

Unlocked

Both channels BCDX3"0" BCDX3"0" BCDX3
locked during
first transfers
(initial message
sync.) (1)

Both channels BCDX3 BCDX3 BCDX3
locked

400 MHz locked BCDX3 BCDX3"0" BCDX3
150 MHz unlocked

400 MHz unlocked BCDX3"0" BCDX3"0" BCDX3
150 MHz locked 

01
Coast Mode (2) Binary "0" Binary "0" Binary "0"

Note (1) BCDX3 denotes valid data format.
(2) During coast mode, binary "0" will be outputted to I

computer.

From the standpoint of programming a computer for
use with data obtained with either the AN/SRN-9 or AN/
SRN-9A Radio Navigation Set, the differences between these I
equipments and the developmental AN/SRN-9 equipment de-
scribed in the previous section lie in the treatment of the
ionospheric refraction correction and in the formatting of
the output data. Whereas the refraction correction circuitry

26- 1
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'I in the developmental equipment adds or deletes cycles from
the doppler count such that a refraction corrected doppler

H [count is obtained for use in navigation computations, the
AN/SRN-9 and AN/SRN-9A equipment is designed to present
the refraction information separately from the doppler

HI count, and the requisite correction must be done during sub-
sequent computations. The refraction count data in the AN/
SRN-9 and ANiSRN-9A equipment take on values between
1000 and 3000 and are scaled such that a count of 2000 is an
"indication that no correction is required or (in the AN/SRN-9
only) that the refraction count is invalid.

"The refraction correction equation to be implemented
then is

"24
N N N - T5 (Rk - 2000) (6)

k Nk400

where

-- Nk = ionospheric refraction corrected doppler

count,

* A Nk = 400-MHz doppler count from ITT equip-
"400 ment, and

"FRk refraction count from ITT equipment.

The ITT equipment may be configured to output its
data into a readout device, such as a printer or a paper tape
punch, for later off-line calculation, or directly into a
computer for real-time navigation. Figure 13 shows a

I thermal printer readout that could have been obtained from

either an AN/SRN-9 or an AN/SRN-9A, for comparison
with Fig. 10. Specific details of the format of the output
data from the ITT equipment are describeu in the Data Types
and Formats Section.

11 - 27-
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CTI Ephemeral Memory Readout .

SEphoemal Memory Readout Fixed Memory Readout

Fixed Memory Readout
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Fixed Memory Readout
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S~Fig. 13 AN/SRN-9 OR AN/SRN-9A TWO-MINUTE DOPPLER, REFRACTION, AND ORBITAL

PARAMETER PRINTOUT (cont'd)
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Fig. 13 AN/SRN-9 OR AN/SRN-9A rWO-MINUTE DOPPLER, REFRACTION, AND ORBITAL
PARAMETER PRINTOUT (cont'd)
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NAVIGArION SATELLITE RECEIVER SET 702CA

JUnder the sponsorship 3f the Office of Naval Re-
search, the Scripps Institution of Oceanography of the
University of California has contracted with the Magnavox
Company for the Navigation Satellite Receiver Set 702CA,
produced in accordance with Scripps Specification 0A0088
(Ref. 9). This snecification also embodies API, experience
with developmental integrated doppler navigation equipment.
Figure 14 shows the equipment; Ref. 10 describes its
operation and main.enance.

From the standpoirac of programming a computer for
use with the Navigation Satellite Receiver Set 702CA, the
differences between this equipment and the developmental
"AN ISRN-9 equipment described previously lie in the treat-
ment of the ionospheric refraction correction and in the
formatting of the output data. Like the ITT AN/SRN-9
equipment the 702CA equipment also provides separate out-
puts for use in later calculations to obtain a refraction cor-

V rected doppler count. The 702CA outputs, however, are a
400-MHz doppler count and a 150-MHz doppler count scaled
by the receiver to 400 MHz.

The refraction correction equation for Magnavox
702CA data is then

9

N -N -N ) (7)
k k 55(Nk k

400 400 150

where

kI N ionospheric refraction corrected doppler
count,

"N = 400-MHz doppler count, and
k400

N = 150-MHz doppler count.

1 5 0  -31-
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U i Figure 15 shows a printout obtained from the 702CA

receiver on :he HP 2115A computer for comparison with
Fig. 10 (AN/SRN-9 (XN-5) printout) and Fig. 13 (ITT AN!
SRN-9 or AN/SRN-9A printout). Note that the coding inthe form of single and double signs shown in Figs. 10 and13 is expressed in Fig. 15 as a digital coding. Specific

details of the format of the output data from the Magnavox
equipment are described later in the Data Types and For-
mats Section.
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000009G00 003023322
430732990 440812742 000872531 010912255
020931942 030921605 040891252 050830915
414088460 837170670 810687490 800197580
800061330 807455250 815310080 900004850
800125170 809053730 82023024 8•1500660
809999220 800510000 000000000 000000000

1400 MHz DOPP 50 MHz DOPPLER

r003263772 003263945 -
440812745 000872531 010912255 020931942 EPHEMERAL MEMORY READOUT
030921605 040891252 050830915 060750602
414088460 837170670 810687490 8001975801

800061330 807455250 815310080 900004850
800125170 809053730 820230240 85180661 FIXED MEMORY READOUT

809999220 800510000 000000000 000000.
000000000

003737842 003737907
000872531 010912255 020931942 030921605
040891252 050830915 060750602 070640345
4'4088460 837170670 810687490 800197580
800061330 807455250 815310080 900004850
800125170 809053730 820230240 851800660
809999220 800510000 000000000 000000000
000000000

Fig. 15 702CA DOPPLER, REFRACTION, AND ORBITAL PARAMETER PRINT-
OUT AS OBTAINED ON HP2115A COMPUTER
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4. GEOMETRICAL BAS;S OF NAVIGATION EQUATIONS

I The derivation of the equations used in the naviga-
tion solution as presented here is divided into two parts.
The first of these parts will show the method of coordinateI system transformation, which is used to obtain the navi-
gator and satellite positions in a common coordinate sys-
tem, The second part will show Ihe derivation of satellite
and navigator po.3itions from bas.,c information available
to the navigator.

COORDINATE TRANSFORMATIONS

"To show the derivation of the coordinate system

transformations used in the navigation solution, first de-
fine a right--hnd, earth-centered, inertial cartesian coor-
dinate system XYZ which is oriented such that (I) its cen-
ter is at the center of the earth, (2) its X-Y plane is co-
incident wit, the equatorial plane of the earth, (3) its Z-

axis is coincident with the spin axis of the earth (the posi-
tive Z-axis points toward the north pole), and (4) its X-
axis is coincident with the vernal equinox (First Line of
Aries).

"In a similar manner, define a right-hand, earth-
centered coordinate system which i3 fixed with respect to
the rotating earth. This system, denoted xyz, is oriented

S r such that (1) its center is at the center of the earth, (2) its
x-y plane is coincident with the equatorial plane of the
earth, (3) its z-axis coincides with the spin axis of the
earth, and (4) its x-axis is coincident with the plane of the
Greenwich Meridian.

f •It can be easily visualized that, since the xyz coor-
dinate ystem rotates with the earth, any fixed point on the
earth will remain fixed with respect to the xyz system.
This coordinate system would then be desirable as a refer-
ence system for the navigator, since his position at any

1 -35-
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time may be represented as a point in the xyz system and,
if he is not moving, his position within the coordinate sys-
tem will not change with time.

Now A.fine the angle between a line through the
Greenwich Meridian on the x-y plane and the vernal equinox I
(First Line of Aries) as AG. This angle is called the hour
angle or Right Ascension of Greenwich. Pictorially, the
XYZ and xyz coordinate systems appear as in Fig. 16. The -

transformation from XYZ to xyz coordinates is given by

x = XcosAG+ Y sinAG

y = -XsinAG +YcosAG (8)

z = Z .

Now define a three -dimensional coordinate system
x'y'z' whose center is at the center of the earth and whose
x'-axis lies in the equatorial plane of the XYZ coordinate
system. The x' and yt directions in this coordinate sys-
tem define a plane which is the orbital plane of the satel-
lite. Further, define the inclination angle, i, of the satel-
lite plane as the angle between the y'-axis and the equa-
torial plane, XY, and the angle Q , the right ascension of
the ascending node, as the angle between the x -axis of the
orbital plane and the X-axis of the XYZ coordinate system.
The orientation of the orbital plane is shown in Fig. 17.

From examination of 'he geometry of the XYZ
coordinate system and the x'y' plane, the transformation
from the x'y' plane to the XYZ coordinate system is given
by

X = x' cosfl - y' cos i sin

Y = x' sinC1 +y cos i cos• (9a)
0 =0

Z = y' sin i

-,5
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Fig. 16 XYZ AND xyz COORDINATE SYSTEMS
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Fig. 17 ORIENTATION OF ORBITAL PLANE
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u Although the primary motion of the satellite will
be in the x'y' plane, allowance will be made at this pointI for motion that is perpendicular to the plane of the satel-
lite orbit. This direction will be defined as the z' direc-
tion and will be pointed such that the positive z'-axis forms
a right-hand coordinate system with the x'y' plane. Fig-
ure 18 shows this x'y'z' coordinate system. The trans-
formation to XYZ coordinates is given by

X = x' cosl -y' cosi sin Q, +z' sin i sinf'
: •0 0 0

I Y = x' sin f +y' cosi cos z' sin i cos (9b)
0 0 0

Z = y' sin i + z' cos i

T Now define the angle 8 to be the angle between the
plane of the satellite orbit and the plane of the Greenwich
Meridian. This difference is given by

0 G (10)
T

By using the angle 9 it is now possible to transform
4 the satellite orbital x'y'z' coordinate system directly into

the navigator's xyz coordinate system without performing
"the initial transformation to XYZ coordinates. This trans-
formation is of prime importance since it is the navigator's
xyz coordinate system that will be used as the common
coordinate system for the navigation solution computations.
The transformation is given as follows:

x = x',cosP -y' cos i sin# + z' sil i sin fi

y = x' sin +y' cos i cos• z' sin i cos (11)

Sz = y' sin i + z' cos i

Since satellite orbital data as transmitted are not
directly positions in the x'y'z' coordinuate system, but as

I5. 39 -
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Fig. 18 x'y'z'COORDINATE SYSTEM
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II nq. (14), the mean anomaly is the same as in Eq.
I(13). The eccentric anomaly is given explicitly in Eq. (14).

Also in Eq. (14), the factor - I2 is implicit in the ex-

pression for vk.

In the simple classical theory, the angles C60 and uw
are invariant in 'ime. In the integrated dopple" navigatin

'• I computation, however, they do vary with time but are as-
sumed to have constant time derivatives, C and w, respec-
tively.

To summarize, in the integrated doppler navigation
computation the satellite orbit is treated as a corrected
(AE(tk), AA(tk), fl(tk)), precessing (6, l ) Keplerian

• ellipse.

The equations for computing satellite coordinates
given in Step F of Section 7 follow those given here.

The term reference ellipsoid is applied here to the

surface used to approximate the figure of the earth in the
navigation computation. The reference ellipsoid is taken
to be an ellipsoid of revolution. The axis of revolution is
the z-axis or the spin axis of the earth. The center of the

•" I ellipsoid is the center of the earth.

The intersection of any plane containing the z-axis,
i. e., a meridian plane, and the ellipsoid is an ellipse.
The i•,tersection of a plane Darallel to the equatorial xy
plane and the ellipsoid is a circle.

J I The rectangular coordinates (x, y, z) of any point
on the surface of the ellipsoid satisfy the function F
(x, y, z) = 0in

1 2 2 2K F(x, y, z) = V + z -1=0 (15)2" oo 2
2R (I-f)] 2Iii 0

HZ -45 -iI;
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In Eq. (15), Ro is the (major) equatorial semiaxis of the
ellipsoid, and R. (1 - f) is the (minor) polar semiaxis.

The partial derivatives of F(x, y, z) with respect to
x, y, and z are denoted by Fx, Fy, and Fz, respectively,
and by Eq. (15), are , as

F 2x
x 2

R
0

F (16)
y R2 T

0

F -
2z

[R (1 -f)M
0

Any (outward directed) normal to the ellipsoid is

incii,•er at an angle to the equatorial xy plane, which is
denoted by 'P. The angle between the x-axis and the pro-
jection of the normal on the xy plane is denoted by ,.
Therefore, the direction cosines of the normal with respect

to x-, y-, and z-axes are, respectively, (cos (p, cos X), I
(cos 9, sin X), and sin 'P. These direction cosines are given
by

2I 2/2l

cos(P cosX F /(F 2 + F 2 + F 2)
x x y z

cos P sink FI/(F 2 +F2 +F2 )1/2 (7yo( i x ( + F + F ) (17)

si ~FIF2 2 2 1/2sin ýP =F /(F 2 + F + F ) Iz x y z

From Eqs. (16) and (17), we find

I
-46 -
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parameters defining its elliptical orbit, it is necessary to
define an additional coordinate system, uvw, in which the

I w and z' axes are coincident and in which the angle w , be-
tween the x' and u axes is called the argument of perigee.
Fi.gure 19 shows the relation betveen the x'y' and uv planes.
The transformation from uvw to x'y'z' coordinates is given
by

0 x

Y' = usinw +vcos u (12)
0 0IISZ! = w .

Now consider the pictorial representation of the
satellite orbit as shown in Fig. 20. The point 0O is the cen-

I ter of the ellipse PSA and of the circumscribed circle PCA.
3 •The origin of the uvw coordinate system is taken as 0. The

uv coordinates are shown. The w coordinate is the axis
pointing off the page on Fig. 20.

Now define the time at which the satellite is at its
perigee P as tp and call it time of perigee. The position
of the satellite at an arbitrary time t after t_ is repre-

S r T sented by the point S on the ellipse PSA. The orbital

ellipse has a semimajor axis denoted by AI and an eccen-
tricity denoted by c. The angle E is called tVe eccen-
tric anomaly and is the angle through which the s tellite
has moved on the ellipse since tp. Further let I denote
the orbital period of the satellite; then r, the mean motion,
is given by 27T/T.

SATELLITE AND NAVIGATOR POSITIONS

A problem in classical orbits is this: given Ao, C,
S f ,., a�nd t, find u(t), v(t), and w(t), the coordinates of S at

tizne t. The computation that provides th- solution of this
problem is defined by Eq. (13):

4
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z w

Fig. 19 RELATION BETWEEN x'y'AND uv PLANES
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M(t) : n(t-tp)

E(t) : M(t) + E sin E(t)

A :A :A (13)

u(t) = A(cos E(t)

v(t) : A 4NTTsin E(t)

w(t) is undefined. TiI&
The quantities M(t and E(t) in Eq. (13) are called

the mean and eccentric anomalies, respectively. The
equation defining E(t) (Kepler's Equation) is transcendental,
and its solution can be obtained by various means. [

For the integrated doppler navigation computation,
this part of the computation of the satellite coordinates is
carried out in a different manner.

The integrated doppler navigation problem can be
stated as follows: given A , C, n, AE(t k), AA(t. ), and
77(tk), find u(tk), v(tk), andwit.). The equations which
define the computation are given by

Mk :n (tk - tp)

Ek = Mk+E sin Mk+ AE(tk)
A : + AA(tk

Ak 0A° 
(14)

u k = A k(cos (E k) -)

vk A sin (Ek)

Wk 77(t) i

-44-



T~il[ •C•5 U•NINSITYf

APPLIED PHYSICS LA['ORATORY
SIL.VER G-WtQ WARMAN.JD

(F22 22 21I/2

x/R° = FX R /2 =(R /2)(F +F + F 2 co/ cos A

y/R Fy R /2 (R /2) (Fx2+ F 2 + F 2)1/2Io y o x y z cs snA ()

z/R (-f) FzR(1-f)/2 [Ro(I-f)/2][,'x2+ F 2+ F21 sn2

Now, by Eq. (15)

S0R) + (Y/R0)2 + [z/R° (1-f)] 1. (19)K-
Expanding Eq. (19) in terms of t he right-hand side

of Eq. (18), we determine
2F 2+ 2)4

(F +F +F z 2 2 2 2 (20)

I R 0 os p + [R° (1-)M sin2

"Substituting from Eq. (20) for (Fx2 + F 2 + F 2)1/2

in Eq. (18), we obtain for the rectangular coordinates of
any point on the surface of the ellipsoid:

R cos p cosX
(cos 2 P + (1_f)2 sin2 Q))1/ 2

i ~g XR cosp 9sinA(

(cos 2 sin2 P)12 (21)

R (1 -f) 2 sin (p

z9) 2 2 1/
(cos' P + (1-f) sil2l )I2

The angular coordinates VP and A are called
the geodetic latitude and longitude, respectively, of a point

-47-

I



THE JO.NS HOPKINS UN:VFKSITY

APPLIED PHYSICS LADORATORY

on the geodetic surface. Points not on the geodetic surface
can be given a geodetic representation by means of a third
coordinate, the geodetic altitude, which is denoted by h.
The geoidal height above the reference ellipsoid is denoted
by H, and h' = (h + H).

A value for H in meters may be deteri, ined through

use of Fig. 21, a gc oidal height contour map. To use this
map the navigator locates " s apprcximate position on it and

interpolates between con, jr lines to obtain the value for
geoidal height in meters.

Let (x, y, z) represent the coordinates of any point
in space. The h' is defined t, be the distance from the -

point to tde geodetic surface. The coordinate h is positive

if the point (x, y, z) is above the surface. To be specific,

h 0 according to

2 2 2x + + -1. •

R 2 R 2 (l-f)2  <
o O

Now let

2 2 2 2 1/2
D'P)= (R cos 9 + [R (1-f)] sin 9P) (22)

0 0

Then the earth-fixed rectangular coordinates (x, y, z)

of a point having the geodetic coordinates ('P, X, h/) are

x(P, X, h ') = sD()

y(, X h + h" cos 9 sin (23)

rR 2(1-.f) 2

0
z(p , h') =- +h' sin .

-48 -
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in the integrated doppler navigation computation, use
is .nade of the partial derivative of x, y, and z with respect
to 'p and A. A partial derivative with respect to 'p is de- ..

noced by superscript (2) and with respect to X by super-
script (3). From Eqs. (22) and (23), it is seen that

2 2 2 3 .x(2)(qpX, h') =-((R [R (1-f)1 /D (p))+h sin' cosX

y(2) lpX, h') ((R[R (1-f)1 2 /D 3 (p)) + h') sin 9 sin

0 0
(24)

2 (R 2 ,2/D2 3
Z( o R [Ro (1-f% (/)) + h ') cos 9

x( 3 ) ('p, X, h') -y (P, X, h')

y(3 )('p,., h') x ((P, A, h')

- 50-
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5. DATA TYPES, AND FORMATS

TYPES OF DATA

Four types of data are processed for entry into the
navigation solution equations. These data types are

1. Doppler and refraction data,

2. Satellite orbital data,

3. Navigator's estimates of time (GMT) of first
.iducial mark, position, antenna height, head-
ing, ship's velocity, day number of pass, and
alert instructions, and

4. Program constants.

Doppler and Refraction Data

Section 3 describes the doppler and refraction data
obtahied from the ITT and Magnavox equipment, respec-

I tively.

Satellite Orbital Data

During every 2 minutes of a satellite pass, data
describing the orbit are transmitted from the satellite in
156 BCDX3 words of 39 bits each plus an additional 19 bits.
The data are in two groups: fixed parameters, describing
a precessing Kepler ellipse that approximates the satellite
orbit; and variable parameters, describing the deviations
of the orbit from the precessing ellipse for each 2-minute
interval. Tables 1 and 2 describe the variable and fixed
parameters, respectively.

Each of the eight variable data words consists of
I the parameters tk, AEk, AAk, and 17k combined in a single

word. Of the eight variable words the fourth word (satel-
lite word No. 26) describes the orbit deviations from theI precessing ellipse for the present 2-irinute interval. The

51
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Table I

Variable Orbit Parameters int Navigation Message

Satellite Parameter No of

Word No Symbol Units Digits Sign tfagnttude Definition of Parameter

tk Minutes 2 2 XX. 0 Time in integer even UT minutes T
modrilo 15 following an Integer one-half hour

of kth transmission

8, 14, 20.,26. AEk De-grees 3 2 0 OXXX Correction to eccentric anomaly
:12. 38. 44. for kth time point
and 50

AAk Meters 3 2 XXXG. 0 Correction to mean semimajor axis
for kth time point

17k Meters 2 3 XXO. 0 Out of plane orbit component I
1Each word of variable orbit data is a 9-digit combinatlon of the parameters tk, AE, , AAk, and 17k.
The method of combination is as follows, where each of the 9 digits is representedliy the letter X:

X X XXX XXX X

Code value for signs of rEk and Second digit Vaiue of Value of One digit
&Ak and first digit of tk of t

k AEk •Ak of "k J
2The decimal code value for the signs of AAk and AEk and for the first digit of tk is as follows-

Sign of AAk Sign of AEk First Digit of tk Decimal Code Value I
+ + 0 0

+ 0 1
+ 0 2

0 3
+ + 1 4

- ] 5
A - 1 6

1 7

3 Quantity 71 consists of two digits 0 C(m) and '( ) the digits being transmitted in successive -Z-minute

messages. In reconstructed form, il = ±0.7) (m) -- (), and is partitioned as follows- C(m) is trans-
mitted in each variable parameter word whose ilducial tim, (UT) in minutes is divisible by 4 (zero

included): i--1) is transmitted in the next 2-minute message. In addition,--.m) is transmitted in a code
that indicates both value and sign. The code is:

Decimal Equivalent of Decimal Equivalent of
Transmitted BCDX3 Digit (D 2 ) (1 Transmitted BCDX3 Digit (D 2 ) 11 m

0 -0 5 +0

2 -3 7 +2

3 -2 8 +3
4 -1 9 +4

The decoding for?)1(m) is as follows: ,1 ((m) = (D 2 - 5) when I 'D 2 s9 When D 2 = 0 ?1(m) -- 0.

When D- 5 (i) = +0. The quantity 1) Is not coded. It should be noted that t is modulo 15
(i. e.. ?b minutes) whereas the time associated with 

17k is modulo 60 minutes. VaIlues of Ok for
fiducial times not divisible by 4 are obtained by interpolation. I

- 52-
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Table 2

Fixed Orbit Parameters in Navigation Message

Satellite Parameter No. of Sign and
Word No. Symbol Units Digits Magnitude 1  Definition of Parameter

56 t Minutes UT 9 TXXX. XXXXX Time of first perigee in the
modulo 1440 time span of ephemeral

memory on the day when that
perigee occurs

62 n Degrees/ 9 S. XXXXXXXX Mean motion of satellite
t, minute minus

"1three 2

68 'A) Degrees 9 SXXX. XXXXX Argument of perigee at t

74 Degrees/ 9 S. XXXXXXXX Precession rate of perigee

minute

80 C Dimension- 9 SX. XXXXXXX Eccentricity
less

86 A Meters 9 SXXXXXXXX.03 Mean semimajor axis0

92 Q Degrees 9 SXXX. XXXXX3 Right ascension of ascend-Soing node at t

98 Cl Degrees/ 9 S. XXXXXXX Precession rpte of nodeS~minute

104 Ci Dimension- 9 SX. XXXXXXX Cosine of inclination
less

110 AG Degrees 9 SXXX. XXX.3 Inertial longitude of Green-
modulo 31;U wich relative to Aries at tIP

116 aM ---- 9 ---- Change in mean anomaly
-")r 1-hour time interval

iused).

122 6M Minutes lIT 9 ---- .ange in mean anomaly
for 2-minute time interval
(unused).

128 Si Dimension- 9 SX. XXXXXXX Sine of inclination
less

"134 A)a ---- 9 ---- Satellite frequency offseti (unused)

140, 146 9 --- Zeros at time of "'iection4

and 152

IThe first digit of each word is coded as follows:

T is transmitted as either 0 or 4: 0 is interpreted as 0, 4 is interpreted -s 1.
S is transmitted as either 8 or 9; 8 is interpreted as +, 9 is interpretcd as -.

2 The value of n an received reflects only the fractional portion of n. The value

should be 3. XXXXXXXX and can be obtained by adding 3 to the received value.

o aAlways a positive value.
4 Words 122, 140. 146. and 152 are not necespary to the fix computations but may

prove helpful in the detection of satellite memory injections.
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third word (satellite word No. 20) is for the previous 2-
minute interval. The fifth woid (satellite word No. 32) is
for the following 2-minute interval. The variable words

are updated every 2 minutes such that variable word 2 be-
comes variable word 1, 3 becomes 2, 4 becomes 3, etc.,
and a new variable word is introduced from catellite mem-
ory to replace variable word 8. Variable word I is lost.

In this way the observer receives not only the variable words
for the present 2-minute interval, but also data for the
past three 2-minute intervals and the four future 2-minute
intervals.

Duribg data processing (described in Section 6) the
satel)ite orbital data are validated by a majority vote pro-
cedure that accepts data as error-free when agreement is
found in two out of three instances. The data are also pro-

cessed into tables for convenient use in the navigation so-
lution.

Navigator's Estimates

Table 3 lists the data that the navigator is required
to enter into the computer for the navigation solution. I

Program Constants

The values of the program constants used in the

nav'igation solution computation are listed in Table 4.

DATA FORMATS

All the satellite data are in the form of BCDX3 bi-

nary bits which can be converted to decimal characters.
Doppler data require seven characters, or 28 bits. ITT

refraction data require four characters; Magnavox refrac-

tion data require seven characters. From Tables 1 and 2

it is seen that an orbital data word requires nine charac-

ters.

The satellite transmits orbital data in 39-bit words. 54:
Bits 37-39 of eaci' word, however, are reserved for parity,

-54 - 3
'U



THC JOWAS HOOPKINS UNIVOI•TY

APPLIED PHYSICS LAGO"rAORY

Table 3
Navigator's Estimates

Parameter Symbol Units Magnitude

Time of first T flours and minutes XX h. XX min1 fiducial mark GMT

Position-

I Latitude 0e Degrees and minutes XX°, XX. XXX'

+ = north
- - south

Longitude A Degrees and mini-tes XXX°. XX. XXX'
+ = east

T -= west

Antenna height h Meters ±XX. Xl

7 Heading (course)2 d Degrees clockwise XXX. X°
from true north

Rate (speed)2 v knots XX. X

Day number of pass !DAY Days XXX.

S~ Alerts:

Day number of last MDAY 3  Days XXX.
S~Day for which alerts

I",• are io bE calculated

fDepenCF. upon 'installation; see Fig. 21.
S2.If equipment such its SINS to avatl;."51eo -;he navigator may use latitucle and

longitude data al each fiducial mark instead of heading and rate.

S3If MDAY IDAY, no aserts will be calculated.

II5
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Table 4

Program Constants I

Parameter Symbol Units Magnitude

System Constants

Initial value of f cycles/second 32,000
offset frequency 0

Vacuum wavelength at L m/cycle 7. 4948125 x 10-1
reference frequency 0

Earth Constants

Rotation rate of earth W rad/min 4. 3752695 x 103
with respect to x, y, e
z coordinate system

Equatorial radius of R m 6 378 144
reference ellipsoid o

Flattening of reference fdimensionless
ellipsoid

I
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telemetry, and clock data of concern in system manage-
ment. These three bits are discarded by the ITT andI Magnavox equipment. For simplicity, therefore, a satel-
lite orbital data word is defined here to have a 36-bit
length, and for convenience in computer processing everyI 36-bit satellite orbital data word is divided in the ITT and
Magnavox equipment into three 15-bit computer words.
"Similarly, doppler and refraction data are formatted in the
equipment into three 15-bit computer words, with binary

zeros being used to fill in blanks, as will be shown below.

Each 15-bit computer word consists of 12 data bits
plus a 3-bit identification (ID) code generated in tbe -e-
ceiver. The ID code serves both to identify whcti c- he

computer wc.r-! represents doppler, refraction, or orbitali "data and also whether the computer word contains the first
S -• •12-bit segment or a later 12-bit segment of data.

ITT Interface

Figure 22 shows examples of the 15-bit computer
words for orbital data, doppler data, and refraction data

Sprovided by the ITT equipment. The 15-bit computer word
is transferred from the receiver on 15 data lines denoted

214. aalns2 220 through 21. Data lines 20 through 2 are the ID codes,
and lines 23 through 214 are the actual data bits. The most
significant ID bit is 22. The most signifi-ant data bits are
214' 210, and 26. Note that the zeros in front of the dopp-
ler and refraction data are binary zeros. The voltage
levels of the signals are such that

logic 1 = 0 A. 5volts,

logic 0 = -14 ±3.5 volts.

MAgnavox Interface

Figure 23 shows examples of the 15-bit computer•" l words provided by the Magnavox 702 equipment. The 15-

bit computer word is transferred from the receiver on 15
data lines designated bits 1 through 15. Bits 13 through
15 are the ID codes. Bits 1 through 12 are the actual data

"--• 5
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bits. Tne most significant ID bit is bit 15. The most
significant data bits are bits 12, 8, and 4. Note th.•. the "
zeros in front of the doppler and refraction data -uve bi-
nary zeros. The voltage levels of the signals are such
that - I

logic 1 = 0±0.25 volt,

logic 0 = +6 volts (open circuit).

Sign

A 16-bit, binary word, general purpose computer
with input/output devices operating under programmed
interrupt control may be used for data processing and for Ii
executing the navigaticn calculations. A computer of this
word size accommodates the 15-bit computer word and
allows the 16th bit to be used as a sign bit. All the satel-
lite data are transmitted as positive numbers; note from
Table 2, however, that positive values in some parame-
ters represent coded values for negative numbers. 4

Formatting Satellite Words into Computer Words 7

Figure 24 defines ID codes and shows the format of
36-bit words as output from the ITT and Magnavox equip-
ment in three computer words (each word consisting of 15
bits plus a sign bit). BCDX3 characters are shown as X's.
Zeros fill in the blank spaces to make up the required 36bits per satellite word.

Figure 25 is a timing diagram for the receiver/
computer interface. In this diagram the term "word"

means the 36-bit satellite orbital data word. The figure
shows that in a 2-minute message transmitted from the
satellite three computer words of doppler data are trans-
ferred from the receiver to the computer during the oc-
currence of satellite word 3, three computer words of re- .

fraction data are transferred during satellite word 5, and
75 computer words of satellite orbital parameter data are
transferred during satellite words 8-152, with three com- -.

puter words being transferred during each sixth satellite .

-60 -
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II

II
TRANSFER

NO. SIGN ID SIGN ID

1 0 0900 0000 X 010 DOPPLER 0 010 0000 0000 x

2 0 X X X O11 DATA 0111 X X ,1C

I 3 0 X X XOi 0111 X x xX

, 1 0 0000 0000 0000 100 REFRAL.- 0 100 0000 0000 X

"f 2 0 00000000 X 101 TION 0 111 X X X

3 0 X X X 101 DATA 0 111 X X X

1 0 X X X 110 ORBITAL 0 110 X X X
PARAM-

2 0 X X X Ill ETER 5 111 X X X

, 3 0 X X X Ill DATA o 111 X XXI

- ITT OUTPUT SATELLITE MAGNAVOX OUTPUT

L ~DATA
TYPE

X - BCDX3 CHARACTER

Fig. 24 FORMAT OF DOPPLER. REFRACTION, AND ORBITAL DATA DIVIDED INTO

COMPUTER WORDS IN THE liT AND MAGNAVOX RECEIVERS

I
*1
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word. From Table 2 it may be observed that the data in
* satellite words 116, 122, 134, 140, 146, and 152 are not

required in the navigation routine. Satellite words 122, 140,
146, and 152 contain data that may be used in determining
whether the satellite message was updated during a particu-
lar 2-minute interval by the ground injection station. This
feature will be described in greater detail in Section 6.
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6. DATA PROCESSING

I
J The objectives of the real-time processing done on

the satellite 2-minute messages are to obtain the fixed
orbital parameters, to obtain the variable orbital parame-
ters and the doppler and refraction data and arrange them
in time ordered tables with due regard for any missing
data, and to check the validity and accuracy of the dita in
preparation for use in the calculation of the navigation fix.
During this process a check is also made to determine if a
new message has been injected into the satellite and appro-
priate action taken if it has. The data supplied by the navi-
gator sre also obtained. The processing steps to accomp-i lish these objectives are as follows:

During the first 2-minute message the variable and
- fixed orbital parameters are obtained.

During the second 2-minute message the d ler
data for t he first 2-minute interval are obtained anu dali-S~dated, a check is made that the fixed and variable data

were obtained during the first 2-minute message, the re-
fraction correction data for the first 2-minute interval are
obtained, and the variable and fixed orbital parameters in
the second 2-minute message are obtained.

During the third 2-minute message the doppler data
for the second 2-minute intervd! are obtained and validated,
a check is made that a new message has not been injected
into the satellite memory, the differences between the
orbital parameters obtained in the first and second 2-
minute messages are calculated, with due regard for the
precession of the variable data, the refraction correction
data for the second 2-minute interval are obtained and

T validated, and the variable and fixed orbital parameters
in the third 2-minute message are obtained.

*1 ~PRECEDIN& MAE BLWI
1 -65 -



7"t~ 'OHMS 9MOPK9.5N .ES~
-• f APPLIED PHYSICS LABORATOPY -•

U Z.-~, M-LrANO

During the fourth 2-minute message the doppler
and refraction data are collected and validated, the new-
message check is done, and for each orbital parameter a • j
determination is made if agreement exists in two of the
three messages by a majority vote process. Finally, for
any parameter for which a majority vote was not obtained,
a new value is obtained from the fourti message.

These procedures are repeated during successive J
2-minute messages until the satellite pass is over or un-
til doppler and refraction data have been obtained for nine
2-minute intervals. If loss of lock occurs for a time dur-
ing the pass, pointer registers keep place in the data tables
and appropriate missed data entries are made. If the in--
jection check finds that the satellite is transmitting a new 4

message and majority voted data have not yet been ob-
tained, message collection begin3 again.

At the end of the pass the data are formatted from
BCDX3 to floating point and the navigator enters values T 1
for his estimates of sync time, position, antenna height,mA

beading, rate, day number of pass, and the irterval for
which ht- dsL3ires alerts. T

The following sections and accompanying flow charts
describe the detailed procedures that occur during real- T2
time daw;a processing of each 2-minute i%-tellite message.
For convenience in later reference, the flow charts tor
both the data processing program described in this Sec-
tion and the FORTRAN navigation program described in
Secti on 8 are grouped together in Appendix A. The nomen -
clature used in the flow charts is also used in this descrip-
tion and will be defined at its first mention. The final
paret of this Section describes modifications to the real-
time procedures to allow their use in postpass navigation. T

T
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INITIALIZATION

During initialization (Fig. A-i) the program con-
stants are read into memory storage; tables and inter-

i rupt interface addresses are set to their assigned loca-
tions; and the flags, counters, and pointers used for place
keeping and for denoting the status of program execution
in the particular computer being used arc set to their ini-
tial values and locations. Figure 26 shows, for example,
"the arrangement and initialized values in eight tables that
are used in one representative computer program for
stoe'ing the doppler, refraction, and orbital data. This
arrangement requires 321 storage locations for the eight

-• tables. The table locations (shown in octal notaticon) ý-.Oe
specific to this particular computer program tn~d art: in-
cluded here only for reference in discussi" %y..i- data pro-
cessing procedures.

The data stored in the tables are as foilow : Tal"-.
FPCR is used to store the fixed parameters in each 2 -
minute satellite message; Table FPVD -s used to store

the fixed parameters that either will be subjected to the
majority vote test or have passed this test; Table FPER
is used to keep track of those parameters that have
passed the majority vote test and also the errors in those
parameters which have not passed the test. Tables VPCR,
VI•PD, and VPER perform these same functions for the
m.rable parameters. Tables DOPS and REFS store the

doppler and refraction data, respectively.

During initialization, Tables F PCR, FPVD, VPCR,
an-d VPVD are set to values of BCD zero, Tables FPER and
VPF-• are set to values of binary -2, and Tables DOPS and
RE1F S are set to values of BCDX3 zero. The -2 values in
error tables FPER and VPER are used in the majority vote
pr,'cess. as er.-plained in later sections. The BCDX3 zero
values in the doppler and refraction tables are the values

6
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to which entries in these tables should be set if they repre-
sent missing entries. The other tables are set to BCD
zero values to eliminate the possibility of data accumulated
during previous passes from entering into the calculations
for the present pass.

Figure 26 also shows the beginning locations of the
eight pointer registers used to keep place in the eight data
tables. In seven of the tables the pointer registers are set
to the beginning addresses of the tables. For Table REFS,
however, pointer register RE-1 is set to a location three
entries before the beginning of Table REFS. This arrange-
ment provides for updating the pointer registers after re-
ceipt of the doppler data, as will be described in a later
section.

i
.- TEST FOR INTERRUPT

"The computer on which this program is designed
for execution is one that operates under interrupt control.
An interrupt is an action occurring independently of the
program that causes a change in the sequence of program
execution. The h:*errupts accommodated in this program
are the transfers of data from the receiver or the input-

T output device (assumed here to be a teletypewriter) and
the transfer of data from the computer to the te'etype.
The occurrence of an interrupt is a computer 'hardware
function that forces a transfer to a dedicated loc dtion in
the computer memory. In the particular computer for
which this program was written the dedicated location is

Slocation 63. The interrupt sequence is as follows:

61
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After initialization, the program dwells in subrou-
tine INP3, the test for first interrupt. Subroutine INP3
(Fig. A-i) checks, in turn, whether data have been trans-
ferred to the computer from t.:= receiver or whether SW 2
has been set, indicating that the renavigation (ESM) option
is to be executed. This latter situation will be covered at
the end of the real-time procedures. In a real-time pass
subroutine INP3 will be interrupted when data are entered
into the computer, and program control will be transferred
through dedicated location 63 to the address of subroutine
INTR, the interrupt processor. I

INTERRUPT PROCESSOR

Subroutine INTR (Fig. A-16) checks, in turn,
whether the interrupt represents the receiver or the tele-
type. In a real-time pass t' e first interrupt will be from
the receiver, signaling the beginning of the processing of
the first 2-minute message. Program control will trans-
fer to subroutine RCVD, the receiver interrupt.

ID CODE SEQUENCE

Before describing the processing of the first re-
ceiver interrupt it should be noted that if no loss of lock
occurs, a total of 81 receiver interrupts in the format
shown in Figs. 22 and 23 are generated during each 2- 1
minute interval of a satellite pass. It is convenient to con-
sider the transfer of data from the receiver in terms of
the sequence of ID codes that will occur during a 2-minute
message. Figure 27 shows this sequence for the ITT re-
ceiver data. The mnemonic shown under each ID code will
be used in the following description of the processing of
the real-time receiver data. It should be noted in Fig. 27
"that the first and second occurrences of DP2, RF2, and

70- 1
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MG2 are not uniquely coded, thus necessitating the use of

an interrupt count switch in the computing program to T.

monitor sequence. In addition the transition from the
ephemeral to the fixed portion of the orbital parameters
is not uniquely coded and a counter is needed to monitor '
this transition.

RECEIVER INTERRUPT

Returning to the processing of the first receiver
interrupt, subroutine RCVD (Fig. A-17) accepts the 15- air
bit computer word being transferred from the receiver,
storing the 3-bit ID code and the 12-bits of satellite data
in buffer storage registers and setting receiver flag RCFG.
Three buffer registers are used for storing the satellite
data, one each for the three computer word transfers that
make up one satellite word. Index register XREC is used -,I
to distinguish among buffer registers. After RCFG is set,
return is made through subroutine INTR to the point at I
which subroutine INP3 was interrupted, unless a teletype
interrupt has occurred, in which case this interrupt will
also be processed. Subroutine INP3 will determine that j
the first interrupt has occurred (by noting that receiver
flag RCFG has been set), and will transfer complete pro-
gram control to subroutine IDLE.

SUBROUTINE IDLE

Subroutine IDLE (Fig. A-2) is the subroutine to
which the program returns after processing each of the 81 if

interrupts during every 2-mrnute message. The subrou-
tine checks, in turn, whether a receiver interrupt has oc-
curred, whether 2 minutes have elapsed, and whether 16
minutes of doppler data (eight doppler counts) have been
collected. It also controls entry to subroutine INCR which
increments time once per minute by updating program
clock register CLOC. During its first execution, however,
subroutine IDLE will note immediately that the first re-
ceiver interrupt has occurred and transfer program control
to subroutine IDL2. -

-72 -
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SUBROUTINE IDL2

Subroutine IDL2 (Fig. A-2) resets receiver flag
RCFG in preparation for receipt of the next receiver inter-
rupt and then tests the ID code that was stored in the buffer
register during subroutine RCVD. Transfer will then be
made to subroutine DPI, DP2, RFl, RF2, MG1, or MG2,
depending on the value of the ID code. In normal real-
time data processing the first code to be transferred after
sync recognition in the receiver will be the code for sub-

- routine DPI. Transfer to subroutine DPI therefore marks
the beginning of the processing of the first 2--minute
message.I
FIRST TWO-MINUTE MESSAGE

Doppler and Refraction Count Words

* Subroutine DP1 (Fig. A-3) checks whether 16 min-
utes of doppler data have been obtained, sets the teletype-
writer in preparation for data printout, resets internal

T program clock register CLOC to zero to mark the begin-
ning of the 2-minute interval, and sets sync time register
SYNC to a value of 2 minutes to mark the expected time of

T the next 2-minute interval. Doppler and refraction data
are the first receiver outputs in a 2-minute message and
apply to the preceding 2-minute interval. Consequently,
in the first 2-minu t e interval after sync recognition these
data are meaningless. The computer program takes cogni-
zance of this fact by testing message sync flag FDOP.
This flag will not be set until first execution of subroutine
MG1. Until then the program discards the doppler and
refraction data, returning to subrouLine IDLE after each

I check for message sync in subroutines DPI, DP2, RF1,
and RF2 (Figs. A-3 and A-4).

5 Orbital Parameter Word No. 1

First 15-Bit Transfer. The check on the ID code
in subroutine IDLE of the first 15-bit transfer for orbital
parameter word No. 1 directs execution of subroutine MG1.

1 - 73 -
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IN

oubroutine MG1 (Fig. A-5) begins by setting message
sync flag FDOP, thus allowing data storage to begin. In-
asmuch as irn a 2-minute satellite message the satellite
orbital parameter data are transmitted as eight variable
parameters followed by the fixed parameters, the data re-T

ceived during orbital parameter word No. 1 and stored in
the first buffer register during receiver interrupt routine
RCVD are variable data. These data are placed in Varia-
ble Parameter Current Word Table VPCR at the locaticn
specified in register VPR, the pointer register for this
table. The pointer register is then incremented by a
value of 1. The next time data for this table are obtained
from the receiver; the pointer register will indicate that
the data are to be stored at the next locativn in the table.
Interrupt count switch INTC is then set, in preparation for
use during the second and third 15-bit transfers, and pro-
gram control returns to subroutine IDLE.

Second 15-Bit Transfor The check on the ID code
in subroutine IDLE of the se. t 15-bit transfer for orbital
parameter word No. 1 dire. :xecution of subroutine MG2.

Subroutine MG2 (Fig. A-5) begins by testing mes- I
sage sync flag FDOP. This flag has been set in subroutine
MG1, just completed; therefore, th-s test directs place-
ment of the data stored in the buffer register during re-
ceiver interrupt routine RCVD in Variable Parameter Cur-
rent Word Table VPCR at the location specified in register
VPR, the pointer register for this table. Program control
then transfers to subroutine COLL. I

Subroutine COLL (Fig. A-6) increments index reg-
ister XREC, used to distinguish among the buffer registers
in receiver interrupt subroutiu - RCVD, and then resets
interrupt count switch INTC. When reset, this switch in-
dicates first execution of subroutine MG2; wnen set it in-
dicates second execution. The test on the switch after
setting indicates that this is not the third hiterrupt for
orbital parameter word No. 1. directing return to sub-
routine IDLE. .

74•. - ~74 -'
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Third 15-Bit Transfer. During this second execution
of subroutine MG2 the test in subroutine COLL (Fig. A-6)
determines that thiE. interrupt is the third 15-bit transfer
and therefore direct. return to s ibroutine MG2 (Fig. A-5).
The data for the comple e orbital parameter word (all three
interrupts) are then converted to ASCII format in subrou-
tine PROC (Fig. 5-13) and stored for printout. Transfer
is then made Lo subroutine PRNT.

Subroutine PRNT (Fig. A-11) retrieves the addressI of the register containing the ASCII-formatted data and
stores this address for use in subroutine TTYT. The status
of the teletypewriter is checked in subroutine TEST (Fig.
A-11). The teletypewriter interrupt is enabled, and when
subroutine TEST confirms that the teletypewriter is not
busy, subroutine INTR (Fig. A-16) transfers program con-
trol via dedicated location 63 to subroutine TTYT (Fig.
A-18), which controls the data printout. At this point,
therefore, orbital parameter word No. 1 is stored in Table
VPCR in BCDX3 format, as transmitted from the satellite,
and also printed out on the teletypewriter in ASCII format.
Return is made to subroutine MG2 (Fig. A-5) where regis-
ter WORD is incremented from zero to one, marking the
completion of the processing of orbital parameter word
No. 1. Receiver index counter register XREC is set to
zero in preparation for the processing of the next word,
and program control returns to subroutine IDLE.

Orbital Parameter Words Nos. 2-25

The sequence described above for orbital parameter
1 Iword No. 1 is repeated for orbital parameter words Nos.

2-25 with one difference. At the completion of the eighth

word, register WORD will contain the number 8. A test
on register WORD will determine that eight words have
been processed and that, therefore, the next word to be
processed is the first of the fixed parameters. This re-I sult directs storage of words 9-25 in Fixed Parameter Cur-
rent Word Ta ble FPCR. After word 25 the processing of

the first 2-minute message is complete, and the program3 returns to subroutine IDLE until occurrence of the receiver
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interrupt marking the beginning of the second 2-minute
message.

Figure 28 shows the status of the eight data tables
and pointer registers at the end of the first 2-minute mes- -.

sage. Table FPCR in Fig. 28 has been annotated with the
symbols for the fixed paraceters to facilitate comparison
with Table 2. In Table VPC% sync time it , designated by
tbn symbol T., and the table entries are shown at the 2- = I
minute intervals (referred to T ) that occur in the first 2-

0
minute message. The changes that have occurred in the I1
major counters, registers, flags, and switches during the
first 2-minute message are summarized in Table 5.

SECOND TWO-MINUTE MESSAGE

Doppler Count Word

First 15-Bit Transfer. Subroutine DPI (Fig. A-3)
proceeds as described above for the first 2-minute mes-
sage through the check of message sync flag FDOP. FDOP
was set at the beginning of message data word No. 1 in the
first. 2-minute message and thus directs execution of sub-
routine BCXS.

Subroutine BCXS (Fig. A-7) checks whether the
doppler data stored in the buffer register during subroutine
RCVD are valid BCDX3 characters. A character with a
BCDX3 value between 0 and 9 (including those values) is
accepted as valid. A character outside the range 0-9 is
invalid; the subroutine replaces invalid characters with a
value of BCDX3 zero. Return is then made to subroutine ,•
DP1 (Fig. A-3) where the valid character is stored in dopp-
ler word Table DOPS at the location given in pointer regis- 4.
ter D04. Register D04 is incremented, and interrupt
cou•t switch INTC is set in prenaration for its later use in
determining the first and second occurrences of subroutine
DP2. Return is then made to subroutine IDLE.

Second 15-Bit Transfer. Subroutine DP2 (Fig. A-3)
proceeds as described above for the first 2-minute message
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Table 5

Summary of Changes in Major Counters, Registers, Flags,
and Switches During the First 2-Minute Message

Name Mnemonic Action

ESM/Real-Time Switch SW2 Set to real-time position.

Interrupt Count Switch INTC Set in subroutine MG1, reset
in first execution of subroutine
MG2, set in second execution
of subroutine MG2.

Orbital Word Counter WORD Initialized to zero; incremented
at eacb odd execution of sub- I
routine MG2.

Receiver Interrupt Flag RCFC Set in subroutine RCVD; reset
in subroutine IDL2. I

Prograra Clock Register CLOC Initialized to zero; incremented
once per minute in subroutine
INCR.

SSync Time Register SYNC Initialized to zero; reset to a
value of 2 minutes in subrou-
tine DP1.

Message Sync Flag FDOP Initialized to zero; set in sub-
routine MG1.

Receiver Index Counter XREC Initialized to zero; incremented
in each execution of subroutines
MG1 and MG2; set to zero at
end of subroutine MG2.

- 78
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through the check of message sync flag FDOP. As stated
in the previous section, FDOP was set at the beginning of
message data word No. I in the first 2-minute message
and thus directs execution of subroutine BCXS.

Subroutine BCXS (Fig. A-7) and the storage of the
doppler word in doppler word Tabi' DOPS proceed as de-
scribed in the previous section, Subroutine COLL (Fig.
A-6) then checks for the second or third interrupt. Since
this is the second 15-bit transfer, return is made to sub-

I routine IDLE.

Third 15-Bit Transfer. During this second execu-

t tion of subroutire DP2, the test in subroutine COLL (Fig.

A-6) determines that this interrupt is the third 15-bit trans-
fer and therefore directs return to subroutine DP2 ( Fig.
A-3). A test is made to confirm that the value stored in
Table DOPS during the previous execution of subroutine
DPI is not BCDX3 zero. If it is not, this result is con-
strued as a valid transfer, doppler flag DPFG is incre-
mented, and program controltransfers to subroutine VALD.

Subroutine VALD (Fig. A-8) begins by testing for
an injection. At this point it is assumed that the test finds
no injection has occurred; the section on Injection during
Pass describes the program procedures when injection has
occurred. Program control then transfers to subroutine
VALI.

Subroutine VALI (Fig. A-9) examines, in turn, the
status of error Tables FPER and VPER for the fixed and
variable parameters, respectively. At this point in the
second 2-minute message these tables contain the value -2.
The subroutine increments the error tables to a valL; of-1, and fills Tables FPVD and VPVD with the values in

Tables FPCR and VPCR, respectively. 7%ajorit, vote
count registe- MJV1 is incremented, -and program control
transfers to subroutine UPTB.

Subroutine UPTB (Fig. A-7) increments message
count register MSCT from zero to one and resets the
addresses of the pointer registers for the eight data tables
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to their initialization values. A test is then made on mes-

sage count register MSCT, which advances the values in
the pointer registers for Tables VPVD, VPER, DOPS, and
REFS three locations per message. The MSCT value of 1
directs advancement of the four pointer registers by three
locations. Figure 29 shows the status of the eight data
tables and pointer registers after execution of subroutine
UPTB.

The doppler data are converted to ASCII format in
subroutine PROC (Fig. A-13) and printed out on the tele-
type in subroutine PRNT (Fig. A-l1) in the same manner
as described for orbital parameter word No. 1 in the pre-
vious section on the Third 15-Bit Transfer. Program con-
trol returns to subroutine IDLE.

Refraction Count Word

First 15-Bit Transfer. The check on the ID code
in subroutine IDLE of the first 15-bit transfer for refrac-
tion count word No. 1 directs execution of subroutine RF1.

Subroutine RF1 (Fig. A-4) finds that message sync
flag FDOP has been set and therefore stores the data in
refraction Table REFS at the locption specified by pointer
register RE-1. Froir Fig. 24 note that the value for this 4
first transfer of refraction data is always equal to BCD
zero. Program control then returns to subroutine IDLE.

Second and Third 15-Bit Transfers. The check on
the ID code in subroutine IDLE of the second and third 15-bit transfers for refraction count word No. 1 directs exe-

cution of subroutine RF2.

Subroutine RF2 (Fig. A-4) is executed twice, and
the sequence for table storage and printout just described
for the doppler data is repeated for the refraction data.

Orbital Parameter Words Nos. 1-25

The sequence described above for orbital parame-
ter words Nos. 1-25 in the first 2-minute message is
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repeated for these same words in the second 2-minute
message. Figure 30 shows the status of the eight data
tables and pointer registers at the end of the second 2-
minute message. The changes that have occurred in the
major counters, registers, flags, and switches during the
second 2-minute message are summarized in Table 6.

THIRD AND FOURTH TWO-MINUTE MESSAGES

During the third execution of the subroutines de-
scribed above for the first and second 2-minute messages,
subroutine VALI (Fig. A-9) will find a BCD value of -1
stored in error Table FPER and the first 24 positions of
error Table VPER.

With respect to the fixed parameters, this result
directs execution of an exclusive-or comparison, line by
line, of the entries in Tables FPCR and FPVD, with the
result of the comparison being stored on the corresponding
line in Table FPER. Inasmuch as an exclusive-or com-
parison yields a one bit for each two binary bits that are
different, but a zero bit for each two binary bits that are
alike, the resultant entries in Table FPER will be the
differences between the entries in Tables FPCR and FPVD.
In this particular program, which uses two's complement
arithmetic, the numbers -2 and -1 are picked for the
initial entries in Table FPER because in two's complement
arithmetic neither number is likely to occur as an end re-
sult of the exclusive-or comparison.

With respect to the variable parameters, an exclu-
sive-or comparison is made of the entries in Tables VPCR
and VPVD, with the result stored in Table VPER. For the
variable parameters the pointer registers VPV and VPE
are set such that data for the same time interval are com-
pared. Pointer register VPE is also set such that the
comparison result is entered in Table VPER on the line
corresponding to the entry in Table VPVD. Figure 31
shows the status of the eight data tables and pointer regis-
ters at the end of the processing of the doppler data in the
third 2-minute message.
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Table 6
Summary of Changes in Major Counters, Registers, Flags,

and Switches During the Second 2-Minute Message

Name Mnemonic Action

Orbital Word Counter WORD

Receiver Interrupt Flag RCFG Same as for first 2-minute

Program Clock Register CLOC message.

Sync Time Register SYNC J
Interrupt Count Switch INTC Set in subroutines DPi, RF1,

and MG1: reset in first execu-
tion of subroutine rOLL, set J
in second execution of subrou-
t' e COLL.

Message Sync Flag FDOP No change. 1

Receiver Index Counter XREC Incremented in each execution
of subroutines DPI and DP2,
then set to zero at end of DP2.
Incremented in each execution
of subroutines RF1 and RF2,
then set to zero at end of RF2.
Incremented in each execution
of subrout+.nes MG1 and MG2, 5
then set to zero at end of MG2.

Majority Vote Counter MJVI Initialized to zero; incremented
in subroutine VALI. I

Message Counter MSCT Initialized to zero; incremented
in subroutine UPTB.

II
I
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During the .ourth 2-minute message the content of
Tables FPER and VPER will again be examined in subrou-
tine VALI (Fig. A-s). If the entry on any given line of
these tables is zei" .he corresponding lines of Tables

FPCR and FPVD (or VPCR and VPVD) agree and hence the
line in Table FPVD (or VPVD) contains valid, majority-
voted data.

Alternatively if the entry on any given line of Tables
FPER and VPER is not zero, validation is to be performed
as follows: Ii

(a) An exclusive-or comparison is made between
the entries in Tables FPCR and FPVD (or VPCR and VPVD),
with the result placed temporarily in a result register. At
this point in the fourth 2-minute message Tables FPCR and
VPCR contain the data from the third 2-minute message.
Tables FPVD and VPVD contain data from the first 2-
minute message. Tables FPER and VPER contain the re-
sults of the exclusive-or comparison on data from the first
and second messages.

(b) A logical-and operation is now made on the re-
suits of the two exclusive-or operations with the result re- '
placing the previous result in the result register. Inas-

much as a logical-and operation results in a one bit for
each two bits that are one bit and a zero bit otherwise, the B
word in the result register reflects differences between
the word in the first message and the words in both the
second and third messages. $

(c) The result of the logical-and operation is then
exclusive-or' ed with the validated table word to comple-
ment "he bits in error, and the error table entry is set to
the new error pattern. This process will continue until
there is a zero error result.

Figure 32 summarizes the validation process us-
ing as ex-.mple the entry 100 011 010 001, or (in octal
notation) : 321(8). The example assumes that in the first
2-minute message this entry is received as 5321(8), in the
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second 2-minute message as 4331(8), and in the third ?-
minute message as 4421(8) . After initialization (step 1) 7
processing of the entry is done in the second, third, and

fourth messages with tht- results shown in Fig. 32 in Steps,1

2, 3, and 4, respectively. The values of -2 and -1 shown in
the error word column entries for steps 1 and 2, respec-
tively, are in two's complement format.

After a majority vote is reached for the data on any

particular line in Tables FPVD and VPVD, new data read
into the corresponding entry in Tables FPCR and VPCR
during subsequent 2-minute messages are discarded

TWO-MINUTE MESSAGES NOS. 5-9 I

The above procedures are repeated for 2-minute
messages Nos. 5-9 such that at the end of the ninth mes- I
sage the data tables will appear as shown in Fig. 33, and
the check on the number of doppler counts in subroutine
IDLE will transfer program control to subroutine NAV. I
Before discussion of this subroutine, two situations that
can affect the real-time program are discussed. These
two situations are loss of lock and injection during a pass.

MESSAGE DEVIATIONS I

Loss of Lock 3
A system re- :irement is that the relative time

associated with a 2-minute interval and a particular vari-
able parameter data set be known, i. e., the actual time I
that a doppler counting interval spans and the associated
set of variable parameters for that 2-minute interval. 3

Time synchronization of doppler data is accomp-
lished by making use of satellite time. The satellite trans-
mits a sync word every 2 minutes at an integral universal
2-minute time. This sync word time deteemines the dopp-
ler counting interval. However, if a receiver loses lock 3

-88- 3
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from tf'- satellite during a particular ite.erval, doppler
counting d..continues until lock is regained and the receiver
regains ,ateilite time . One or more doppler counts
can be lost during thi;: tirnxt. Once lock is regained, it is
the responsibility of the cormputcr program to locate the
right time slot for the doppler da.a.

This is also true for the variable parameter data,
since time dependent variable parameter data precess I
through the message set one satellite word every 2 minutes;
i. e., at the end of transmission of one 2-minute interval of
data in the variable parameter portion, parameter 2 be- 1
comes parameter 1, 3 becomes 2, 4 becomes 3, etc., and
a new parameter replaces parameter 8. For the purpose of
real-time validation it is required that a variable paramet-&ý
set be referenced to the correct relative time interval.

A programmed counter can be used to detect ,.i_ sing I
doppler counts and thereby use the occurrence or detected
nonoccurrence of doppler data to update table storage ad-
dresses. A method for accomplishing this function is asI
follows:

If the receiver loses lock on the satellite signal, i
interrupt flag RCFG will not be set, and the program will
continue to dwell in subroutine IDLE, with time being incre-
mented in subroutine INCR and the 2 -minute elapsed test
being made in subroutine TES2 (Fig. A-8). When the con-
te.,•° Df registers SYNC and CLOC become equal, 2 minutes
have elapsed and subroutine TES2 will check doppler flag
DPFG to determine if valid doppler data have been received.
If loss of lock occurred before valid doppler data have been
received, then the doppler flag will not have been set and
the table updating done in subroutine DP2 will not have been
executed. In subroutine TES2 the finding that the doppler
flag has not been set will direct transfer of program control
to subroutine UPTB.

Subroutine UPTB (Fig. A-7) is executed as previously
described with message count register MSCT being incre-
mented as before. This result will cause the pointer regis-
ter for Tables VPVD, VPER, DOPS, and REFS to skip over
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!: U
"the table positions where the missing data would have been.
For this reason the initialization entries in Tables DOPS
and REFS are selected to be the correct entries for miss-
ing data. Return is made to subroutine TES2, which directs
transfer to subroutine RESE.

Subroutine RESE (Fig. A-7) resets internal program

clock register CLOC to zero to marl: the beginning of the
I 2-minute interval and sets register SYNC to a value of 2

minutes to mark the time of the next 2-minute interval.
Program control then returns through subroutine TES2 to
subroutine IDLE where the routine repeats as described
above until the operator terminates the collection of real-
time data from the receiver, or until the next receiver in-
terrupt occurs.

SInjection During Pass

The test to determine if an injection has been made
during the pass occurs in subroutine INJT to which transfer
is made during subroutine VALD (Fig, A-8).

Subroutine INJT (Fig. A-9) checks whether two or
more 2-minute messages have been received. If they have,a comparison is made between the times of perigee in the
two messages, which will be in Tables FPCR and FPVD.

* .Inasmuch as the satellite message is updated by the ground
injection station twice per day at approximately 12-hour
intervals, the change in the value of perigee time in the two
messages will yield a bit difference of 6 or greater, if an
injection has occurred. If an injection has occurred, a
test will then be made on majority vote count register MJV1
to determine how many majority-voted, valid messages
have been received. If three or more valid messages have

S[ T been obtained, sufficient data are already available for use
in the fix calculati,;ns and return is made to subroutine
VALD.S1 .If the number of valid messages is less than three,

there will not be a sufficient amount of data available to
complete the majority vote process because the satellite is
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transmitting an updated message and no further data from £ 1

the old message will be obtained. This result directs that
Tables FPER and VPER be reset to -2 again so that the
majority vote process may be conducted with the updated

message, and return is made to subroutine VALD.

An ailfcx native method for detecting injection uses
satellite words 140, 146, or 152. At the time of an injec-
tion these words are transmitted with a value of binary •
zero. This method has the disadvantage that it is not relia-
ble if the receiver loses lock during injection. I

SUBROUTINE NAV

Determine Validity of Variable Parameters

Returning to subroutine NAV (Fig. A -1) the first I
operation is a check to determine if any of the entries in
variable parameter majority voted word Table VPVD did
not pass the majority vote test. For this operation, pro-
gram control passes to subroutine VPTS.

Subroutine VPTS (Fig. A-12) begins by summing [
the three lines in variable parameter majority voted word
Table VPER corresponding to the entry for the time inter-
val 2 minutes before sync time (To -2). If the sum is zero I
the three lines in variable parameter majority voted word
Table VPVD for To -2 are valid data. The subroutine re-
peats until all the variable data received in the interval
from 2 minutes before sync time through 18 minutes after
sync time are examined.

Assume now, for example, that the entry for a 2-
minute entry, say To +4, did not pass the majority vote
test, i.e., the sum of the entries in Table VPER for the
three transfers is not zero. Subroutine VPTS sets the
three lines in variable parameter majority voted word
Table VPVD for the entry To +4 to a value of binary zero
and also sets the two doppler words N, and N2 (i. e., the
two doppler words centered on time To +4) to a value of
BCDX3 zero. Deleting these two doppler words minimni--s
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the error in the pc:ztion of the navigation mathematic rou-

tines in which the differences in the actual and theoretical
K. satellite positions at this time are determined.

The program concludes by discarding the variable
data for the intervals for which the data are not received
three times (i. e., those prior to To-2 and after To +18),
and program control then returns to subroutine NAV.

Punch Majority Voted Data, Doppler Data, and Refraction
Data on Tape

The next operation in subroutine NAV is to punch a
tape for the majority voted data, the doppler data, and the
refraction data. For this operation, control passes to
subroutine PTAP.

PRCSubroutine PTAP (Fig. A-11), using subroutines
PROC and PRNT, causes the 17 fixed parameter majority
voted words, the 11 variable parameter majority voted
words for the 2-minute intervals from TO -2 through TO +18,
the eight doppler words, and the eight refraction words to
"be printed out on the teletypewriter in ASCII format and also
punched on tape in ASCII format. Program control then re-

•turns to subroutine NAV.

.•, Convert Fixed Parameters, Doppler Data, and Refraction
Data to Floating Point Format

The next operation in subroutine NAV is to convert
the fixed parameters, doppler data, and refraction data to
floating point format. For this operation program control
passes to subroutine FMTT.

Subroutine FMTT (Fig. A-14) converts the fixed
parameters, doppler data, and refraction data from BCDX3
format to BCD format and then to floating point format.
With respect to the fixed parameters, Table 2 shows that
the coding of the most significant digit in the value for time
of perigee differs from the coding of the most significant
digit in the values for the remainder of the fixed parameters.

-93 -
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A test is made in subroutine FMTT therefore to locate
time of perigee and convert the first character from the
coded value in Table 2 to the conventional BCD value. In
addition, all the data are treated as integer values; i. e.,
it is assumed that each value is multiplied by the proper
power of 10 to make it an integer.

For example, time of perigee, i. e., the first fixed
parameter received from the satellite, is a number con-
sisting of four integer places and five fractional places.
The configuration of the number is thus XXXX. XXXXX.
For purposes of the conversion from BCD to floating point I
it is assumed that this number is multiplied by 105, thus
making it an integer. Later in the navigation math routines
the value of time of perigee will be multiplied by 10-5 to
give it its proper scaling again. The advantage of this pro-
cess is that a straightforward BCD to binary routine can be
used in subroutine FMTT which does not have to account for
the scaling of the various parameters. Later in the naviga-
tion mathematical routines these scalings can be accounted
for very easily.

Program control returps to subroutine NAV. j
Convert Variable Parameters to Floating Point Format

The next step in subroutine NAV is to convert the
variable parameters from BCDX3 format to BCD format
and then to binary floating point format. Next the variable
data for each 2-minute entry are separated into their con-
stituent components, i. e., the out-of-plane component (77),
the correction (AE) to the eccentric anomaly, and the cor-
rection (AA) to the mean semimajor axis. Program con-
trol transfers to subroutine VPMC.

Subroutine VPMC (Fig. A-14) begins by checking
the variable parameter entries in Table VPVD to determine
if they are binary zero (see section on Subroutine NAVY).
if they are, the program makes no change in their value.
If they are not, the program converts the data from BCDX3
to BCD.
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"L Next the value of the out-of-plane term is extracted

from its location in the third transfer of each of the varia-
ble parameters. The out-of-plane term is reconverted to
"BCDX3 format and then checked in subroutine BCXS (Fig.
A-7) to determine if it is a legal BCDX3 character. If the
term is a legal BCDX3 character it will be reconverted to
BCD, formatted to binary floating point, and stored. If it
is an illegal BCDX3 character the term is also formatted
to binary floating point and stored, but as a negative value.
The ;negative value will be used to delete the illegal data
during the navigation mathematical routines.

The program next converts the data for the correc-
tion (AA) to the mean semimajor axis and the correction
(AE) to the eccentric anomaly into binary floating point.

Lock-on (TO) time is next converted to binary float-
ing point and the program returns to subroutine NAV.

Collect Navigator's Estimates

The next step in subroutine NAV is to collect the
"navigator's estimates of sync time, position, antenna
height, heading (course), rate (speed), day number of
pass, and the day numbers of the period for which alerts
are desired. Program control transfers to subroutine
POSI.

"Subroutine POSI (Fig. A-15) requests the naviga-
tor to enter the estimates in the format shown in Table 3.
The program reformats the data as shown on Fig. A-15
"and stores them for use in the navigation math routines,
described in Sections 7 and 8. These navigation math rou-
tines will follow immediatet .. unless the navigator
terminates the program. Before the math routines are
discusse , however, the modifications to the real-time data
processing procedures to allow their use in nonreal-time,
or off-line postpass data processing, will be described.

9
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NONREAL-TIME DATA PROCESSING

Nonreal-time data processing is dore if the n'aviga-
tor wishes to renavigate the pass data or if he wishes to
execute the navigation math routines using pass data col-
lected at a previous time. The data may be in the form of
punched tape prepared as described in the previous sec-
tion or may be a manual input from the teletypewriter. To
select the nonreal-time option the navigator sets the appro-
priate switch on the computer console ',SW2 in the example
shown in Fig. A-1). The navigator may also elect to pre-
pare a punched tape by setting another switch (SW4 in the
example shown in Fig A-1) on the computer console.

The program (Fig. A-I) is executed as described
in Section 6. In the test for interrupt, subroutine INP3
will find SW2 set and transfer control to subroutine ESM.

Subroutine ESM (Fig. A-i) begins by transferring
program control to subroutine READ.

Subroutine READ (Fig. A-10) directs the navigator
to enter the fixed and variable parameters, the doppler
data, and the refraction data either as punched tape or
manually through the teletypewriter keyboard in ASCII
format.

As each group of nine characters is entered, sub-
routine INPU (Fig. A-13) converts the entry to BCDX3
format and stores it in the appropriate locations in Tables
FPVD, VPVD, DOPS, and REFS.

Depending on the setting of SW4, program control
will transfer to either subroutine PTAP or to subroutine
FMTT and the sequence described in Section 6 is repeated.
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7. THREE-VARIABLE NAVIGATION

I, METHOD OF SOLUTION

At this point validated satellite orbital data are
available and arranged in tables in accordance with the
procedures described in Section 6. The doppler and iono-
spheric refraction data have also been assembled in tables.
The variable parameters, the doppler data, and the iono-
spleric refraction data are time-ordered by 2-minute in-
tervals. The navigator's estimates and the program con-
stants are given in Tables 3 and 4, respectively. A three-
variable fix is obtained using these data by a least squares
minimization of the residuals formed by differencing the
measured and theoretical slant range changes. The solu-
tion is an iterative process in which each iteration results
in a correction to the navigator's latitude (AqP), longitude
((Pq), and frequency offset (Wf). Successive iterations pro-
duce smaller correction.,, dnd the fix is obtained when
"these corrections become smaller than predefined breakout
constants.

Figure 34 diagrams the steps followed to obtain the
navigation fix. These steps are divided into five parts toS,[ (1) set up input data, (2) perform initial noniterative com-

putations, (3) solve for the fix by least squares minimiza-
tion in an iterative process, (4) edit the doppler data prepa-
ratory to a repetition of the iterative fix procedures, and
(5) calculate alerts.

Input Data

The setting up of input data for the navigation solu-
tion computations consists of =orrecting the 400-.MHz dopp-
ler data for the effects of ionospheric refraction, setting
up the navigator's table of relative position motion, com-
puting the time of the first fiducial point (sync time), set-

ting up the table of out-of-plane orbit corrections at 4-
minute intervals, and interpolating for the corrections at
2-minute intervals. In addition a determination is made of
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Fig. 34 BLOCK DIAGRAM OF NAVIGATION SOLUTION
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1 ; which doppler intervals must not be considered in the navi-
gation solution.

Preliminary Computations

Preliminary computations for the navigat ion solu-
tion which are not in the iterative process (i. e. , need only
be performed once per fix computation) consist of computing
the satellite X, Y, Z positions (earth center fixed inertial
coordinates) for each interval of the pass.

Iteration

The iterative process consists of eight steps to be
executed in order for each iteration. These steps are as
follows:

1. Compute navigator's X, Y, Z positions (earth
center fixed inertial coordinates) for each interval of the
pass.

2. Compute the theoretical slant range differences
from the navigator and satellite X, Y, Z coordinates, com-
pute the partial derivatives of slant range differences with
respeCt to P and X, and compute the elevation angles of

I ~ the satellite with respect to '-he navigator.

3. Compute measured slant range differences
from the values of cycle count for each interval of the pass.

4. Set up C matrix where each row of C is an
interval and the elements are:

01I0 =slant range difference residual,

C constant function of ground frequencyHz Ii vacuum wavelength,

C 12 derivative of slant range difference withLi 12 respect to CP, and
C 13 derivative of slant range difference with

13 respect to.
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5. Reduce the C matrix to a 3 X 3 A matrix by
takii-ng CT. C. A CT c, where CT is the transpose of C,
thus getting:

-al 0 + a Af + al 2 Aq +a Nk= 0,

-a 2 0 +a 2 1 Af+ a 2 2 Aq +a 2 3 AX 0, and

-a + a3Af+ p ,q +a AX 0.
30 3

6. By Cramer's r.,-' of determinant solution,
solve for Af, AO, and AX.

7. Update each of the navigator's estimated posi-
tions by:

qO O 'i+ ASOi and 3
i+l +i

xi+ 1 =i A.

where i is the iteration number.

8. Determine if the values of AP, AX, Af are be- T j
low predefined breakout constants. If so, then the fix is
obtained. If not, repeat the iterative process, Breakout T
constants are chosen as:

: -7
A9 1.2 x 10 rad, I

AX : 1. 2 X 10 rad, and

Af 5 2.4 cycle/minute. i

Data Editing T

If doppler data have been collected during more than
four 2-minute intervals, fix accuracy is improved by edit- --

ing the doppler data such that intervals with elevation angles
less thai.z 7.5' are deleted from the calculations. After
deletion of the low elevation doppler data the steps of the
iterative process are repeated.
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Alert Calculations

The alert computations described here have been
designed to minimize computer memory requirements
above those required for the position fix computation by
repeating several of the steps used in the fix computation.

The procedure to be used is as follows:

1. Compute satellite coordinates at a future

time T.

2. Compute navigator's coordinates at time T,.

3. Compute elevation angle

a. If positive a satellite pass is underway,

b. If negative a satellite pass is not underway.

4. Increment time r. and repeat Steps 1-3.

5. Repeat Steps 1-4 until all desired alerts have
been generated.

SOLUTION FOR NAVIGATION FIX AND ALERT
CALCULATIONS

In the following solution, the equation shown for re-
fraction correction (Step A. 3) is for the ITT equipmenL,

I 7as given in Eq. (6). If the Magnavox equipment is used,
Step A should be modified to incorporate Eq. (7).

STEP A - Correct 400-MHz doppler counts for effect of
ionospheric refraction.

kINPUTS: Nk - Table of measured 400-MHz doppler
counts from ITT SRN-9 receiver
(cycles).

I'
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Rk - Table of measured refraction counts
from ITT SRN-9 receiver (cycles).

KM Number of fiducial times during the
time from the first fiducial time and
spanning the interval for which the J
N doppler zounts were received.

"T` '- 1 - Number of cycle counts.

The fo,', .,ing equations shall be executed for each value ofI :
k (k =1, 2, 3, -- ,KM -1):

if N k 2 x 106, Nk = 0, otherwise continue. (A. 1)
k4 0 0

If Rk = 2 X 103, Nk = 0, otherwise continue. (A. 2) I
24

Nk = N + -1 (2000 - R,). W.:3)
k5kk400 55

OUTPUTS: N,. - Table of refraction corrected "vacuum"
doppler counts (cycles}. T

NDOP - Number of nonzero doppler counts in
Nk table.

STEP B - Comnute navigat.or's relative motion in latitude
and lonaitude. I

INPUT S 9 e e - Navigator's estimate of his position j!N___pUSS •2 " e (radians).

d - Navigator's heading at estimated
Jirst fiducial time (radians clock-
wise from true north).

v - Speed at estimated first fiducial time
(knots). -
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Ii •KM Number of fiducial times during the

time from the first fiducial time and

spanning the interval for which the

doppler counts were received.

f - Flattening of reference ellipsoid.

The following computations shall be performed for
each value ofk (k ,2, 3.---, KM):

6 f f(2-0)(l'

Ak =(k-1) v sin d L 1 0. 50 sin2 ' T, 2)
k COW~ 3544-3 93* 1 6 10 .sn 1')

e e

& • (k ) lvcosd 1 2 1 + 60 G+
6 11-e,.-• in, 2d(0.3)

OUTPUT: A9 1kA - Table of navigator's relative mo-
k tion in latitude (A'P) and longitude

(W.) at 2-minute intervals (radians).

i STEP C - Compute first fiducial time.

INPUTS: T - Navigator's estimate for first fiducial
c -time (minutes GMT).

t - Two-minute interval number from first

variable parameter in .satellite message.

[ [ K' [- ] means integer part of (C. 1)

1 2 2K' (C. 2)

T' [50] (C. 3)

.1 -103-
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J = 30 T' (C.4)c

H = 2t- J (C.5) "e
0

0= I+H-30 (C.6)

OUTPUT: T - First fiducial time (minutes).

STEP D - Decode out-of-plane orbit corrections and inter-
polate for missing corrections.

INPUTS: T - First fiducial time (minutes).
0

77k - Table of up to 11 values (k = 1, 2, 3,
--- , 11) from satellite message for
reconstructing out-of-plane coordi-

nates where each value is the BCD -

equivalent of the ninth digit of the cor-
responding variable parameter and 1_I2
is the variable corresponding to T - 2.

KM - Number of fiducial times, etc.

N T0 - [-j [o means integer par+ of (D. 1)

For positive values of 77k equations D. 3 through D.5
shall be executed for

k=2, 4, 6, --- ifN=0 or fork 1, 3, 5, --- ifN -/0.
(D. 2)

For negative values of 717k CP(.) 0 and CPT() = k.

If 77k - 5 > 0 then

CP() = 100 (77 - 5)+ 1.01k+l (D. 3)

and CPT (1) = k.
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i I If k 5 < 0 and

k 0 thenk (D. 4)

CP(1) 100 (n- 5) 10 +1

Aand CPT (U) = k.

If k 5 <0 and

T "k 0 then (D.5)

CP (1) = -10

and CPT (1) k

where .1 = 1, 2, 3, --- , OP.

, If OP - 2 then
= 0 for k 1, 2, 3, --- , hM. (D.6)

I _

-" If OP= 3, execute Eq. (D. 7-a) for k =1, 2, 3---, KM.

If OP = 4 and N = 0 execute Eq. (D. 7-a) for k = 1, 2,
3 andEq. (D. 7-b) for k= 4, 5, 6,---, KM.

If OP = 4 and N i 0 execute Eq. (D. 7-a) for
k = 1, 2 and Eq. (D. '-b) for k = 3, 4, 5, --- , KM.

IfOP = 5 andN = 0 execute Eq. (D. 7-a) for k 1, 2,
3, Eq.(D. 7-b) for k = 4, 5, and Eq. (D. 7-c) for
k = 6, 7, 8, --- , KM.

If OP= 5 and N 0 execute Eq. (D. 7-a) fork = 1, 2,

1F 3, Eq. (D. 7-b) for k 4, and Eq. (P. 7-c) fork =

5,6, 7, --- ,KM.

(D. 7)

1I
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SstV|N•fft en.. saytLAfto

lK+l) - CPT(2) (K+1) - CPT(3)(

17- =LCPT(1) CPT(2) CPT(1) - CPT- J CP(1) (D. 7-a)

[(K+l) - CPT(1) (K+1) - CPT(3) 1 CP
LCPT(2)- CPT(1) CPT(2) - C-P-PT(3) j

[(K+1) - CPT(1) K+1) - CPT(2)

+L[CjK ) - CPT(1) CPT(3) - CPT(2) P

([K+1) - CPT(3) (K+I) - CPT(4) P
77k =CPT(2) - CPT(3) CPT(2) - CPT(4) CP (D. 7-b)

+(K+1) - CPT(2) (K+1) - CPT(4)] (3)
[CPT(3) - CPT(2) CPT(3) - CPT(4)J

([K+I) - CPT(2) (K+I) - CPT(3)]+[CPT(4) -CPT(2) CPT(4) - C-PYJC()

[(K+I) - CPT(4) (K+1) - CPT(5)CP (D. 7-

7k LCP3) - CPT(4) CPT(3) - CT35)-

+ [(K+I) - CPT(3) (K+I) - CPT(5) P+LCPT() -CPT(3) CPT(4) - cP J CP(4

+(K+1) - CPT(3) (K+1) - CPT(4)lLcPT(5)- CPT(3) CPT(5) - CT(J CP(5).

OUTPUT: 7k - Table of out-of-plane orbit components
(meters) for k = 1, 2, 3, --- , KM.

STEP E - Compute time between time of perigee and first
fid2ucial time.

INPUTS: T0 - First fiducial time (minutes).

t - Time of satellite perigee from mes-
sage (minutes).

n - Satellite mean motion (radians/minute).
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i0
t =TO 0 tp (.1

m tR =1440 - 211/n (E. 2)

I R E .3
If t : -480 then At = t + 1440. (E. 3)

If -480< t < t thenAt = t.
R P

if tR :;t then Atp t - 1440.

SOU - UT: At - Time between time of perigee and first
S-" P fiducial time (minutes).

STEP F - Compute satellite coordinates at 2-minute
intervals.

INPUTS: At - Time between time of perigee anc first
SP fiducial time (minutes).

KM - Number of positions to be computed.

- All satellite orbit parameters from
message.

The following computations shall be performed for
each value of k (k =, 2, 3, --- , KM):

SAt = At +2 (k -1), (F. 1)

k p

Mk= nAtk, (F.2)
Ek = Mk +C sin Mk+ AE -assumes that Mk, AE (F. 3)

and Ek are in radians

A = A + AA (F.4)
k 0 k

I 1 1  = Ak (cos Ek - ) (F.5)

L vk = Ak (sin Ek). (F. 6)

SIk =s 0- Atk (F. 7)

107?-
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xk Uk Cos W k - vk sin k (F. 8)

Yk Uk sinWk + vkCos W ks (F.9)

z k = 71k' (F. 10)

A k = (10 -G e Ak (FW 11)

Xk xk COSk -k Ci sin k + z Si sinrk, (F. 12)

Yk k kina k k k'
YSk xk Iin ky Ci cos , -z' Si cosk and (F.13)

Z yk ISi + zk Ci. (F. 14)
Sk k k

OUTPUT: Sk, YSko 1SK- Satellite coordinates at the
X kfiducial time points (meters).

STEP G - Compute navigator's coordinates and partial
dervatives.

INPUTS: AP k - Table of navigator's relative motion
in latitude at fiducial times (radians).

SAXk - Table of navigator's relative motion
k in longitude at fiducial times radians).

OfP Xf - Fix latitude and longitude (radians)
(Note-, Initial values of Of and X f

are e and X , the navigator's
estmate of his position. )

KM - Number of positions to be computed.

ITER - Number of iterations.

The following computations shall be performed for
each value of k (k = 1, 2, 3, --- , KM):

cos 'pk = cos (0 f + k), (G. 1)

sin 9 k = sin (0f + Aqk ), (G. 2)
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Cosk cos + k) (G. 3)
k ~f kI jsin k sin (Xf + AX (G. 4)

S2 R02 [cos2(p + (1 - f)2 sin 2k] (G. 5)

Ik 0 Ic k klj'
XI= [(R02 /Dk)+h]cos (G.S6)XNk k) cos 6)k

I XNk = [R0 2/Dk)+h'l os Pk sinA k' (G. 7)

[ (2-f)2SNk Dk + h' sin Xpks G. 8)

4 2

SNk R R0 (1- f)

i ••¢pDk3 + h sin (P sin)• X (G. 10)

L D~
Sb ~~ZNk [R4(1f2

SX k - -Yk "and (0. 12)

Nk

INk 0(.13)

OUJTPUTS: XINk, Yk Zk - Navigator's coordinates

I at the fiducial time points
(meters).

Uk
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x ay azk
N YNk __ Partial derivatives of

navigator's coordinates I
with respect to latitude [
at the fiducial time

points (meters/radian).

aXNk a yNk
______ Nk - Partial derivatives of J
a 'anavigator's coordinates

with respect to longi-
tude at the fiducial time
points (meters /radian).

ITER Number of the present -
iteration.

STEP H - Compute theoretical slant range differences,
partial derivatives, and elevation angle.

INPUTS: XNk YNk' ZNk - Navigator's coordi-

nates at the fiducial

time points (meters).

a xk a y 6zSNk • Nk a Nk
Partial derivatives of

a ' a • cnavigator's ".oordinates
with respect to latitude
at the fiducial time I
points (meters/radian).

a x ak B Nk -Partial derivatives of
navigator's coordinates

with respect to longi-
tude at the fiducial time
points (meter/radian).

X sk" Y A' Z - Satellite coordinates at
the fiducial time points

(meters).
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KM - Number of positions to
be calculated.

The following computations shall be performed for
each value of k (k = 1, 2, 3, --- , KM):

=X -x X (H. 1)
Sk sk Nk"

Y y y (H.2)
Zk =ZSk -ZNk'

!Sk2 = X 2 + 2 +k2, (H.4)it
Z + (H. 3)k Sk +Zk

It Sk2 Xsk2+Ysk2+ Zk212, (.6

R 2 = 2 2Y 2

S, x + rky + Zk, (H. 4)k kk Sk' H6

-•~~~ . =[k2+ Y2+ Z21/2,

i 2 2 2 2 (H. 6)

k )• Sk kk Sk5

rk X + y + Z(.7
" kk - Nk Nk'

r [X~k2 + 2+ 21/
rk [ Y- Nk ZNk P (H. 8)

k -I NK Nk __

k q L + an] (H. 9)

II
k -1 x +1 -

a S 1 k )k (.

Nk k Nk k N]
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ff sin E k+ 1 sinEkthen sinEmax =sinEk (H. 12)

OUTPUTS: Sk - Table of theoretical slant ranges
at the fiducial time points

(meters).

as k a k Table of partial derivatives of
the theoretical slant ranges
with respect to latitude and
longitude at the fiducial time
points (meters/radian).

sin E - Sine of maximum elevation angle
for the pass (dimensionless).

STEP I - Comp:ate refraction corrected measured slant
range differences.

INPUTS: N - Table of refraction corrected"k "vacuum" doppler counts

(cycles).

K - Numbcr of cycle counts.

L Wavelength of na-Agator's esti-
0° mate of offset frequency

(meters).

f f- Initial value of offset frequency

1 920 000 cycles/min [32 000
cycles/sec]

The following equation shall be performed for each
value of k (k= 1, 2, 3, --- , KM-1):

Sko N k Lo 0 2.o 0 o f 1)
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IOUTPUT: - Table of measured slant range
0 odifferences (meters) for KM

I points.
Note: If any value of N = 0 the corresponding value of

kI A

ko (I.

STS2P J - Form the C matrix.IA
INPUTS: S - Table of (KM-1) measured

slant range differences (meters).

! It Sk - Table of (KM) theoretical slant
ranges at the fiducial time

r Tpoints (meters).

i • Sk • 'k
k k Table of (KM) partial deriva-

tives of the theoretical slant
"ranges with respect to latitude
and longitude at the fiducial
time points (meters/radian).

The following equations shall be done for each value
of k (k = 1, 2, 3, --- , KM-i), for which

A
Sko X 0:

A S - s (J.')
CJO ko +[Sk+ I 5kj

C - 2.0 L (J. 2)

a Sk

J2 k++ -, and (J.3)

• ii
-113-
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S (J 4)
CJ3 -a -X kk +

OUTPUT: The C matrix
4{.

10 11 C12 C13

20 21 22 23"

C C C J2 C J3

LJO J1 2 J

J - Number of rows in the C matrix. -

STEP K - Form the A matrix.

INPUTS: - C matrix elements.

J - Number of rows in C matrix.

2; c ~(K. 1)-:.
alO L cMl C mo

m=l .

J ~(K. 2) "
a 20 Em=1 cm

MK 3)
a 30 mL cm 0

Je

a C(K. 4)
a,, = Cml CM, 0l T"

m=l

- n4 -
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JNote: a21 a1
. C c (K. 5)e.2 m=l Cm2 ml' a 3 1 =a 1 3

I. a3 2 = a2 3

L j1 31 = C m3 Cml , (K. 6)
m=l

a 1 2  a 21V (K. 7)

J
a L cC (K. 8)

K a:: = :4 c: C;:" (K. 9)32 m--1 3 m2

a 1 3 = a 3 1, (K. 10)

23 32' (K. 11)

J

a33 L c m3 m3' (K. 12)
m=l

i OUTPUT: A matrix

• i where

10 11 12 3-.- al+al+aal •+a3 tAk 0,an

T- 20 +a21 Af+a 2 2 A" +a23 AX= 0, and

-a 0 +a +a+ AX =0.T30 a31 Af a 3 2 A" +a23I
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STEP L - Solve for Af, As', A and update estimc.tes
of f, P. and A.

INPUT: A natrix elements.

( ~a 1
Bll = a 2 2  a12 a 1 1 1 2Li

a 12

B12 = a 2 3 -a!3 a (L.2)

12B10 2 -al--L , Note: a a (L. 3)20 = a011 12 21a

a13 = a31

a 32 a 23

B22 -a 3 3 -13 a1 (L. 4)

a1 1

a 13
B20 = a3 - l al (L. 5)

11

A = Bll B22 - B12 B12, (L. 6)

= (B22 B10 - B12 B20)/A, (L. 7)

AX (BIl B20 - B12 B10)/A, (L. 8)

al0 - (a 1 2) (A(P) - (a13) (AX) V
Af = , (L. 9)

al 1

f = f + Af where f f on first iterationL. 10)

(Pf = (Pf + A 9P. and (L. 11)

kf =x + Ax. (L. 12) I
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'I OUTPUTS: A f - Incremental change in navigator's

estimate of offset frequency (cycles/min).

A (P - Incremental ch.ange in navigator's

estimated latiaude (radians).

I AX - Incremental change in navigator's

estimated longitude (radians).

- Estimated offset frequency (cycles/min).
this iteration.

'P - Estimated latitude (radians) this
iteration.

"A f - Estimated longitude (radians) this
•. iteration.

ii
-. STEP M -Write out results.

"INPUTS: ITER - Number of this iteration.

,Pe" A - Navigator's initial position esti-
e mate (radians).

4 X f1. f - Navigator's calculated position
this iteration (radians).

Initial value of offset frequency
(1 920 000 cycles/min).

f - Navigator's estimate of frequency
offset this iteration (cycles/min).

T 0O- First fiducial time (minutes).

I IDAY - Day number of pass.

sin E - Sine of maximum elevation angle
' max for the pass.

1 -Il17-
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NDOP - Number of doppler counts used in
calculation this itera.tion.

Residual - Residual difference between mea-
sured and theoretical slant range
differences (meters).

SDL 0 = f - 9 (M.I1)
£ e

DLO = X -f X, (M.2)f e

FRQ =f- f - and (M. 3)
0

TIME= TO + 4. (M.4)

OUTPUTS: ITER - Number of this iteration.

DLA, DLO - Total change in navigator's
position (radians).

FRQ - Total change in frequency
(cycles 1mi).

9f, Xf - Navigator's calculated posi-
tion this iteration (radians).

TIME - Fix time (minutes).

IDAY - Day number of pass.

sin E - Sine of maximum elevation
mfor pass.

NDOP - Number of doppler counts
used in calculations.

Residual - Residual of difference be-
tween measured and theo-
retical slant range differ-
ences.

-118-
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I OUTPUTS (Continued)

RMS s i:dual2

STEP N - Test for convergence.

INPUTS: Af - Incremental change in navigator's
estimate of offset frequency
(cycles /min).

! •p - Incremental change in navigator's
latitude (radians).

"AIX - Incremental change in navigator's
estimated longitude (radians).

SITER - Number of the present iteration.

-7 If Af > 2.4 cycle/min, (N. 1)

"" or if AV > 1.2 X 10 radian,*

"or i1. 2 x 10-7
"°or i f -. > C s OI 'cos f #

.Iand if ITER < 10 then return to Step G. Otherwise go to
Step O to edit doppler data or Step P to compute alerts.

"[ aSTEP 0- Edit doppler data.

INPUTS: N - Table of (KM-1) refraction corrected
"-k "vacuum" doppler counts for each

2-minute interval (cycles).

NDOP - Total number of nonzero values in
I Nk table.

i This convergence criterion is equivalent to 0.0004 nmi.
Without loss of significant accuracy this criterion can be
broadened to 0.001 nmi or (in radians) approximately 3 x

Ss 7- 
119 -
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KM - Number of fiducial times, etc.

If NDOP >4, repeat Steps G and H for each value 1
ofk(k = 1, 2, 3, --- , KM).

If sin EKM -k+l

sinEKM - k+l 1 sinE kand 1

N >0 then

N 0 and I
KM - k

NDOP = NDOP - 1. 1
Or if sin EKM - k+l > sin 7.5° and (0.2)

shi Ek - sin 7. 50 and

Nk+1 > 0 then

N k+1 0Oand

NDOP = NDOP - 1.

Otherwise make no changes ii, the Nk table. I

OUTPUTS: Edited Nk table and updated value of I
NDOP. Repeat Steps G - N.

STEP P -- Compaute alerL,3.

INPUTS: T Time of first fiducial poin-. of last T
pass (minutes). 4:

WI

IDAY - Day number of last pass.

1MDAY - Day number of l&st day for which --

alerts are to be calculated.
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I- Satellite data from last pass and

navigator's estimated coordinates
during the period IDAY to MDAY,

KTV - Number of positions to be calcu-h luted.

ISTP = MDAY-IDAY. If ISTP < 0, let ISTP = ISTP + 365.
(P. 1)

Let i0 T0 - 18, KM 1, DE(K) 0, DA(K) = 0, DN(K) = 0,(P. 2)
I = 1, 2, 3, --- , ISTP, KDAY =I+IDAY.

Execute Steps F, G, and H. (P. 3)

IfEk < 0let To = T 0 + 10, and repeat Step P. 3 in-

creasing T0 by 10 each repetition until Ek > 0.

When Ek> 0 let T 0 = T0 - 10, repeat Step P. 3, and

* then execute Step P. 6.

IfE k 0, let T0= TO+2, repeat Step P. 3 in-

I creasing To by 2 each time until Ek > 0, and (P. 6)

then execute Step P. 7.

WhenEk a 0letTO - 2 =RISE, ETk = EA TO =T0+

0. 25 and repeat Step P. 3 increasing To by 0. 25 and (P. 7)

Sletting the new value of, Ek = EA each time until

Ek < EA. Then EA = maximum elevation for that

I pass.

Write out day number of alert day, RISE time (hours
and minutes), and maximum elev-, xi angle for the (P. 8)
alert pass.

I
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Let To = T0 + 10 then repeat Steps P. 3 through P. 8

incrementing I and K until I > ISTP indicating that (P. 9)

all alerts through thc' end of MDAY have been ob-
tained.

OUTPUTS: KDAY - Day number of alert day.

RISE - Time of rise (hours and min-
utes) of alert pass.

EA - Maximum pass elevation
(degrees).

12

Ii

I
Ii
1

Ii

°Ii
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1 8. FORTRAN PRCGRAM FOR THREE-VARIABLE
NAVIGATION SOLUTION AND ALERT

CALCULATIONS

LI The steps given in Section 7 for the three-variable
navigation solutions and for the alert computations have
been programmed in FORTRAN. A listing of the program
routines is at the end of this Section. Table 7 shows the
interface requirements between the real-time data process-
ing program and the navigation fix program and al "e gives
the FORTRAN names of the required parameters, all of
which have been discussed in previous sections. The sub-
routines of the navigation fix program perform the opera-
tions described in the next section. Flow charts for the
program are in Appendix A.

SUBROUTINES

MAIN

This subroutine is thy . , er routine serving as a
driver for the other prograr; Nitines.

1 INPUT

Subroutine INPUT allows the program to be used in
nonreal-time navigation for study, diagnostic, or debug
purposes. It is not used in real-time navigation.

'I CVTM

t Subroutine CVTM (Fig. A-19) scales the constant
orbit parameters from their input format to the format
used in the program, corrects the doppler data for iono-
spheric refraction, formats navigator motion for further
computation, computes the time of the first fiducial mark,
decodes the out-of-piane (cross plane) orbit correction
words, and interpolates for the missing out-of-plane cor-
rections (Steps A - D of Section 7).

1 -123 -
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Table 7 ;

Interface Requirements Between Real -T me
Data Processing Program and Navigation Fix Program

Ir-,i!i smn No

1'... &noat--r Input ComFutational of T
N.iie ecription Format Units Pi'itts Comments Par Source

4
t. LO i~slimated Lontitude FP %11in -10 Radians I Navigator

"l-t0tt Antenna H~eight FP Meters MeL-uaI I Navigator

1:11111 Eaitim~ted Lock Time F11 Mtinutes Minutes I rJzvlgator

it:AD Ship's heading FP Minutes Hadians I Navigator

u t: Shaill- S~peed Fp Knots -10 Hadiaiis/Min *2 1 Navigator

lIPAY *)sy of Pass Ilnegerts Da, -I Days 15 bit dressed lit I Navl-'ator

%it %Y Alert IEnd D~ay Integers I) ys D~ays I5 bit dressed itt I Navigator

IDt)P(h) 400 -%lliz Doppler FlP Cc Cytycle =0 Invalid a s;atellite Signal

It, 1-00l iefrdctton Cer. tion FP- Cyeles Cycles =0 Invalid hi Satellite Signal

141Ii) Eccentrtc Anomz.' Dlegreeb itadiars 9 Satellite Mestage T
Corre,ýtion *10 .

liA(hK) Seminiajor Axis 'P Meters/lO Meters 9 Satellite Message
Correction

t)NiIh) Cross Plane 't erm FP Meters Meters XS3 MSI) 11 :;atelli*.e Message

(transmitted as 13o 0 lerae1:2
values at 4-mm r10 lenaeLI
intervals an,' inter- '

polated to yield

values at 2-i
inter vals)

KYt Lock 'I&me Since F P Minutesl2 Minu'L- I Satellite Message
Hialf Hour

'I I' 'me of Perigee FP Mi.tin1i
5  Mtnaites I Satellite MessageI

\NWIt Mean Motion FP tiegIMin ftdi?..n I !,2tellite Message 11

SAd)M E Argument of Perigee FP Iiegrees RAO- as 1 Satellite Mesage
*loll

'e~l Precession Rate of FP Deg/ 1in Radc!Min I Satellite Message
Perigee alaV

I. I-ccentricity FP tiegIMin lDimae~nsl'r.S I Satellite Message

*107
AO) Mean Semimajor pP Meters Meters I Satellite Message

Axis

COME- Rig~it Ascersion of FP Degrees Radians I Salellite Mesalge
Ascending Node #10~

COAI) Precession Rate of FP fleglMin RadIMin I Satellite MrsptAge
Node *010

ClI Cosine Inclination FP ileg/Min Dimensionless I Satellite MesPa
.107

XIM. ';reenwieb Long. at FP lDegr es Aalans I Satellite Message
TP p

SI msie le-linatlon FP Degrees Dimensionless I Satellite Message

;)I Al W Relative Lat. Radians Calculated fcc 9 Navigaitar
Motion Read

DLC)NWh zielative Loing. Motion Radians 9 Navitialor

MTM Correct Msg. Lock Minutes I SfitelAte Message
Time
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SATC AND SXYZ

Subroutine SATC (Fig. A-20) computes the time
since perigee (Step E of Section 7) and then calls subrou-
tine SXYZ to compute the satellite coordinates for one 2-" J minute point. Return is made to subroutine SATC to incre-
ment time, and subroutine SXYZ is called again to compute
the satellite coordinates for the next 2 -minute point. TheI net effect of this sequence is the execution of Step F of
Section 7.

ii ISOLVE AND SLANT

The programming approach adopted in subroutines
~ SOLVE and SLANT (Figs. A-21 and A-22) is to set up theelements of the final A matrix and then incrementallyT modify each element with its C matrix counterpart by

_ means of an iterative process. The net effect of the se-R •quence is the execution of Steps G - L and the determina-
tion of the sum of the squares of the residual differences
between the measured and theoretical slant ranges, as
follows:

,• ,• Subroutine SOLVE begins by setting up the elements
of the A matrix. * Subroutine SLANT is called and the
navigator's coordinates and partial derivatives are calcu-
lated for the first time point (Step G). Next, the theoreti-cal slant range for the first time point is calculated, plus
the partial derivatives and the elevation angle to the satel-3 lite (Step H). Return is then made to subroutine SOLVE
to compute the constant function of satellite frequency
vacuum wavelength. The interval count is incremented andI subroutine SLANT is called again to compute the nexttheoretical slai.t range, partial derivatives. and elevation

Inasmuch as Fortran arrays may not be indexed with a
Eubzev-o term, the term for the residual, which is ex-
pressed as CO in Section 7, is changed to C(4) in theJ Fcrtran listing of Section 8.

5 
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angle. Return is made to subroutine SOLVE and the d'ffer-
ences in successive theoretical slant ranges and partial
derivatives of the slant ranges are calculated. Next, if the
drppler count is positive, the refraction corrected mea-
sured slant range differences are calculated (Step I). The
residual difference betweer' the measured and theoretical T
slant ranges is determined. The C matrix is formed
(Step J), the A matrix is formed (Step K), the matrix is
solved for the differences in frequency, offset, latitude, .I
and longitude (Step L), and the navigator's estimates of
frequency offset and fix position are updated. The con-
vergence test is made (Step N). Tf no convergence is
found, return is made to Step G and the iterative loop re-
peated until convergence is achieved or until 10 iterationr
have been made. (If convergence is not achieved after 10
iterations, further attempts at solution are abandoned,
and the program terminates). If convergence is achieved,
subroutine EDIT is called.

EDIT

Subroutine EDIT (Fig. A-22) examines the doppler
data and eliminates data points for elevation angles of
7. 50 or below until at least four doppler points remain
(Step 0). Subroutines SOLVE and SLANT are then re-
peated using the edited doppler data.

TYPE, UCON, and ARCS

Subroutine TYPE (Fig. A-23) is called to write out
the results (Step M). The difference in the fix frequency
and the estimated frequency is calculated. The maximum
pass elevation is calculated and is converted to degrees
in subroutine ARCS (Fig. A-24). Fix time is calculated
as the time of the first fiducial point plus 4 minutes and
is converted to nours and minutes in subroutine UCON I
(Fig. A-24). The number of iterations and the number of
doppler counts used in the solution are listed. The differ-
ences in the estimated and fix latitude and longitude are
calculated.

I
- 126 - I
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ALERT and AVIS*

If the navigator has elected to calculate alerts,
subroutine ALERT (Fig. A-25) is used. Subroutine
ALERT, which calls subroutine AVIS (Fig. A-25), calcu-

Slates the times of future satellite passes by computing the
elevation angle at. future times. A positive elevation angle
is construed as an indication that a pass will be underway
at that time (Step P).

PROGRAM LISTING

A listing of the program follows.

I

Fl'

.1

*

Subroutines ALERT and AVIS are not used with the
Fortran program listed on the following pages and cannot
be called in this program; they are included for illus-
tration.

-127 -
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L(VfL 18 t SQPI 69 1US/360 F..VIXA'i H DATE 70.196/11.53.44

L34PILtR UPTIIO'S %%%t-I PAI '..OPT -OZ.LI'.(CftT .3.SIZE-00009.
SJ t(,EC.(.'OIC,8ULIST#JEr.1&LJADO.M&P.J.OUfI0.INOXRE('

- - - -- - - - - - - - - - - EXEC EISALI --- - - - - - - - - - - - - --EXEC
C EXEC

IS'. C002 1ý; 40A T 11 .13FIS.I//1 "E
C EXEC

ISt. 3J1" 00IfL.EL (PECISIJ'. 10A.:.Ai.Cb L,;; E I Q.j MI'. X3S U 0 SO EXEC
.S., 000'.0 O ýb P(CSIý.%.4fN E.. ,IE.IVE. it. EP406 .UNDI.C48O. SIPS EXEC
ISt. 3005 VF.ULE PaECISIO.'. TJPI.0I.EA,0IdII.TME.TI'.T".IV5IN,CMtR.CKRN EXEC

IS-, 1.0 OWEa.E PafCISIIIS ZERII.POUR.TM7,C2A.C2H.'.EPC EXEC
is". COO? OCu.LE PRECISILIN OP.RF.0t.OA.0N,ELA.ELOO..GEO..EfIN.$EAOAtATt EXEC
IS% !0009 DZUeLtIt PEC I I N 1Ou :UMZ.SISIT.OU 13A.0,.J4. OU015 EXEC

Ist. .011 I•UPOE PRtE'ISICt. I.TCMP.A.DjuIXE

C EXEC
C-DINENSION EXEC

I St. ('012 DIM1E810'ION 8.E()O(1OE1.'(1.LtVL89 EXEC
IS%. 001101' MfIPIEI. A9-4l.DJMIIO) xE

C-CCm"W. EXEC
I S' 0014. COVMPLJ IP.XA0T,SI'ME.SOIID.E.AU.CWIE.C090.CE.XLMG EXEC

I S-4 001 6 Co IN 11F EXEC.
.S*4 002? CNO%~t 0EA.0hd.OTN.ELAT.ELOIE.GEH..M.*AO.AATE. IOAV.VOAY.EtIN EXEC
UN D0O1& CO"M3N OLAT.MOLIN. S9RE.SELVPLAT.FLOii.FFRO.RSO.Vtd EXEC
IS%. 001 9 COMPI~P I:.j.k.L,nt.'..'. P.IT6a EXEC

IS%. U?0 COM'638 I TEMqP.A.OU1 EXEC

I S' 0021 CO'(MOII jC.OlC/t.LL.0NE.IT.O.IPI~k.115.130.136S.I1M.Km.£F EXE
.S%. 0022 C09143'. /.0MC/T~h.hAvi ,VCO.EPI4Q.0'ISE.X3SO.ZUSQ.ZEAO EXEC

IS.003COM0% /C(. IC/CHC/0.i.0. EHRE.F OUR. Flvt.&TE. TEN.0D60."UND EXEC
IS'. 000' COMMNIC)' 0 JC/ICJC'..SIPS,?OPI.DTAA.0t0Nt EXEC

0' 005 (08993' IC.]M HI.TM1.IH4TN.TM7,IT8S.CVIR.CKRtM.CZK.C2N.REFC EXEC

C EXEC
I----- - --------- C03SIL'?S - ---------------- --------------- EXEC

..---- SYST F M C0NtSTA%'.1, EXEC
C TAII.2.0.0 EXEC
C b4VE-7.4948125D,-1 EXEC
C -ihERS VACUUMI kAVE LEhOIV EXEC

c cvcc.1.2D3-- EXEC
C AOIAMS CON*VEKOE'.E CRITERIA *.0004 "M EXEC

C CS£'T RATE ERE C

C KFS-3OZ EXEC
C---E,.NTH CO~E04STANT £0NICLL'USEXEiC

Z.C ICJL.0-.?291- EXEC
IUC. ?EE.1 ERTSROATO RT EXEC

C (FLO-R.92D. EXEC
C .. ýX~oEXEC

IS' 0029. CALSY EXEC T i
IS'I~~~~AG 00? 20AL2NUTE

IS' 0026 lm CALL EC SGvl MSENAEU Exec
IS' C0 CLLSOLV EXECf ~ ~ IS. 01 FI.1A ExEC
IS.03?CL EDIT- EXEC
IS' 000 CAL OLV EXEC

I5'. 0036 CC 130 a EXEC

IS%. 0035 CALL CTYPE Exri

IS' C0303 C4. SLV EXEC ,ip

ISZ 003 T I-TREE
I SN 32 ALI 0, 1I;MF

IS .OJ C L 9.EE

I Sh 4 tTR-tFI EXE

.Sh "~s CAL TYP EXE



I RAI I UiE OfE PYL.(.YAM 14 1 HtXAIO ENAAC1IMAL briNS PAGE 003NNE TAO VPE ADC. NA-k fAI, TYPE Aj.). 44-tN TA( jyP AW). NA~f TAG 
T
YPE A 00.

AY 
N.Y. Ro 

%., 
C.Y 4: V 

it.N.
K. 5 

C 1- N.A
All 

N.Y.kd .. DA C Roe . A..
IN c P-8 

ONY b ,I:CP4 
F c 14 NA

S C N:4 
s.Y P.. ' 

C R.4 h.A.Y. 
Rd k.A

nT( C Ya s * p.TIM 
CU. c k N. -(.6 

c A.* %.k. I 11 C 1A.4 N.A.

13 0 C 1.4 1.-& 1":NE C Roo \.3.I E ( mob %.a. *s C Res N.A.

TA.. A* . . TEfr C Roe N.1. k " C R.0 %.a. 1`%4. r Roe N.R.

T-5 . T14. -,p R-6 V. . ImaN C Rob N.Y. TWO C 0AY N.R.

1,.04 PYp ti.a. Cq IY c R.Y ý.R. C3D c 4.4 N.YA. C ORE C Roe N.M.

CY' C P'. 8 %.P. OV I SF XRE A.ý 0gODD~o C'do C YA.6 S.A. ot~ C RAY N.A.

OL 'N. C Poe N.A. OICN4 C A#6 N. A. OTaA Ro R. .. DJmI C 9-8 N.A.
foI f X 0R'4 000OE [FRO C A-8 V.A. CLAT St. N.A. ft J" C A:: NC.It

IT Y R N.Y FFAO c 4-8 V.A. F I E Ro AA .. ECAr C NA N: A:

C Pp A.Y FOUR C R-4 N.Y. GELUM t Roe itY EAD C RA5 k. 9.

TUNE C c A N.Y. WAY4 c N.Y N.A. DIF-- SF 1:4Y N..O IfON C 1-4 N.Y..

l Aev TYPE YE*AlY VR AE TYE YA Y.SVN FAA 
TYP31 YEA.. 4 13, PAY NAME 

N.P RE. l .

"DA C 1-4 .Y. N)O T cYA . N.Y . NJLL J-4 N . R. IS T` c YAM N. . It

1- E CYRo h.Y. RATE RA & 4.Y. ACTNY cA Rob. . CA. W S AK SF X .I"Y. O0

SYRc o N P EM L A R o h.Y . Sl Rf CA RN0 1-. TOP CA R:8 ft Ith :A'. 
C.Y A a* %.A. loN c if-N. . JhU. S t*'. 1.4 00.

U.V "A 
14.4 

00 
OD 

NY IE I'. 003

VA YA- OFC 04 a StiE SIZE GE 8LO K 0303D. H EXADECIMIAL BYTES
RA . NMAE TP PNL DD AA MEWq TYPE ALL. hOD'.. VAR. UNAE 

T
YPE AYE. 40)5. VAR. NA94E TYPE Mft. AODAp.

To~l RoeE 1,.A'. 
o N.Y. ITM) IA' N.Y. NEOM IA. N.A.Y

ff R1 o2n 
' N.Y.A) Ro .. 2365 RA. N.R. IA'. Ro %.R.

W.5 -.0 N..A'.Ro 
N.YQ. REF Roe ,E AAV 

:AY Nd.Y.CY A Y N0Y. EFIN Y N.Y. ONCE 0~ N.Y. CLOT NAY N.Y.

ft5 MAY A:Y GEOH YAM Al.i. ADE MAY: N.A. A Poe Ad. S.

TWA P..4 0.1. "DAY 1AM N.. NUN) $too N.Y. O480 RA* N.M.
tly 

IOfI RAN N.R PIKE 
SEL g a~t 

FLAM R N.YA.FLO1 no If FRQASO 
1t: h,: V% 9.6 N. A.I.4 "; * 4R DK 14 AA . 4.Y.

1.I. 4 .l 14 hA TR 14 001I. 6P f.p a6 A A rO4 A.6 hpI3 9 f L ~ U t I E o , B O % : 2 2 F C D U S V EIA.Nf YE P OX A.NR IE ML 0% A.%i YE *L J4 A-AAE TP E.&orUJL 14 a 0E 14 %A tD 14 ?..IG -64



S

LABEL ADD LABEL LODR LABEL AOOR LAjLL AOVR PAGE 00W.

2 ODOOCET

VO'TIOS IN E FFEE T NAME- MAIN.OPT O02.LINECNT 6B.S|SUl .33 Ok t

*OPT14S 106 EFFECTE SOURCE EBCIC. '3LIST.4JOECK.ILOA0IRAP.NOEI1T.IO.NOXREF

*STATISTICSý SOURCE STATEMENTS 36 PR3GAM SIZE 320

-STATISTICS- NO DIAGNOSTICS GENERATEDO'
006-60 ENO OF COMPILATION ee e 61K RlVTES UF CJRE N•OT US0 g

-. 30-
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LEVEL 18 1 SEPT 89 I CS/ 360 FJ-ANd *: FA~ ?~I'-I /I3.'4.J)3

COMPILER OPTIONS -NAME. MAI4,.OPT-O.Zht,LIN-.T..SIZE'(OOQ4.
SCJRCE.EKOIC.4AULIST.'.JOEC&.LUAJMAP,%1,t0I T.IO.NJXQIE

ISM 0002 RLOCK DATA .-'jA 'AI Sh 0003 DOUBILE PRECISION TAW.hAVE.LV'-G.EFR6.UM6E.XOSL.,ZOSC byKCAIA
ISI. 0004 DOUBLE PPREC I sION 0.4E.TW ,1t~kg.FIVE.ATt.TE%.D06..qu%. ~."so.sP bK4,.AIA
ISV 0005 DOUBLE PRECISION 1OPI.O)TRA.DTOMTM1,E144.1M5.7tO'.L4TP.CKRt" 0~ 'A
IS P. 0 006 DOUBLE PRECISION ZERO,FU~Q,TP37.C.ZP..2X.2$,RC &L.A I A

C .UVATAI C--- COMMNO ELLUATA
I Sh 0I0? C01ION /CO0JVULk .104E. I TVU.I. IFi1SI036,'..K m.A1A

ISt. 0008 CON140IZ ICONCITA...dA8E.CVCG.EFK.,j.Jt.A)SZ.ZOSý..ltR3 KOT
ISM 000 9 COMMON /COMC/O?'E.Tw0.TmRE,fuuP'.FIJE AT( TE#J.D60..nUND N4

Is, ..OOI COMMON /cO-C/C460.S?PS.IOPI.DIPA.?)TJN triATA
is , 001! COMMON ICC0C/TM1.T-44,TMA.TM7.T~b.LiTR.C(it.C2K.C-.3kEF'C oOVIAT

C 0P..LTt
ISM 001? DATA NULL *IDNE .ITwJ .IFrR .11!, .130 .1365 COVAlS
ISVI /:1 iDAA8;::V' I . 4B~l~0.: 15 30. 3b ,T
ISM 0013 DtTA IM4 AM *KF K-T

ISV 0017 DATA TERO WAVE *TRO G .TA')~R LATA,

I OP / 200 7 98/D1. 12-KOATA
ISV 0019 DATA IMIVO *CV rf *SP5EOATA

I .206 .3726510322193 b BOVATA
:S" 0021 DATA OTOM *TS .M .M ATA

Ismd 001? DATA ZEOM? OE W *HRE FOURI8 KA T A

ISV 0023 DA-TA FIVEMD:T *CKE D62M LKDATAii 01 DATA REPDC 4.43ED63 ' / ;p BD
C--VO 007 D~SA3TASOIDKAaw

[I I?' 1.403:" IOjTM D.:P O_ ATA
ZE 02 AAO.0?.1.0 CMR KOATA
IW..* I o? OAK2 .0!00046UATA

IS 02 PiS4DATA RKM 2MKOATA

I /E... 9:74307 .-. 2051lKDaTA
CS O1DATAPETC/ 30360 0 OKOATA

C--K CONSTANTl f3KATA

c 4 D1.D5.? lIKOATA
c S.3.0 Z 30KOýATA

SP.136 0530. bP..JATAPA.00

C REO0 - KIAT AL i C DTRA17839519-2 ; 0EKDATA
fctON.144D*3 V'KLATA

c FIV!1.D-0 K LATA

c~~~B D6-..DAT A

c TM5.1D-1 bKOATA

T TMS.1 -8B ATM.1. 1S0- 0 EP.ATA

C. CE..?65#- BLIJATA
pC TP6.263*1850*3P..34KOT O AIZ bKDATA

15 0025 END- BLOATA

c TK4-I.-4-331-T

cI i:1DStlOT

c 111AT
C.bKAT



I MAIN I SIZE OF PROGRAM UUOUU8 HEXADECIMAL SYTES PAGE 003

NAME TAG TYPE AD00 NAME TAG TYPE AUDo NAME TAG TYPt ADD. NAXE TAG TYPE ADn.
3M C 104 N.M. 2F C 1:4 ti.E. C 1:4 4.04. ATE C RM. "41.

C2R C REM N.M. C N C A 8 N.M. 060 C ke N.M. 215 C 1*4 N.E.
.3O C 1:4 N.E. ONE C A'S N.R. TAM C A.: 5.1. TEN C ReM N rA

TDI C R A1 N.R. DM4 C E* : N.E. TMS C K*d N.A. TM? C 148 r.R.
TME C P'S N.H. Teo c Roe N.M. CKRM C Ro8 hNR. CWIR C Rs N.RE.

CVCG CR N.E. £480 Cr A N:.. DTON C R' N.R. UTRE C Roe N.A.
EFRO C R* N N.R. FIVE C R48 N.E. FOUR C KOe N.A. IJND C RfC h.RI.o
IFOR C 1t4 N.E. lUNE C 104 P.oR. ITWO L 1*4 N.R. 13S C 1-4 N.A.

NULL C 1:4 N R. UNGE C REM N.E. REFC C R18 N.M. S7P5 C 4*8 %.R.
THPE C AEC NPk. TOPI C R*a N.R. CAVE C ROB N.R. XOS C 1B N.E.
ZERO C Res N.A. ZUS0 C RC8 N.R.

rete CONMKIN I FORMAT ION e06 0I

NAME OF CMMOkN BLOCK * CONCO SIZE UF BLOCK 000128 HEXADECIMAL BYTES

yAM. NAME TYPE REL. AD0R. VAR. NAME TYPE REL. AOOR. VAR. NAME TYPE NEt. AUR0. VAR. NAHL TYPE REL. A0DR.

NULL 1:4 N.R. 105E 1*4 N.E. ITWO 1*4 N.A. LEOn 1*4 N.M.
11 1*4 N.R. 130 1*4 N.k. 1365 1*4 N.A. IN 1-4 N.".

.N J*& N.R. KF 1*4 N.R. TAM R*8 h.R. WAVE R*e N.E.

CVCG Re8 N.E. EFRP REB N.R. OJGE RCA N.E. XOSU R8* N.k.
ZOS Ra8 N. ZERO R fA N.E. ONE 8*8 N.E. Tt RCA N.R.

THRE 8 N.E. PO•U RO N.E. FIVE 8*3 N.R. ATE to* N.M°
TEN 8*8 NAs . 060 8*8 N.0 HUNG RCA NE. C480 8 N.E.

SIM R*8 N.E. TOPI R8* N:R. OTRA ME8 N.E. DTOM 8*8 N.A.
TMD R8* N. TN4 R48 Nr. INS R88 NkE. TM? ReC N.E.

NS EA N°. CCU RC NKA R8 It. C R C2K Pe8 N.R.
C2N RCA No. REFL Rta N.M.

*OPTIONS IN EFFECTt NAME- MAIN.OPT*OZ.LINECNT-8.SIZECOOOOK.

*OPTIO-JS IN EFFECT* SOURCiEACO1C.kOIST.MNDECf.LOAO.MAP.'OEDITIO.NOXREF I
*STATISTICSI SOURCE STATEMENTS - 24 PREObAM SIZE - a

*STATISTICS* NO DIAGNOSTICS GENERATEO

*000*0 END OF COPPILATIOE *0... 6114 BYTES OF CURE NUT USED I
S132 -

tt

I;

I!!

:1



LEVEL le I SEPT 69 I JS/360 FUkTVL'd h DAlf 10.196/18.513.55

COAPILFR CPI'CIS NA'4E. M4A1.9.OPT.02,tlInECNIt5.56,$Ii4J0006
SflJEC(.ESCO£C.kOL ISO, DJLCK.LA0).'AP.'dlIEDI 0. I.NsAREP

IS% ('002 SUBROUTINF I NPUT 3NPJT
C I t.PuEI
C I sp0

£S% 0003 000014 PRECIS10% INPUT4CV.,0,P(.'SC2S

I$ 00 O34 DOUBLE PPECI5£JN LNE.T.0.T"iPt.FIVt,1E.TECN.060.,4J90.C490O.S7P5 INPUT
IS'N 0005 000414 PRlEC£ISIr. I N0TADT1.T.T9..T, CTR.
I St. 000ý DOMUE PA4 (IS IOt ZE0.F OURI ~M7 C2K.CZ-. PE PC pPuT
I SU 0037 0000£E POC C ISbu I 0P. A fF A . DA. ON. EL A . EION, GE UH. IM. H, l. FAT INPUT
I2- . 00Z04 OfCU e.Fpot PE IS I U% UT K.fIP , NT ;S 0MAt. $ OM. ( .AC(-E .C'0. C I. xiw INPU

T

I S' 0009 000414 ('UEC ,SION Li "I. DU.,2 OfST,0UM3.0J'9,O`U4S INPUT
159 ofliT 'ICUVIE potECISI UN 0LA1.0'.L'%.AEtbLV.FLAT.0LLý.FF40.4S0.V% INPUT
Isli 0011 OGUUiLE P;( C ISIO 1 .40" .TE"P INPUT
lS3 0012 00041.4 PtCIS I h 0U-9 1 P P.uI

C INPUT
C --- n IPE 4S I 09S$ N,

-54 3013 1) mENSi£ U(EJEVEt9.O£).01).EL%9,L99 INPUT

I S% 0014 1), E NS IL " 43.4 1 INPUTISM 006 C0PO P
£59 0017 CC"MV'% 1U-.0u42.Sl£,OST.VU43,OUMU4N.OJsLp I hpuI

I "d 0025 c0490UN PC4/STC.HE40J.I£F.T.E900IIN I.PUT
Is 1 0024 C)~ , CUNC/C48A0.SP5.ELTUP£,OT4A.Dt£JIEAAtiAUIl INPUT1

£591. 02. 12-cl DLOATIA.2tu4:13).143 ;LA.LI4FF3;S NU
£59 0002 CON . .11 tAT.IT itA8&

isN 00232 I01£SMN' 30.31.31 E,^OFI.11.10.16.:. INPUT

is Z 00241a40 UIC.ELAT*T44 R,-ORPIEAT.END0.Ui I NPUT
15k& 00426 O C /CI. /C8i57S.1j060AD(t NlPU'T
£59 0043 COPO CU1OMC/TM.IM4,0L6POTNSThTS.MT.C".2KC2.RF INPUT

15 005 1 08471.0.1IPUT

05 06 OV.EC*4 I hPUT
IS% 0029 12 FOM£/D6043114 INhPUT
I2S* 0048 1 71 FGP A BS OU I IO I E( L& A (£ 2 06 I %PUT
ISh. 0049 RIt E£S15,)2 IST.DSA,1M1 T I NPUT
ISN 0090 wE1S~iT 308314 .31 INPUT
is N51 CO 14 30 . ITE(8,2 IT.0£.1&.II INPUT
£516 0034 15 IN 4 RaT(1..50P.. INPUT
1s5f 0035 !6 I0PT(O0.30 IhP.JT
25n 0036 1? 5.1 POMTO3.IOU2OM.)H.)4 INPU.T
259j 005 222 PRI4TEI e12O1J.49.A,.F6.0£ INPUT

25 0 57 1 1 26 V 1 1 . :£D ITPLM

ISt. 0030 WIT 8.11 21.21,18 .D`4.OK' INPUT

ISSi 00349 GOD5.0 TO 26 SKESPD..D.OEf Itput

5k07 23 I-K-IX0 .I3CKE.EA E ". IhPUT
I4 04 k81D.PT11.15)OU9tKK),OE(1,AIREIK.0911) . I NPLT
IS0S9 G FTO 2 INPUT

254 0070 10Zn4 A (13-1,90 INPUT

151. 00421 ~ 04TS81420560 21 IhPUT

IS% 004 5 13FOPA11.t4 INPUT
2516 007 GO6 TUIEONT4 26 PUT

ISN C4 7 I-MM/D60INPUIS 0 UIDB UI4BEFUT1100)Ihu
IIt 09RTt.llI.011 NU



/ INPUTI' / SIZE OP PRLJGRAMI uDOTA IIEAADECINA~L. BYTES PAGE 0013

,(SEE TAG FWV :Y ADD. NAV( UAt, TYPE AlTO. IANI TAG T Y PE. AUD. NAIE TAG TYPE ADDO. ,-
A C Y*Eb "N°. E S L. ft*A OOOOZO I SFA C I*4, U00ZFA J1 C; If N.RE.

- 134 -

I

na j
I

.I

-I
I

fl

!

I

_!



K SF C 1*4 000300 t. C 1*4 C.1. 9 C 3*4 C.9. .1 . ! 4 1 .4'.

7 C 8.0 1.8. AO S C .*0 000028 CI S C k. d 11000 4:A If C 809 0v 5
DE SF C ..a 00010 ON SF C N.: 000198 IM C 134 R.8. OF C 1*4 '..9*

KN C 1:4 1.0. SI SF C k96 000060 18 P CI c 4I 2.1U31160 0 V h C R40 s.•-I I ATE C A8 N.8. CZK C 8.8 1.8. 09 C 000 .0. 0(1P 1F 0.*1 O)001.04
078 S C Re8 OOOIF0 u )0 FA C MC0 U00CA0 315 1 I' 4 %.. 13t) C 1-4 1. I
ONE C Res N.A. 4EF SSF R 8*0 1U10JN 0S0 C A.o . it. It. C R.8 '9.1.

TEN C RC8 19.* 361 C R8 s.P. TM4 F c k*o GUUOUEU 345 C k:*6 '*4
T9M C 8*8 N9.8 1948 8 80 4.". L99 N To .. SA C KV'4 L R0 8 .* CsTR C 88 19.8 CUMO S C K1 006008 CcoNe S C A . 1* 0 000 CVCG C I'd °k.

C4M0 C 8*8 l 9.0. CLAT L R N.A. [° CUN C N*0 1.R. 0fuf r F-*8 ,..

0TRA C Rea KuN. UUMI SFA ' R*8 O0OOS0 (UM2 IF C .4* uu1,020 GJ43 SF 1 08 .. o01)G
DUN4 SF C R*8 O00078 09M SF C R8. U0UGO 01U)49 F CC ,1o 60.0u24 LFW C ;*o *.d .
ELAT SF C R: O000IF8 ELON SF C k9* 33020000 ETIM S C ,(b (U.i29 txl IF AF P.4 .• 2..

FFQF C N81.. F C * .. L C FL0 T.e . tLl6 C I*0 *..6-

FOUR C I'8 R.8. 1.Ot. SF 1 1.8 .1)0208 H-AD SD C GE* N;O.;U *6.0J C P*o .. ,*

DUAY SF C 104 000220 1|F 18 C 1.4 19.0. I1.NE C 3: 4 .4. ISA1 sI f 4 1 U
ISTA SF 3*4 000110 3T8. C .*4 4.4 . 31 T14 SF 1*4 01!4 IT,( C I:4

1365 C 1*4 .. 99A* C 1*4 4.0. 7.DUP C 3 •4 .. A. .14 AL C I4
OFST S C R*8 00C068 OS*TEC.R. SF C 9*1 L.21o 6tFC C -*. -
SELV C R*8 N.8. SlxE C R60 %.i. SU.1 S C 9.* d 1)71). 'Goo j C -
IST15 C 8*8 19.8 TEMP C 8*8 29.9. T618E C k2* r.l4. PI. C .
WAVE C I*8 L.L. k1 C 00004 X.1.013S C A40 O0UU03 "I. C 30 .
ZERO C Res 19.8. zuso C R*0 19.8. INPUT 1-4 .3)6118 I2C,4 I AF 314 ;J X 'I)

-0... (7,101)1 II9FORMATIJU 4....9

NAME OF COMMON BLOCK * C SIZE 10 6LOK 000388 HEXAOECIMAL BYTES

OAP. 1189E TYPE REL. A£D0. VAR. NAME TYPE REL. ADDN. YAP. NAME TYPE k9L.. AbK. VAR. 1AA1 4 VPE 7 [LC 531.'.
P 8*8 000000 X-4T 0*8 000s08 some R8e 000010 S6U Red 0oj1;I0
8 8*8 000020 £ ; 8*6 000028 CURE 298 000030 CIpO u *8 0003"C Ri 000040 1194 R8d 000040 0U99 R*8 0U1)SO 1)2 6*0 R0300 3
IS R*8 003060 OFST R*0 001)06e 0D3 k8 0U00170 1U)14 Red 300OJT

UN•D *8 G00008 0OP d* 000 8EF 0*• U A8 00CO 2.8 08 0701).;a

DA 0 R ea8 00010 0 8*8 a 0001•8 0T( A 8 UOUFO 87LAT A*6 OJ1f
ELOR R:*8 000200 GECH R*e 0J0208 HEAD P*8 030200 RATE m*o O(021
tAo, 104 000220 RDAY 1:4 N99* 1T4 Re8 0100226 3LAT Rb % P.6
PLU4.M 8*8 9N.R. SMXE R8* a 9.94. SELV 308 t..R. FL6T P*e ý.*.
FLOMN *8 .N0. FFR8 R*1 N.A. R89 X.8 &.k. Vt. ;*e %.0.

t 1*4 000F8 J 104 4.9A. 1 1*4 3uj30G L 1*4 9.0.
94 1:4 N:.8 N 134 94.. -o00p 1:4 9.R. ITER 134 N.9.

- 7 8*8 1.8. TE8A ROO N.0. A R80' h.k.

E8UIVALENCEO VARIABLES WITHIN THIS COMMON 8LC0K
VAR3ASLE OFFSET VAMIAULE OFFSET VARIAO.E t.FI' VAR0A8LE LFFSET

O09 000000

""NAME OF COMMON BLOCK * CUOIC SIZE OF 6LUCC 033128 mfEAOECIMAL BYTES

PAGE 004
VAR. 14A9E TYPE REL. AD00. VAR. N91E TYPE REL. AD£R. VAP. NAME TYPE R8L. £OU9. VAR. .... 8 TYPE RIL. 1O0R.

MULL 104 N.R. IONE 14 4.9k. IT372 1*4 N.R. ;FIR 104 %,.R.
315 1*4 94R. 130 1*4 N*R. 13635 14 N.R*. 3 104 4.P.
I9 3:4 9. KF 3:4 94.8R TAM R8e N.9k. dAVE Re8 N.K.

CV00 M:8 9.8. EFRO R8* t.8. 0 GE R*8 h.P* XOS2 R*8 91.9*
ZOSo Re8 1R. ZE R0 R88 9R.. 0NE I*8 191. T.O A:8 4..k
"79THRE R*8 N9R. FOUR R88 f 9.8. FIVE 808 9.9. ATE 09 4.0.

TEN 8*8 4.8R 60 8*8 000080 HUN9 R89 1. 0480 A*: N198
STPB 8*8 N.E 2.83 Re8 94.8 070£ 8*8 '9.8 0N00 .40 '.8.

7T94 I *8 94..R TM', R*0 0000E0 T75 5 t 9.. R:T7 A.0 h.R.
T1 * 94R. C A 8*8 1*.8 0889 3*8 4.9. C2. 8*8 N.8.
CZ R -08 N... ,C| 8R8 N.. 3

135 -

I

I

V



L AftE Ar~lr' Agf AODDS LABEt ADOD LABIkADBOR PAGE 005

10 00019E RDIt(O1A It, 000556 19 000562
20 000 6A -Do is57 22 00054a 23 000606
74 00064A ? 0006 74 26 00069E

$PPY1045 'Pt EFF(CTY %--ME- MAIN.uP1.2Z.LlZCP4Y.6$.SIl'lJ0VDOK..

*cpTIL(sSI 1- FF ICr. SOILCE.FCJIC.NJLISr,N,jOtCKLUAL0.MAP.N0ED1I.lI0,tWXREF

'SIATISTI(S* SOUIFCE STATEMENTS - 79 *PROGRAM SHE - ss~

*$TTaTIS11, 1 NOI DIAGNOSTICS CENEBAIFI

.... %9 Ut C.MPILAUION ......- 49K BYTE$ OF CORt F4UT USED

V-1



LEVES 14 1 SEPT 69 1 US1313 FJATEAAM H DATE 7G,.1'6/18.54.04

COMPILER OPTIONS -NAME. MAIN.OPf.O2.LVitdChI5E.SILE'OD)Oi'.
SO'.'BkCE.EBCOIC.NDLIST,IIODECK,LURkO.N4AP.NUEDIT. ID.NjXEEE

ISM 0002 SUBROUTINt CWYN CEIM
C CVTM

C CONVERT DRBIT PARAMETERS f0 CJNPUTATIOMAL UNITS C VTfr

:: C COMPUTE INCREMENTAL. LAT AND LON GIVEN HIEAVJING ANI) SPEED CVTM

CRESOLVE TRUIE LOCK TIME (,VIM
CCONVERT INITI&l ESTIMATES AND SET INTO COMPJTATION cVTM

is: C004 DOUBLE PAECISIQN 0 NE.TWO.T..NE.FI VE.ATE.TE N.D 60.W lND.C AA.D,aPS LVTM

ISM 0006 DIMBE PENSIONOFZUM.C&CMkECCT
IS 07 DIMBENS DPREISIO Z.REPB.OEIO.0A19.DN.tLA,DLTE.LON.E.S I9IEt)AT C*VTM

IS" 0004 DIMBENSFFION O TEMA . P XLOSME xrZ CVTM

!CO01MD~ilN TPRECSIN OT. LATSM.ELO.SDUXECM.SEL.FLI.FLt.F~Q. CVTM

ISM 0011 DOUBLE PRECIIO CML'.~.TIP.P EP EAVIM

C CVTMl
IS 0020 COMEN IMJK..,VNDP CdTM

ISV DOZE CO MMION TE.P.C.CP?,CSD.LDIEPT LVIM

ISIS 0023 DIE1SOMN ICC Cl.VAVECVCG.EfA.D4GE).XOS.Z3SQLAd~.ZEE( 4( CVTM
Ish 6014 COMENSON /CDCOEMA?1OTlR.UFViTETdDDIUN CVTM

C CVTM
IS 0027 COMMOTN CNTM

I St 00ZE COMN TF.(XOT..3D 4.91*OTMTVBOC~tV3,lX" CV.TM
ISM CZ16 COMMONOME*~UTRMM2510S.V13UNDJ§DO (WIN
ISR 0030 C0~OMMON 0TREF T cVTM
ISM 0031 COE~MMO DE(.NDILTEO.EHHA..T~C,*DYSI VTM

CS AD1 COSO OIN METERSXESL.ATFOFR.SQN CVTM
ISM 00320 COMMT.ONIEDTRA*TM5kNDP CiTK
ISol 0033 COMM.ONMD..C.0TEATMB OCS.EPf (VIM

ISMl 0032 COMO /.CESTMTk~~UIF~,I.1016.I.MK (VIM
IS 0023 COMMON/G.XLNG0TR AVTE.CC.FO0G,30ZS.E CVT"

lEN 0026 COMMOVN /7CC8.7STP.IADO CVTM

C (Ts7 VIMC CIlR USATORI AAE.CT
c 1TIS 0? PTOTSCT

IS 00XI-XO-.D94TATBCT

iSi,9 SPI-OEURAT5CTis100 SH'SNOTAOM .I



C---~(4 LA AU1~(.fI. LLL41I.T14,. v~LL .1,4
j - rp k7 ?wPI sl IN S_ Ufl. %91

I St 0037 %OfOP-NUtL C. V IN
1sh00.3OC rtC 30 1.1.1.4 LV411

* 1IS% 903, IF UOCPUII-C211 7.292 LVIS
SN. (1040 21 24(P4ill-C2,I 22.29.1C"

* IS%, 0041 7 7PIOC'I.C-4fUIillRk+C ~VIx
294 ;,C 07.1

I % 04 C (8 0 731.4
107. 0,4'S 30 CLNTIINIf CYTIG

C (3114
C---CU%VE(PI HEADING%( 67. SPEll) C(311

ION 0046 "EA0.IEAD*CM-A C V1 .
ION 0047 RATE-PAIE*C(844 (.734 m

C 7.319
C CONVERT? OEIKI.DAIKI 87.2 CA4PUrE INCRE.MENTAL LAY AND LONk CV 1.

IS' shCO'. 00 1 ,-I.K1 CVIM'
.S% 0043, DECK).OEIKT.019A.TM4 CVT#4
IS?. 00 s0 OAUIK.OAIKI#ITEN ( 3134
157 0 051 IEPP:K- KF CVTHM

IS4 0054 1 LA1UKI T MP*C0SH"E10i
C --- CONVERT AND Sf' INITIAL ESTIMATES CYIM

ION 0099 EFl80.UOFST* 473-2.40.4 CVTM
.IS% 00a96 FFRO. FRO CVTMpIs% 009 7 kLAT:ELAT.C NTR*TM4 CYIMN*ION4 000. FLAT.ELAT C III
I sN 0059 Et0?'&ELON0C"TR*IM4 CviM

IOýN 0060 FLUN.ELOM CvT.
C --- RESCLVE TRUE LOCK TIME CVTP'i

ISM 0061 IP-.STIN/TAO r%, 'I SN 0082 IP ITWiCRIP1s 0063 II/3 
1isN" 00614 I.IP-I:3041 C VIII

*ISN 0065 K-TIUO'DTK CVlM
*ISMI 0086 K.K-I CVTM

ISN 0067 I-K/llS LVTM
IONM 0068 K;IPPK-130*I CVTMIS" 00C6 9 S 19-K r(VTM W

C --- CON VeRT C ROISS PLANE ELEMENTS (VTM
;SN 0070 1 K/ IFOPI CYTM
IONM 0071 K-K-IFO.*I CYIM
ION 0072 tP..AJLL CVIM
I SM 0073 L-tTpO CVTM
.SN 0074 IF IKI 2.3.2 CVII d.
I SN 007$ 2 L TONE CVTM
ISM 0018 3 00 10 1-1.5 (VIM
ISM 0077 CPU 11.Z[80 CVIIIION 0078 C LsC -0NONEL I.I 1v 0""
1 14 0019 C.S.D.OdL1 CVIMIS.E 000 IF (CmSDI v1. CVT IN.

PAGE 003

IS" 0081 11 IF (CLSOI 9.4.4 CVII -
I SN 0082 4 CMSV.CIUS0-FIVE CViM 3
ISw 0083 IF (CIISOD 5.8.8 CVTM
ISM 0084 D LO-;CLSO CVII -M
I SM 0065 IF (C SO*.FIVE) 86.68 CVTM
ISME 0086 6 CMSD.2880 CVTM
15.4 0087 8 IP-IP#IOIIE CVTM
ISlE 0088 CPU IPIIKIIUOCNSD*IE,.'CLSO iVIm
I S" 0069 CPI(IPI.L CVIm
ISM 0090 9 LL.LITMO CVIII
IS14 0091 10 CONTI "DE CVIII

-- I HTERPOAIE FE. MISSING CUOSS PLANE ELEMENTS CVIII
ISM 0092 TIIIUO CYTHI

ISlE 0093 00 20 K-1.KN4 CVIII
I th 0094 M Ill IZ EAO CVIII

C$ 095 IF IIP-ITHOP 20.20.31 CVIII
*ISl 0096 31 IAIOME CVIII

is"E 009 7 ICPT(is CVII
ISM 001.8 J-CVTUIPI CViM
IS1U 0099 J-J-IFOR CYIF.
I Sl 0100 IF UK-I1 16,16.12 CVIII
ISlE 0101 12 IIA-IP-IIV0 CVIII
IsU 0102 IF UK-i 13,16.16 CVIII
ISM (1103 13 1 TA !K1I 'ub1O CVTII.
Is"E 0104 16 n0 19 '.1.3 C V ra
IS"E D105 J-...ITA-I0IIE CVIII
ISM 0106 P.OME (VIm
IS" 0107 00 18 M-1.3 CVII 4
Is"E 0138 I.I.TAIONi CVIII
SN 0109 IF I-I 17,15.17 CvIII
ISlE 0110 Il P-P*ITI-CPTIUII)ICPTIJI-CPTUIII CVIII
I Sm 0111 IS l.OMT~flEU CV11;
IS" 0112 19 07.9IK-OMIKI.P#CPUJI CVIFt
I Sl 0113 20 TI-11-ONE CVIII
ISlE 0114 ~ ETL~tR CVII -
is"E 0115 E140 CVIII



I LVTN I SIZE CF PROGRAM 0006F2 MEAADECIMAL BYTES PAGE 004

IANE TAG TYPE ADO. DIANE TAG TYPE ADD. NAME TAG TYPE ADD. NAME TAG TYPE ADD.

E SF C A*4 000020 I IF C 1*4 0002F8 J SF C 1:4 0002FC K SF C R:4 000300
L SF C 1•4 D0300 .o SF C 1 *4 000308 N C 1•4 4.R. P SF C R.: 000320

AG C a*8 1.8. CI SF C :08 000040 CP SF C 4*8 000328 DA SF C 8*8 000150
OE SF C A*8 000,08 0R SF C 8*8 000198 IN F C 104 OOOOIC IP SF C 1* 000314
AF F C 104 000094 AN F C 1*4 000020 ISIF C P8o 000060 TI SF C M8O 000318
TP IF C R* O800000 VN C 8*8 No.. ATE C RO8 NoR. CPT SF C ROO 0003S0

C21 P C A8: 000110 CM2 C c 8R 000118 DOP SF C ROO 002088 OTK F C Re8 0OOIFO
060 C R*8 N1R. IDA SF 104 •30DAC 115 F C 1*4 000010 130 F C 1-4 000014
ONE F C ;8* 000068 AfF F C ROB OOOCS RID C RM8 ft.A. TAW C Ro8 N.R.
TEN F C R*• 000098 TM! C 8*8 9.. TN4 F C Ra8 000000 TMS F C R86 D00008
TNT F C 8*8 nOOCFO T1s F C *8 0ll00F8 T70 F C R88 000070 C1RN F C 8*8 000108

CLSO SF C 8*8 000380 CMSO SF C R8o 000378 CATA F C R8O 000100 COMO SF C Ro8 000038
CONE SF C A*0 000030 CVCG C A*8 N.R. CVTN k04 000080 C480 C ;8* N.R.
DLAT I C A8* 000230 010N 1 C 8*8 000218 7a TM C R8* N.R. D0RA F C RO8 0000C8
OUNI Z 8*8 1R8 O.JMZ C 8*8 NTM. 0U03 C P.- N.M. 0J8 8*8 a.R.01UN5 C RO8 M.R. EFRO SF C K-8 00024D ELAT SF C k.8 O0OIFS tLGN SF C 8*9 000200
FFR8 S C I8* 0002EO FIVE F C ROO 000088 FLAT S c R88 000200 FLON S C RO8 000208
FOUR I t*8 M.8. GEOH C R8* Nero HEAD SFA C k8* 000210 N'•N0 F C A8. 0000A8

RDAY C 1*4 t3.8. :F08 C C 1*4 O0000C ZONE F C 1:4 000004 T1.0 F C 104 00008
1365 C I*4 N.E. "0AY C 1*4 .R. hNOP SF C 14 000310 NULL F C 1:4 0C0000
OFST F C Re8 000068 OGEM C RO8 ' R. RATE SF C k.8 0002 bEFC F C R8 a000120
S$ELV C 8*8 11.8. SNIE C 8*8 11.. SOMO SF C 8*8 3,3.018 53134 SF C 8*8 1.00010
STIM ,F C 008 000228 SIP! F RC * N.I. TEMA C BO8 N.P. TEMP SF C R8$ 000388

r 1THRE C RO8 8.R. TOPI C Red N.R. WAVE C R88 ;,.R. XLPS SF C RO8 000048
IXNOT SF C 8*8 C300008 3050 C 8*8 11.8. ZERO F C 8*8 006060 2030 C 8*8 N.M.

OCOS xF ROB :00000 OSIN XF A*8 0,0000

.**** COMMON INFURMATIUN *****

DI ANE OF COMMON BLOCK * * SIZE OF 81.CM 02303• HEXADECIMAL BYTES

VAR. NANE TYPE REL. ADNO. VAR. NAME TY.L EL. A0DR. YAP. NA4E TYPE MEL. AOOM. VAR. N8AME TYPE REL. AD108

TP R88 00000 XNUT RO8 030208 SOME R-8 000010 52140 RO8 000018
0 R*8 OO0020 833 8*8 N.R. COME R8* 000030 COO 11*8 000038

CI R8 000040 XLNG Roe 000048 DU01 ROB N.R. 0D02 No8 N.8.
SI RO8 0000.0 OF 8*8 000066 0JM3 RO8 4.ko. OUN4 POO N.R.0085UN 8*8 No.8. DIP *8 0U00088 PEP **8 0000DC8 CE 8*8 000101

S08 8*8 000150 CN 8*8 000198 01K 8*8 OOUIFO 81.81 8*8 00OIF8
ELON 8*8 00fl200 0 104 8*8 N.M. HEAD .8. 000210 DATE 8*8 000218
DUAN S * N.E. MDAT 3*4 N.E. STIM 8*8 000R22 BLAT f*t 00023A
DA.4 8*8 000278 58NE 8*8 N.M. 581.9 8*8 NM. FLA' 8*8 000200

FLON F* 000208 FF8 8*8 000200 HSD R88 G .o .1RA *8 01.18
* 104 R002F8 Ma J 14 R002FC 2 3*4 0,300 L. :e 0002304" 0 R 00 O0308 N 1*4 8.8. h00P 3*4 000310 ip .'4 000314DT 8*8 000318 P ;*8 000320 CF 8*8 000328 CRO NF * 000320

FL"CNS 8 000378 CLSO 208 000383 TEMP 8*8 000363 TEAA 8*8 N.R.

8881 • CCNNON1 BLOCK * COMC SIZE OF M30C9. 000128 fHEXLDECIMAL MYTES

- VAM. NA888 TYPE EEL. 3008. Y88. 9.888 -TYPE 881.. A323. VAR. NAME TYPE 1181. 1.3,08 YAM. NAME TYPE 001.. AOC*."111 1:4 000300 2F:E 114 D00U0 71*33 x 14 30u08 1 1.8 134 0003C

015 !*• 00010 13 4 000014 1385 op 4 11.8. IN .*4 U0031C

PAlE 003
KM .4 000302 F R 00020 1.5 8*8 o.8. MAVE C *8 1.8.

SCVCG " *9 94.8. EFRO 8*8 03042• oMOM Fpe I,.E. AOSI R88 J.CHZOSI .8 11.8. ZERO 3*8 000080 ONE MP ROB 0000 T..O 1*8 000R3o

VAR.ME 88 1.C8. FOUR *E 8 118R. FIVE 8*8 0000U8 ATE 8RE I°1.
TEN 18* 000098 060 8N 11.4 O i0D To 8 U0003,8 C480 1 4 ,3.J°

S7P5 8*8 11.8 TOPI 8*8 N.M. OTMA 8*8 0U00(8 DTCM 88 N°..Ti1 *8 N0 .014 8*8 024O2OO12 135 1*8 004 88 7,7 .*b ocOOF0
788 8*8 0OF8 CR78 8*8 OU1 I 00000CR8 8 00T1AN C2R N.11 000130

C2M 8*8 O001sF MEFC a*8 000120

3i

I
., A R h ,,.

THR FOU K- t IE RB 00e



[a
LAIFL LnoR LABEL AD£R LABEL LDDO LABEL A£OR "tot

"1 COOIEC 22 OOOIFE 29 000214 30 00021C -.

U 0002OE 2 00040E 3 000411 11 000486
4 100&90 5 000498 . O..LAC 8 000480
9 0104FŽ 10 0004FA 31 0005A6 IZ 0005SF

I U,vesOZ 16 0005(2 17 I 00061E 10 O006SA
1" 03066• 7O 000606

0*'T IONS IN EFFECT- NAME- MAIN.OPTOZ2.LINtIR E1.ItSILOOOOK.00

-OPTIONS IN EFFECT- SOURCE. EBCICtNaLIS?.N30LCK.LOAD.MAP, N0IT.10I ,NJ0AT•P it

*STATISIICSt SOURCE STATEMENTS - 114 *PROGRAM SSLE 17e

*STATIST2CS* . DIAGNOSTICS GENERATEO

e io OF CO:.PILATIUON *Mi*** 49 SI|Es JF C€l.f .US)J

- 140-

71

"* i

-a

KI

a

!t

!.



LEVEL 1S 1 SEPT:69 - OS/3:O:::0 DATE 7D.196/t8.S3.47

SOUAf.EBCOIC.VDLIST.NDDOECK.L3AO.NAP.N4DEDlT .1D.KEC1REF
ISM 0002 SU&On.JTINE SA.L $ATC

C SAIC
C-USES SXVZ TO COMPUTE SATELIITE C03R'2INATES S ATC
C RIVEA TO SE AIE D1 VARIABLE PARAMIETERS LED STO4I31S PARAMETER K SAIC

C SATE
SMW 0003 DOUBLE PRECISION IAIE.idAVE,CVCG.EFRO.UMOE.XCISO.ZDSQ WAC

ISM 0004 DOUBLE PRECISION ONE.T40.INRE.FIVE.ATE.TEN.D6C.'IU'D..Z'4R.STPS SATC
ism 0005 DOUBLE PRECISION TOPI.DTRA.DOIJRTML.TN4.TMS.TPB.CMTR.CLRM SAIC"Iism 0006 DOUBLE PREC IS I (N ZERDFOUR.TRT.C2R.C2M.BEFC SAOC
Ism 0007 DOUBLE PRECISION DOP.DJM.DEDA.ON.ELAT.ELON,GEOI.STIM.4IEAD.R&tE SAIC
Ism coos DOUBLE PRECISION DTR.TPXVDT.SDRE.SLDl.E.ADCORE.CO-lD.CI.R59.G SATC
ISM 0009 DOUBLE MIECISION OUMI.OURO.SI.OFSI.Du993.DUM4.DUM5 SAIL
IN" 0010 DOUBLE PRECISION DLAT.DLUN.SMAE.SELV.fIAT.FLOR4,iFRQ.BS0.VNi AIC

KINS 0011 DOUBLE PRECISION OEK.DAK.DNK SATE1 3ISM 0012 DOCUJ*F PREC ISION TTEMP SATC
C SAT.T
C --- OIMEMSICN SATC

ISN 0013 DIMENSION DDPIRI.DJiSI.0,ZEI91.0A9I9.N11,%(.DLATI99.OLO'd19. .9ATC
C NATC
C-- -tOMMON SAT 1

IN 0014 CO-9ON TP.XNDT.S3OMS.SORDE.AO.C3ME.CUM3.ZI.ILMG SAC
isV 005OMM'D. DUNj.DUM2.SI.OFST.UJN3.DUM44.'IMSLO' 5

Ism 0016 COMMON OEIC.OAK.DNK SAILIKIN" 0017 COMMON OUR SAIL
ISid 0018 COMMOIN OED.NI:LA.LOOM~htA9,RAfEICA-.MA3A.SOIV SAI.
Ism 0019 COMMON OLAT OLI9I,:MXE.$E9. FL*T.FLUN'f4O,KL. O.V- SATC
IS" 0020 COMMON I.J.A.L.11.4,FDOF.I~ffP SAIL
KIN 0021 COMMON T.IRSF NATC

C ).ATCI I ~ ISN 0022 CLMVt/CKW NL1.CEI..rO.1. DI6.1.f( SATC
ISM 0023 CDRRO'E IOLTV:v.vSER.NExS1.ZDSO.UD&` SATZ

KIN 0024 C*ORPIS. /~.RC/ONE.TLD0.T'2i.92,UA.FIVEAItE.tf.D60.1LJn0 SAIL
KINM 002-- COMMI#? bCR/405P.LIITADO AIL
INM 00Z., CO$IIIJ ICCT1T4I~f7TBCT.A..Z.Z.- !,LTC

C SATL
C --- 1CMVIf TINE SINCE. PERIC.EE SATE

;%s 9,1.1f T;-SfIR-TP SAIL1 1 ISt. 0WE1 1I KC4.., 1,1.2 'AIL
;S" 00iC 1 T.T.DTO-4 SAIL
KIN 0030 Go To3 4 3AIL
ISV 0031 .1 IF fT-.)TO"TQPIiII.0Ti .3,SAT.
'ISM 0032 3 T-T-DIOm SAIL
INM 0033 4 DO 5 0.1.1.4 SAILLIS'. 003-. DEK-DElsII .ATE
ISk 0031 DAKCDA ",J SAIL

ISV 0037 CAL.1 SxTE SATE

ISM 03311 1; i.T.Tbnf SAIL

IS"1 0040 EN. SAIL

. ATC SIZE it( P&05.1, uw6 *.0.1tfIIAL ..vTtS L.1. L,2

VAVE TAL: TYPE ACD. I.Alf1 4:iS TYPE .. CLJ. 'Alt lAr. 1r't --. j. .9E TA~. 19.9
e C "s3 %.P. 1 1-4 S.R..9 1-4 %.1.. SI , I., ..

A. C. I h: V.1: C 1:4 A.,9 C.Ci. .. Is l

r;F Cc R.1- .. 10le 14 C I. %.1. 1'S.....4 *sI 4. f*R I.. IF I 0R: 0013330.3 .0 .
£21. C R.8 NR. C291 !% 5* L.4 SA.S C-o ,,3r, C
0'dK S C R-8 0000C6 DrP, CC~ .. JA ~ . 1 0 9~

D60 C R.p f.. 15I C 1:4 %:1' I10 E " . ..

T!40 C RPR .P. UTo,; I- C t .,j .I9 T,/ .' .~ .
Ilul? C 0. .. 1. Jill C 147 4... t~3 C*.. .

T. E FR C R.8 00%007T0L04 ',P R6 h... ILL'. L C.o .. 3. .

COME4 C R-1) N.0. *.tvf C "dR %.. 1 91,- 1 -..* ... L%'.T

'4 IPOR I*4 UTE. 1. I& C k% .) I,'I' ..60o C19 C *

lET C * NE2., C CJV -. .9 41 C P1 .. 'it 9
SAIL P. OOC SOL ;.. . ,4 N.. FLL% . .'.hF5"k C 9-R 5.1. f1- C 01-0 r,.3 9!S ~ ., 3.

I''F cc P. :4 %t..P. 1j.E* C .'* 3 T..' 1 1-, !T.)

S1P.400 Ctt LA 3.. , : ~ 4 h3009 S: xfr C.o .. S.
300 C P.. 13.7c.

IDS 3 C. R .. I I'

RAE Z30 CO9'P.J BLUE@,* SIZE ..P *iLoL L3..32. '1'o.IA.-I'

YAeA. AllE TYPE ('EL. * .10. V:PAF -4. N ITYPO .10. 1 .' v'
5
P. .4-t IY.'I tt9 -,~ ----- '~9

IF P:6 02103 2on7T -0 J.,,'. S" .

I jJU 5 ft9 Z.i.. L.1' ;. N.-. 0 * - 9

ADLY I'.. :P SIT 1 0 % .95 U.021P 4.11 9, .0 . 9
SORE R-B N.9. SELY it9N4 I! *C .. 0 9

Ff1t0 RAM: fl.e. S1*0 48 .. 9. 3 .. I *' .

N114 9.P. 3#4.' jJ3.90~t I I*., ..

N I*'. V.P. ~ %C,_0 I.. 30 T. I .. I

TEPF RAR %:.9. 141



VAq. NANE TYPE REL. 60DM. vA9. NAME TYPL REt. ADOR. VAR. SARI KYE ML. ADaM. VAR. IAME TYPE RL. AQUA.

JLL tI 5.6. TI : 1' N ITA I " N. WE)6 1"...6

1TS 1:4 N.P. 1)0 14 5.136 S " .R IX N f R .4 .

X 1R 1f 000DC20 KF I.6 14 N.E. TA. R.IP ,.I. WAVE 6b N.6. 6

ORQ( 003 -

(CVG AE 6.. FA4 A:: h.E URGE EM N.. OSU r:6 N.E. 7
L3SQ~~R: *,MR, 5*R .50 VS NE M .. T3 R V 0JOOTO

.1HQE RM N.4" . EJU0m R N.E IE 6 NE ATE f 1 4.1 .k

f tE RMS Z.6R. 0t Ea A .6 .01V RM N.E. C4EO VS 006

576 AM8 %A .5.6I .11 6M) GOTOCO DIVA 4:S N.E. DIGS SAM 0000000

IMI %4M 5.44 tRS I* .. 5M RMS .1.T9 66 N6

T453 A-8 S : 5.6 CIN .I.S N.E., CKRM AM A RNM CU VM5 5.

C24 R-S %.P. KEFt R~n N.f. 14



LABEL ADiJE tL ot A DDR LABEL ADOO LABEL LDOD PACE 004
1 0000C2 2 O.)eooz 3 DOOODEC 4 0O0~OOii5 00011E

'OPTIUNS IN EFFECT* NtAME- MAINOUPT.O2,LINECNT.56,Sltfl.C00K,

*UPraO'IS IN EFFECTo SOUlCE.EbCDI C.NJL IST. NODECA, LOAD. MAP, %OEDI 1.10. 4XtE F.

*STAT:STICS: N SOU:CE STATEDMFTS - 39 .PE06itAN SIjj 356

*STAT STICSe NOf GNOSTICS GENERATED

I I ******END OF COMPILATION *..e61K BYTES WOIR 2E NOT USO0

1:3



LEr'L is SEPT 69 I 06/360 FORTRAN H DATF D1~I~4n

COMPILER OPTIONS- NAPE. HAIN,OPT.02.LINECNT-SE.SILESODOOK. -
ESN 002SOjRCE.EECDEC.NDLIST.300DEC.LOA3.MAP.NOEDET.I0.NOAREF

ISN 0002 SUBROUTI%. SnV, S
C SXYl
C CONPUTE SATELLITE COORDINATES F02 TIME T CORRESPONDING TO POINT K SATl bk
c SXvt

USN '03DOUBLE PRECISION TAM.kAvE.CRCG,EFRQ.JMXGE.XOS0.LOSO SXYI
15k '0'*. DOUBLE PRECISION UNE,TVO.TM'REFIVE.ATE.VEN.060.HUNO.C480.S?PS SXTL
.S. 0005 DOUBLE ?EELISION TUPI.DTRA,DTOM.TM1.TM44.TMS.TM8.CNTR,CKEM TY

1St. 0006 DOUBELE PRECISION ZEEO,POUR.1M7,C2K.C2M,REEC Soot
ISN 000' DOUBLE PREECISION DOP.XSTS.1S.ELAT.ELO%4GEDH.STIMHEAD.RAIE Soot I
1St. 3008 DOUBL E PR EC I SION DTK.TPINDT.SOMESUMU.t.AO.COME.COMDCI.ALM4G 5602
35k 0009 DOUBLE PPECISInm DUM 1. DUM2. b1,.OFPST. DUM3, DU14.0OURS sOv
1St. 0010 DOUBLE PRECISION DuM.T.TEMP sxyl
ISP. 0011 DOURLE PR E CISI1ON DLAI.DLON.SMXE.SELVELAT.ELONEFRO. RSO.VI4 500
tSN 0012 DOUBLE PRE CI S I ON KE.DOAK, ONK 5502 I
1St. 0013 DOURI' PRECISION. XNK.EK,AKUKVK.w&,CNN.SSE.XKP,RKP.RK.CBK.SRK 5001

c Soot
C ---DIMENSION S001

1SW 0014 DIMENSION D)OPIBI.xSE91,YSE9I.ZSEIII,DLATI9).DLONE9I S5012
ISk 0015 D IMEN SION OUMI4 SYIL

C SY
C --- COMMON 5002 I

ISN 0016 C OMMON IP,0NDT,SDJIE.SOMNO.EAO,COME.CL.MD.CIOLMG SOYA
ISP. 001' COMMON 16JM1.DUM2.SI.OEST.0ti3,3DUM4.OUMS.DOP SOIl
1St. OC'IR COMMON DEK,ORK.ONK.XMK.DUM SOIL
ISP. 0019 COMMON XS.T5,25.DTK.ELAT,ELtIN.0EUH.H6A2.RA~T,IOAYMDAT,STIM SOvt

I SN oo;o COMMON DLAT.DLON SMARE.SELV.PLAT.PLON.FERO.RS0.VN SXYL
ISN 0021 COMMONI 1J K. L,M.N.t.COP.ITER SOTA
Is " 0022 COMMON T.TE4P.EP.oAKUXYK.WKCSK.SWKXKPTKP,EK.CE.K.SBK SOYA T
ISP. 0023 COMMON JCONC/NULLIONE,I1N$O,IFCJ*.EES.130,1345.IM.KN.KF SOYA
IS%. 0024 COMMON /COMC/TAR.MAREVECRCG.tlf,KL(JGBXOSO.ZDSO.ZEED SOYA
ISP. C025 COMMON /COMC/Or"L.3t0.THi-...EUR.EIVE.01ý,TSR,D.60,PRJNO SOYA

ISP. 0026 COMMON /COMC/CNEBO.S? ,>.TCPE.DTAA.OTOM Soot
ISP. 0027 COMMON /COMC/TM1.TP4,TMS.TM?.TMB.CMIRA.CKEM.C2K.CZM.REEC SOYA I
IS%. 0028 oinK.T*RP.D1 SOYA
ISN 0029 EKSE*O S14tAMK)*OMK*DE( SOYA
ISP. , 0030 AK.AGIt&K SOTA
ISP. 0031 V0.0' -3'IAIEKI lY

I SN 0032 UK-.CO0S(EKI-EI*AK SOYA
ISN 0033 MKy%13PE-T*SCMlD SOYA ,
ISN 0034 CMK-OCDSENKI SOYZ
ISP. 0035 SWK-DSINtrKi SOIL
ISPE 0036 XKP-k*ACMK-VK*SWK SOYA

II SN 0037 YKP-VX*CWK#UK*SbWK SOYA
I SP 0038 eK.ICOMD-OMGIIE.T.COO4E- SY

ISN 0039 CRK'DCDSIBKI SoyA

ISP. 0041 TEPIP-TKP*CI-ONK*SI SnIP 00 BlSNRKzOAI
ISP. 0042 oSEK)SOKP*CBK-TEMP*SEk SOYA
ISN 0043 YSig'sOKP*SBKOTEMPeLBh SoYA
I SP 0044 ASIKI.VKP*5I.DtdK*C3 

XY

A SP. 0045 RETIUP '4 SOTA

IISO. 0046 END 144- 00



[m I SAYS SIZE OF PROGPAR 502*4 eXEAAUECISAL .6VT)S FA5,F UL1

NAMEF TAG TYPE ACOD NA4E TAG TVPE AUEo. NAME TA( * t. AiUU . ,A"E TAG IyPF AX0.
E F C 843 000020 £ C I*4 N.:. J C 544 N.E. { F C I*' iJ..

L C 544 N.E. 7 C 544 N.R. N C 1*' N.E. I F C b* 0018
AK SF C R.8 000330 A0 F C RE8 030328 8K SFA C k6* U00370 CI F C J'4 L0,u'eV

ED SFA C R8B 000328 | I C 1r4 N.E. KF C 184 NQ3. Y N C 14 -
SI F C BOB 00000 1 P C • .. UK SF C Rktd 00003318 VK S F C Pe : 0&0O340

BOO R• N°R. 'K SEA C Re 0038X C Re UOU010 Y$ S C 1,U 000150

is S 000go ATE C R8N8 e CAK SF C k.6 000318 C.K SF C 84. 000350
C2K C RE C a NR. OAK F C *8 0000O OEK F C 8.8 0030CR
ONK F C Re8 000008 OP C R8 N.E. aTK C 848 h. . OUN C A:: N.e

06N. 530 C 044 N.E. O1E C 1eE 3.K.
Itso C ROO k Ro SbK SF C ROB 000180 !1 SF C R.6 0"" TA. C N
TEN C Re8 R Til C N.M T.4 C ..8 1a.. Ts C 048 ..
TN. C R. No:. TMO C Ro3 .0re "40 C 648 N.YR XKP SF C 841 000360

XMK SFA C 008 OOOOEO IKP SF C .68 00OU36? CkRh C k48 NE. CMTR C 1:8 11.ReCOMO F C .48 000038 CavE F f .6 J300030 CvCS C k48 N.E. C460 C R64 N.E.NLAT TROB OLD , P . r OM C k6 N.M. 2t..A C 8.4 1.R.
NURE R8 Ne R U M' C k.8 .hR: 4i3 C KEb 3.4° DUq4 C CEU N.E.

DUNS C P.8 Neo EFRO r e P o~ ,IA C itB a ;R NLU N e

FERO C RN N. R. IhFV C Rd h. FLAT C 344 N.M. L'IN C A-8 N.RE.
FOUR NE . H4EAD C 7 b UND C <44 °.ER
DAY C 4 IFE C 544 1.. lOE C 544 he. "TER C 14 N.E.
STeD C 144 N.M. 1365 C R*4 V.8 MOAT C ke4 N.E. NOSY C 544 N.E.
NULL C 544 1.ER CFST C 84o N.R. DM05 F C 646 000048 RATE C 848 N.M.
MEFE C 8 N.M. SELV C 848 N.Y. SMXE C R48 N.E. SUED F C R88 000010
SOME F C 845 000010 SIT| C R'. N.e SETS 6*4 000090 STkS C 844 N.E.
TEP•P SF C R84 000320 T.RE C Rae N.M. TOPI C 6a8 n .E. .AVE C AP8 NE.
XLD F C .8 000048 XNDT F C R88 000008 X0S0 C Ro N.ER. ZERO C 8t8 N.M.
ZOSQ C R88 N.r. OCOS XF R88 000000 05|% XF R88 000000

*e*sa COMMUN INFURMATIUN *....

NAME OF COMMON BLOCK S I 5118 UF tLOCK 00088 HEXADECIMAL BYTES

VAR. NAME TYPE PEL. AD0R. VAP. NAME TYPE EEL. AD0R. VAR. NAME TYPE REL. 1008. VAR. r•AME TYPE REL. A80R.
TP .-I N.Ro. 10T R84 0000G, SOME R88 000010 SOMO .54 000018

E R*8 000020 AU Ro8 OUUO28 COME RO8 000030 COED ga8 000038
Cl I)8 000040 ELMG R8b 000048 OUE! R88 N.Er. DU2 RO8 N.Y.
55 R88 000060 UFSF R8 N OUM3 RO8 N.e. DUM4 Ro8 N.RE

OURS Ron N.p.f DOP 86 0.8R OED R84 ODOOC8 OAK A88 000000
ONK It8 000008 XMR R8O OOO0EO 0DU R88 .kE. XS Pa8 000108

VS M8 000150 zS 8o8 000198 OTK 8OB N.R. FLAT 48 N.eR.
ELON R88 N.M. GEO R8*8 N.r. HEAD R88 N.E. RATE R88 N.R.
.AT 44 .. O• At 5DAY 44 NIA. STIE R88 .h.k DLAT 846 N.R.

OLM Re8 N•. SCXE Ro8 N.R. SELV RO8 N.R. FLAT R84 N.R.
FLON 848 N.E. FF8R 8O 8 N.RMQ R85 8 14N.k; VN R88 4.p.

4 5 34 N.e: J 544 N7.E K 144 000300 L 544 N.q.
10 54 ý R. N 144 N.e. NOUP 134 NeR. ITEMR 14 8R.

T Re8 000318 TEMP R88 000a20 EK Reg 000328 AK BO8 000330
UK 88 : 00T338 1; R88 000340 8K RY8 000348 CeeK A8 000350
S•KE .88 000358 1'4 848 O 00360 YKP R88 000368 OK 648 0C0370
CeK 8*8 000378 SSK R8O 000380

- k45 -
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NAME OF COMMON BLOCK *COMC* SIZE C- U53CK U30126 .IEXAECC1MAL BYTES -
VAR. N4AME TYPE EEL . A0TH. VAR. NAiL TYPE kEL. A3OE. VAR. NAHE TYPE EEL. AtjOE. VAR. tA'4E TYPE EEL. AOLIR.

NJLL 1:4 N:E 'lO10E 1:4 N:E. 11010 1:4, R:E SPUR 1*4 N.k.
1ts 1 4 N.E3I0 1 4 Nk . 5365 1*4 k.E IM 1:4 NE
KM 14 %.p. KF 54 N.E. YAW ae Nt.E.*E es N

CVCO C N.E IFE. 0' N..GE Kea 00004d XOsu 66 NE

TH E EMS N.E. FOUR 0. N.E FIV k5*8 NH T -E N
TEN BE N.E 060 Koft N.H 0MN BC8 N.E. C480 Roe N.K.

T-1 11C1 N.E. 1M'4 .* .. 15 HM N.E. TiI E* N.E n
-M EV N.E. CMR RSV :,I .hE R k N. 5.24 C N
CZM K5.8 N.RM.r kHI t5i %. i.

-OPTI OJNS 14 EFFECT - NAV-. M4AIN ,O 'T .02.LINELN SS5eS1ZL -IL.O K.
*OPT104NS I't EFFECYC NS)UPCfE .ECO1C.NJLlS5.'.OUCC.,.LUAL).MAPNtCE'5IT,IO.NUXREF

..TATISTICS* SOORCE STATFPCNTS - 45 POEU(kAM SIZE 612

*;fATISTICSM NO OLAGOSTICS GENEPAT(O

END I.E COMP1LATIUN ..... 46 61K OYTES OSF C~kL m.1 s.SU, I



irron is I sI-PT 69 I J1/S6O FAIV~AN H DATE 70.194/18.53.5t

LOAPI'EE UPIJ?0%S 1 ,44E. VAiV,.3PI:OŽ.LVEC.%T.5f,SiLE.GOOODE.

Is' C902 SUoO'JUTINE SOLVWE SIlLYC

C SOLVEI IC-USES S1NT 6HICI. CALLULATES NAVIvAIOA LUUUIJVO OBES AND SLANT RENSE S(,t W
C S6LVE

IS'I 2003 0 al PVECISIL'IN IA....AVE.LVC..EfI-b(lJ.3V0I.XDSOL0ISO SOLVE
I SP 0004 0(;OLE I'AECISIO'S UN4E.TMD.OHRE.FIVEAIL.TEV.060.HU'OO.C4bO.SIPS SOLVE
ISh 000 5 OLOBLE PRECISION TJPI,OTV...DX)M.rMl.0144.0ns5.TMB.CMTR.CBBM SOLVE

SISN 00 06 UOUOLE PEUCISION4 £ER'J,FDIO ,I. C28l.CZK(M,BEFC SOLVE
ISh 0007 DOJ61L1 PRECISION SOP.RS.V;.LS.ELAT,*LO'i,SEOH.SrIN.HEAD,BATE SLV

EiI SN 300a 'JoUBLE PPC ISI10"Off Dry P.RSJDI,SUMRE.S4UA,E.AO.CUVE.COMO0.CI.XLMG SOLVE
IS'. CO 1) DOUBOLE PRBECISIOPS DJM;.OUVZ.SI.OFSI.D0 113.0.J144OUMS SOLVE
IS1 4010 DOuBLE PnECISIUN DLAl.OLU*'.SMAESLLV.FLAT,fLON,$FRO.RSQVN SOLVE
IIS,% 5011 COUBLE PP EC I SION 0 *IEMP,A SOLVE,
ISP. 00,12 DOUBLE PRgtE CI SI Of. C. BE1I.,612b0.B22.0ZD SOLVE
IS%. 0013 DOUBLE PRECISION S.52,SV SOLVE
I St. 101 4 DOUBLE PPECCI S ION XL AT # LOY,RXFRO SOLVE
ISN 001 5 DOUBLE PRECISION OET SOLVE

C ---ODIIENSICN OV
ISV 0016 DIMENSION A13.4I SOLVEIISN 0011 C DIES OD DO(I.1191.VSIgjhLSI21.)D0LA TIQI3.OLD)NIS9 SOLVE

ISP. 0018s DIMENSION C141 SOLVWE
C SOL VE

ItI'019COMN TPX1S.YS.ZS.flKELA,ELA.ONEO.I4EAO.RAEIDATX DY.TI SLE

ISM 0025 CUMNO DOIV 7 *TEMP.AIOS.Uý.U4UM, SOLVE
ISV 0026 CDMMUV Cl,1.2.1.2.LTXU.IR SOLVE

CS 02S'MPX.$Z.)KEAI:OEMMA.AEIAOYSI SOLVE
IS 03COMMICT. DONSXEV.LTFO.FiQRQV SOLVE
IS 04CnMON tJK...NNVPIE SOLVE< 1 ~ ~~ISV 00Z9 COý INtI IC EMCIPV.A HEFO.IEAT.E.B .N SOLVE

t 0030 COMMON CO/C 4O5P.PIDADEI I'JLVE
C SOLV E

ISV 0032 EQUIVALN lOCCE 811.7SI.TIBZ.SZ)A.18l.3IIE DT SOLVE

C SOLVE
ISM1 0033 DOU9ITAEM-lE SOL VE

ISc040 -, SOLVE
ISN 0035 00 1 .J1R-.- . SOL VE

ISV- 0036 ALII ZEO SOLVE
ISV 3 0037 SMR.ZEE SOLVE

IS 00364S - ER 
O V

trOf N DOPIL S OLVE
isV 0040 SM.101ZER SOLVE

C---FOAM THE A KAYRAK SOLVE
ISV 0041 CAL L SLVT SOLVE
ISV 0042 CII).BAVE.TAM SOLVE

I St OG4 00 N-1!" SLVEPAGE 001

ISM1 0043 ( DO 4 !-13 SOLVE
IS" 0 04 4 C( 2:-S 2 S OLVE
ISM 0045 K.)3 OVII IV 007 KNIONE SOLVE
ISV 0048 AL SLNT SOLVE
I51 0049O' C121-S2-Ct2I SOL VE
ISV 0050 C431:b.-C(3) SOLVE
Ism 00%? C.1 4 1S-C14) SOLVE
isV 005t IF IDopINI I 1.4.Z SOL VE

I !N 0053 2. VOOP.VDOP.IOVE SOLVE
I ISV 0054 Ct4)-kAVE'DOPINI-C(1IJFFR0-C141 SOLE
isV 005 5 ASO-ASOVC(4)*C141 SOLVE
ISV 005 6 DO 3 11.13 SOLVE
ISV 0057 00 3 J.1.4 SOLVE
isV 0053 3 AII.J).AlII.JIC(II*CIJI SOLVE
I SV 0059 4 CONTINUE SOLVE

C.-SOLVE AMATAIX FOR DELTA LAT.LEN..FREE VY ELIMINATING FREQUENCY SOLVEIISV1 =00 OET-AI 1,21/A(II1I SOLVE
ISV 0061 B1IsACZ.2I-PI1.23*OET SOLVE
ISV, 006Ž BIZ-AI2.31-AI1.31*DET SOLVE
ISV 00 63 BOOSAIZ.4)-AtS.4)AOET SOLVE
UII; 0064 DET-A(1,31/AiZ,1I SOLVE
isV 0065 BZOe.At3.31-AlI.3)*DET SOLVE
isV 0066 SZ0flI3.41-ABi,4I*DET SOLVE
ISM out.? OETBI11*322-O12*S12 SOLVE
IsV 0068 VLAT.IAZ*2 1-512*B2OIIOET SOLVE
ISV 0069 XLON-BB11*Bz0-aIZ:,SOlIOET SOLVE
IsV 0070 XPRO.I A(1,4)-A(1.ZII3LAT-A4t.3)*ZLONfI/A(1.1I SOLVE

C---UPOATE NEWl ESTIMATE SOLVE
IS" 0071 FLATPFLAT*XLAT SOLVE
is: ISV007 FLON-FLOMOV.ILO SOLVE
IsV 0073 FFAO.PFFQ.XF*O SOLVE

C --- CONVERGENCE CRITERIA *.0004 HN AND Z.4 CPMl SOLVE
ISV 00C4 0284.2.40-0 SOLVE
ISV 0075 OET-Z-VCGIOCOSIFLATI SOLVE
I SV 0076 IF IOAlSSIXLATI-CJCGI 7.7.9 SOLVE
SimN007? 7 I F IODASSIFLOM,-DETI 8.8,9 SOLVE21ISV4 0078 8 IF IOABStxFEQI-02P43 10.10.9 SOL.Vr
ISIS QODYS 9 CONTINUJE SOLVE
isV 0030 10 AETUIPI SOLVE
Ism 0031 ENC !'Ot VE

-147 -



r~ -r sq..

/ YCLVE / SIZE Or PROGRAM4 'jL47b HEXADECIMAL ROfkS ISAC! 03

'4AM! TAG TYPED00 NAMEý Co6T. lt ADO.8 NA14E TAG TkYPE AOL) NA41! TAGC fI.Y A:.f)..M
SSf C 1-4 0005C 0. I c. N. M0301 C1 .. C 1-4 GE

A ~ ~ 00p SF CRr'~u SE ". 30081 C * 4..IS CI4.20
CN SF C I*4 00030C S F CL 8R- 030033C8 C c a* %.10. AO C P4 T.8

CI e 618 45.p I8 f L 1. 34 GUOOIC Kr C 1:4 Nl.H. KM4 C 18 4 5.8.:
SI c Et8 P4.8. S' F L E R* 00a0~300 $3 F CF 10* 004008I18 C 8* e R.41

04 C88 .. 0 C R:8 4.8. 05 C 1:11 4.8.R isSt C P:* P4.ATE C 8* .. 00 SE C I* OOE 3 SF C F * R oOC 812 5-CF A*8 03004 Ii
820 E C:55a 0000(8 022 SF ICE k*8 b000:58 C2E C .0.8 N.C. C2~ C R8*8 PS
OFT SF CC A8e 000)20 008P I C ROB 0003 88 0TK C flea N.H. 060 C 6,800 .
11$ CIN 48 130 C1I4 0.'). OE C 89* ti:E 8k0 RSOF C ReA 00 0 2;Z

T C P C '0 00028 TEN C e 8.0 NI. 8 C k isA P.. 044 C88 .8
IM. C .*8 4.. 08 C 8* I.'. T84 8 .R A C P.e N.E

CKRM C 8* 1. CM4TE C Roe N.8. CONO6 C gA 4.8. (0.0 t8 N.Ek

C V CG F C F*.8 00 00 3 8 C 4 8 0 C 8*8 t. 8. A01*1 A C R o b 4. 8. OL ')4 c " o8 % .-.
003 C80 48 04 C8o 48 05 CAN P.a. 58OTOM C Ro8 N.P. DOT 0A C RO8 *.. O . UMI C Res8 4N. 5u82 1: k 8 N.M.

EF'Q C 4*8 P.? LAT C 8*8 h.8k. FL.0) C 8/ I.A. FPV SIC , M'50"Zi
FIV C 8*8 N FLAT SF8 C nob 000230 FLUN SF C . J4208o 5-CUE C .*E N.E.

I tA 48 P00 C 1* 4.8 034 0.0 I.5 10K C 1:4 NG.8.
188 I4 4.8 TONE F C 1*4 000004 J N10 ITC SF I - .t0014 14 5.8

INNS ~ ~ ~ ~ ~ T C 1 48 OT C34 40 .OIS CI* 000210 4511 C1* 3003U
nEST C Roe P.8 080 CE L8t.8 R.. HATE C k#8 .0 . RHFC C Rob N. R.
SFL 1.8 C * 45. $14 SF AF 4*' 0000)0 Sm E S C 51*8 0002C f0t. C;R .0*8 N

SOME C Roe P4.5. ST M C 8*8 NB ' STPS C Ael8 NR. 0(8 P C E R* 0C20I
OlIVE C R5*8 N.F. TOPI C 0*8 P4.. K .AVE F I .- b J00030 1880 SEA C 8*8 000100
01*3 SEA C R8*4 0000(0 0150q C K*A N.E. 11.04 SF8 '8 0405- I Nf XOT C 8*0 .14.
TONGQ CE *8 N.. L8 F . 8*0 0060 IOSO * N. SOLVE 1,84 ý0000CC

COMMON I NFORMATIO 13% ...I AME OF CU-!PqIN BLOCK * * SIZE OF- BLOCK 000388 PIEXADEC 1841 BYTES

VAA. NAME IYOEP E .55(1800. VAR.XNAME TYPE REL. ADO-. V8AR. NAMC TYPE ML' , MCS* 8*55. NAME TYPE R815. A0055.

T8 8*R8 4.5 140T 8* P.. 508E R*e 14.5. SoJma 8t~ P4.8.
E 8.8 4.55. A0 .* 4.8. ' COME Q:? 4.4 h "M3 I t 4.55.

CI 8*8 N.H. 0180 8*t8 N.E. 0081 .* a 48 0092 1*: NP4.8

S I R8* 4.55. OFST F-6 4.8. 0083 55* B 40 a ',4 R*: ?;.8

0055 R8* .55. 008 5588 030088 811 Ro8 ODOOCS 80 2 8*81 00000 D;
822 * 000000 80 4* 0000CCE 820 8*8 0000CC A1LAI * OTOTFO
0104 8*811 0000.8 1880 881 000000 15 Rob8 N.A. YS 8* 48
25 8* 4.5 TK 8*8 h.E FIAT A-I t4.8R. ELON R-8 4.8.

SMIC 80 0.02C 591* 8*5 k48 R* 8LA *8O 000200 8104 Ft - 000208

FF80 8*5 0002CC R5 8*8 0002( VN 8*O P4.8. 3 1*4 300288

.0 1:4 0002FC t034 0003..3 1' R*8.88 1*4 N4.A.
14 000300 NOW38 3ý 600031 10CR 1#4 00031k 1 It* 143

TEMP R*55 0003520 a 5'S 000328 C 5*5a 000358

FO.JIYALESCFO VARIABLES "4104" THIS COMM3N BLOCK
VARI ABLE OFFSETI VARIAHIE OFFSET VARIABLE OFFSET VARIABLE OFFSET

S OCOOCS $ 2 000000 S3 000008 080 000320

I ~PAGE 004 -

NAME OF COMMON BLOCK * COMC8 SIZE OF BLOCK 000128 HETAOECII'AL BYTES

VAR. SIEA1l) TYPE EEL. *0DB. VA!.. NAME OvFE REL;.A*008. VA. NAME TYPE kCL. *008. VAR. P48CC TYPE 881. *008.
4011 14 00;030 0 O1 0 3 C 14 000004 105*0 I* P48 18CR 1*4 E

1:14 P'.. 130 3*4 N..165 3. .H R*4 CC

KM 1. 4 P4.R. HF 1*4 P4.8t . 0*00 8*5 OtO2 wAVE 8*8 000030 I
CyCO ; 08 000033 88( P0 8* GE55 RIOC 8 N .28. 005c Ft4 P48
Zso 8*B 4.5 ZERO ..*8 .000608 88 4..30 * N.

THP8E 5ea P4.. -1 558. P.8 FIVE RO8 P4.8. ATE 8*Ro .8e.
7tEN R5*0 P4.8. 060 *8 N.M 14:*5 .. C80 8B NH

525 55 P.. TOP! 8o5 P4.8. 00* R-B P4.8. 0108 8*8 P4.8.

Ta 8* R:.3 088 *3 P48 CK8 R* h4.R C2K -68 N.E.
C2M 8*3 :' RE0 RF C 8o8 8.8.

-148. S



LABEL jAjDR LABEL -O;;; LA . A ~ IdI Dl PAGE 005

*STAyISTICS* 4O DIAGNOSTICS (,fN.RATVD

**see* END OF COWPLATION ... 00s 53K BYTtS OFCORE NUT USED

~14

4I



LEVM 18 1 SEPT 6) 2 wbJO tILMIPAN 1O~ UIlL.%f

COMPILER CP'10NS - 44%1.- 'AI,.0V!.J2.IILtC9!.56$.521t. IOuIsA

UUhi~CE.Ed.A)IC,%JLI2SfNuDECC4.OA0,MAP,%OEDVf. IUtNUXREER
I~.0332 SJ!40u22NC SINLSN

C'---CUMPIJ~r SLANT! kANGt A', OLRIVAIIVES I-uk PJINT K ANDO ELlVA72Ur, L .,

I2St. 0001 OCUbtE PEEC!52.a. ?AM..AVE.CVC,.EF$J.JM(.C.MUSC.LVlSQ SIN!.S% 000 4 DULIdLE PAIC:520% uN(.2.0.!VrCk.FIVL.A!I.fEN.,)&U,."JNO.C6ROsTPS, SSif
254 030 0% '"161. PRECISIUttI 1P2I. 1f19A.! UT, 11J4. TMS.IA. 4.TAIM8CM?8'Kk4M SINEI
Is," Glob tC PtflCtISUN LtM.-J.M.CMCNIECSN!

254 000 7 0, -111 PRtCSIu. OJP. XS, .?IS.AS.IIA.,ELUN.CGEO$, S I1IM.HF4AO.NAT k SLINi
25% U0008 C'u.rt.E PRiCIsIUt. Of,.IP. AM)f!,SIMtk.Su"".IE. AC. .j-kC UqD. C I.,01L5 SIN!1
25% 0003""L CLU I POICISI0N I"k25-. O.4CI.S2tjt5SI2I UMVI.,0JM4,12Jt5 S515I
25 IS% a CO'..E1 POECISIIN 0LAIAT,0I

41 S At. . %LLV. AIAT. FI. tUN.EFVf.AS4,VP S I'..V!1 L%
254 0011 DOGUblE PRICISIs, T.?EMP'0'4
254, ('012 D1"oubt! PREISION, I A 51'.!
I5 s 11 roi108JUý1.1 PCIS"II"ON MN. YN,ZI'. A%2.bVWINZ ,1N2.1.~ S~t.h,
I51'. 0014 DO~dLE PAECISIo, CIA!.SIAISt..ILLJ1IN.I.C SIN!
.54a 014 U cuVIE PVRCISI..N S .S2.3 S~LT!

C SIN?.
C ---t)IMENSICNs LN

I 1. 0016 D IMENSION CUPE I0($) YCIISI)I ATIVIOIJT.92 SNt 24
154 001? DIMENSION A(3.4).C4)I SIN! I

C---cumm0N. SIN?
sp4 "is8 COMMON ?P,ANO?,SUME.SUML.,t~AULJML,CJM3.C1,!LMS SIN?

25 0014 t CO!MtVN D0041 DU`(2.SI .0151.00M,.3.0uM4,ujh6.uO P SiN!h
25% 0 020 COMMON0 CIA?.SIAI.INCOtUA.NL "I.1
256 071 CO MMN XS.Y S,25Dh.EIATEIUN.C.EIJN.IE;AD.EATE.IOA?.VO0AT.S!IM SINl
254 00 22 C0OMICN DCA',OIUN.SMXE.SEIVPIA;,EIUN,p-pgo.ESG,yN 51%? I
I5 002O 3 COMMON !.,JK.,ML. KN,.NODOP.IIER SIN!
25% 30?4 CO4"iN ?,?PMPA SIN?
ISN 0025 CO1MMON Co.v.,Z.XN2.YNZ.zLW. St W,

C SIN?
I254 0026 CON')., ICOMCINUIIL,IOJNE.I!.U.ZFU-..15 I30.I365,IMNM.Kp SIN!
K,%- 002? 106101p /CUMC/TAd.k.AvE,CVC&,.Efou.uMG,E350Q.LOSOLERo SIN?

25%N 0328 Ct0NML11 iCCOMCiOSiE.?eO.?IhDFOuiti 28VE;A!E.TEN.060,"iu140 SIN?15 0? f029 C;UPIC!. If' 4OS7P 5,TOPI OrIC0?A.DOrM SIN!IsN 0 030 CflVMF¶. :C'L)IT4T5 M.IM' 4i.K"CKCMRF SIN?
C SIN?

IS% 0031 ?SIkS((CIA!,s) 'I.)ls0.SISIN?
C SkNK
C SIN!~~%tSG0?CP COODiA~t! ANT) Ct-AIVAIVRS SINUT

I1S% 0032 ?'1 rt4k?.0AIED) SIN!
25% 0033 C1!'Cu; %TEM4PI SIN?
256 0034 511 O!%INEA4P) SINT
IS " 0035 1 EV?..tL I0Cn0!tflzrU AV' SIN?

I2St 0036 CLI:dtcs. iCC.EP, SIN?
I Si 003? i1tes2N. : SIN? II N 0008 0 *'QC'C>A!CL,:' 03.Ia', csIA?-LA SIN?156 000396 0' 741120to SLIN
I154 0040 - EME!Dn50f:-Cf" SIN?
256 0361 xk i-ct" I AT SLN?
I5 0p 042 VN .#1. *I '_ SLUT

PAGE 002

256 0043 EN.1%*-CIDN SIN!
256 0046 IkN"00S0ID'SEOHItISIAT SINT
156 006"5 162. T-ENP'SIA? SLIN!I
256 0046 YkfesN2tS L ON SIN?
IS% 004? INZ.SX62CIO SUINT
25% 0048 062?1MEPtCLA? SIN?

C ---SLAN? VIANCE AND DEEIVATIVES SIN?
256 0049 SLSRIt SIN
ISht 0050 Y?1E1Y SIN?
216 005 1 !.Z S( KI-. SIN?
256 0052 S2;1 I.Y*Y.*IZ "IN? I256 0053 S'DSQRt2j2 SIN?
25s 00t)54 SZS-IX*1M2.?*Yk2.ttiý'I1S SIN?
256 0055 S3-I1*YN-Y~xN)15 SIN?

C --- CDMPU!E SIN(ECEVJ AND SAtE MAXIMUM SIN?

I SN 0056 SELV- 1XAEXftV*VNf*IZehI/'SSDS SIN?
1 SM 0105? IF IsEIY-spEl 2.2.1 546? I
ISIN *058 1 SKIE.SEIV SIN?
116 0059 2 RELDRN SIN?
KIM 0060 END 10-SLIN?



E3 I 
/ SLNT I SIZE OF PROGRAM O002EE HEXADECIMAL BYTES PAGE m03

NAME TAG TYPE ADD. NAME TAG T*PE ADD. NAME TAG TYPE ADO. NAME TAG TYPE APO.
£ C CEB N.M. C C A68 N.R. 0 SFA C Rea OOOOES E C ACE N.M.

1 C I•s N.R. S C 144 N.R. K F C 104 000300 L C 10. N.R.
N C IC.4 N.A. N C £94 N.R. $ SF CE 898 O000C0 T C P.O N.M.
A SF C ROC OO03A r SF C R*$ 000330 0 SF C ROB 000380 AO C R88 N.A.St C •R IN C 104 N.A. KF C 194 N.R. KM C 104 IV. A.SI C ROA N.A. S2 SFA CE Re8 000000 S3 S CE RCA 000008 OP C Rea N.A.

'N C RE N.E. XN SF C 00O 
0000O XS F C RCA U00108 YN SF C RCB OOOOFe

S F C Re 0001;0 ZN SF C Rea 000100 IS F C A*& 000190 ATE C Ne8 N.A.

C2K C ý "a N. . C21I C ROB N.A. DOP C Red h.A. DIX C Rea N.A.060 C ROO NP. 115 C 104 N.A. 130 C 104 N.A. ONE C ROO N.A.ASO C ROB A.K TAW C 9#8 N.R. E N c Rea h.R° 141 C Koo N.A.TM4• C ROB N.A. INS C ROB N. A. TN? C ROB N. R. THS c Rea N.A.
iTWO C RO8 14.9. XNZ SF C RO8 UO03CO ¥N2 SF CR8000 N F Ck80000KRN C R•O h.R. CLAT S F CE Re8 O000Ca ItON SFFR80000 CT C ROO 00030COLAT • •R CONE C As8 N.A. C VCG C Mob h.R. C480 C RO8 N.R.OLTF C ROB 000230 OLON F C ROB 000278 DOnO C ROO N.A. DTR.A C Rea N.RoDU| C -a N.R. DUR2 c Rea N.a. UdN3 C Mod N.Ri. DUM4 C Rea N.A.DUNS C k*8 N.R. EFRO C 9*8 N.A. ELAT C KoU h.k. ELON C Poo N°.AFFRQ c 1*0 N.A. FIVE C Rea h.R. FLAT F C Rea 00fj2D0 FLOM F C Rea 000208FOUR ROO K.R. GEOM F C ROO o00208 HEAD C Rea N.A. -UND C ROO N.A.|DAy 1:!4 N.A Ro FOR C 1*4 N.R. IONE C 1-4 N.A. TIER C 1-4 N.A.ITNO 1 |4 N. R. 1365 C 1-4 N.R. MDAY C 1*4 N.A. NDOP C 1-4 N.A.NULL C 1.4 N.R. OFST C Re8 N° R. ONGE C ROB N.A. RATE C ROB t..R°RSLON e NR SL SF CE 9*8 O00OS SXE SLAT SF CE Rod 000000 SL-NT R-4 000094STIR SF Ass Ce 008 SX Roe 000200 SOME) C Red N.R. SOME C A-@ N.R°STOOT R N.A. S71`5 C ROB N.A. lEMP SFA C ROO 000320) THRE C PO8 N.R.TO| C ftB NW*AVE C se8 N.A. XL04G C Rod NR XD R8 HRX O S O F C A R iBe 0 0 0 0 S' Z E R O C R e a fi . R . ft.0 f t .0 0 0 SU T C F R e a 0 u . 0 0 0OS|N XF RO8 000000 DCOS XF Rea 000000 IS o ojS SR FRo000

*ee** CUMMUN INFORMATION ... *

SNAME OF CONNON :LOIK - SIZE UP BLOCK 00030e HEXADECIMAL BYTES

VAo AM - P R EOO NAO. KA°NOTE TfPtEos NOU. VAR. NAME TYPE REL. AOUK. VAR. NAME TYPE REL. AODR.El Rea NeR. Xb e Nk SOME Rea MIA. SOMD Pe6 N°.AEl Re OB • AO Rea N.Ao COME RO8 N.A. Cumu ROO N.R.C• R8 N.A. XLMG ROB N.R. DUN| ROB hoP. OUP2 Rea N.R.
SSI ae N.R UST ROB N.A. DUH3 Rot• N.A.Df4 e NR

DULO 8 N.R. C N.•LAT Re8 0000 SLAT # 000000
S RO R B 0 0 0 0 D C L UN Rte a O O OO E O O R O B O 0 0 0E 8 X N R e 8 0 0a

IS Ra 0 00000 xS R 006108 vS0 000
[S R 8 000198 DIX, ROB N.A. ELAT Ass R°.E O B 000150RGEOH ROO 000208 HEAD ROO h~.R T e .R. E DAY f, -! N.R.

O DAT C N.P. STI0 no s FR. OLAT C 08 000230 CLON POO 000278
0SMXE Re8 0002NM SEIV R CA 0002.8 FLAT RCB 00U020 FLON PFe 0002 08FFUR RA 5 N .SO VN FA s C |CE N.R . 1 C C N. E.A I CC N. . FO C: K0 0 LO8 C 1-4 N.k. E CM' N. M.

ATNOO P I.. NE 35 C. NM OA C. 88. NIF CI N.A .

1N 4 C N.MR. aOP C4 N.M°. TIER 1C N.AN. T R Ce N. M.TEMP ReC 000320 A Re8 N.A. C SFA C 0003R0 M C EAY F C ReE O0000 R C ARe N.M. PNS FeE C O03LO Y02 OO F C00 000
ZN2 RFs 000300 1F 0

CEC UMNIFOMTO ..

N A E O O M N B O K C C S Z F B O K 0 0 D E A E I A T E

VA.NM YEML DM A.NM 1E ML OE A.NM YEML OM A.NM YEEL 08
T!88 NE NT AE Bk OM C .. SM C. NM
E E .. M C .. CME AE NE UO 5E NE



PAGE 004

£3012V&LENCEO VARIAV2OS bWITH.IN THIS CUMM&J% BLOCIL
V AMIAdIL 010FSffT V A IABE EOIFSEOT VARIABLE OFFSET VARIABLE OFFSET

S 3000(1 S2 0030000 S3 00000.

NAME OF CC
M
'-"% tL0)C& - iiUM* ('If J1 BLOC'. 000128 HERADLC IMAL BYTES

VAR. \AMF TIDE EEL. ATOM. VAR. NAME TYPt EEL. ADUR. VAE. NAME TYPE EEL. ADDE. VAR. NAME TYPE REL. LODE.
NULL 1:4. %:P: 10t 1* N.M.1 1ITwO,1 14 N.E. IFOR 2*4 N.E
ITS 14 %.E. 230 4" N.E 236 4 h.E Em 4 N.E

'.1 I.4 h*M &F 1. 4 N.E. TAW R.ME N.E. WAVE R. a N.M.W
4:O m N.M. (FEU R-6 N.R. 0CR ES NE000 MA 000

C363 GCA RCOE LiU E0 .. ON 8 N.E. WOS ELMb N.0M.
mARE 4~ N.. FU S NM IVE R:B N.E. A TE R* NRM

T E -4 N.E. %TO B'S NAM8 HUNIG EMS N.E. C480 *B* N.ER.
s7ps P:4 N.. 08 EM N.M flRA A'S N.E OTOM F N.8
141 4M N.E R:8 EM M.E TH7 Ek NbE R97 ES N

THE 2* N. (MA EM N. tE EME. N.E. C2K EMB N.E.
R3 EM N..IE t EM N.M. 1

-1.2 N -, RM

24 RIE R-8 N.-1



LA :_-:t L4-ry.r~'-. vu. U05

1AC *V'C.* 2 Ou0ZCA -

U *D'~~~~OTIONS IN EFFECT- JNAE- ANUTD.ILCT5,IL0ZK

'OPTION4S IN6 EFFEC*;' $OUPCE.EBCDIC,NAIST,NOOCCV,LUAD.MtAP.NJEOIT.ID.NUAAE(E

'STATISTICS- SDURCE ". -4Ett' 59 *PROGkAM SIZE * 7501 ~ 'STATISTICS. NO OI.AGt.,,ICS OENL'NTF.)

E D OF CUMPILATIO, . .... 61? rVlES OF CORE NUT USED153



LEVEL 1@ 4 SEPT 49 1 i Fu7ATR. . enE~,*Ot~.46

COMPILER OPTIONS - NAME- MAINGPT.02.LINCNIO58,SILE-0C0OK.
SJURCE,EBCDIC.NOLVOT.NULIECK.LUAD.,IAP.NOEOIT. ID,NUXRIF

ISN 0002 SUBROUTINE4 EDIT EDIT
C tUIT
C-USES SINT EDIT
C---THROB 0U1 DUPPLERS BELOW 7.5 DEL, AS 1010, AS 4 JUPP~tEB REMAIN EDIT
C EDIT

ISM 0003 DOUBLE PRECISION4 TAWA.'A3.CVC,,EFkR0.MG.XOFASD,ZOO EUIT.
ISM 0004 DOUBLE 'PFCISION ONE.TWO.T..EEFIVF.ATE.12N,060,HUNO,.C48J,57P5 EDIT
ION 3006s DOUBILE PR1(15106 TJ)PI.UTRA.OTUMTMI,TM4.TMS.TM8).CMTR,CKBM EDIsT
ISN 00"1 DOUBLE PRECISION5 .E.I.FO~ikTMTCZK.C2M.REFC E311
ISM 0007 DOUBLE PRECIOIOO4 DIP.REF.XS.YS,ZS.ELAT,EL0NGEOHSTIM.HEAO,B;ATE ELII
ISN 0008 DOUBLE POtECISION 0TK,TPXNOT.OOME.OLIUM,.EAO.COME,E0flD.CI,BLMSý EDIF
lISM 0009 DOUBL E PRECISOIN DUMIUUMZ,SIUFST.DUM3.DUMI.DUM5 E (I a
ISN 0010 IJOUBLE PRECISION% DLAT.L'LUNSMXE,SELY,1-LAE~rLDN,PFFlQ.RS0.86V -D10
156 0011 DOUBLE PRECISION T.TE04P EWIT
ISN 0012 DO,,-- * PRECISION 11.18 EDI T

COM013. hSON DUM.DM2SI.REF~d.S9.ST 051M3.UU344,DUM5,C'.P9 EDIT

ISN 0016 COMMCN REF EDIT
IV ON r COMMON XS.VS.ZS.DTK.ELAT.ELON.,.LJH..IIA'J.RRTE,IDAT.MDAY.STIMI EDIT
ION 0018 COMM34 OLATDLON. SMXE .SELVFLAT FLUN, F FRQSD,T "NDITr
ION 0019 COMMON I.J.JK.L,M.N.NDDP.ITER EDIT
ION 0020 COMMON T.TENP.EEEb EDIT

C WDIT
ION 0021 COMMON ICDMC/N.JLL.IDNt.IT.O.IFUK 115,130,1365.IM.KM.KF EDIT
ION 0022 COMMON ICOMC/IAN,WAVE.CVCG.EFRJ,UMGE.X350.1002.LETik EI:UT
ION 0023 COMMON /COMC/ONE.TWDO,TI4RE.FUDDBFlVi.AIETEN.6O0,HuN0 EGTA
ISN 0024 CUMMON /COMC/C480.S7P5.TDPI,DTRA,DTDm kJIT

St 00ls CO-MON /COMCITM41,TM4,TM5.TM?.TM,3.C*iTB.C(RkML2KCZMNEI-C EDIT
IOC06Ild EDIT

ISN 0027 J-KM EDIT
ISN 0028 1 IF (NDOP-IFORIIO.11,2 LI
ION 0029 2 K-I EDIT
ION 003k; CALL SLNI EDIT
ION 0D'0 EB-SELV E011
ION4 0632 KJi ELIT
ION 0033 CALL SLNT EDIT
ION 0034. EE-SELV t017
ION 0035 IF IEE-SP5) 4.,45 EDIT
ION 0016 4 IF I11-181 7,7.5 EDlT
IONh 0031 5 IF IEB-S7P51 6.6.11 EDIT
ION 0038 6 L-I EDIT
ION 0039 II.IONE EDOIT
I SN 0040 GO TO 8 EDIT
ISN 0041 7 L-J-IONE EDIT
ION 0062 J-L EDIT
IS'l 00,3 8 IF IDOP41LI) 9.10.9 EDIT
ION 0044 9 DDO-ILJ.ZEPO EDIT

PAGE1 002

ISN 0045 NDOP-NDOP-IDNB EOIT
lOT. 0046 10 GO TO I EDIT
TSN 3047 11 RETURN4 EDIT
ION 0048 160 EDIT

154



I'
/ £3!? / SIZE OF PROGRAM J00192 nEXAUECIMAL BYTES PACE 003

yAt. C T1. TYPF AU0. )tAgE dG iTYPE AO. NAMt TAG TYPE ADD. NAME TAA TYPE ADD.I 1 C E+4 .. p. . L*q OUOZF8 S SF C 1I, 0UJZFC • S C 1-4 000300
C 1:4 0 0P. Y C ! *8 N. A.AO C U!. A-8 k7 (,I c a : R,, fi SinDEE J00328

Cp*M+ C **+ ON.0. CITE C 8. * 0 h.. C' C~ 8* t.p CIME C o*6 N.P.

%.Rk 
K ' C k.B o ,.

C•rt L. 3*8 6.6. C4Eo C P+U N.E. TL)L C 6% N.E. WN4 C 8*8 N.E.

S C VE8 N.. UyPAd ftp . 'AS C pu s.K. Nu S C ROB N.F.CKE C t+ t°.° DiM C k*8 h8r, R ZK C 08 N.a .AUI 2* 00e N.0 .FF8 C CLAY C .13 N P. 0 0 C m s r.8. FF:? C 6*8 h.R.

13 C+ 1ý N+ i't- 014TRI C N. k,+ ASOA , ... .. Z. :U ' A'.R

F-8p h .0. h.P. FLAT C RoU N.R. FLMN C pd N. . FOUk C " 8 R .R.(KO. C N A C A.. hoNDC A.+ f.,. 
308% C 1.R N.IFOr r 1.a 03000C IJNE F C 1*4 O0000. Ot A C k . o .r o C IS.. N.R.1365 A1' N.- . T0AY C I*t h.:. RUP SF C ROO u3.0 NULL. C 1 N4 h*R.0FOEt C 8%b N.E. OpcE C R*% N.R. UATE C 6*6 h.P. 6EFt C R1*8 N.E.SF1.0 F C 88 0002(0 51L1T SF zF 6*4 030300 SPUE C 6*p N.E° 5011 C R*8 h.P.

SOLE C . N.e. Dt 4' C 9-8 6.6. SOPS C 6% U0005 tEMP C I*8 N.E.FHIE C PA8 N.. TOPI A R FLAT C MA# " .•t P C K N.R. F.Q C Rea N.NOT c C N HE&, C R*8 I.. . hUN3 C 6*. 300060 IOS C I*0 N .

NAI E OF CA'L 4N.8 3 0CF * * SIZE UF BLC C4 000338 HEX RoE CI4 L AYTES
p6? CNAE T NPE PEL. AOP. VAR. NAME TYPF EEC. AODR. yAP. NAaE TYPE c EL. AD N. VAR. NARE TYPE 

AELC 
. NA:O

$EYP C e A0 + NDYT S *8 N.k . SOME C R t N.E. S OMD ReB -taN 8 T CD R8 N.E. 80 R . N.E. COU 0C A*8 N R.

VA&.: !,.i; TYPE EEL AO. YA0P. NAE YFAL.DR V.NMETYP kfL. AL)DD. VAE. NAME TYE R;;EL. DR

•l RB Ft.° ALD Rob R.R COME RoB N. R. Como Roe N.R°"S ;,8 N: R: UFST R:: 0N A. OUM3 Roe N°R. DUN4' R-b N.R.OURS R11 a. ,R. W P A,@ OO;88 REF ROB h.k. XS oe8 N.A.YS ROB N.P. ZS Ke *°OTK Roe N.-° ELAT Rot N°R°[LUN ROB NoR° GEUH A:: tN,: A HEAD Roe h. k. RATE ROB N.P°
MOAY 104 N.A. MOAY Ie N~ko STIR Rto8 N.R. DLAT Poe N. P.OLON AR.8 h p° S" E A• o. SEL4 Roe 0C02Ca FLAT ROB N.R°FLUN A• " °RA F F X Rod ":A. ASO Roe N.R. VIN RoB N.A.1 .-4 OO2FB J 1:4 O0002FE K 1:4 0OUU00 L 1-4 000304N~.0 

A.4.. 1 •R UO 00031D ITER 1-4 %.R.T ROB h:R. TE04P ROB NoR.t cc R6 o u0328 to RoB 000330

INAME OF COMMON BLCCK - CONC* SIZE Of- BLOCK 000128 HEXADECIMAL BYTES

VA A° NA E TYPE REL° AODR° VAR. NAME tYPf AEL° DORo VAR. hAME TYPE MEL. ADDR. VAR. NAME TYPE REL. ADDR.NULML t-4 NR. lONE 1-4 00;0104 ITOO1 -4 N.A. I°°FOR 1-4 300000Cl 1:4 N.P 130 1-4 N°R. 1365 |e4 h.R° IN 104 N.R.Do I ; 002; xF 1-4 IV. ft TAW Roe h.a. WAVE ROB N.R.
C VCG R N°R. EFNO Roe N.R. UNGE 14.8 N°k. XOSO A-11 N.A.

1.-v 
.44

lOSa RO8 N.R. 2ERO 9-8 0U0060 ONE RoB N+°. A.O Two Ro N.R.THRE I N°P I 10U tR.': N°R FIVE RO8 N.A. ATE f. NRTN R8 oR 60 ;t8 NR. HUNO Roe h~k° C480 Roe8 llR.STP5 a:: 00000l lropf A a N.R. DTRA ReB N.M. DION Asa h. aTHI ke N. It TAW, roe8 .R. 1`95 Roe N.R. TM7 R-8 N.R.TM, RIt:, N t: l"TA 1:., Nek: CARM Roe N.Ro CzK Roe MRCZ Ae hP RE Fc A~ A..NR
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EASEL SODA LAP' AVRIAlt:t R(ItS &Avt AtL u &A6E

6 00oo4otU02C 8 300140 9 0 (u157

*OTtrO'iS IN4 EFFECT. NA"E.- 4AAN,UPI-02.LI%tA.I.5s.SILL-jjO,;r.

*OPTIUN1S IN EFFECT. SOuFL E.J ffcIC,sRL ST.NJtLaC.L:JA.,nA9,slUtoIr, I0,INQXRFF

-STATISTICS- SOURCE STATE' 4? Pk4FAutA ý!Lt 402

-STATISTICS- NO DIAGNOSTICS CN, 'T'i)

..END OIF COMPILATION *..... 61K bYTES OP CuR. %,T USED



LEVEL 18 1 SEPT 69 0 S/360 FORTRAN H4 DATE 70.196/18.54.41

COMPILER OPTIONS -NAME- NAIN,OP?.02,LINECN?.58.SIZE.OOOOK,
SDURCE.EBCDIC,NOLIST,NODDCK.LUAD.MAP.NOEOIT.ID.NOAREF

ISN 0002 SUBROUTINE ALA? ALRT
C ALA?5 5C-USES AVIS WHI4CH U0AS SLIE? AND SX(Z ALET
C ALR?

ISN 0003 DOUBLE PREC ISt ON TAWWLVE,CVCG.EFRQ.OMCEXOSOLOSO ALRT
ISM4 0004 DOUBLE PRECISION~ ONE.7.aO.TIRE.FIVE.ATE,TEN.D60.I4UNDC48O.SPS ALRT
(SN OD0S DOUBLE PRECISION ?OPIDRA,0?ON.TNI,TM4.TN5,?N8,CNTA,CKRDI AL AT

I SN 0006 DOUBLE PRECISION lERU,.FOUR,?M?,CZK,C2M,REFC ALA?I S?. 00 07 DOUBLE PIECISION DOP.XS.YS.iSELAT.ELON,6A014,STIM.HEAD.RATE ALAT
(SN 0008 DOUBLE PkECISION OTK.TPXND?.SOJNE.SIMIU,E,AD.CONECOMO.C(.XLM&G ALRT
IS?. 0009 DOUBLE PRECISION DOM1,DUNZ.SI.OFST.0DUM3.OUM4.DUNS ALRT
1314 0010 DOUBLE PRECISION. DLAT.OLONSMXE.SELV,FLAT.FLON,FFRQASO,VN ALA?
ISN 0011 DOUBLE PRECISION ?.TENP,A ALAI
(SN 0012 DOUBLE PRECISION OCK,OAK,IIA ALA?
I SN 0013 DOUBLE PAEC(sIOt4 DUN ALA?* 1ISN 0014 DOUBLE PRECISION AELY ALA?
ISN 0015 DOUBLE PRECISION TO RBISE.XMIN ALRr

C ALA?
C --- DIMFNSIoNS ALA?

15140016 DIMENSION OOP(8.SI9,YSljy(91,LS(11I,DLA1I91,DLONI31 ALR?
!SN 0017 DIMENSION DUNES) .A13.4) ALA?

C ALA?
C --- COMMON ALA?

(SN 0018 COMMON ?P,XNDT.SOME,SOMD,F,AO,CUMECDND,CI.XLMG ALA?
1514 0019 COMMON OIJNI.DUMZ,SIOFS?,0L,M3.OUN4.OUNS,OUP ALA?
ISN 0020 COMMON DEEDAK.DNKDUX ALA?

ISN 0021 COMMON XS.YSZS,DOE.ELA?.ELON,0E43,.IIAAO,FAA),IOAY.NDAYSTIN 11L11

ISN 0022 COMMON DLAT,DLONSNXESELV.FLAT.FLONFFAQ.ASQ.VN ALA?
I SN 0023 COMMON I.J.K,L.M,N.NIIOPdEA ALRI
1514 0024 COMMON ?,?EMP.A ALR?
ISN 0025 COMMON TO ,PISE.AELV.XMIN ALAT

C ALA?1514 0026 CLMMON /CONCJNULLIONE.ITh(J.IFUR.I11.130.1- IM,KM.AF ALA?
1514 0027 C01MMN /CDNCjTAA.AAVE.CVCG.EFAQONG.E.X3SO, ý.O4ERO ALA?
ISN 0028 COMMHONI /CONC/OhE,'TWd0,?I4RE.FOUR.FIVi.ATE.?EN.D60.HUN4O ALA?
is IS 0029 COM MON /CONCIC4$O.SPS,1091,DRA.DON ALA?4ISN 00230 COMMON /CONC/TMI,?,E4.TNS.rNT.?M6.CITR,CKRMC2K,C2mAEFC ALA?

C ALAt(SN 0031 EQUIVALENCE (ISP.MDOPI,4IELV.IER) ALA?
(SN 0I,1Z 1 FORAT? IIH1.3HDAV.3Xt4IIBISE.3X.4KELEVI ALA?
(SN 0033 ISTP.MDAY-IDAY ALA?

I(SN 0034 :F (ISTPI 2.13.3 ALA?1I SN 0035 2 ISTP-ISTP+13t,5 ALA?
(SN 003Aý 3 TO-T-18.ODO ALA?
(SN 0031 T-?O-TEN ALA?
ISN (C030 WRITE (6.1) ALA?
I(SN 0039 4, T-?.?EN ALA?
!Sh 0040 CALL AVIS ALAt
ISM4 0041 IF (SELVI 4,4.5 ALA?
I SN 0042 5 ?.?-TEN ALA?
(SN 0043 6 T.?.lliO ALA?
(SN 0044 CALL AVIS ALA?
(SN 0043 IF ISELVI 6,7.7 ALA?

II PAGE C02
ISN 0046 7 RISE-ST(NA?-TO ALA?

I SN 0047 8 AELV-SALV ALA?
(SN 0048 T-t.2.SD-1 ALA?
(SN 0049 CALL AVIS ALA?
I(SN 0050 IF ISELV-AELV) 9,8.8 ALA?
(ISN 0051 9 CALL ARCS (AELVI ALRT
SNk 0052 IELV.AELV ALA?
(SN 0033 1.A(SE/DTOM ALA?
I SN 0054 K-I.tDAY ALA?
(SN DO5S IF (K-1365) 11.11,10 ALA?
,!.1 0056 10 ((K-I 136S ALA)W I SN 005? 11 ?EMP.I ALK?
( SN 0058 RISE. R SE-DTO,4*TEMP ALA?
ISN 0059 TANP-D(SE*CMTR ALRI

(5?. 00 60 CALL UCON ALR?
I IN 006 1 %RITE (6,12) K,L,N,(ELV ALA?
(SN 0062 12 FORMAT (114,13,3X,212,4X,12) ALA?
(SIN 0063 IF I I-(SP) 4,4,13 ALA?
(SN 0064 13 RETURN ALA?

is" 0065 END ALR?
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I ALIT/ SIZE OF PROGRAM 000310 HEXADECIMAL 8WTES PAGE 003

'AME TAG 7YPF- AIVO. NAME TA6 TYPE AOU. NAME TAG ITPE ADO. NAME TAG TYPE ADD.

A 0 .8 f.l. I C R68 N.A. I SF C I* 0002FE J C 1-4 N.A.
SSF C 14 0O001O L F C 1:4 000304 M F C 1:' 000308 N C 1*4 N.RE

T SF c . 8 000318 AO D .. C •8 •R n CI6 NR

KF C P*4 NR. KM C I.4 %.E. SI C A8. N.E. TO SF C 8*8 000388
TP C F.8 N.E. VN C R*8 N.A. xS C $*8 N.A. YS C R85 N.A.

05 C 8*6 N.E. ATE C R8* N.ER C2K C 8*1 N.:. C2M C R*8 N.E.
OAK C 8*8 NRE. OtP C 8*8 6.8. 'NK C K* N.E. flp C 8*8 N.E.
r7* C 88 N.E. A0 . 8*8M. N .1. 060 C 94b N.E. 315 C 3*4 N.E.
133 C I.4 N .° ULNE C 6*8 :RE. RS0 C k*b N.E. TAW C R*8 N.
TEN F C A*6 000098 [4l C kEo N.F. TM4 C A88 N.R. TM5 C 8A8 N.E.

TM? C 8.1 N.E. R 8 C 8*8 N.E. 760 F C RE* 000010 AELV SFA C R8d 000398
ALAI 9-1. DoO'DEC ARCS SF xF R .4 00 0000 AVIS 5 F X F A 4 000 000 C K R1 C R 8 N.A.

CMTE F C -- 8 000100 CURD C p * N.R. COME C R88 N.E. CVCG C R88 o.R.
C480 C 888 N. R 0 DLT C R88 N.8. OLON C A8* N.A. 0TOM F C $*8 3000000

FTLA C R-8 N.R. FUMI C R80 N.M. 08U0 C R*b N.A. DUH3 C R*8 N.R4
OU 4 C R*8 N. G un5 C 8*8 NE. 0FR2 C 8*8 N.R. 0LAT C R88 N.EP

t'M4 C a*8 °I. Ffko C A*8 N.E. FIF8 C 8*8 N.E. FLAT C A8 NA..
FLTN C A 8 N. P. FOF6 C 8*8 ,.R. GFEH C 8*8 N.Eh HEAT C R*8 N.eR.
HUON C Q*8 N.E. [GAY F C 1* 0O0220 18LV SF CE 3*4 000314 AFOR C 1:4 N.R. 4
31.8 C 11 N.E. ISTP 5F L8 *4 000310 3TER CE 34 U00314 IT38 C 3*4 .1. i

1335 B C 3*4 000018 MOAT F C 1.*4 0)..4 N0o7 CE 1:4 000310 NULL C 1*4 N.ER
OF ST C 8*8 4.8. UME C M*8 N.R. R8TF C R8* N.A. AEFC C 8*8 N.E.
8ISF SF C 8*8 000390 SELV F C 8*8 0O02:8 SMXE C a*8 N.R. SGMD C 8*8 N.E.
SURE C 9:8 N/R STPIM F L R:: 000228 STP5 C RlU N;R; TEhP SF C R:: 000320

T.8E C Ab NE ToI C A 6.4. UCON SF XF -*4 000000 WAVE C A8 N.E.
* 1G C88 NE XMEN C 8-6 6.:A. 007 C 8* N.E 0000 C 8*8 N.E

21u C 8*8 %.8. ZOSO L R88 N.A. I3dC' F XF 8*4 000000

**U*8 74MJ9N INFLRMATIUN *t8$8

%AME UF COMMLN BLOCK * SIZE CF 8•OLK 0003A8 HEXADECIMAL WES

VA. %A'NE TYPE REL. AO0R. VAR. NAME 7YPE REL. ADD8. VAP. NAME TYPE 88E. AlUV. VAR. NAME TYPE REL. ADDR. i
YE 8*8 .o 178NOT I..K. SOME R*8 R.E. SuED 8*8 7.8.

8 R88 N.E. AG 808 6.4. COME 8*8 N.E. CONG R88 N.8.

C, 888 R .8. 11MG 8*0 N.E° DOMI R88 N.E. O12 R8*8 N.R.
S . *8 N.E. UFSZ R18 N.E OU3 R.8 N.R. 9UM44 R8 N.R.

OUR
5  

8*3 N.E. SOP R*8 N.6. DEK R*8 N.A. OAK 8*8 N.E.
0K P8* B .. D09 k8 6.6. IS 88 N.R. YS R88 N.A.

iS 8*8 4.8. 0 8TK *8 '.E. 7ELA R$8 6.R. 8L04 R*8 N.E.

OEI*$ E'n N.E. 88A0 88 6.8. RA8T R88 N.E.DAY 17 4 000220
DA"! 1.4 000224 SI7 8*8 300228 foLT 8*8 R .8. [ 8LO * R$8 N.A.

SX4 8*8 N.". SELv R8. 0002C8 FLAT R88 6.R. FLON R*8 N.E.
FF80 R*- N.R. ESO k68 N.A. R: .8 . 1 1:4 0002F8

1.4 N.E. K 1*4 000303 L 134 000304 h 34 000308
N p*4 N.E. hOOP 1w' 000310 3E18 1.4 000314 T R*8 000318

TE4M R.d 000320 A R*8 i.8. TO R*8 000388 RISE A8 000390 I
AELV R 00.3E8 091N A*8 N.8.

EOUIVALE%CEO VARIAPLES WITHIN THIS CUMNON BLOC¶
VARIAELE AFStT VARIABLE OFFSE. VARIABLE OFFSET VARIABLE OFFSET

ISTP 000310 IELV 0003•- -

li

Ii
S

II

-:- I



PAGE 004

N A M E , O F C O M M O N B L O C K * C O l IC ~. S I Z E 0 1I B L O C K 0 0 J 12 6 ;I i SA DE C Z EA L B Y T E S
VAE. NAME TYPE EEL. ADDEt. VAR NAME TYPE EEL. BODE. VAR. NAME TYPE. EEL. ADD-. VAR. NAME TYPE EEL. A001.l.IJLL 1*4 N.E.: ZONE 3*4 N.. TI. 1*4 N.E. I FOR 114 N.E.11$ 14 N.E. 130 *4 N.E 1365 T4 00018 NM 1-4 N.E.

SvM .14 N.. KF 1*4 N.E. TAW E.8 N.E. WAVE 8*8 N.E.
CG( 8* N.A EFEG 8* ?.K OMGE 9:9 NhE 1010 Roo N.E.

2010 R*8 N.E. ZERO 8.8 N.E.: ONE A* N.E. TWO E*8 000070
TN. E E*8 N.E S. POUR E*B' N . k FI VE 8R8 N.EA. ATE E* N.E.

T -N E*8 0002098 OtT REMa N .ER. 1914 R*8 N . R. 1.480 R*. N.E

ýTf5Ps l N.E . TOtEl 58 N.E. OrBAA EB NE OTOM E*R 000011 :" .: N 1IN!I EA8 N.E. TEN4 * t..E TE EM N.E. TM? E NEC2M 8B NE EC8 N..R.51 8 KB R.. CET kE -1*1 IC 001C (kk R'8 N .k . C2K t1*o N.E.

TIP



-OL UUK LAtFL %OakS LAB� AJ)DR LA~bL AO)VR PAGE .

2 OOOUO 1 3 Mc42o 4 00314C 5 0001 ?j6 OO1O7 OOOIAC 6 00 1o9c 9 joo I f11 00Z4IIlO5 13 OOO2Fc

*C>?IO4S 14 EFFECT- NA"E. MAIN,3PT.32.LliNLL'4.5g.SILE-
3 aOO4 ,

'OPT IONS~ IN EFFECT. SOJPCE. t(COIC. NJL I ST . WOCK.LUAJ , MAP, 40fDI I7.I),.N4t F

-STATISTICS. S3URCE STA~t1,NIS 64 .9406KAM SIZE 7d4

-S~TAISTICS. N4i CIA(.M)STICS GfNfIfArTD

**fNP iF C(OePILATO I .... 61K .rTES UF LUkE NUJT Ub~fl



Cdl oa'a030TIbý Ak$ VI

AVIs

V.11 ILb eLV
&' 4Jx. bd,. .A¾..SLAI4a0.L0ISI L

(01l LE~L ptLS~, 
A

L' AVISL'L-0S.V 
AVISS.

L AVIS

£I'rjJl .%S GN7L9?.(d AVIS
00 2 CC L 7 

A I

O0o0 ICt,'.4V7~L0'~00V rfl TEA h6 T; .Lh£1' AV-S
(017 L0.~ C G' CTVl7t~~.n UV Nt~ Att Actc . cAI

0011 "A.£V ON 
0£03 ..1KONV AVS£029 fl'll'Z A A wls

0032 AL L r. 1 A A O 1

003 AV

003C0 -/I tCkZ IIA 30 3b5n.c AwlS

aý' (.ffaoct I L&-, L ,ý0 4 L
/I2Llh , . , b t F4 .kl I.A Vý00 bCIZ .C l:C o ,ý,j , ~ l T A l ý1

I:7L?,.hA
/D!Cr e 71,1 e fM .L~tL.1,,S LLAIi

43yl



I`Ck1880 IV ,. L..Y£L 1.b Al DAT! - 70197 1 1/08/lb PAUL 0002

c08.4db A!.-A. M 1AP SIlL JIV
SYMBOL LUCATIU)6 Sil08L LI).AT1vb SOabOL Local108 bIOLOL LUXATIOII bl8000 L0C0108 ii

TP0 1310T 0oo 10 Su 5 18 1 20

Ao28 COME so 0 08 LUA id L1 40 ILO 48d

D01 50 M I so 112 5d s - 60 085? b 08113 10

DU8 18 7 81 D. 10! 880 at OLK C8 A)8 DO

1)8 v' .01 DUB E( 0 108 is is 0 Z 5O 108
078 Ito £08? IFv tL00 200 18.08 20, H8"D1I 21 0
&Air 218 IDAY 220 SD80 Z24 S218 22 908A23

a L0U ~ 7 " SUE .40, 0100 2Cb FLAT 200 ?LO4 21T
kka Q 20 2oo j 0t 2?c 2?Ae 3 21.

1, 300 L C. . 5 30b 304, 11 OP J10

!7011 J1 T 31o 7000 320j A 32 To 3 ,

0) '012U L..,AZIO .0160. L...01.. I.1UL81)! lu. 00bl08 m8.L L"JAT0
0

0 SYM.GL -L4ATIOI.

I LLL. , 101 IT.(, 8fl 188 15 13

1301 3 . I.. I 1. 60 20

zA 08!. 68 1.0 7

L XM 11! R.kc 1.).

AAJ. 11 bT01,,8 0b i4..0 l Sl.. 50bUL 000.ATIO6 s I c.J1. !.",AIlo)3 :,.AL.1 1.....408

o02 98 SLO.T 9L

*01 1102 .. , hkk8L 0011. ILI L1.C.L.311

OfT111lU 1001.- .kb.,1,.ill, *0F00A t.,. S)

:.,TA.I :; VtL -A! 0 S!.rals'lls 'OtfI
ll": CIIIGS ýIILI

ltI:



COMPILER OPT104S NM- AM~.DASr4.,UPT.0Z,LlhBChTt.t..SIl6.OOOO6.
SOURCE;,66C01C,NLJL1ST.NiJDECKLOA0,MAP.NL,6OIT,1.roNUX6U

I SN 0002 SUBROUITINE ARCS IAR ,I AkCS
ISM 0003 DOUUBLE PRECISIONt AR6,1 AKCS
ISM 0004. X.. SO 0 ABcs

ISM 0005 ,0 I !CI.61S AkCS
I SN 0006 1 1.1.1 AR G-Dsfi(AI)IDCOSIXJ A.(CS

I SM 000 7 APG-XO.5729S77951310.2 ABCS
is 00 RC IA ABC(S

ist 0009 DB13 ARCS



/ AOCS Sit$1 OF PROGRAM 000166 nLXAAVCIMAL RAKIES PAGE 002 4
ý4AMFJ STAG TYPE AGO. NAME TAG TYPE, ADOU. NAME TAG OPE AUD. hNAMEF TAT. TYPE AGO.

.$ 4 It a 0300;8 ST. A * OORO... ARS SF ated wIj3A ARCS k-4 TOO0;C

0(05 YE R t 000000 D 'IN IF R t-b GOOTOC 1 64



LAdEL A00k LAhEL LOUR LABEL A(J5P LA~.kL ALb 'AA J

I 00000C

*LPTI04S IN EFFFCT: riAMF-.,MAIN.OPT.)2:LINELL.T.5d.SIiL.CUUOK.IOTIN IN" k;EFECT* S3UAC P .CDIC JLI 5 NLENC ,L4 AOMAP.NJ)EOI,IO.NUAPE'

*STATISTICS* SOUPCE STAIKMEMS 8 PA PJL'AM SIZE 350

It. STATISTICS* h9 OIAGNOSTICS CGENERATED

~~~ C **** EDJ CMILATION 65*~ AK bYTtS CF LtME %AI SED



LEVE 181SP 91016 OTRNHDT 0161.35

COMPLEROPTINS AME-MAI.OPT02,I'4E~f-8.$IE-OOOK

COMPILER O TONSL PRNAECI IO TAIN.OPTE.02LIVCG.EXQ .SIE.XOS .OO KTYP

I1Sh 0004 DOUBLOTIE TPPECIINOETOTit.IEAETNDOH~~~os TYPE .
CS 01 OBEPEIINTP.TADU.M.MMN.KRCA TYPE

1Sh 0003 DOUBLE PRECISION TAZAEROFU.CVCO.EPR,OKMOkE.BSC Z TYPE
I SN 0 00? DOUBLE PIRECISION DON.EF.ThI.TNR.PVE.ATE.ELN.EDH&0.I4UNO.C4B .SP TYPE
Is N 0008 O~UBLE PRECISION OTOPI.OTRDT.MT1,TM4ON.TMST.COECMTR.CE XMG TYPE
ISM 0006 DOUBLE PRECISION LERO.POUR.TNY.LZIT.CZM3.REI-C U4' TYPE

I SN 0010 DOUBL.E PRECISION DL AT. OLON. SMBE. SEL V.FL AT. FLONFF RQ. RSQEN TYPE
IS" 0011 DOUBLE PRECISION T.TEMP.A TYPE

C TYPE
IST 0012 DOUBLE PRECISION EODT.AIA2.A3.A4,AS TYPE
1SN 0013 DOUBLE PRECISION rEMPE.TEMP2.TEMP3.SZLAT TYPE I
I SN 00 14 DOUBLE PRECISION V,V.OLATSCLONSC4PO TYPE
1SN 0015 DOUBLE PRECISION TEMP4,TEMP5 TYPE

C TYPE
C TYPE
C ---DIMENSION TYPE

ISN 0018 DIMENSION A(3.41 TYP'E
I SN 0017 DI1MENS ION 0DP 4 8 1REF(BI.XS19),VS191.1.'I111.OLATI 9).LON191 TYPE

C TYPE
C --- COMMON TYPE

.SN 0 01 9 CO "MON OUMI.OUM2.SI.OFST.OUM3,OUNT4.OURS.OOP TYPE
*IST 0 020 CON"MON REF TYPE

Is N 0 021 COMMON XSTS.ZS.DTt..ELAT,EttdNGEOH.HEAO.RtATE.IOAYMUAY.STIN TYPE
I 'T 00 COMMON DLAT.DLLIT.SMXE.SELV,FLA1.FLUNFFRQRSQVN TYPE '
1SSN 000223 COMMON I:J6.K.L.M.N.DODP,ITER TYPE
is IT 024 COMMON T TMP.A TYPE

C TYPE

I Sh 0025 CO~MMON ICOMC/NUI.L.IONE.ITMO.IFOR,115.130,1365,1M.KM,KF TYPE
1Sv 3026 COMMOIN /COMCITAW.WAVE ,CVCG, EFE"r-.UM6,E,-'3SQ. 0SQ.ZERO TYPE

1ST 0027 COMMON /COMC/ONE.T40.THEE.FOUR.PIVE.ATE.TEN.060,HUNO TYPE
I sh OOZE8 CURPON ICONCIC48O.57P5.TOPI.DTRAOTOM TYPE 1
ITT 0029 COMMO~N /COMC/TNITM4.TMS.TM?.TMB.CMTRCKRM.C2K.C2M.REFC TYPE

C TYPE
I S% 0030 EQUIVAL.ENCE IA(IS13.EDOT I TYPE
.S 0031 E~juISILFNCE IA11,31.TEMPI).IAIO.4).TlEMP2I TYPE
ISN 3003.' EQUIVALENCE 4AiZ,!I,TEMP3I,fAIZ.2).S2LATI TYPE
IS%. 0033 EQUIVALENCE MA2.3),V 1.iA2z.4I.b I TYPE
IST 0034 EQUIVALENCE IAI3.I,.DLATSI..A13.2).OLONS? TYPE '

* st. 0015 EQUIV ALENCE (A(3.3J,TEMP4.I.AI3.4),TEMPSJ TYPE
C TYPE

I SN 0036 1.0 TYPE
1SN 003?7 19 TEMP4.I(FFRO-EFRQ),0601.IRJTO TYPE

I SN 0038 TEMP5-EFEO/2.4L1.4 TYPE
154b 0039 .RITEIS.Il0I TEMP4.TEMP5 TYPE 1
I.NT 0040 110 FORMATII'7.1.F951j TYPE
IS;- 00341 TEMP-SMxE TYPE
IS r 0047 CALL ARCS(TEMPJ TYPE
IS% 00 WRITECS.1111 TEMP TYPE
IS% -0044 111 FORMATIFS.11 TYPE

PAGE 002

IS% 0045 TEMP-ISTIM*FOUAI*CMTR TYPE
1ST 0046 CALL UCON TYPE
1S% 004? WRITECO,11Z) L,K TYPE

ISM 00 'S 112 FoBtMATII2"11..ZI TYPE I
I s" 00,49 WR ITEIE .I1)NP TYPE
ISM 0050 113 FORMATC 121 TYPE
1SN 0051 wt ITEca.i13l ITER TYPE

I Sh 0052 190 TEMft((FLAT-QLATI/OfRA).060 TYPE

.ST 0053 TEMPOII1IFL.CT-ELON)*ODCOSEPLATII/O)TRAI.060 TYPE1 ST C054 TEMP3PFLAT/OTRA TYPE 1
1 ST 0095 .J-TEMP3 TYPE
ISk 0096 TEMP3=DAESIITEMP3-DOLEIFLOATIJII3.0601 TYPE
1sT 0057 TEMP4-FLON/DTNtA TYPE
ITTN 0056 K.TEMP4 TYPE
ISN 0059 TEMP4.OA3SIITOzMP4-O3LE(FLOATIA))l*0601 TYPE
ISk 0060 XBTE 18.11041 J.TEMP3.TEMP.KTEMP4.TE4PO TYPE
"NT 0061 114 FCRICAT 114.F7.4.F8.4,I4,f?.4,F8.4J TYPE
I1, 0062 .IF II 103,10.102O TYPE
is " 0063 102 OT!.. c73 378 O-Oz TYPE
IS% 0064 At -0.931370620-0 TYPE
IS f 0069 AZ.0.21343908B01D TYPE
ITTn 0066 A3:0.135,824890-01 TYPE.
Is.% 0067 A4 0: is qM67r,-oz TYPE
iTs 3066ll A5.-0.34166622v-0 TYPE
IS, 0069ý TEM ;OS I TiELATJ TYPE
Is% C^070 If M PI-.USOIFLAT, TYPE A
Is%. 0071 TEMP2.',SII;:LGJ TYPE
IST 0072 TE"P3-C COSIFLCTI TYPE
I St 0073 S LAI1.'1lP*TEIP TYPE
isTN 0074 11:0%1*- (JT~lGNE-ThME*S2LAT/TV0) TYPE
1S., COT .. 0% -~E .),t*SZLAT/TNg0) TYPE
1Sh 0175 0107$' 1I-IfTEP3 A2 TfMP2I.TEqfP#A3.I6MPIJ*v TYPE

I *164*S2LAT.AS*TEMP TER I TYPE

I S'. 0077 L~' T EI6PP2-A. TE MP3 :./TEMPI TYPE4
ISt. 0071 C~l e.4. '491366016-O6 TYPE

ITT 0074FLAT:FLAT.C4PR.tOLAtS TP
IS%. 001 a.- TYPE

IS% o0ez an T. IT I YPE
Ill- 1O.) 103 IETIYT TYPE

IS M, S TYPE



_-II
I tYPE / SIlE OF PRU(.RA4 UU0550 HEXADECIMAL bYtE(S PAGE 003

iA*€ TAG IYP8 ACO. NAME TAG TYPE ALO. NAME TAG TYPE A10. NAME TAG TyEPE AOL.
A C .'8 000328 C "*8 N.R. 1 S C 1. 4 U002F a SFA C 1.4 0O02FC

SFA C 3 00 O0 C F C I* %a U030 M F C I*4 00030b N C 1.e NR..
RC FC 0.8. V SF CE *8 200036) a SF CL k*u 000371 A0 C R8O N.R.

A1 SF 8* 000120 A2 SF 8*8 000128 A3 SF 8*8 (00130 A4 SF 8e0 000138
AS SF R88 001340 CI C 8*8 .0.. 1" C 1:4 NE. IF L 1*4. °.o
K C 1* 0.8. SI C ke8 0.8 . TP C .*8 INF IN C 8* t N.
YS C 880 .8. Y$ C i*8 .. os C A8 hN.E ATE C :8* N.E.

C?K C .C "* N.E. "UP C "*8 N.E. 008 C 8*8 N.E.460 FA C (*8 0000A0 I1s C 1-4 .8R. 130 C 1*4 NoR. UNE F C ". a 00068fF C V.8 N.P. RSO C 8*8 4.1. TAW C 6*8 P.8 . TEN C k8* A.dRf.* C ROO N.R. TM4 C k* N.K. TMA C k6* 0R. TMA C R.* N Ro

Tme C 1.8 . .F1 T080 F C P*8 00 070 ARCS SF XF R-4 0000', CKPM C 8*6 0.R.
C-TR F C R*8 000100 COEU C 8*8 N.8. COME C ROO ,.R. L'CG C R*a NER.
CGP8 SF 8 000148 C4EO C 8*8 D.. CLA! C 11* R.8. OLUN C R8* N.'eI TUM C R8* N..R DIRA F C 8*8 E0 OUM C 6*d N2R. IYJ C 8.8 N.E.IUM3 C P*8 DOM. .4 C R8* NRoE OOMS C K* .0 E8D. 0 SF C I 8 000328
* k6 F C 8*8 000043 ELAT F C R88 OU0OFS ELL" F C 6** OU02CO FFA0 F C A:8 000E20

0 FiVE C 8*8 f.R. FLAT SFA C RO8 8002u0 FLOaT SFA C 8*8 U00208 FOUR F C P88 000080
GEUH C 8*8 0.R8 HEAD C K*8 N.b. HN0D r C 6*8 (0000A6 IAt C 1*4 N. R.
IFZ-R C 7*4 N.E. IONE C 1*4 N.E. I0FF F C 1*4 080314 11Ta C 1 u. A°.
3(5 C 1*4 R.. MUAY C 1*4 n.4. NOOP F C NU4 L00310 00LL C 1*4 N.R.

CFST C 8* N.8° EUG[ C 8 UN.. RATE C N*8 N.E. 8EFO C a*8 ?.-.
SE V C 8*8 NP. SAXE F C 8*8 OEE2CO sU08 C R*8 hN. RE IqE C 8E8 ND.E
STLM F C O N O00028 STPS C A8* N.E. TEMP SFA C k:48 000320 THE F C R*8 00078XLMG c R.8 A.• XNUT c R-8 I.R° OS• .8 R•.° I I A C qe . a M.oTOPI C. •0* N.E. TYPE 8*4 J00IIC U00N SF OF 6*4 000000 iEVE C 8*8 N.E.

xOG 8* NEsEU C R* N;50 SOTS C E* N.E .E C 0 0348NElOSo C 8 N.P. ULATS SF CE 8*8 OU0338 OLaNS SF CE k8* 000350 521A1 SF CE 6*8 000348
""EPI SF CE R88 000358 TEMP2 SF CE R:8 000370 T TEAP SFA CE k6* 000330 TEMP4 SFA CE 6*8 000368
TEMPS SF CE R88 000380 USIN AF R* 00U0000 oCuS XF 8*8 000000 1|CUMI F XF R8E 000000

*.... COMMON IhFURMATION 0....

-NAME OF COMMON BLOCK * * SIZE JF BLOCK 000388 HEXAOFCCMAL BYTES

VAR. NAME TYPE RFL. ADDR. VAR. NAME TYPE REL. 8A0R. VAR. NAME TYPE REL. AUOK. VAR. NAME TYPE REL. AD.80
OP 8*8 N.E. ANOT 8R8 N.R. SONE R88 LTk:E 5OD R8*8 N4.E

8 *s8 N.E. AU 8*8 N.R. COME R8* 0.8. COmo k8 N.E.
CI RE8 6.8. XLMG 8*8 a N.. DUMO R.$ N.E. 0U02 R88 N.Et
S1 8*8 N.E. OFSI R8B N.E. OUM3 A-8 N.R. OU.4 ROO N.R.

3U005 RE8 N.R. OFP ROO N.R. REF R8e fl.8. xS R8* N. F.
YS 8*6 N.R. ZS R*8 N.E. DTK R*8 N.M. ELAT EYE O0OIFE

ELON R88 000200 GUEH RE8 N.R. HEAD R8 N.A. 8AT8E RO8 N.E.
IDA0 1*4 N.E. M0A. 134 N.E. 511:) R8* 000228 OLAT 8*8 N.E.
OLON R8* N.E. SElF R88 0002C0 SELV R8* N.E. FLAT ;8* 000200
FLON RE8 000208 FFRQ R8* O002EO SO R 88 N.N. VN 8*8 N.E.

I 1*4 0002F8 J 1*4 3002FC 8 1-4 000300 L i*4 000308
AM 14 000308 I 1*4 N.R. NOOP 1-4 00U310 ITER 1-4 000314
1 k*8 N.RE. iEMP R8 000320 A R88 000328

EOU1VALENCED V ABLES WITHIN THIS COMMON 60
-'n;IASP r;F5tT vARIAOLE JfFSET ývAU..LE OFFSET vARIA6LE OFFSET

FOOT 000328 TEMPI 000350 TEMP2 000370 TEMP3 000330

PAGE 004

S2LAT 000348 V 000360 A 000370 ULATS G00338
DOONS 000350 TEMP4 00D038 TENPS 000380

NAME OF COMMON BLOCK 0 COMNC SIZE OF BLOCK 000128 HEXADECIMAT BYTES

VAR. NAME TYPE PEL. ADOR. VAR. NAME TYPE AEL. A0DR. VAR. NAME TYPE REL. AOUR. VAR. NAME TYPE REL. AOUR.
NULL 3*4 N.E. lUNE j4 N.E. 1Tm0 134 N.E.IFOJR I34 NM.R
31i 1 4 N.E. 130 l4 N.R. 1385 1*0 N.E. 3M 3*4 N.E.

1,4M 1 N.E. KF 1:4 NA. TAN 8*8 NWE. WAVE 6:$ N.E.
CvCG R*8 N.E. EPRO 8*8 000040 OM4F 8*8 N.G. *0G0 R8* N.E-
ZOSa R.8 N.R. ZERO 138 NA.. ONE @8 000068 T78O E- 000a10
THRE R88 000078 FOUR 8 000080 FI0F *E 8 N.R. ATE 8A , ..8

TEN 8*8 N.E. O00 8*8 000080 MNO R. AOOOAB C480 8*8 N.E.

STPS R8* N.E. TOP) R* N.er. OTRA R88 OUOC8 OT0 k68 N.E.TM) P*0 N.E. T4 8*8 N.E. TMO Ri8 N.E. 08.7 8*8 N.E.°ILTEE 8*8 N.e. CETR 8*8 000800 08K8. 8*8 N.R. C2K 8*8 N.E.

C?" 8*8 N.E. PEF N R*8 N0..

2- 
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LAifL hook LIA(L Ar.fR L L L~btL £0011 PAE 0cSto 000180 Na 190 DiozeA 10Ž 000.111 103 O00052C
-CPI IC4S 1% EFffI*- NA-1, MAI.P-2L-E~l5.tEOOK

-rPT v4S IN E FEC . S.'C[ FOC IC.N LIS .013LCK LOA .IA~haDIT.o~m xRg

-STAISTCS- OURE STTEMNTS 1K
83 POGRA SIZ 136

-SAITC-% IGOTC EEAE
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I i ~ ~~LEVEL 19 1 SEPT 69 1 JS/36u FUkORAN t, DE7.961..9
CO'pIltf OPTIONS - AMC- DATE.D0.0.196/18S.SI54.59,

ISM 0002 C SUbRUUTIhfUUCON 
UCUN

C 
UCON

IN00 PBEPRECISION O8TPW1.V.X7,SOM.SFOM0 CD CO UCON158 0004 O 8 E C S o D H ~ U 2 s ~ OM E. 00 ,14 UISN 0005 Dt)Uatf PRECISION OLA IW -'1.OLD .S X FI f LA T 0 N OF u~CoISN 01 DOLIULE PRECISIOjN t.OiM,DyA, DuR UCONr5 TPPMT .C R£58 0006 DOUBLE PRECISION ZE.2 , 0ucol

258 0003 DIESo U
0
082.2EF M3.E2 2 K.DAL ,RJ 32 1.LT92,LNII U158 0004 DOUBEN PECSION CL3,4 REF.Of£ , ,).NkA.L 4G UCONCTMHAORT 

UC.JNIS 05DOMbN PEIIO.NODTK.SUMESO DOA SU CO S(MDE 40C'E MUN CII. UCOP.ISM O001 COUBLE PRECII ONOUR2 S . F Tl JJ 3 tMD UMSDO UCI58 00lo 
FSO.0043,0(04UCLA158 00) C REM ISIN DLAT.DLOS 0 ,S MELV SAEL V,N;%< F,S C ,F R UCON

151w 0010 COUBLN P EI.. .K L, q. ,N 00 15  UCOT.IS M 00 12 CDMPjR T.T MP. .D M PUCLII: 15E0 CNO

SC 0-2- D I VAEN CEIONS). )IR 0 21 1  UCON00zst 21 DIE1S(E PDRIONOpe.TMT )O19.A9O fi)DAig~ t UC(LA
C 

UCLA
C -- COMONUC1jN

152 0033N PETXLr WN
IS" 0034 ICMO fZ AON)K.LT.ThE4 

U
ISN 0036 EOMND BA.LNS)ESL.iALHA.AEIAOY 

UCONIsa 0020 COMMON ~ 1,.....DPICSIs 01CMO .TM ..U II
C Ij

ICGI i07 O MN/UC NL .ZNITO IFR 1,10 35 MKK ~ j
IS 03CM3 CM/A2AE VSf1,MEX$,OQzp CNIS 04CMO CMIN.TO HE.OR lV, E E.6.UDtuIS 05CMO CaCC6,7STPT .IMU

11 06CMO CM/",M.M~"?TSC4R.R,2,2,ECL"IV ,01



[

/ AJN I SIZE Of PKMUAAA UA.IAV 4LXAAhEECIAL AYlFS PLAS ';(,2

.,A.( TC-(, T YPE ADD. WlA IA., l AuD. NAME TAG' IYM. AhO. NA.IE IA IA.. tY.. At.
A C MOM 0.w. f C Rd N..R. I C 1-4 N.M. J C I4 ..'.

I C L 04 N. M. IS F C IE AuC 0044 M $0T ( 1 04 0 ?1 1480 N S C 1 A4 1U0 , 0 '.

Iq C MYO N.M. 0 54 CI M$o 0000( 1 SEA CL MOM ('.000 At C M$A 4+.5.

c I I C R 8$ A . (A C d* M % . M . C iE C W $M N. M. NtkN C . .$ d
I M C 1". N.4 . •* C 1.4 N.0. LM1 4 RI* NM. S I d C 3....

IU C p 8 A C MeM h°. kAI C I M N. CM 1 C A-B N.. W
COYM C MR NM. AFkLP C A.8 N.M. DAt C R. N... UL04 C F*M -..
VA)6 M A C 2 aU0" OCA 1) 114 1 c 1.4 N.M R 10 CLj4 I.F. PtONE C MOMd f.4

A1MP C .. 8 )Oovc $5R' C °4 N.. TAVE I A4 N.M. YEN4 C 0$; .. . -

IsL C MO4 N.M. IAU C R48 000o TEN C <Mi 4.6. TEA C 83 ±0A1'0
I'll C -. 8 N.M. TM) C L N.M. (FR C RM NIM. RCTE C 1$Y %.0s

C0M0 C R4 .M .% C1PE C MOM N. C C jIMA N .. 14 'JO C 248 8 ..COLa C MOM N .. Lt MoM N.a.UL TOM C MOM N.K. 01fRA f C ROb )O.i.CM
DA M C AMB N.M. 004E C ROB N.M. OUR3 C MM N. R D0M44 C k8 N.M.

SAlS C M4M N.M. 48640 C $487P.51.4 C R$8 N.M. TELO F C F$M 0N0.M.
U . L Q LR- L -1 EU N4 C R• N.R IUP C C R# d U0• :AV C ":t

TIlM C R. e 5.P. I FQ RMo NM. FIOVE C R$8 5.41. "FLA C P*4 N..°
I ON C 80B N.M. FOAM C Rod N.M. CLAN C 8 5.N.. hEAD C k4e N.M'
POW50 C M PO.. WIAAY C N.M. $FR C 1-4 NE c . P.
ItAR C 1.4 -. P. I VTAO A T 1365 C 1l-4 N. COAT C 1:4 N. R.

CP C$* N4R.R.NULL CL C N.H. GMG C M N.M.
sATE c R08 R N.M. AC C * RSE C$8 N K. SHAM C MMN.R504.0 C MOMR NMR' 4 C ' SIPS C 8 N.R. 14 pU F C ROB 0(0320
I U0I C Rod N.M. TOPI C -COEIN R*4 0000MC MAYE C ROBN .M.
ALI A C R.8 N.M. ANPY C Ft. 1050 C RB N.R. ZERO0 C MOB N.M.

S LU c R-8 %.R. GEN R NRHAD R0 °R F S h°

4...M COMMONh INFORtMATION **0J

NAP" Of COMMON BLOCK * SItE OF LOLOLK 0003DM HIETADECIMAL BYTES

VAM. NAME Il~PE M4L. ADAM. YAM. NAME4 TYPE MEL. 000$. YAM. NAME TYPE A(L. ADAM. VAM. NAME TYPE MEL. ADAM.
TP MM NPM. ADYA MA. N.E. S OME Ati N.M. SOLTD k8 N.M.

64 MO N.M. AD EM N.M CAE EOS N.M. (CR0? 6M8 N.M.
CG R*M N.P. ALME R:8 N.. AII "I Poe N.H. DOLT M M8 N.P.

lAMS R,:M N.M. OFO RS B N.M. REF R63 N4Ro V0 REB N.R.

D 6.8 N.M. ON MOM NRM DIK MS NHR. ELAT RS N.M.FLAN 8* .M EON MOM N.M. HEAD EM N.M MATE 6M N.M
10844 1:4 Nl.M. 8DM IS4 N.M. ETIy ' N.M DLA Ee Nt.M
OILON MO N.M $416 H'SR N.H SELV R Ma I.., FLAT ROB N.M.

I 1*4 N.M .1 IM:N4 M K I:4 N.:M. L 1M 000304

MO .. TEMP 648 000320 A EMS Na E DA a6 N.M

_e EOAIVALENCED VARIABLES WITHIN THIS COMMON BLOCK
VARIABLE OFFSET VARIABLE OFFSET VARIABLE OFFSET VARIABLE OFFSET

NAME OF COMMON BLOCK 4 COC4 SIZE OF BLOCK 0331Z5 HEXAOECIMAL BYTEs

VAR. NAME TYPE REL. ADDR. VAR. NAME TYPE PEL. hOOR. VAR. NAME TAPE REL. ADOR. VAP. NAME TYPE REL. ADDS.

PANE 003

NULL 1*. N.M. lONE 1*4 N.k. ITWO 1*4 N.A. IFCR 1' N.R.
IM, 104 N. 130 1i4 N.R. 1365 104 N.R. IN 1*4 N.M.

KM EMO N.M. ' 1 1*4 N.R. TAM M45 N.R. WAVE REM N.A.
CV(G !MM ,.R. EFMQ RMS N.R. uGE Roo N.R. XO0Q R*: N.ER.
ZOSO RM4 N.R ZERM M0B N.M. 04E ReM N.M. Iwo REM N.M.
TmRE MOO N.M. FOUR ES NeM. FIVE RMO N.M. ATE REb N.M.

TEN RM " N.M. 060 Rt ODOOA; HNUND MOB N.R. C(80 ROB N.M.
SOPP5 ROM N.M. TOPI Roe NRM OTRA RM0 OM00UCM DTOM RM8 N.R.

TME I e' NIE. TM4 RMo 00O00EO T85 MOM N.M. TM? MO8 OOOFOO
TMM T$M N.MR CMTR MO8 NI. CKRMN MOM N.R. C2K REM N.R.
(2R REM N.M. REFC R80 .P.R

-UFTL?±S !- FFFELTE FA.E. MAItd.OPT.02,LINECNT.58.SIZE.3OOOOK.

'OPTIONS IN EFFECT' SOURCE.tCDZtC. 4AST. OOECK.LOAD.MAP, NOED1. IQ.NUZREF F

MSTATISTICS- SOtIRCE STATEMENTS * 35 .PK•rkM SIZE - 42%,

MSTATISMICSO NO DIAGNOSTICS GENERATED

**OMMl END OF COMPILATION 'MOMOM 61K BYTES OF CORE NOT USED

'STATISTICS* -n OIAG'. ItS THIS STEP
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Ii Appendix A

ii FLOW CHARTS FOR DATA PROCESSING PROGRAM AND
FORTRAN NAVIGATION PROGRAM

Flow charts for the data processing program de-I scribed in Section 6 are shown in Figs. A-1 through A-18.
S1 Flow charts for the navigation program described in Sec-

"tion 8 are shown in Figs. A-19 through A-25.
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'1

RFI RF2
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"TEST F3R INVALID CHAR. BCXS

STORE .1 STORE 2ND
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TRANSFER
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IF 3RD
THEN PRINT:"REF 

COUNT DIkN

21
Fig. A-4 SUBROUTINES RFI AND RF2
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CORE CORE
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3____ INI
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WORD COUNTER WORD

Fig. A-5 SUBROUTINES MGI AND MG2
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SET INDEX
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NEXT TRANSFER

, I

SET INTR

A SWITCH

RETUR
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i Iiacxs 
LJPTB

y INCR
> XS 3 (9)MSG

COUNT

N

I I UPDATEj J ~ STORAGE
N DATA IS IN ADDRESSES

"A<" REG. A

XS 3 10)

K: REESE D
I ýRNSET ALL

COUNTERS TO
ZERO AND

INCR. CLOC

Q N

Fig. A-7 SUBROUTINES BCXS, UPTB, AND RESE
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- TES2

_N 2Z' MI

24MI

- I'-

IS

V VALALool

-IL

4'4 NE Fig.A-B SBUN FOR ADAD

'• ~ ~~~~UPDATE •MJRT •VT

S•?CLOC M J RT

S~Fig. A-8 SUBROUTINES TES2 AND VALD
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SE T BM R

TI

Y 
MSI

I

(2 2

;II

JEERO ERK =ERR R BIT ND

ETWE 
VDL MAJVOTEDWORD T

ND NEWDATA
N• ~ VD= VDeND'ER-EJVD I

Ii

Fig. A-9 SU•HO.UTINES INJT AND VALI I
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SREINCR

9HNCR COUNTER

NO 1

" I

I

INP
i ANDRSTORE

N ALL

t ~~WORDS u~

DONE<>,

y y

IRETURN INCR MA'N
CLOC

Fig. A-10 SUBROUTINES REA nAND INCR
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=PTAP PRNT1

O 

STORE IN 

iH

TYPE OUT INTERRUPT LOC

DATA ENABLE
PR T j INTERRUPTS

PUNCH RTR

+ ) I
TESTI

REURN I:ý
DETERMINE

IF INTR
DRIVER IS

BUSY WIIIO
OPERATIOfN

RETURN

Fig. A.-! I SUB RUTANES PF,, PRNT, AND TEST
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I.PROC4

AKE 8CDXS3 READ iN
9 ASCIICASCI= 
CHARASII

PACK 2 ASC CHAR PACK TO 3

TO A WORD AND .BCDXS3 CHAR

STORE FOR PRINT TO A WORD

RETURN PUT IN A
FINAL STORAGE

I

RETURN

Fig. A-13 SUBROUTINES PROC AND iNPU
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I'

VFMTT NI
: INITIALIZE LSILLEGAL

"-. FORMAT ONI.Y IFORMAT ALL 
W/

~.1

FORMAT

" N

TDONE~ 

FRA

I FORMAT

SYNC TIME

I RETURN RETUR

J Fig. A-14 SUBROUTINES FMTT AND /PMC
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VIL
PPOSI 

D

iI
V ENTER 

ENTERTIME ANT IN FINAL STORAGE
HT. THE FORMATS ARE:,

TIME = MINUTES I
LAT =MINUTES -1O 4

FORAT DRMT - ANT =METERS3
FORMAT AT - -SPEED z KNOTS * 10' o[ 

COURSE =MINUTES

ALERTS = DAYS INTEGER

ALL OTHERS ARE IN DOUBLE PRE-
ENTER ENTER CISION FLOATING POINT

L A T . M O T .____ 
_I

FORMAT 
FORMAT

ENTER ENTER
LON ALERTT

DAYS Ii
FORMAT FORMAT

D CRETURN D

Fig. A-15 SUBROI'TINE POSI
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SUBROUTINE RCVD RCVD

SAVEI

REGISTEis

mEA 15EAIWOrDSTORE ID, READ

DATA, THEN EXIT DATA

R-STORE

.IEGISTERS3

Fig. A-17 SUBROUTINE RCVDi
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I

TTYT

SAVE

REG"IS'TERS

I

OUPU IOUTPUT 2 ACIII
-- ODATA . CHAR TO A WORD

II RESTOREREGISTERS)

I EXIT
I

Fig. A-18 SUBROUTINE TTYT
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IC,.SD==DN(I+L)/ I

l I !

CONVERT CM,,-c- I

CONSTANT :N MtýO
UNITS 

ANDSCLNG AYE

CHECKAND ICMSD=CMSD-5

REFRACTION i
CORRECT. THETI

DOPPLER DATA.
SET TO ZERO,

IN VALID NO
DOPPLER DATA CLSD=-CLSD CS>

CONVERT RATE AND5

HEADING TO YEi

LOfGITUDES CMSD+, 7

(CONVERT VARIABLE YES I
PARAMETERS

A (E () AND E M O~ 
IP=Ii-PROPER UNITS

AND SCALING
CP(IP)=- - CMSD

USING INPUT ESTIMATED +10OCLSID

TIME AND VARIABLE CPT(IP)-L
1FARAMET ER AtAT

BEGINNING OF FIRST
DOPPLER INTERVAL

RESOLVE TRUE LOCK TIME L=L+2

IP'-O I
1.1 .i

Fig. LOCK SUBRUTIN K-1
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C z
COMPUTE USING ELAPSED TIME

ELAPSED TIME AND CORRECTION3
BETWEEN UPDATE THE
TIME OF ORBIT DEFINING I

PERIGEE AND FIXED PARAMETERS I
LOCK TIME

PICK UP THE COMPUTE THE
CURRENT VALUE OF CURRENT

ECCENTRIC ANOMALY, 1 SATELLITE X Y,S Z
SEMIMAJOR AXIS, COORDINATES FOR

CORRECTIONS. CURRENT
AND CPO.S INTERVAL

PLANE ELEMENT

t C SXYZ SAVE THE
TO COMPUTE RESULTS IN

SATELLITE SATELLITE
COORDINATES COORDINATES
FOR CURRENT TABLEINTERVAL. AL

INCREMENT -
ELAPSED TIME EXIT

BY 2 MINUTES

N AL

Fig. A-20 SUBROUTINES SATC AND SXYZ 1
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S OLVE MAAR

PIVOTALELIMINATION

SET TE LOO METHOD.N TGEREULSA

COMPUTE CHANGESNGE S TWOTA ELIUATIONS

DOPPLERTEVAL 
NNEVL aNTEREA

SLANT RANGES AND WITH TWO UNKNOWNS

CALL~~~ITE VATTOITRVLLVTH

COMPUTE SLANT RANGE
AND PARTIAL 2 X 2 MATRIX

DERIVATRVES OR LATITUDE
OF SLANT AND LONGITUDE

IiRANGE WITH CORREC'i IONS

RESPECT TO USING CRAMER'S

CM TITUDE AND RULE

D1IFFWAEREN GTE] FO OPT HNE EHDH RESULTAN

SIRST ELEMENT CPTDFEN"ATO

DIN THEORETICAL CH T E COWN

TWO WA*EGH! UPDATE THE

SLANTI RAESESLTN

SSTORE TELAST THE CORRECTIONS
PCOMPUTED VALUES RFOR LATITUDE

OF SLANT RANGE MATRIX BY LONGITUDE,
AND PARTIALS MULTIPLYING THE AND FREQUENCY11INTO THE C -•C ARRAY. cT.C:
ARRAY WHICH BY ITS TRANSPOSE.

REPRESENTS THE RESULT IS
ONE ROW OF ADDED AS A PARTIAL

THECMATRIX CND LONEGEN

CORRESPONDING CRERIA

AMATRIXME?

RANGE WIEXIT

RESPECT TO DOPPELERENTUIGCAE'
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S-LVern S"rn U#f1 & wLANO 
N

COMPUTE X. Y, z EI
COORDINATES' IS~OF NAVIGATOR

INERAL .XIT

COMPUTE PARTIALS < I
OF X. Y. Z WITH

RESPECT TO N
LATITUDE AND

LONGITUDE

I GET SINE OF

ELEVATION ANGLE
FOR BEGINNING

USING X, Y. Z DOPPLER
OF TAE INTERVAL

SATELLITE
AND NAVIGATOR

SLANT RANGE
FOR THIS 1

INTERVAL CALL SLNT TO

GET SINE OF

__ ELEVATION ANGLE
FOR END

Cýý4PUTE THE DOPPLER
PARTIALS OF INTERVAL

SLANT RANGE I
WITH RESPECT

TO LATITUDE
AND LONGITUDE

ELIMINATE
-I L DOPPLER INTERVAL

WITH SMALLER

SINE AND IS ICOMPU i'E SINE LESS THAN

OF THE ELEVATION SINE (7.5)
ANGLE OF

SATELLITE

AND SAVE MAXIMUM

REMAIN INGi N

EXIT I
Fig. A-22 SUBROUTINES SLANT AND EDIT

-196



ThE J04t9 HOP•UN U•VERS!YY

APPLIED PHYSICS LABORATORY

COMPUTE DIFFERENCE CALL UCON TO
BETWEEN FIX FREQUENCY CONVERT TO OUTPUT UNITS

AND ESTIMATED FREQUENCY

"STORE RESULTS IN STORE RESULT IN

OUTPUT ARRAY

CALL ARCS TO1
"CONVERT SINE OF j STORE NUMBER OF DOPPLERS

"TMAXIMUM ELEVATION AND ITERATION COUNT IN

TO DEGREES OUTPuT ARRAY

.RYTEISTORE RESULTS IN COMPUTE DIFFERENCE
OUTPUT ARRAY BETWEEN FIX POSITION

AND ESTIMATED POSITION

AND CONVERT TO OUTPUT"I: UNITS

ADD FOUR MINUTESI

TO SYNC TIME TO

FORM YNC TME ISTORE RESULT IN OUTPUT

SARRAY

MULTIPLY BY CONVERSION|
"• ~CONSTANT TO USE UCON TO.! ~CONVERT FIX TIME TO

HOURS AND MINUTES PRINT OUTPUT ARRAY

-'Ii I___
Fig. A-23 SUBROUTINE TYPE
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A

,~I•

ARCS UCON

CONVERT INPUT

TO DEGREES
AND SAVE

INTEGER PART
CO1PUTE AN II

APPROXIMATION

TO THE RADIAN
VALUE OF THE

ARC SINE 5
CONVERT RESULT

TO MINUTES
AND SAVE

INTEGER PART

CONVERT
THE RESULT
TO DEGREES 1

CONVERT FRACTIONAL
- ., PART OF MINUTES

TO AN INTEGER

AND SAVE

EXIT (3XD*I

Fig. A-24 SUBROUTINE ARCS AND UCON 5
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~I~ISWIM* S "4G IARVLAftb

I DECREMENTE ZZ ELAPSED TIME
BY TEN

MINUTES

OUTPUT I-

TITLE

INCREMENT
ELAPSED TIME

BY TWO
MINUTES

CALL
AVIS

N

ADJUST DAY

NUMBER FOR

CHANGEOF N SINE (EL)
YEAR >0

ISET)-LAPSED1
L A TIME TO (eG',d

"t A LERT
•:•C3•PTATI;:NS COMPUTE CALL

t.RISE TIME SXYZ

""P ADVANCE TIME
~ TIME BY BYC2MINALL

TEN MINUt ES STEPS TO FIND II SLNT
MAXIMUM

ELEVATICIA"ANGLE

"AANLEOUTPUT
RESULTS

I N SINE (FU Y

>o

I Fig. A-25 SUBROUTINf:$ALRTANDAVIS
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I APPENDIX B

I FIXED POINT SCALING

The AN/SRN-9 navigation solution equations and the
suggested fixed point scaling to be used in the solution are
presented in this Appendix. It is assumed that a computer
with at least 30-bit word length is available (i. e., sign and
29 bits) and that the error of arithmetic routines is in the
29th bit.

SCALING NOTATION

The register containing the word of interest Is con-

sidered to have the most significant bit at the left and the
least significant bit to the right. The Gecimal point :.s nor-
mally considered to be at the far left, between the sign bit

and most significant data bit. This situation is represented
by sO. The letter s is used to indicate a scaling number.
If the decimal place is considered to be to the right n
places, the scaling is indicated by sn. If the decimal point
is considered to be to the left n places, the scaling is in-
dicated by s-n. To scale the number 9 (for example)
optimally it should be scaled s4.

910 = 1001 binary

K represented in a 30-bit word as

"" bit posit'ion 30 29 28 27 26 25 .......
S. 1001. 0
sO si PRECEDING PAGE PM

* - 201-
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The number 0. 25 would be scaled s-1 optimally.

0.25 = 0.01 binary

sO s-1 s

In the navigation equations the scaling is written
above the variable of concern. Sometimes a shift of the
decimal point of the result of a computation is needed to
match that of another computation. This is indicated by
giving the scaling of the result o. the operation with an
arrow to the desired scaling.

Example:

x = a + by I
suppose a is scaled s3

b is scaled s2 I
y is scaled s4

and it is desired to have x scaled s2. This would

be indicated by:

s3 s2 s4

x = a + by s3--4 s2 j
s6--4 s3

In multiplicatiot., scaling numbers add. In divi-
sion, scaling numbers are formed by subtracting the de-
nominator scaling from the numerator scaling. In division, I
it is necessary to adjust tae scaling before dividing so that
the result of the division will have the proper scaling to
insure ino overflow {i. e., the answer will fit into the re- T
sulting scaling).

-202-

mltm m m ma wm • maw~ ow m~a i



APPLIED PHYSICS LABORATORY
I $8i-VEMI SM"eG "AAD•

I INPUTS AND UNITS

The inputs to the navigation computation and the units
I in which they are expressed are listed below.

5 Symbol Units Scaling

t minutes s11
p5 n radians/minute s-3

W radians s4
0

radians/minute s-11

C dimensionless s-3

* A meters s24
0

radians s4
* 0

Q radians/minute s-7

Ci dimensionless s-5

A radians s4
G

Si dimensionless si

AE k radians s-2

1AAk meters s24

7?k meters s9

to minutes s4

T minutes s11c
SNk cycles s23

Rk cycles s12

Je radians s4
radians s4

Xi radians s4

9 radians s4

If cyries/minute s21

f dimensionless s6

-203 --
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SILvrM Sn -#G MAUtLA•O

Symbol Units Scaling

6 dimensionless sO Ii
R meters s23

0

h meters s23 I
radians/minute s-7L meters/cycle sO 3

0

v knots s9

I'd radians s4

SCALING FOR NAVIGATION FIX SOLUTION AND ALERTS

STEP A - Correct 400-MHz doppler counts for effect of
ionospheric refraction.

If Nk 2 x 106 N = 0, otherwise continue. 1
400 k

(A. 1)

3If R = 2 x 103" Nk = 0, otherwise continue. (A. 2)80 I
s23 s12 s12

Nk N + •- (2000 - Rk) s23 cycles. (A.3)
k k40 55 k

s12-s23

I.
STEP B - Compute navigator's relative motion in latitude

and longitude. I

6 = f (2-f) sO. (B.1) I

I
- 204 - 1
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II

s4 s9 sl r S-13 11
= (k-I) v ,.•fed 44 -_- I J 8 2 s2 rAdians.1 (B. 2)

k cose [i443. 934 60] [els
CSi [O 083 2[ S ~2e radians.- (B. 23)sl s - s2

AO 0 +6 (1-5v cosd 3443.934 60 +6 (1-0.56radians (B.3)

STEP C - Compute first fiducial time.

sll

2K' = [c] means integer part of slO minutes. (C. 1)

s9-g slO

s2 slOS 2 K' s12-sll sll M. !S. (C.2)

c 0s6 minutes. (C. 3)

s5

sll s5 s6
J= I -30 T' sl1 minutes. (C.4)

1l s6 -. sll
s2 s4 sll

0t - sliminutes. (C.5)

sit sll a sll
T = I + H 30 [-iH- sil minutes. (C.6)

J 
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STEP D - De,',:de out-of-plane orbit rr-:'ections and
interpolate for missing corrections.

sll

N =TO - [ means integer part of (D. 1)

s3 sll minu.tes.

Eqs. (D.3)th.-ough(D.5) snall be executed for I

S2, 4, 6, ---. i.N Oorfork= 1, 3, 5, --- ifN 0.

(D. 2)

If V'k -5 "-,0 then (D.3) J
CP(W) = 10! k - 5) + 10 7 k-.- s9,I

and CPT (1) = k. s5

If 1 k - 5 < 0 and (D.4)

$lk ý 0 then "

CP() = 100 (17k - 5) -10 7 k+l s9

and CPT WE =k s5

If rk - 5 < 0 and (D.5)

7. 1, = 0 then j
CP (1) = .-10 ?1k+1 s9

and CI' T (1) = k s5
where I = 1, 2, 3, - OP.
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- If OP s 2 then (D. 6)

ik7 0 fork = 1, 2, 3,---, KM.

i If OP = 3, execute Eq. (D. 7-a) fork = 1, 2, 3, --- , KM.

If OP = 4 and N = 0 execute Eq. (D. 7-a) for

k = 1, 2, 3 and Eq. (D. 7-b) fork = 4, 5,6,---, KM.

IfOP = 4 and N # 0 execute Eq. (D. 7(a) for

I k = I, 2 and Eq. (D. 7-b) for k = 3. 4, 5, --- , KM. (D.7)

If OP = 5 and N = 0 execute Eq. (D. 7-a) for

Sk= I, 2, 3, Eq. (D. 7-b) for k = 4, 5, and

Eq. (D. 7-c) for k = 6, 7, 8, --- , KM.

If OP = 5 and N/ 0 execute Eq. (D. 7-a) for k =ii 1, 2, 3. Eq. (D. 7-b) for k = 4, and Eq. (D. 7-c) for

k = 5, 6, 7, ---- , KM.

r s5 s5 s5 s5 -I s9
Co-r) - cPT(2) (k+1) - CPT(3) C-(1) s12 -s9 s9

k CPT(I) CPT(2) CPT(1) - CM
Ls5 s5 s5

sl0 -s7

s5 s5 s5 s5 3 s9

+ (k+l) CPT(l)CP(2) s12 - s9 s9 (D. 7-a)
cPT'(2) - CPT(1) CPT(2) - CPT(3)-

L s5 s5 s5 s5 J
sO -s7

s55 s5 s5 1 S9
(k+l) CPT(I) (k+l1) - CPT(2) CP(3) sl2-s9 s9.

-CPT(1 CPT(3) | PT(2 )s

s5 s5 s5 s5
seOs7

I
I

j - 207 -
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rs5 s5 s5 s5 s99
7) (k+l) - CP'r(3) (k+l) - CP"'.(4) CP'2) sl2-s9 s9k [CPT(2) - CPT(2- CPT(2) - UPTO()~

a5s 5 s 5 s5
s10 s7

~s5 ss S5 $5 'I S9
(k~) -CT-l'(.I (kl) CF4 c P0(1) s]2-s9 s9CPk+I) - CPT(2) (k-i-i) -CT (D. 7-b)~CPT() ('P(2) CT(3)- CPT(4)-j

S5 s5 s5 s5 )
slO-s7

s5 s5 s5 s5 1 3
+(k-i-1) -CPT(2) (kl -s9F()C4 s12-s9 99.

'1. s5 s5 s5

sl10s7

s5 s5 s5 s5 s9rkl _ CP() V+I-CT5
k CPT(3) - CPT(4) %cPT(3) - CPT(5) Ps2s99

s. 5 s5 s5 s
sl0 s7J

s35 s5 s5 s5 -'s9
+(k+l1) - CPT(3) (k-i-I - CT'T(5) CMsl2-s9 s9 (.7c

CPT(4) - CPT(3) CPTI(4) - CPT(5) (D.4 7-c)__

Ls5 s5 s5 s5 J
sl10s7

s5j s5 s5 s5 ]__
+ (k-f-) - CPT(3) (t-i-i) - CPT(4) CP(5) s12-s9 s9.-

CPT(5) - CPT(3) C-rT(5) - CPT(4)
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STEP E - Compute time between time of perigee and

sll sllfirst 
fiducial 

time.

St = TO0 - tp sll mlinutes. (E., 1)

si1 s4
tR= 1440-2 1l/n s7sii sll minutes. 'E.2)

s-3

s 1 1 s l l
If t s -480 then Atp t + 1440

If - 480 < t <tR then At t sil minutes. (E. 3)

sit sit

If t R t then At = t - 1440

STEP F - Compute satellite coordinates at 2-minute
intervals.

Ssil sil

Atk = At + 2 (k- 1) sil minutes. (F. 1)

s-3 sll
Mk - n Atk s8-s7 s7 radians. (F.2)

E K= M kIsin Mk+K k 3 s k s s7 radians. (F. 3)

I s-2-'s7

s24 s24
Ak A 0 + A Ak s24 meters. (F.4)

u, Ak (cos Ek - s24 meters. (F.5)

l ~s25-'s24

1 -209 -U
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s24 sl
vk A k (sin Ek) s5s-'s4 sZ4 meters. (F. 6) 1

s24 lsi I
s4 0 s--s4 s4 radians. (F. 7)

s24 sl s4 sl

s24
xk uk Cs 'k sin w k s24 meters. (F.8)

s25-s24 I

s24 sl s24 sI

Yk uk m k + vk cos w.K s25 meters. (F.9)

s9
z =7 s9 meters. (F. 10)

Ik

s4 s4 -- s-?7 sll s4radians. (. 1I)/k=(11O - A)+ - wO~ Atk

[s24 S* MS5 s-5 sl li

XSk xk Cos Okl -yk ci sin Pk] (F. 12)

s25-'s24 s2l-.-s24

Fs9 sl sl

+ LZk Si sins•k S24 meters.

sl1-s24

[S24 sl] [5s2ýs-5 si1
YSk = 'ksin +Yk 1Ci cos Sk (F.k13)

s25-" s24 s21-s24

Si cos s24 meters.

sl 1-s24
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s2 s. F s9 5
ZSk S c 26-s24 s24 meters. (F. 14)

I s4 -s26

STEP G - Compute navigator's coordinates and partial
derivatives.

Lcos Ik = cos (9f + &pk s1. tG. 1)

sin Pk = sin (0o + Ak sl. (G. 2)

1
cos k = cos (\f + Axk) s1. (G. 3)

sin Xk = sin (Af + AA k) s. (G. 4)

s4 s2 so s22 o2( 1_)sr2 2-0Dk^ = 0 [s2 +(1-f)2 sin2 (P s46 (meters)2. (§.5)

s48-+s46ys46 s2i

XNk = [RO /Dk)+h'JcosPk cosAk s24 meters. (G. 6)

s23 s25-s24

r s46 s23 si si
(R /D + h' cosp sinX s24 meters. (G. 7)

s23 s25-s24

I s46 sO s23 sl

ZNk Dk +]sin Vk s 2 4 meters. (G. 8)

I
3 - 211 -
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Ii

s92 sO

axNk FR [ 4 (1 -f)2  s23] sI sl

____ = _0 - + h'| sino cos)_ s23 metersi (.I9)
2I D k 2-s2 radi,%n

s92 sO
aYk rR 4(1_f)2 s2 sl s"

._ ..= [ _ + h'_ink sinAk s23 meters/ (G. 10)

k s25-s23
s69

s92 sO

aZ k R 4(1-f)2 s23
Nk 0 3 +h cos•Pk s23meters/ (G.il) I

Lk D J s24-s23 radian

s69

x - Nk s24 meters/ (G. 12)

5X ~radianl

SY~k s24
=-Nk s-2 s24 meters/ (G. 13)

radian

STEP H - Compute theoretical slant range differences, I
partial derivatives, and elevation angle.

s24 s24 I
Xk = k - XNk s24 meters. (H. 1)

s24 s24
y = Yk - yNk s24 meters. (H. 2)
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ItZk S= "sk - s2.LAN)

s24 s24

Z k z ZSk - 7. N s24 meters. (13

I s48 s48 s48

iSk2 =2 2 + 2 +Zk 2  s48 (meters)2. (H.4)

s48 s48 s48 1/2

Sk = 2Xk + -k2 + Zk 2 j s24 meters. (H.5)

s48 s48 s48

R k 2 = S + Y Sk2 + Z Sk2 s48 (meters)2  (H. 6)

s48 s48 s48

= XNk2 + YN + Z Nk2 s48 (meters)2 . .7)

[s48 s48 s48 ]1/2

rk =X 2/+ yk22+N2 s23 meters Ci.8)

1 L~s2-4-s23

24 s23 s24 s23 s24 s23z 1
Sap SaZ- k | k Xk H.9)

Ks24 
s23 meters/

radian.

s24 s24 s24 s24
Sk -1 aXNk+ Yk s24 meters! (H.10)

axk XkB ax radian.

s2 4
s24 s24 s24 s24 s24 1
1 kinxk Vk + Yrkk Nk + Zk ZNk]

sin E k = X•rk ~ ! 1

3 s24 s23

SIf sin Ek+l < sin Ek then sin Emax = sin Ek. (H.12)

3 - 213-
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STEP I - Compute refraction corrected measured slant
range differences.

s23 sO s2 s21 sO
ko = Nk L - 2.0 f L s23 meters. (1.1) 1

STEP J- Form the C matrix.
5s43 s23 s23

CJO Sko+ [Sk+1- Sk+l] s20 meters. (J. 1)I I
s23 -920

Cj1 [s2o0 LO sl meters-minutes (J. 2)

s2-sl cycl.e

s23 s23
as k+ I a

Cj 2  - r5k+ - s23 meters/ (J. 3) Iradian.

s24 s24

C J3 - ax s23 meters/ (M.4)

s24-'s23 radian.

STEP K - Form the A matrix.

J - Number of rows in C matrix.

J sl s20
a C C s2l-s23 s23. (K. 1)1l0 m= ml Cmo

J s23 s20
a, 0  C C s45. (K. 2) I

1;m2 mO _______

m=l EI
- 214 -T
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J s23 s20
a30 E Cm3 CmO s43-s42 s42. (K. 3)

J sl sla1 1 = C s5 (.4
m=l cml Cml s2-s5 . (K.4)

21 m= Cm2 ml s24-s27 s27. (K. 5)
m1l s23 sl

a31 = ;m=1 cm3 Cml s24-s23 s23. (K. 6)

a 1 2 = a 2 1" (K. 7)

J s23 s23
a22 m=1 Cm2 Cm2 s46-s49 s49. (K. 8)

SJ s23 s23
a3 2 = c C s46-"s45 s45. (K.9)

3 m=1l m3 m2

a. 3 = a 3 1. (K. 10)

a 2 3  a 3 2. (K. 11)

J s23 s23
a 33= 2 C 3 Crn3 s46-*s43 s43. (K. 12)

m=l

I
3 - 215 -
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STEP L - Solve for Af, Np* Ak and update estimates
of f, qo, andX.

s49 s27 s27 L
a1 2

B11 = a 1 a- s49. (L. 1)Bll 22 a12 al

11
s5 -"

s45 s23 s27
a 19

B12 = 23 13 -- s45. (L. 2)

s5
s45 s23 s27

a 1 2
B0 = a - 12- s45. (L. 3) -"B1O = 20 -1a0 al

s43 s23 s26s5

s43 s23 a 1-_3•

B22 a - a13 s43. (L. 4)

s5 J s41-s43

s42 [s23 s23 2"'

B20 a30 10 al 1.
30 a11

s5 J s41-s42

F4~ s43 45 s45'
A = rBll B22I -I12 B12 s91. (L. 6)

Ls92-'s91 s9O-.s91.
s88-s87

s43 sT5 s45 s42
(B22 B10 B12 B20) s-4 radians. (L. 7)

wg s91
Witts4Z s45 s45

A ( 311 820 - 812 810)A31 = s-1 radian. (L. 8)

S91
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s 2 2-s23
s23 s27 S-4 s23 s-1SAf= al 0 - (a1 2)(A0) - (a1 3

s18 cycles/ (L. 9)al1 1  minute.

s55

I s21s8--is21

f = t + Af where f =f on first iteration s21 cycles/ (L. 10)J 0 minute.

r s4 s-4-*s4
Of -P +Aip s4 radian.

s4 s-l-s4
f f s4 radian. (L. 12)

I STEP M - Write out results.
Ss4 s4

DLA =p f Pe s4 radians. (M. 1)

s4 s4
_ DLO =XAf xe s4 r.dians. (M. 2)

s21 s21FRQ = f -f s 2 1 cycles/ (M. 3)

Sminute.
sll s3-sll

TIME = T0 + 4 s1l minutes. (M. 4)
"1.

STEP N - Test for convergence.

If Af > 2. 4 cycle/minute

I or if Ap > 1.2 x 10- 7 radian

-217 
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ifior if A~X > 1.4 2~ x 10 r~djan JCos .ýOf

and if ITER < 10 then return to Step G. Otherwise go
to Step 0 to edit doppler data or Step P to compute !
alerts.

STEP 0 - Edit doppler data.

If sin EKM -k+I sin 7.50 and (0.1) 3
sin EKM k+1 < sin Ek and U
N KMk > 0 then 3
NKM-k = 0 and

NDOP = NDOP - 1. I
Or if sinEKM k+ > sin 7. 5and (0.2)

sin Ek - s47.. 50 and I
"Nk+l > C then 3
" k+1 0 .nd

NDOP =NDOP - 1.3

Otherwis- make no changes in the Nk table.

STEP P - Compute alerts. 3
ISTP 3DAY,-IDAY. If ISTP < 0, let ISTP ISTP + 365.

(P.1)
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IILet T 0=T -18, KM 1, DE(K) 0, DAMK)0, (P. 2)

0 0

DN(K) 0, 1 1, 2,3, - -- , IST P, KDA Y =I +IDAY.

Execute Steps F, G, and H. (P. 3)

IfEk : 0 let To = T 0 + 10, and repeat Step P. 3 in- (P. 4)

cr'easing T 0 by 10 each repetition until E > 0.

k 0 kWben E k>0let To =T -10, 1 epeat Step 'P. 3, and (P. 5)

then execute Step P. 6.

If E :50, letTo = T +2,r otSeP.3i-(.6k 002,r @ateP3-(P6ii creasurg To by 2 each time until E k0 , and then
execute Step -. 7.

When Ek z 0 let TO-2 = RISE, Ek EA, T0  (P. 7)

T0 + 0. 25 and repeat Step P. 3 increasing To by

0, 0!5 and letting the new value of E k = EA each

i time until Ek < EA. Then EA = maximum eleva-

tion for that pass.

Write out day number of alert day, RISE time (P. 8)
(hours and minutes), and maximum elev'ration
angle for the alert pass.

i Let T = T + 10 Uthn repeat Steps P. 3 through (P. 9)
0 0

I j P. 8 incrementing I ard K until I > ISTP indicating

that all alerts through the end of MDAY have been

5 obtained.

I
I
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Appendix C

I-9OUR-VARIABLE (VELOCITY NORTH) NAVIGATION1 See.tion 7 does not include equations to solve for
velocity north or equations for relative motion inputs other
than those obtained from an inertial system (i. e., latitude

Jand longitude) or a system providing course and speed
data. This Appendix provides these equations and also
presents a method of assigning numbers to satellite 2-
minute messages when a real-time clock is not available.
This method may be used to determine missing messages

i1 due to liss of lock.

EQUATIONS FOR SHIP'S MOTION FOR CONSTANT
VFLOCITY OR DISTANCE TRAVELED

A table of navigator's latitudes (90k) and navigator's
longitudes (Xk) is assumed available from Step B of Section
7. These table values may be provided by an inertial sys-
tem or from calculations based on a knowledge of course

and speed. However, there are situations where these
types of data are not pzeu.nt and therefore these tables
"may also be const'L:.'ted from information on either theI navigator's velocity (north ainc east) or from distance
traveled using certain approximations. No study has been
done on the effects of these approximations. However,
for the relatively small velocities encountered in ship-
board navigation their effects are negligible.

Equations for Constant Velocity North and East

9 9+2 R N [(1+6 (1 -0.56 sin%2)]

k 0T

(J)V E 1-0.56 .2 (i.Jsin2'P,,.A = •. + 2 (k-j) VE 1)055 ci

k R Cos 9,
0 < oPRECEDING PAGE BLANK
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"**f

S= f (2-f).

f = the value given in the table of program constants.

'p. = and X. are initial estimates for the position at time t..

j is the value k = 3.

VN and VE are the constant north and east components of

ship's velocity given in nautical miles per minute. Ro= I
3443. 934 nautical miles.

The factor of 2 appears because the fiducial time
points denoted by k are 2 minutes apart. The approxi-
mations are caused by assuming that • and X are constant
velocity north and east and ignoring changes in the earth
radius during the time of the pass.

Equations for Distance Traveled

DN - DN.2
k =-P- + R0 1 [1+6 (1 -0.56 sin 2p.)]

k R

A DEk - DE. 1-0.56 sin 'P. P

DNk and L'Ek are measured from any fixed arbi-
trary point. These distances may be obtained from a DRT

plot, or as the range (Rk•) and bearing (Bk) to a fixed point,I
as follows:

I
I
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NORTH3 
- FIXED POINT

I
I k Rk

DNk -Rcos B
k ksin k

Additions to Section 7 to Solve for Velocity North Error

SSTEP G

Replace 0 k by 9k + 2 4. (k-j) in Eqs.(G. 5) through (G. 11)

where j is the value k 3.
Additional Input: Estimate of velocity north (VN)to get estimate of

VN (knots) rad

ji J 3443. x 60 min

axNk a xNk ap k axNkNk = 2 (k-j) Nk = (G. 14)

a --'-- = 2 (k-j) a yThese steps are not (G. 15)S=2k)necessary 
in the

computation but are
included for back-

' =2 (k-j) ground.6)

5 
-223 -
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l

STEP H -

STP(k-j) ask (H. 13)

STE P J I+

kSk

" _a S k + I a .k ( J . 5 )

J4
b

C10 C1l 12 C13C1

C 20 C 21 C 22 C 23 C 24
3o 3

CO C jlC2 C j3C j

1 11(K. 3. 1)

a 40 = • m4 Cm0"
m=l

J (K. 6.1)I
a41 021m4 2m 2 4

M=l I40= 0 0  (K.9.1)I

42m4 m2*

m 1 224m2
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a4 3  = C4 C (K. 12.1)

a14  a (K. 12 2)

a2 4  a 4 2 . (K. 12.3)

a 3 4  a 4 3 . (K. 12.4)

•D J
a 44 c m4 Cm4' (K. 12. 5)

m=1

QOUTPU': A Matrix

+a Af +a 8 + a AX+ a1 4 Ay = 0
-a I 10  + 112 13 1
"20 +a 2 1 Af+a 2 2 'p+ a 2 3 AX+ a2 4 Ay=0

-a30 + a 3 1 Af +a 3 2 &P + a 3 3 AX+ a3 4 AY = 0

I -a + a Af +a 6 + a AX+ a 4 4 Ay= 0
40 41 42 43 4

i STEP L

a 40 - [a4, + o+ a 42 &P +
= 14 a 4 2  (L. 0)4 a44

Eliminate Ay by redefining the A matrix at the end of
Step K and used in Step L.

-,i
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i , 2, 3 jI-:
a 4 0  a 4 2

S  10  a d. a.i 2  a12 -- a 1
0 44 44

1141 a 43a.1 =ii a 4 an = a. -- •a.
-l-l "i3 3 a a 4

4f4 44

Solve for Ap, AX, Af as in Steps (L. 1) to (L. 9).

Then solve 3
Ay from (L. 0), (L. 9), (L. 7), (L. 8)

I
j = .+Ay. (L. 13) I

STEP N

if _l > 0.02 continue (N. 2)3443. x 60. iterating at Step G

I
after convergence

V = 3443. 934 (cos2 2 + (1-f)2 sin2 •1) 1/ x 60.

N

Programming Method

Figure C-1 is a flow chart of a direct search method
for implementing the velocity north solution. In this method
the 3 x 3 solution is obtained together with the value of the
sum of the square of the residual between the theoretical and
measured slant range difference. The value for velocity
north is increased from an initial value of zero by an amount
Av, a new fix solution obtained, and a new value calculated I
for the sum of the residuals. The process is repeated with

-226- i
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I VN -0
AV = 2

SOLVE
DEDIT

SOLVE

STORE

LI 3x3

I -- ---i p 20o

0 P P-1 NO Vn SOLUTION

: SUBROU
T INE SOLVE

m PROVIDES THE SUM OF
•] THE RESIDUALS

1 OS NWSMSQUARED AS WELL AS
OLDSU = NEWis AV<M THE FIX

"i • ~ ~VNILOOP •N E

(n N E

"" •J•L---•VN =VN + AV ASV

SOLVE __

" "Z AV =&V/2 SOLVE

-! ....--.--- STORE

AV AV -AV 
4x4

"• VN = VN + AV

"• Fig. C-1 VELOCITY NORTH SOLUTION BY DIRECT SEARCH
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Av being incremented so long as the residuals continue to
decline in value. The method provides for both positive
and negative values of Av.

NUMBER ASSIGNMENT TO SATELLITE 2-MINUTE MES- I
SAGES TO DETERMINE MISSING MESSAGES

In order to majority vote the words from the satel- I
lite messages, it is necessary to keep track of which words

represent the same paramete-. The words which represent

constant parameters do not change their position in the
satellite message. However, word~s which represent the
time varying parameters do change th'eir position from one
2-minute message to the next. Whenever 2-minute mes- I
sages are missing due to loss of lock it is necessary to
know how many are missing. Otherwise the relative posi-

tion of similar words will not be known between any two
messages. Keeping track of missing messages is easy
when messages are stored according to a clock. However,
when a clock is not available some other means of deter-_I
mining missing messages must be used. The satellite data
may be used to assign numbers to each message using the
technique discussed later. These numbers are sequential
with missing numbers for missing messages and therefore
they accomplish the purpose of determining missing mes-
sages. Once this is done, majority voting of the time-
varying words may be accomplished. From these results
and an estimate of time (correct to 14 minutes) the correct
time of the first doppler interval is calculated. The dopp-
ler counts stored during the pass may now be associated
with the correct time interval by use of the message number
assignments.

The time-varying words have contained within them
a time integer modulo 15 that represents the time in some
half hour for which that particular correction is to be
applied. These time integers are sequential from 0 to 14
as time goes from 0 to 30 minutes. Each message contains
eight sequential time varying words (see Fig. 10 and
Table 1). These time integers could be lised directly to
assign message numbers. However, there is no assurance

- 228 -
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that they are correct because of noise in transmission or
receiving. The following technique is used to assign num-
bers to the message. and will work when the bit error rate
is less than or equal to 1 out of 8, which is mu'Th higher
than normally encountered.

Procedure

SStrip off the least significant time digit (4 bits) from

each of the eight time-varying ,vords in the message of
interest. This sequence of eight numbers may have errcrs,
but it will be a subset of the sequence:

0123456789012340123456.

This eight-digit (32-bit) sequence is compared to a known,
errc. -:ree sequence. The known sequence is shifted a digit
at a time until the number of bit errors between the two se-
quences is less than five. The number of shifts required to

do this is the number assigned to that message.

Table C - 1 shows the number of bit errors between
any two (BCDX3) digits from 0 - 9. By adding the eight
numbers along the diagonal starting at the point defined by
the starting digit of the known and satellite time sequence,
one immediately gets the number of errors between the two

. seq,,ence s.

* Table C-2 gives the results of dGing this calculation
on Table C-1.

"Assuming the satellite message is error-free there

will be no errors when the two sequences are the same;
otherwise there are at least nine bit errors (by observing

"7 Table C-2).

The sequences are compared on the basis of less
than 5-bit errors to handle the case when there are 4-bit
errors in a sequence which would normally mismatch by
9 bits.

II -229 -
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Table C-1

Number of Bit Errors between any Two
BCDX3 Digits

0123456789012340123456

00322132214032210322132 .

1301 1223341301123 11223 13

22 102 132432210212102132

32120134232212012120134 -

4 1 2 1 1 0 4 3 3 2 3 1 2 1 1 0 1 2 1 1 0 4 3

53233401121323343233401 22

62324310212232432324310

72342 3 1 20 1 22 342323423 12

81433221103143321433 2 ' 1
94122312230412234122312

00322132214032210322 1 32

1301122334130112 3 011 2 23~22102132432210212102132

321201342322120 12 1 20134

41211043323121101211043

00322 132214032210322132

1 39 1 1 2 2 3 3 4 1 3 0 1123 C 11223

22102132432210212102132f

3 '-" 1 20 1342322 120 12 120 134

412 11043323 12 1 10 12 1 1043

53233401121323343233401

6232431021l 2 23243 2 3 2 43l 0 J
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'ITable C-2
Number of Errors when Comparing Two Eight-Digit
Sequences Made up of the Least Significant Digits

of the BCDX3 Modulo 15 Time Sequence

I Beginning Digit of One Seqi'ence Errors
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 Min- Max

0 0 15 14 20 15 26 17 22 14 20 10 14 18 15 15 10- 26

1 15 0 15 13 22 17 26 17 21 17 19 13 13 18 14 13-26

2 14 15 0 18 13 22 17 26 18 18 18 18 16 13 19 13- 26

r- 3 20 13 18 0 19 14 21 16 22 18 18 18 18 19 13 13- 22

v 4 15 22 13 19 0 19 12 19 17 19 17 17 19 18 22 13- 22
W 5 26 17 22 14 19 0 17 10 18 16 16 18 16 21 19 10- 26

! C)
.6 . 6 17 26 17 21 12 17 0 17 11 17 17 13 17 16 22 11 - 26

7 2 2 1 7 2 6 1 6 1 9 10 1 7  0 16 12 16 16 10 19 15 10- 26

814 21 18 22 17 18 11 6 0 18 12 16 14 9 19 9 - 21
.1•9 201718181916 17 12 18 0 16 1214 13 9 9- 20

M 0 10 19 18 18 17 16 17 16 12 16 0 14 12 15 13 10 - 19

*4 .1 14 13 18 18 17 18 13 16 16 12 14 0 12 13 17 12 - 18

•,2 18 13 16 18 19 16 17 10 14 14 A2 12 0 15 15 10-19
to

pq 3 15 18 13 19 18 21 16 19 9 13 15 13 15 0 14 9 - 21

4 15 14 19 13 22 19 22 15 19 9 13 17 15 14 0 9 - 22

In
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Applying the above procedure to the data shown in
Fig. 10 the following time sequences are obtained:

4 0 1 2 3 4 5 6 for the first message, U
0 1 2 3 4 5 6 7 for the second message.

Now if a left end around shift is done to the following known
sequence and the first eight digits are compared to the
above sequences, it will be seen that 14 shifts are required
for the first and 0 for the second.

0=1 2 3 4 5 6 7 8 9 0 1 2 34

If a match to less than 5-bit errors is not obtained in 14
shifts that message should not Ue used since it contains data
that are too noisy.

23
4I

I
I
I
I
I
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Appendix D
TROPOSPHERIC REFRACTION CORRECTION

This Appendix presents the equations developed in
Ref. 11 that are to be used if it is desired to correct the
integrated doppler data obtained from the satellite for theeffects of tropospheric refraction. The correction for
tropospheric refraction APtro is to be subtracted frorkI every slant range measurement. The expression for S
the measured slant range difference (Eq. (. 1) in Sec-k°"
tion 7), would thva be modified as follows.,

korrS -G -~ ) (D.l1)
Sko = Sko - (Aptrok+l - Atrok

where k = 1, 2, 3, --- , KM.

I The tropospheric refraction correction Aptro is de-fined as follows:
:1 'zk~tro = • °I (D. 2)

i=1,2

where

-ri 10 N I + ir I r r1 I 22
T. I1 " 1rT t l r (l+t troi

2 1 3 - 2 3 2 131 1 21 2
tro 1 2 tro. t ro. 3. 15 13.

1 3 r 2 ,t: + 1 .3 . E22, _ r 2 + 1: - - tr "

2 tro. 2 tro. I
+ jr tro. 122(-•4I 2 +r. 2) in rr 1

1 
-233 -
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and

i = subscript indicating dry (d) and wet (w)
refractivity terms,

N = ith component of tropospheric refractivity 5
i evaluated at a location near the navigator's

antenna,

11 = rT sin E, I
hti = hi - hTI
htro. o . hT'

rT = distance from center of earth to navigator's
antenna (kmi),

r. =r +htro. T tro.
I2 rT cos E, i

2 221/2

I. 1

h 0 height of ith component of the troposphere
°i above the geoid (kin),

h = height of navigator's antenna above the
T geoid (km) I

(on ships, negligible error is introduced by
assuming hT = 0), and I
E = elevation angle of satellite at instant of

slant range measurement (radians).

The dry and wet components of the tropospheric
refractivity NTi are determined as follows: 3

N 77.6 P (D.3)
Td TK

NT = 77. 6 (4810 e) (D. 41
w TKK
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I
IIwhere T K= temperature (dgesKelvin). P i.s total atmno-spheric pressure (millibars, and e is the partial pres-sure of water vapor (millibars) measured at the navigator'slocation. Alternatively, seasonal values for these parame-ters may be used as obtained from stand zrd marine atlases

(Refs. 12 and 13).

The determination of tropospheric height hoi isbased on the assumption that the height of the wet 1co-
ponent how is invariant with latitude, but that the height of
the dry component ho is a function of the navigator's lati-1 tude (PT, as given in the following expression,

SI h = h+Adinh 113d =°10d(eq) + sn2PT •(D. 5)

I where hod(eq) is the dry height at the equator and Ad isthe arnpiituje of the variation of h3d with latitude. Values
of these parameters for three values of how are given inTable D-1. A value of how = 12 km is generally satisfac-

I tory for use in all tropospheric refraction calculations.

Table D-1

SHeight Param eters for T wo-Q uartic N P rofile (kin )

0°w °0 d(eq) d

10 43. 858 -5.986
12 4: ,30 -5.206

I 14 42.402 -4.426

ALTERNATIVE FORMS TO ELIMINATE
ROUNDING ERRORS

At high satellite elevation angles, significantrounding errors occur in the computation of the expression

1 -235 -
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for aDtro given in the preceding section, even in double
precision. Alternative forms have been developed, there-
fore, to eliminate the rounding error problem and the need j
for double precision computation. These forms, which are
presented in Ref. 14, are based upon the integral expression

-6 4NT. r 10 4 dxT0 tro _-)

h IP~tro h \r 4 h to-[r to1+)2 _12]1172 . (D. 6)

Although this equation may be integrated in closed
form, it results in inacceptable rounding errors, as stated
above. An alternative form is obtained by expanding the I
integrand in series form and then performing the integra -
tion. This approach eliminates the problem of rounding
errors. Two solutions are of interest: one for large I
values of E and one for small values. Their respective
-egions of rapid convergence sufficiently overlap so that
the crossover value of E can be left to tne discretion of I
the user. In addition to the two solutions presented below,
a formula is given for estimating the error in truncating
t- series to a fixed number of terms. For convenience, i
the following parameter3 are defined:

W1 rtro. +t2'
1

W2 =r tro. 2 , I

I

12
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I Large Elevation Angles

I tro NT. i0-6

0. 8 h r
.w1/2tro. tro.1 1l1

0 p + 6 
h "p + 21 _WI~~/2 c ro D.7

1 2F (p+ 1) 1 + ( )W

f- n F(n) F(p-n) ]
n=O •l

1where F(k)= 2k) 2k

(k(k+1)2k"

The recursive relationship

F(k) = 1/2 (2k - 1) F(k - 1) (D. 8)I~ k+1

may be used to generate the F(k) for any desired range of
values of k and eliminates having to compute factorials.The remainder in the expression for A~tro after

p = 2k - 2 terms have been rsed may be estimated by

6-3/ htr ( 2k + 1)1 R • 4 x 1 -6 N T 1 2 2 -3tr2

< 4x-0 NT 2 (D. 9)
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Small Elevation Angles

-6Alp N NT. x 10-
xl

511/

h tro .
3 ((3)

n=O

2 ht (2n +3)/1 2

jn 3_(W 2  ](D-1 0) I
•2n +- 3 W2

+ (-1 )P F(p)
p::0 (2p+2n+5) (Ž.2l)

2 /

Tht- .emainder after p = 2 - 1 terms is given by

5 2 k +3/2)

6 "r'210 " 2 3k/23"1 2 (D. 11)Rhro < N' x 10W22,_

T (ht 2 -4)
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!I APPROXIMATION FOR SMALL COMPUTERS

The computations of the full expression for tropo-
i "spheric range correction presented above require a fairly

large computer. The following gre.2tly simplified expres.-

"sions have been developed for use where the computing
facilities are limited.

. T'!e total range correction APtro at any elevation
angle (i. e.. any data point) is computed as the sum of the

-. so-called "dry" and "wet" components, here subscri-ted
d and w:

tro t Ptr°)d (0tro + (D.12)

The simplest available approximations for the components
are based on Ref. 15 and are as follows:

-32
(A t) =2.31 x 10 csc km

(D. 1 3)

(AP ) =0. 20 x 10 csc -E3 + 0w km

where E is the elevatioi: angle of the satellite slant range
vector and Od and Ow are empirical parameters (angles);

. ;values will be given below. Equation (D. 13) should be
used only at sea level stations (ships or near-sea level
land installations); the dry component of Eq. (D. 13) is
based on standard sea level pressure and the wet compo-

' "nent on a marine rather than a continental climate.

For a little more accura cy, the following can be
15 "used instead of Eq, (D. 13):

(AP ) K P cscE.? (Atro d =d Pcc + ()d
Stro. (D. 14)

(14tro Kw csc ew
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Here P is the observed local pressure (near an-
tenna height). The parameter Kd is a constant and its
value has been quite precisely determined from upper
atmosphere data and theoretical considerations. ts cur-
rent best value is Kd = 2. 279 x 10-6 km/millibar. Using
this value and the pressure P expressed in millibars,
(APtro)d will be in kilometers.

The parameter Kw is not a constant but varies with
latitude, season, and weather. An estimate may be made
on the basis of qualitative observations and the observed
average values presented in Table D-2.

Table D-2

Values of K for Selected Places and Times
w

K Place, Timew

-3
0. 28 x 10 km Tropics or midlatitude summer

0.20 x 10-3 km Midlatitude spring or fall
-3

0.12 x 10 km Midlatitude winter

0.05 x 10-3 km Polar regions

The needed total range correction APtro for a
single arriving ray is approximately 2. 5 meters in the
zenith direction and 90 meters at the horizon. The sim-
plified expressions of Eqs. (D. 13) and (D. 14) are not
very good at the horizon but are very good approxima-
tions at elevation angles higher than 50 and quite good as
low as 2. with the following parameter values:

*d 2. 5

8ww 1.5° .

Uncorrected tropospheric errors do not affect navigation
in the along-track direction unless there is a preponder-
ance of data at one end of the pass. When symmetrical
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amounts of dat- are present at both ends, the uncorrected

troposphere affc',•: only the apparent slant range (or coor-
dinates dependent on it).

The average tropospheric effect, if uncorrected,
pushes the navigator's position, obtained from a whole
pass, approximately 20 meters toward the orbit in sl: nt

* range for a high pass, and nearly 80 meters for a 150
pass (elevation 150 at closest approach). An error of 1%
(10 millibars) in the pressure P used for the dry corm-

l ponent in Eq. (D. 14) affects the total range correction by

not quite 1% (both the point-by-point correction and the
effect on navigated range). An error of 0. 1 x 10-3 in the

i magnitude of Kw (e.g., 0.20 x 10-3 instead of 0.10 x 10-3)
affects the total range correction by approximately 4%
(both point-by-point and the effect on navigation).

The dry component generally contributes 90% or
more of the total tropospheric correction at the higher

3 angles (though the relative importance of the wet contribu-
tion increases at lower angles, especially below 50). If
local pressure is known to a millibar, the error in the
dry component is negligible aside from the cosecant fac-
tor, and that error is small. Most of the uncertainty is
due to the wet component, which (fortunately) is itself
much the smaller component. The residual error in us -
ing Eq. (D. 14) should be under 10% on the average.

IF
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A ppendix E

COMPUTER PROGRAM FOR GEODETIC COORDINATE
TRANSFORMATION

The following section is a paper which describes a
technique for performing Geodetic Coordinate Transforma-
tions between ellipsoids. Although the procedure that has
been developed employs approximations, it is felt that any
inaccuracy introduced by these approximations is out-
weighed by the simplicity of the resulting equations.

The technique described has been programmed in
Fortran for the 7094 computer, the Hewlett Packard
2115A computer, and also the Honeywell H-21 computer.

In order to improve the accuracy of the computa-
tion some minor modifications have been made to the
equations. These modifications are described. A Fortran
listing of the program and a sample printout generated by
the program are also presented.

PRCEDG PAG BN
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1. E~ga. The purpoee of the teate wo to determine the &o*Ursa
@Ad the Adaptability to elmo0troalo mmd estione, cmputing of two for-

mules for traermormation of Vodetto data, batmm ret' :eeow ellipeoide.J
Those formul aresa deeigned fort

a& ?rawtorciation of latitude. longitude. end pmodetie beitbtt ( Computation of ebngee in abodetio detomoe =Ad seisuthe

due to transformation of ooordimatem (mtt. E63 s"d App. C).

2. PartaigautIM n pa 0wnatioin. the 1373rd Rapping and, Charting
SqUadruM (A'Mta Control DIiision) provided poseition and inverse am~pu-
tations perforstrd on RZ001P II omputmz. Doe 1381st Omodeti a urvey

Squadron (Data Redwcti.m Division) perfommed bee oomputatiom am

well ame eleotronjo trimmformations of oooardinatem an 310 4000 oomputer.

3. aenerta iniformation.
A. TAm formulae Of hppendieM 3 #Ad C 0ooatitute a pMSojeotio-

method of obsngs of ellipsoid, " distinguished fre Aewelosjm t

mkethods of eerlIAO days. rue Ob emoterlattim of the two kinde of
solution are unmarsemd %olow.

b. Figws 1 ahove points P and q In ae"m mAt a profil e at

perpeAdioulr semoton throv4* theme points. Cuweod Ila" represent

ellipsoid mand gmoid srfimem

norealso -o *----ds - - -P.

lInme referring to the old ellipo- ' I
old. the A=m of theo twe ship.- ,

olds are masw~etto be utwau~

Jectioft of P eand Q goes the am8 plaw X.
ellipoid, mmd Pa MA ars teir

poelogvcothe ame elip*-I
old.?be epartionatellipsoid

mvirfasome at f to given tr the 41aftes %P, 4 Vo with a sinilar
sitmaliga euistiag at Q. the @wodeto distmsee on the olik ellipsoid
Is the we 1*% "ad CA the amw ellpmolok It Is %44, the et~beikt
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iline (epatias) distance PQ reltvA obviously the same before and

Iaft!er the transformation.

I. It is aso from Figure 1 that the effect of a projective

method of transformation in to replaeo and reorient the referenoe

vllipsold, leaving all points In the emae position in apae 8A they

were before the ohana took plaoe. It follows that the angle between

_a two otstigt linee jonlnne poine, in space musa be the esae before

• I and after the transformation.

4. Thum the projeotive methods approact the probles, in a truly

rigorous my but they cannot remove the errors exsting in the net

Ins to errors of the su'rey, which include, errors oauoed by the

reduotlon of distanoce o the geoid instead of the ollipsoid.*

a. Errore due to reduction of bases to the geoid instead of

the ellipsoid are negligible in geodetio nets of licited extent if

the ellipsoid fits the gooed reearAbly well and if the two surfaces

eoiaoids at tom origin. Herring, ref. [2], states that in the United

StaMte the ool& departs from the ellipsoid by only 1 meter at the

""wdioeee of 300 from Mease Reanch. Taking 0.5 a an the average de-

partuwe, we cm caloulate the erroz tn geoodet. distanoe due to this

separation as lees than 0.3 a at 3000 ),i or 1 part in 10 million.

This In much lees than the expected error In measurement of a single

2lno in Ellen trilaterstion and oertainl7 much loss than the error

* e=peoted to acomulate through random errors of observation even in

r~~ ~ a oet preolse geodetio $=TVe. -

- f. The development methods of tmnsbformatton, such as are given

in ref. [3] and 07] disregard the separation of geold and ellipsoid

eofaeo and oonsider the distances and angles as the me on both

ellipeolds. The effset of a development 3oV a to reomapute the

not point by .oiat on the now ellipsoid using old observational dai.

Any point taon ae. random cannot be transformed until the conversion

"bes rise or fall of the geoid with respect to the ellipsoid nay beI obtained by astronomic or gawnoetrio surveys or by a ombination of
beoth method. Astronomic determination of gooid heigUts requiresI obsee•rtiem for ast-,nooao latitude and longitude at numerou statioas.

2
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has been extended to it from the origin. The now not will not match

the old one, that is spatial distances and plane angles will beT
changed In transfcroation. The development mothod may be oonsidered

"proper for local nots when the now ellipsoid is. asstmed to fit th

gouid better than. the old one but, when viewed as a transformation

metuo-o. it is Ln approximation and an inconvenient one. It fails

iL transformations of global extent, in which came the departure of

the goold from an earth-centered ellipsoid of beat fit say be quit*

large in any given area. such as 00 soters or sore.

4. Testing Procedures.

a. Starting fro• stations 20. 50. and 80 in latitudes 200. •10O,

and &)°N respectively and in longitude 65°L. position computations

were performed on Clarke 1866 Ellipeold at distanoes 2000 ka and in

"-=inuthk 906c 1350, and le0as bhown in Figure 2.

b. In each group the ends of the lines were connected by inverse

oomputations to form a quadrilateral with diagonala.

a. All stations were transformed to International Illipsold

orianted with bx - 90.9C.4 a. By - 18.33 a. and fsm - 200.000 a.

This separation of ellipsoid storeso 81

v" t , puted from arbitrary data at 50 51

the oriin chosen at 0 - 4
0

9N, x - 5'9. 20 21

Geodetic heights at stations 22. 52.

and 82 were "ased as 1000 a and at
82

all other stations sero. The trains- 83 52

formation formula sNed was that of ref. 53 27

E5J ms shown in Appendix B. Result 23

are shown In Appendix D.

d. Changes in distanoe and asiouth wer oamputed toer all

linee, U04.4 the formula of referenoe L6.1 as s =m in hweDUi C.

Then, uling the :nternational Ellipsoid valuee, rigrom Ie

oomputations we, a performed over all linee. Resulto a"e aoham In

Appendix 1.
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I e. the 1381st Geodetic Survey Sqiadren additionally toot.O the
ecordirate transformation fommula against the Vaning Meinses afor-

muls bqj translating all stations from North American 1927 Datum to

-IM 60. using both progress. The diftorozom In results are shownI z~I Appendi D.euls

I ~a. Rat. [2) analoses three projeotive methods of ooordinat. tranm-
formatiocns the spao, coordinate transformation formula Baldini for-

muala (ref. E(1)), and Vening MInoosg formula (ref. (41). One of the con-

-P clmiuslom reached Is that +be Vening Neiness formula in the least aoou-I ~rate of! the three.

b. Rot. (5] omoueres a proposed formula with the Wadini and

Voning Voineass formulas and ooao1'.Jd tbat it Is the aimpleet and

the soot sociutst of V.* three. Its simplicity for both electroric
sand machine oomputing is due chiefly to the fact that it takes advan-

tage of several constants which are preoouputed once and for all for
sany pertioular ohangs of ellipeoid. Yu addition, it permits aooimula-
tics of productis without the necessity for recordingl i-reediate re-

sults. Its accausoy In much nerve as may coccur In pract..ce is shown

to be of an order of 0.05 a at a distanoo half way around the world
aD" from thes origin (excluding areas in the ismsedate vicinity of the

pole.), with errors varying very slowly between distant points.

o. iggeadix I rhow" the largest errors for a 2000-in line to be
0.020 a in distace sand 00.0014 in asianth, which represents propor-

tiamal, nerrr of Ua200 million and 1,140 million retlpsotivelyr. Now-

eeIn r4prous eceputatim the diesueemeat beftwee forward and
inveree mputaticm reaulta wa found to be u to 0.005 a %. fQtstnoe

and u to 0ft.o007 In amlauth, theresfore the value in columm (3)
Oak"e$ ani be eorzeot to the last fix=*egiven. consequently, actual
erzrsr shoul be ceam.le thm those shove in colum (5). Slighty
lager error "Ie t0 beD 600010A whoM the chan of the ellipsoid

is sore violent tam that samorn In this exmple.
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d. The ooor4inate transfo.-sation formula of Appendix B is ver7y

well suitdd for both eleotronlo and maohine ooeputing. It uMa pro-

gramad for the RPC 4000 oomputer by the 1381st Ooodotlo Survey Squad-

ron quiokly and without d8ffloulty. That squadron rote• h oo0pu-

tations in-olving this formula in a soaal of Inoroeaing d1ff loulty

from 1 (repreasnted by Siran minimum *ul ooaputation) to 20 (ropro-

sented by Hiroo AR and AN oosputation) and gave it a rating of 3.

The average time for oocpleting the oceputation form me determined

as about 2 minutes.

e. The formula of Appendix C is ooay for use with a osloulator

boot.'.e of few sigifioant figures and no Interpolation required.

The lie8lt Squadro,. gave Jt a rating of 5 cA the smo sca.e of d8ffi-

oulty aa in paragaph 5d fter determining that the average time

neoesaary to oemplete the form me about 40 minutes. It In believed

that this rating Is a little too possimsitlo and that Poltations
should be oempleted within 30 minutes, particularly for shr lin-,o

ar when lesser aooursoy is aooeptable, as In HDian trilateratato. !
f. No programing of the formula of Appendix C me undertaken,

but It is believed that this should plesant us d1ffloultlos. The

oosputer time should be a fraotinn of the te roquired to ru •n

Inverme osputatton. If thI formula ware to be progr• ed aO ,,eparately

In the form as given here, It would require am Input of euveral quan-

tities (old positions anC elevation, hanams in $. A, msa H, old

distanoo, and old asiauths). Bowever, it eould be proemed in ore I
package together with the ooordiasto traifoumatioa formula. In whisk

oss. the oml2y additional input data would be old dieteome end old

a- uths. I
6. Conolamioms.

a. no formulao of hApemdiues 3 and C a be advantageoualy
adopted for hand oemputla when eleUotumie omPte is Inapers-

tire or In use for h er riorliq WoJeolts. In this ase al eam-

outs should be sreomputed and priated co the omputatlan foro.

I
i
!
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'} I

Altermativel.7, U the motivity osouned.has oo-, taot with several

ellipsoids, tM Veral Gets of castst am w be shown aa separate

sheet.

b. oe formuls cf Appendix B can be Programme4 for an eleotranio

computer In a few hous, or In moh las tUse teu it took to type

tugs report. Frca the aoouacy point of view the vening oeinses

formula whioh nan• sotivitles o" us.e Is satisfaotory. However,

after a na uorl4 geodetio system is preosribed, as will certainly

happen In the future, there will be no reason for twing the Veaning

3 Neisonees formula, mine@ "aier sn• amore accurate methods are now

i£ available.

o. fne formula of Agpendiz C can be evfluste4 by each aotivity

concerned to determine whether 3t ould be more profitable to progrmi

it or to continue te me Inverse computations, depending on operational
S:requirements.

6
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0. X~ - geodetic latitude and 1onaitude. 1., positive east.
R - heigb* of point above ellpeold (geodetio heU**).
a a &seluth of the sodeeioe, olookulee from north.

S a geodatio distAnoe.

a, b - major and minor asslim. of the eflpsold..

* (. 2 
- b2 *fa - thaet eocestzloitg.

- a .21(l - 2 ) - the square of ueacmd soomstrially.

I radius of ourvature in the prmie vertioJ a1_0.1mn2,).
R approximate radius of the Barth.

x, 79 a -reotangular spa"e ooordjaatee, I.e.

x - (N + R)OO80 ooex

- (N + H)0080 aim~
s *(3( - 0 2) + ~s~

bo. U, bE - on -
0 o *to. 0 shitsa 13 latitalle, 2angitude and amodertio

height. FA is the hex~it of Use )M elligeoid, aOwn the

new one.
fix, By. be - rectngular compofints of separation of sllipeolA cinaser.
&a 802 - n-%ad2 2

be, 63 a an-S % -dm- o
Subsortpts o en#. a refer to the old and the new sllpioid respestIveU~.
Subeoriple 1 man 2 refer to the ends of a g~ooetle lam. di s h

torward aslauth and 42is the bim* aaimoth.I
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to "Ips bmmis 2atituds, longitude, an geodetic be1Wjts

W - E (&Amooe). ylsa~a1u1 + 3ooe03V + (A~ea 2 0 III 5 )814o"Oe (Ws.I I" - (Alel"I - A2=L)U *4 (1b)

IN-(31 eeinL NoliaL)oo#+ B014a * 3 4*1020 + keA4 + JI (10)

.5 ~to eusput the separation of *llipeld ounterm i~f obaasge in lati-
to". 2on~tuei. man gooatio hsiot are known at wn points

at - 4(03,114 MO~ C2 I*)eSn Go"a cjwlarnx +(B&~3 oa~~ou x a)

I as *~~~~ 4(a1p14 coso# C2 10")*Wo silak+ 4C2WoI1A.(UC3an)] (2b)

Ss . - q(COUi. a4# + C25$'9o4 +(BR + D1, + Pl 2 $n 4 Dyain O)S14 (2o)

I~M fthe olJwig wre oeamentust whloh nay be preoaoputeds
A2-- oa in)6 C, - aa. + (1+1)1 sme

A2 - -(ago 1/&) By C2 - & oln 1

A 3 -(*me1"/) So C 3 aSo

A4._4g o 1*.542 B

33u Sn

34 - S&#-0

AdditiomaUJ. T I + &(I su% andl V -I - a n0

Above equiations wre appIloable to a point on the asarfaoo, of the elip.-
-. ~old. In a Cenerel omAc of a point at height 9, mu1tlpjj oaah term in S5d

emad 6X in 4. (2) by (21./) eM the result$ ot eq. (I&) an (It) to
(1-Ni). whuere 1/I - -. x1 04z meters. IM~atiou above eso1A ine be
.ubetituted for a without introduaing an appreciable error. Pive.-figure

oomputationo are .uffioient.
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FO3MMU FORi CHAYGIS IN DISTANCiS AND AZD?1V3

on " ' I 2 (3)

r- A(I- (2 - 0o050)oos 2
•(•.)-- 1]) (4)

a - S/r (5)

s *~ sir~ooeo + com~ 1 ainia oosm, (6)

o imx) - sirn Sm nso0.m (71)1
.- .x (8)

Nov copute M, for (0a, X.) by eq. (1o). Then

- (SRI * a bl,/6 (9)
SS 0 Ew +8 H Eooso1 5il + %0"20 + (i1&Xl - %bAO-Oainm1  (10)

T B -H)S I+(11)1
- eina=•. 1 - ooe0iooa".Iu (12)

+ TU~i e ~ 1 0 2 ina(0ooooa - GOsnlb

_ jowe2j(0l-2)eine,&a2/m (13)

To ,ompute b2' use (11), (12), and (13), with subscripts I. an
2 reversed.

So and A 6 are in radio=s.j

For linen up to 60 ]a omit the 0 tom in eq. (11) and -. e

- inOIA + Tj• + •M ,a i(0 1 02 )i,

_-* oos 2*(# 14 2)einsmmI/A (13')I
For ground triangulation line cmit (6). (7), aind (8) and use

" - t(& + %) (9,9
Fir loaner &,oouooy, as in aerial olootronlo trilattration, ise
onlY the firet teUM of eq. (10), =int the toM in GA In eq. (11).
and omit the lant teim of eq. (13).

FIv-tigure CamputatioM are suftfilent. I
App. C. pg 1

21
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I

& mo•e oou.eni•nt fo=m of equation (6), not used in test
esmpu'datioins *Is

Sasu, - *(,i41 , ,4 2),eop (61)

IPtber s•mIp.l'icatiaaa of equations (6) and (7) a•e sobieved
1W usi for 1vae of Intermediate length

41~ KUI 12'+1 Q2 (61)

ftn". * 0 a nilSese9Ia(i- 12) i

Iqallt•vi (6') and (71') yr, not tested eUotively but it is

will ncz hange the final r•sa*t •y more than 0.005 a at 10'0 Ir.

I:

IL

Ii SAn. C. pg 2

12
II
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REStULT OF T'I'SR•; I'O NI OF ODOPMNAD

I. Prop Clarke 1866 to Internatlonal Ellipsoid by Vinoennty method.
&x - 90.904 a, hy - 108.335 a, Bs. -ao.o000 a.

"20 20°00'-U'00005 65o00'00o.000 0 a -1.5188 -17.2591 -36.124 a

21 18 58 51.7:74 84 01 51.1926 0 -1.0883 -2.7056 -53.702

22 6 50 01.2011 77 41 18.3625 1000 *1.C?34 -2.1398 -47.432

23 1 55 10.2032 65 00 00.0000 0 .2.7863 -1.1843 -41.888

5o 5o oo oo.oooo 65 0oo.oooo 0 .5.980o -1.8378 -103.062
51 46 46 45.2454 91 43 14.1278 0 -3.0107 -4.4364 -114.136

52 36 01 24.5469 80 37 35.9501 1000 -4.2157 -2.6769 -74.939

33 31 59 26.3418 65 00 oo.oooo 0 -3.8651 -1.3943 -53 '94
60 80 o 0 00.0000 65 O0 00.0000 0 -5.3982 -6.7941 -. ol.505
81 69 33 49.1212 126 44 47.5999 0 -2.9561 -12.7110 -205.195

82 64 03 27.2886 94 49 06.5703 1000 -5.2304 -7.3474 -166.210

83 62 04 27.4728 65 00 00.0000 0 -6.3107 -2.5208 -143.585

11. From Clark* 1866 to International Ellipsoid by Vinoee•y mnd exot
sopae ocordimate methods. U, By. and &aas above. 4 - 4o'00o001.0os.
X a 95300,000".000o0, H a 0.000 a. (Te ecot feMoId uses equatimon for
z. y, ad sae a show in Appendix A and thoei Inverem forms, o. g. [53).

6x8(1) Vlcenty 9 - 6 QW.701 a

(2) wot *9.2442 -4.2156 -g__ _.69
frroz 0.0002 0.00o0 0.005 (Total error - 0.007 a)

mII. Prom zorth American 1927 Datum to Vu 60 by Vinoeety ant Voning
Reiness methods. Only the Gfferenow in result. (Vimaenn aimm lenin

Nisa Lre gnvem.

20 4.070 4029 W ; .40039 -201

22 40.00=6 .0.000 81 -0.0223 .0.00o0
23 .0.0016 *0.0005 81 -0.00M2 -0.0040

So -0.0042 .o.ooo8 82 -0.003 40.00ce
5 .001 *0.0016 83 -0.00N +0.0012

-256- 1
I



THE JON OPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

MUM1' OF "AkWtMMOINATIO Or AMUWBS "A) DIST1CMaS

CfU 1866' Intm.x.
Line 7"l. As. lid. Am. Chana Vinoent% ]rror

Smak .As, 3*Mt AS. Formula
Good. L&&taao (Ood. Dist. (2)-(l) (4)-(3)= 1_..._I I. jjjl(3 (4) T'

20-21 90)°Ot,0 0000 59-.806 -0.1940 -0o1940 o 0oooo
276 ;:t 09.X189 08.2714 -1.1075 -1.W073 0.0002

000 WX1.000 a 13.762 s 13.762 a 13.765 a 0.00220-22 L76 00 o.0000 59.8040 -0.1960 -0.195 0.000o
317 58 31.244( 30.8384 -0.4062 -0.4048 0.0o14
2 Ooo 00,-.000 12.417 12.417 12.427 0.010

20-23 180 00D 0(cK.o) 59.7576 -0.2424 -0.2424 0.00oo
0 00 00.0000 )9.7120 -0.2280 -0.2280 o.oooo

2 000 000.000 11.213 11.213 21.205 0.008
21-22 20? 54 01.d411 07.1994 -o.6417 -0.6421 o.00=5

26 28 33.6267 33.0881 -0.5306 -0.5396 0.0010
I 509 168.813 8o.45o 11.637 11.63, 0.001

21-23 229 w', 45.383A 44.8267 -0.5547 -0.5590 0.0043
46 26 25.4873 24.9637 -0.5236 -0.)280 0.0044

2 804 710.238 22.445 19.207 19.187 0.020

22-23 249 28 21.3823 0.43i4 .0.0421 +0.0426 o.=05
(5 3o o4.o39o o3.6669 -0.3721 -0.3711 0.0010I ý009 ]58.6Q9 69.019 io.39c o .310. 0.00

50-*1 90 0D 00.0000 50.5315 -0.4685 -0.4684 0On.
290 08 4e.8408 44.6888 -4.1570 -4.2563 o.o007
2 000 000.000 34.001 34.001 34.oo9 0.008

"p0-52 1b 00 oc.0000 59.3588 -0.6412 -0.64D 0.0003
32 46 29.9818 27.5698 -2.4320 -2.4115 0.0005
2 000 000.000 27.606 27.606 27.610 0.304

"4 180 00 00.0000 58.7793 -1.2207 -1.2206 0.0001
o0 00 o.0000 .9.a739 -0.9260 -0.9260 o.oooo

2 ,Ow 000.000 24.108 24.108 2.•.0o 0.000I>1-52 221 39 0.1%28 04.8225 -3.3413 -3.3404 O.OOO9
34 16 2.2,02 10.6256 -1.6196 -1.61?3 0.000?

I 09 296.32 18.582 22.230 22.227 o.oo3
n1-3 243 42 5•o.002 51.136' -3.8662 -3.8674 0.0012

46 2o 76.9619 56.1820 -0.2009 -0.2032 0.00232 804 8650.319 86.531 36.212 36.222 L 010

.2-53 251 16 449 42.3868 -2.1087 -2.1094 0.0007
68 29 46,.066 4A.7173 -O..463 -0.3*89 0.0O6

1 5o 2"16.249 91.3%6 15.1" 15.140 o.oO3

I ~ ~AnP. X. .I

2
!
1
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l".. ...........

5041 90 00 QUOJOOO .00 637562 0'.96 6 .95a 0.001'
330 10 W•.3'147 47.6204 -12.7542 .12,7542 0.00012 00 o oo.000 a 63.966 6•,.966 a 63.965 a 0.001 0

q0..82 135 00 00.0000 54.0318 -5.9622 .5.9622 0.0000
243 41 24.3278 16.9954 -1.3324 -7.3320 0.0004

2 000 000.000 57.179 517.79 57.173 0.006

8o-83 180 00 oo0.000) 53.949 -6.5051 -6.5048 o.ooo3
0 00 00,0o00 57.5863 -2.4137 -2.4134 o0.003

2 000 oO0.000 54.216 54.216 54.211 0.005

B1-82 261 40 390634 26.8843 -12.1791 -12.1789 0,0002

152 io 46.2197 39.8743 -6.3454 -6.3454 0.0000

1 5o9 414.654 58.589 43.935 43.934 0.001

81-83 283 44 36.1541 23.3688 -12.7853 -12-7849 0.0004

46 25 25.4062 24.0379 -1.3682 -13686 0 4

2 804 987.582 64.874 77.292 71.29? 0.005

82-83 215 12 01.2084 53-9452 -1.26-U2 -7.2631 0.0001

168 29 23.3547 21.7212o -.1.5821 -1.5826 0.0001
1 509 407.176 43.844 36.666 36.672 0.004

I

I
IAn. 3pg 21

I
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FORMULA FOR TRANSFORMATION OF GEODETIC
COORDINATES -t

I

There are seven parameters used in this computa-
tion which spc-zify the datums involved in the transforma-
tion. They are:

1. A9p - The semirnajor axis of the reference ellipsoid
in the original da+÷. T

2. Fp - The reciprocal fl .mning of tht reference
ellipsoid of the o•'iginal datum.

3. AN - The semimajor axis of the reference ellipsoid
in the new datum.

4. FN - The reciprocal flattening of the reference
ellipsoid of the new datum.

5. DX - The x-axis origin offset between the two

geodetic systems.
6. DY - The y-axis origin offset between the two

geodetic systems.
7. DZ The z-axis origin offset between the two

geodetic systems. T
The equations which have been implemented in the

program, GEOCN (Geodetic Coordinate Conversion Pro-
gram) are:

860" = [ [(A, cosk + A 2 -inx) sirp + A3 cosO] V +(A 4 sin2+A 5) j +

sin coso] [I I

6X"= [(A 1 sinX - A 2 COWL) cos-(] [1 - I
- .2 .4

6H = (DX cosX + DY sinA) cosp + DZ sirV + B4 sin0+ B 5 sin4r + B

"-260-
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1 where

I A1 csc (1")
A DX

1 a

csc (I t)
A2 a DY

1 3A = csc (1")A3 - A D

A4 = -0. 5 (i csc (I") de 2)

II
A5 [(¶)da +(1 + I)de2 ] csc2(")

B 4 = 0.5 (A de - da)

B 5 =B * e2- (0 25)(A. de2)

B6 = Ap- AN

V = 1 + j (1 - 1.5 sin2(0))

W = 1 - 0. 5 i sin2()

0 = Latitude of reference position in original datum.

x = Longitude of reference position in original datum.

H = Height of reference position above reference
ellipsoid in original datum.

< I From the preceding paper:

a = 0. 5 (AP + AN)

(e 2 -b2 /2

a

e

(1 -e2

3 -261 -
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I E
da a n

= - a

d2 2 2
b = e - e ir i

But for an ellipse: f

f1
a =Semi-major axis

b =Semiminor axis

f Reciprocal flattening.

Then:

b f-I
a f

and

a

2 a _b =1 a2 = --- 2

a 2a2

2 1  _y•) 2  
1

e Lf

1-e L I I

fI

-262- 5
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I

Uf

f

22

2 kv-1 2 FN-1 2
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FORTRAN LISTING 0)

C --- 1/3/69 VEDIIION

I FOUIAT (5X*F9s3#6X*F ~o.4)
2 VOUMA'T (9XpF9#6pIXpF9o6,oIXoF9.6)
3 FORMAT C 13,p3X, F5.-Op I XAF7.4,vi x, 7 o A,2fl
I F5.0,IXF77.4,X,#F*7.A4*XFS.I)

4 FORMAT (2/)
5 FORMAT C 5XP23MINPUT STATION POSITION P//*
I 29HSTA LAITUDE
2 36M4LONIT'JOE ANT. HeIGHT /
3 29HNNNN SOOt. 14kIMOMM SS#SSSS 0

4 36HS000. MM.MMMM 55.5555 SM4MMMOM.)
6 FORMAT C 5X,34H013JDCTIC C03RDINATE TRANSFORM4ATION#

1 5/)
7 FORMAT ( 5Xo24MORIGINAL DATUM - A v jF8.3p
I 12H KM F wU/rop/')

80 FOR.MAT C 5XpP4NTRANSFORMtD DATUM - A s PF5.3,
I19H KM F 2,1/*F7*3#3/)

9 PORMAT ( SXPSHDX~n ,r7e5s4H "KM'5XPSHDY s
I rFI.5sAH KM*SXo5HDZ x F77.5,#AH KM*3/)

10 FORMAT C 5XP22I4REFERENCE POSITION IN
I I6HORIOINAL. DATUM -P//)

It FORMAT ( 5XsI2HLATITUDE - -F5.,@,5H4 DEG oF77.A
I 5H MIN sFT.4#5H SEC P/)

12 FOnMAT C SXP12HLONOITUDE - pF5.0sSH DEG ,F7.4p
1 SH MIN *F7@4ASH SEC #/)

13 FORMAT C 5X*22HREFERENCE POSITION IN #
I 19HTRANSFOIIMED DATUM -*1/)

t'4 FORMAT ( 5X,,7HOLAT a PFS.A.AK SEC*SX,#7HDL'ON ,
I l76.4p41 SECPSXPSHOK is *F77.171 METERS,/)

15 FORMAT C SXo7HDLAT - .75.4#4K MINasXs7HDLON u
I 78.4#414 MINO/,

16 FORMAT C SXm7HOLAT * PF8.4#414 NM j,SXo71DL.)N p
I F6.4s414 NM j/)

17 FORMAT C 5X#5HAI a #EtS5msfo SX*SHA2 a p415.6,,'
I SX*SHA3 a #C15.6,/a 5XPSKA4 9 otl5.s/,l

2 X#SHA5 9 * .oo1
15 FORMAT C SXotSHOCOIDAL kEIGHT * .78.10H1 METERS.A/5
19 FORMAT C 5WsHEDOT a #EIS.6s5X.SMOE2 a .11.S~gp$)
20 FORMAT C SX.ISSTATION #13#1/)
21 FORMAT ( SXP27HINPUT ELLIPSOID PARAMCTERS #/v

I 5X#27HSEMI AXIS REC. FLAT* /

2 SX*BTMKRKKK.KKKK rfFF.FFFF
22 FORMAT ( SX&27HINPUT ORIGIN OFFSETS s/0

I 9X#99HDX -K1 DY -KM &Z - 1 0/0
a tx*30msxoXXXXKK SX.XXXXXX SX.XXXXXX-

CONA4.SA8136B1 1C-6
99, WRITECKO#21)

READCRIPII) A4O#FO
READCI4IsI) AN#FN
WR! TI C KO 22 )
RCAOCHIP2) DXPDY#OZ

100 WRI!TECHOP55
REAOCKIP3) KSTARLATDRLATMARLATSRLONDRLONM#

I UtLON5S' 013
PAUSE - 264.
IF(KSTA) 99*161,101

101 TEMPs ADSCI1LATO)



ADIOT= CA04A\:)/2.
DFO= C(PO-1.)/FO3

OPO2=- DFO-DFO

DE2= DF02-DFN\2 ~j

SCONE?= DL2/CON
A2= -DY/C3NA
A3= DZ/C3,JN
A4= -0.5-EO)T-CO%7-2

~1 ~ CLAT= COS(CLATR)
SLAT= SINCCLATti.)
CI0N= COS(CLONR)
SLON= SIN(CL-'Ti),lR
S2LAT= SLA~TI-LZAT
V= 1.+ED3T*Cl.-1.5-,.S2LAT)

W= 1.-O.Sr-E'M3T,ýS2LA7
DLAT= CAI ;CL(Y'%+A2-.SLON.).ZLAT+A3*CLAT)/.V

I+(A4-SLAT+A5)'-SL(AT*t'LAT
DLAT= DLAT-GI'3jC)JIiDLON= CAl *SLON-A2.;CLO3N) *4/CLAT
MOaN= DLOIGH4C,)\'
86= (AO-AN)
.14= CADOT*'DZ2-ED2?;*B6)*3.5
85= 84*?=-DOT-2 .25*AD'T*-O.2T*.OE2
DHKM= CDX'*CLON+DY*3LOt4) -CLAT+r)Z*SLAT

II DLATN LATh B-SLT*2A)S

DLONM= DLON/60.
DLONN= DLON.I*CLAT

ELATS=CLAT S+DLATA ' ELONS=CLOUS+D0L)N
TEMP=ELA' S/3610.
PLATD=IFIXCTEMP)
TEM?) 9SSCELATS-FLATD*36~33.)/603.
FLATt4IFIXCTEM'PI)
FLATS: CTEM*? I-FLATM)w63.
TEMP2=ELONS/365D
FL'3ND=IF1XCTZMP~2)
TEt1P3=A3SCEL.)NS-FL'2ND*36aO *60

FLONM=IIPXCTENM'3)
FLONS=CTEeIP'3-FLONM4)*69.

122 -CONTI NUE-
UP.ITECK-*)4)
WRITE CX(.61

* 2 WRITECKO.7l AO3.FO
t.4RMT'.A&)S) AN,F~N
W'RTTECK-).9) DYsOY*flZ

M2 WRITECKOP20)) KSTA
124 *.4R1TE('(.)IG) 25.

WRITE CKJ, II) RLATDRLATM*RLATS 26

WRITE CKc.)12) RLONDO,"L)N--sRLOMS
IJRITECK), 18) GHO



-.F1T'O 1 4)E DLTO O NS O0'

WRITECKO, IS) OL4TM*DOLN'1
IRITE(O. 16) DLATNDLONN

WRITECK)I17) A1,A2,A3*A4iA5
WR I I tK')* 9) E03TOE2
GO To too
END~

ENfl OF TAPE
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ISAMPLE AINTOUT 01

I ~INPUT ELLIPSOID PAR.AMETERS
SEHI AXIS RkgC. FLAT.
I(KK .XKKKI fFIVFFFFFF
6378.206 294.976
6376.144 293.230 .

INPUT ORIGIN OFFSETS
r,,!- K- DY -KM DZ-K14
sx.XXXXXX SX.xxxxxx Sx.XXXXKx
-0-9S.5 .173 .183A INPUT STATION POSITION

STA LATITUDE LONGITUDE ANT. HEIGH'
NNN SOOD. Mm.m'imA Sý-.SSSS SOOD9- -. .1-1~1 SS.SSSS Sil2MilifIlt2

1 #39. 9.5165 -376. 53.8643 *145.

PAUSE

40

II -267 -
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GEODETIC COWIDINATE TVASFOPfM1TION

' ]'

ORIGINAL DATUM4 - A = 62-S206 KM F 1/294.978

TRANSFORMIED DATfU. - A = !VB.144 K~i F = 1/298.230

DX = -,02519 K4. DY-= -. 17330 KM DZ = .18399 KM

STATION I

REFERENCE POSITION IN ORIGINAL DATUM - 3
LAT.TU'5E - 39. DEG 9.8165 MIN .0o90 SEC

LONGITUDE - -76. DEG 53.8643 MIN .-9•O SEC I
GEOIDAL HEIGHT - 145-. METERS

REFERENCE PISITION IN TRANSFORKED DATUM -

LATITUDE - 39- DEG 9.0009 MIN 49.6875 SEC

LONGITUDE - -76. DEG 53.9989 HIM 51.2493 SEC

GEOIDAL HEIGHT - 94-1 METERS

DLAT = .6799 SEC DLON = .6193 SEC DH = -58.9 METERS

DLAT = .0113 MIN DLON = .1063 MIN.

D!AT = .9113 N?-1 DLON = .09859 KIM -c

At = .80847895E+00
A2 = -;5594675UE+01
A3 = .59169669EO+1 -

A4 = .51494971E-31
AS = -. 1531249.E02

S-.268 - . 7 1

LOOT = .67775249E-02 DE2 = .-. 73671341E-04 •
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I Appendix F

GLOSSARY OF TERMS FOR NAVIGATION SOLUTION
COMPUTATION

Fortran
Term or Symbol Name Meaning

A AO Semimajor axis of orbit ellipse.

Ak DA(K) Incremental length of semimajor
axis of orbit ellipse.

a a. Coefficients in the navigat;- equa-
tion, constant for any in.e -al for

3 which a doppler count is obtained.

c Speed of light in a vacuum.

SCko(f, X) Difference between measured slant

range difference and theoretical
slant range difference.

d HEAD Navigator's heading at estimated
first fiducial time.

IAEk DE(K) Incremental eccentric anomaly.

E Eccentricity of satellite orbit.

f EFRQ Initial value of offset frequency.

T EFRQ Improved estimate of offset fre-
-mI quency resulting from navigation

operations.

"- GMT Greenwich Mean Time.

h Station's antenna height above mean
sea level.

I H Height of sea level above reference
"geoid at statioris position.1h GEOH Stations antenna height above geoid

(= h+H).

-269 -
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SL.VLIR S•M..G .AR*VL,.AO

Fortran
Term or Symbol Name Meaning
KM-i KM-1 Total number of intervals for which i

doppler counts have been obtained

during a given satellite pass. Ii
k K Index identifying the intervals dur-

ing a given satellite pass
(k - 1,2 ..... KM-1).

J Numbering integer for fiducial -
times, i.e., the number of 2-minute 3
intervals between first fiducial in-
terrupt and previous GMT midnight.

L WAVE Vacuum wavelength associated with
o the frequency f

(L o = f
0

n XNDT Mean motion of satellite ~ in

M(t) XMK Mean anomaly of satellite.

Nk DOP(K) Cycle (doppler) count during kth 3
interval.

Rk REF(K) Refraction correction count during gkth interval.

R Radius of the earth.o
Sk Theoretical slant range difference

for kth interval.
Sko Measured slant range difference I

for kth interval.

T Orbital period of the satellite. U

T ETIM Reading of navigator's clock (GMT)
at first fiducial interrupt.

t Time corresponding to the first
0 fiducial time interrupt from

ephemeral data. I
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I_ _Fortran

Term or Symbol Name Meaning

tf STIM+4 Time at which navigator's position
is computed (time of fix).

t TP Time of satellite perigee (GMT).
p

SAt T T im e betw een satellite perigee andSPfirst fiducial inte: rupt.

u, v, w Coordinate system fixed with re-
spect to satellite orbit ellipse.

V Navigator's speed at estimated
first fiducial time.

X,Y, Z Coordinate system fixed with respect
to inertial space.

.9 x,y, z Coordinate system fixed with re-
spect to the rotating earth.

I 1 x' y' z' Coordinate system of satellite with
! •respect to inertial space.

- •B Angle between right ascension of
* . ascending node and right ascension

of Greenwich.

ELAT Navigator's estimate of his latitude.

fix FLAT True geodetic '.ati':'ude coordinate
of the navigator at time of fix.

* "Navigator's geodetic latitude at
end of interval k.

SA Improvement to geodetic latitude
resulting from navigation equations.

j- Wi SOME Argu.ment of perigee of satellite
"orbit.

6) S-G1,D Rate of change of argument of
perigee.
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Fortran

Term or Symbol Name Meaning

i Angle of inclination of orbit plane
with respect to equatorial plane.

Xe ELON Navigator's estimate of his longitude. 3
X fix FLON True geodetic longitude coordinate

of the navigator at time of fix.

Xk Navigator's geodetic longitude at
end of interval k.

Improvement to geodetic longitude
resulting from navigation equations. 1

AG XLMG Right ascension of Greenwich at
time of satellite perigee (i. e., hour
angle of Greenwich).

COME Right ascension of ascending node.

SCOMD Rate of change of right ascension i
of ascending node.

Xsk, Ysk' Zsk XS, YS, ZS Satellite coordinates in X, Y, Z sys-
tem at interval k.

Xnk' Ynk' Znk' XN, YN, ZN Navigator's coordinates in X, Y, Z
system at interval k.

?7k DN(K) Incremental out-of-plane (cross
plane) component of satellite.

LT Improvement to offset frequency
resulting from navigation equation-:.

We OMGE Rotational rate of the earth.

f Flattening of the reference ellipsoid.

PDAY PDAY Day (GMT) of first fiducial interrupt.

TPDAY TPDAY Day (GMT) of satellite perigee (t p).
T STIM Time (GMT) of first fiducial interrupt

o (i. e., corrected value cf T ).
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I Appendix G

NONSTANDARD NUMERICAL COMPUTATION ROUTINES

In order to write a digital computer program to
implement the navigation solution computations and alert
computations provided in this document, several special
numerical routines other than those available in a standardcomputer command repertoire must be written. These
special routines are:

a. Sine,

b. Cosine,

c. Square root,

d. Arc sine,

e. Arc cosine, and

1 f. Arc tangent.

This Appendix will provide information which will
allow implementation of these routines using standard com-
puter instructions of add, multiply, and divide.

SINE, COSINE

The algorithm given here determines Y = sin X for
2

-1 <X<+1. The algorithm given is that given on page

140 of Ref. 16. The cos I X is determined by use of the

Aequation, 2

cos X =sin (l - X).

In consideration of the above, the theoreti .•ai error is
only discussed in terms of the sine function.

2
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The algorithm to be used in the solution for sin- X

is the Hastings polynomial approximation for the sine -

funzction,

sin-X E C X2i+1
2 = 2i+1i=0

where

C1 = 1.570 796 318 47

C 3 -0.645 963 711 06

5 0.079 689 679 28

C = -0.004 673 765 27 -

7

C9 0.000 151 484 19

4

E C =1. 000 000 005 1.1
i02i+1i=0

4

As can be seen by the value of E C2i+1 in the I
i=0

above table, the error in sin y at y =j for the Hastings

approximation is 5 x 10.9 if all coefficients can be used

as given. However, since a minimum word length of 37

bits would be necessary to achieve this minimum error, I,
the error presently achieved with a 30-bit computer would

provide a more realistic error. For a 30-bit computer

the coefficients can be expressed such that I
4

C; C2i+1 = 0.000 000 011 ,
i=o
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giving an expected error of 1. 1 x 10- 8. This error is
within the required accuracy for the computations requiredI by this document.

ARC SINE, ARC COSINE

The algorithm given here determines Y = sin-(x)
for 0<X-< 1. The algorithm is that given in Ref. 16 onpage 163. The arc cosine is determined by

Ud ~-I 7 -1
cos - X =!L- SiUn -1X .

2

j The algorithm to be uspd in the solution for sin- 1 X
is the Hastings polynomial approximation for the arc sine
function,

arc sinX -- f (X),

where

W (x) a +a 1 X+a 2 X +aX ...... +a 7 X

"a.0 = 1.5707 963 050

a, = -0.2145 988 016

a,, = 0.0889 789 874

a 3 = -0.0501 743 046

a = 0.0308 918 810

a 5 = -0.0170 881 256

a. = 0.0066 700 901

a 7 = -0.0012 624 911

S "i -275-
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ARC TANGENT

The algorithm given here determines Y = tan-1 (X)
for -1 < X < 1. The algorithm is that given in Ref. 16 on
page 134. The algorithm is the Hastings polynomial ap-
proximation for the arc tangent function,

4 x2i+1

arctan X ==0 C2i+l 2

whereI

C = 0.999 8660

C = -0. 330 2995

C5 = 0.180 1410 I
5I

C 7= -0.085 1330

C = 0.020 8351

SQUARE ROOT

The algorithm given here determines Y =i for
all ranges of X. The algorithm to be solved is given as
follows:

a. Compute an initial approximation to f as:

A =. +
0 2 2

b. Then compute by Newton's method

A1 ( +A) 1
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RIM
A =(2L+A) •

i A3 = -+ A2. 2" .

122Ic Then Y ý A 3"

i2

- I
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