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AN EARTH-MARS MISSION-ANALYSIS PROGRAM

By James F. Kibler
Langley Research Center

SUMMARY

A rapid, flexible, preliminary Earth-Mars mission-analysis computer program has
been developed. The program computes a conic interplanetary trajectory approximation,
a noncoplanar impulsive deboost maneuver into a closed orbit about the target planet, and
many mission-dependent and mission-independent parameters to allow examination of the
entire flight profile. The capabilities of the program are discussed along with the require-
ments for computing a general planet-to-planet mission. Examples of program input and
output and sample data analyses are presented for an Earth-Mars mission during the 1973
launch opportunity. A flow diagram for the main program, the input and output descrip-
tion, and a complete program listing are presented in the appendixes.

INTRODUCTION

Interplanetary flights from Earth to the planets represent a significant part of the
space effort. Detailed study is required for each of these flights. A necessary part of
the study is a preliminary mission analysis which consists of choosing a suitable mission
profile from an infinite set of possible candidates. Many variables and trade-offs are
available to the flight planner. For example, once a rocket booster is chosen, the maxi-
mum allowable spacecraft weight is specified for a given launch date and arrival date.
The planner must then trade weight for required launch-arrival periods until a feasible
combination is obtained. Once the spacecraft weight is determined, an allocation must be
made for fuel to perform midcourse corrections, a deboost maneuver at the planet, and a
deorbit maneuver to the surface of the planet. Each of these maneuvers will depend upon
other mission constraints such as the desired orbit at the planet and the desired landing
point on the surface. In addition, the mission planner must consider the effect of scien-
tific requirements on the mission profile. For example, the landing point must be located
in a scientifically interesting area and must have proper lighting for any onboard optical
equipment. The orbit about the planet must satisfy constraints such as communication
requirements with the Earth and the necessity for solar cells to be exposed to sunlight
for the greater part of each orbit. The many different problems involved in preliminary
mission analyses present a real task for the flight planner,



At Langley Research Center, computer programs have been developed to solve sev-
eral individual parts of the mission-analysis problem. However, experience with the
Viking project has shown the difficulty of data interchange between the programs and the
necessity for an integrated approach to a preliminary mission analysis, The program
described herein is an attempt to combine the many facets of preliminary mission design
into one rapid and flexible program. In addition, capability not previously available in
program form, such as a noncoplanar impulsive-burn deboost maneuver, has been included
in this program.

The present version of the mission-analysis program is concerned only with Earth-
Mars missions of the Viking type. However, modifications described herein would allow
study of interplanetary missions to other planets. The accuracy of the program is lim-
ited by the use of Keplerian mechanics and impulsive-burn maneuvers rather than finite-
burn integrating schemes. However, it is felt that for preliminary mission design, the
order-of-magnitude accuracy involved in the approximations, as compared with an inte-
grating program, is far outweighed by the several orders of magnitude gained in compu-
tational speed and program flexibility. Results from the various program elements
agree with results obtained from other conic programs that were previously designed
individually to study specific parts of the total mission.

Information required for operation of the program is contained in the appendixes.
Appendix A includes a brief flow chart and a description of the primary subroutines. An
explanation of the required input is given in appendix B. Appendix C describes the output
parameters, and a complete FORTRAN listing is given in appendix D. The program was
developed for use on a Control Data 6600 series computer and requires a field length of
approximately 65000g.

SYMBOLS
B a vector from center of target planet and perpendicular to approach
asymptote of incoming hyperbola
Cs twice total geocentric injection energy per unit mass, kmz/sec2
Dia declination of launch asymptote as measured from Earth's equator, deg
f true anomaly, deg
f3eorbit true anomaly of deorbit, deg
G Sun lighting angle, deg
hy apoapsis altitude of specified elliptical orbit, km



hy periapsis altitude of specified elliptical orbit, km

i inclination of elliptical orbit, deg

Jo oblateness coefficient for Mars

b true anomaly of landing point (periapsis to landing-point angle on ellipse), deg

T apoapsis radius of ellipse, km

Tentry radius at entry to Martian atmosphere, km

Tp periapsis radius of ellipse, km

Ty radius of Mars, km

R R=8 xT with R a unit vector completing the RST triad

S unit vector, parallel to approach asymptote at Mars and passing through
center of planet

T unit vector perpendicular to § and parallel to ecliptic plane

Ve velocity on ellipse, km/sec

Vh velocity on hyperbola, km/sec

Ve hyperbolic excess velocity of spacecraft relative to Mars, km/sec

AV deboost velocity-change requirement, km/sec

o flight-path angle at entry into Martian atmosphere, deg

Y] declination of landing point, deg

Ag declination of subsolar point, deg

n gravitational constant for Mars, km3/sec2

o)) right ascension of landing point, deg




g right ascension of subsolar point, deg

Q right ascension of ascending node, deg
w argument of periapsis, deg
Subscripts:

1,2 denotes specific points on the ellipse
max maximum

min minimum

Symbols without arrows denote magnitudes.
MISSION-ANALYSIS CAPABILITIES

The computer program has been developed to fulfill a requirement for preliminary
mission analysis and design. The program is intended to be a rapid engineering tool
which may be easily modified to perform additional tasks as the need arises. In this
light, the following paragraphs describe the basic assumptions and approximations, the
method of calculation, and the program capabilities for each part of the mission-analysis

problem treated by the program.

Heliocentric Trajectory

The Earth-Mars-Sun geometry used for calculating the heliocentric trajectory ele-
ments is shown in figure 1. Point masses and Keplerian mechanics are assumed through-
out the analysis. The heliocentric orbits of Earth and Mars are represented by time-
varying mean orbital elements. If the position vector to the Earth at a launch date and
the position vector to Mars at an arrival date (fig. 1) are known, a number of methods can
be used to generate a unique set of trajectory elements which connect these two points in
the desired trip time. A true anomaly iteration method (ref. 1) is used here. Once the
elements of the heliocentric transfer trajectory are known, many additional parameters of
interest are computed. For example, C3 (twice the injection energy of the spacecraft
relative to the Earth) and Dy,p (the declination of the launch asymptote relative to the
Earth's equator) are calculated. These two parameters are of interest to the mission
planner because they define launch-vehicle energy requirements per unit mass (C3) and
whether the injection into the interplanetary trajectory violates range-safety requirements

4



Mars

Heliocentric
transfer trajectory

Figure 1l.- Barth to Mars geometry.

(overflight restrictions on Dy, A)- Also, the hyperbolic excess velocity of the spacecraft
relative to Mars V. is computed here. Constraints on the maximum values of Cg,
DA, and V, are applied by the program. The trajectory for a given launch and arrival
date is rejected if it violates any one of the constraints, and a new launch-arrival date
pair is tried. Thus, the mission planner is spared the necessity of sifting through a num-
ber of impractical trajectories. The other parameters computed here are described in
appendix C. This trajectory computation is very rapid and may be easily modified to
compute additional quantities of interest to the mission planner.

Elliptical Orbit at Mars

The orbit trace and inertial landing-point geometry at Mars is shown in figure 2.
The mission requirements of Sun lighting angle G, landing latitude ;, orbital inclina-
tion i, and the argument of the landing point f; are specified. The declination and right



Orbit trace
Periapsis

Subsolar
point —™? ¥ Equator

Vernal
equinox

Inertial Martian
sphere

Figure 2.- Landing-point geometry. Arrows indicate positive sense.

ascension of the subsolar point, Ag and ¢g, are calculated from the position of the Sun
with respect to Mars. Since these quantities are known, the argument of periapsis w

and the right ascension of the ascending node £ can be found. (See fig. 2.) The
resulting equations depend on the location of the landing point with respect to the ascending
or descending node of the orbit and with respect to the morning or evening terminator
(that is, lighting conditions). The various combinations of landing-point conditions are
chosen on option from the main program, Finally, the apoapsis and periapsis radii,

rya and rp, are specified from experiment considerations. Thus, the orbital elements
(ra, rp, i, €, and w) of an ellipse which passes over the inertial landing point are
known for the date of deorbit.



For photographic coverage, the spacecraft will be in orbit about Mars for a number
of revolutions prior to landing. Because of the oblateness of Mars,  and w will
change as functions of time. Therefore, © and ® are regressed an amount dependent
upon the required stay time in orbit. (See ref. 1.) Thus, the elements of the initial
ellipse on the date of the deboost maneuver are determined.

The mission planner is interested in Sun and Earth occultations as seen by the
spacecraft while in orbit about Mars. Therefore, such parameters as the first orbit on
which occultation occurs, duration of occultation, and the time and true anomaly from
periapsis of entrance to and exit from occultation are computed for both the Sun and
Earth. These parameters are necessary to define quantities such as battery require-
ments (solar cells occulted from sunlight) and data-storage capability (direct telemetry
occulted from tracking bases). The computed quantities are described in appendix C.
It would be possible to compute occultation parameters for other celestial bodies (for
example, Canopus) by a suitable modification to the program.

Deboost Maneuver

The deboost maneuver geometry is shown in figure 3. A minimum AV impulsive
burn maneuver is computed. The maneuver is not constrained to be coplanar or to be a
periapsis-to-periapsis transfer. The values of hyperbolic excess velocity V. and a
unit vector parallel to the approach asymptote and passing through the center of the
planet S have been computed in the heliocentric trajectory part of the program. The
quantities V., and S define a family of approach hyperbolas. The orbital elements
of the required ellipse at Mars have been determined in the elliptical orbit computation
section., The deboost maneuver is designed to specify the family of approach hyperbolas
that results in the minimum AV requirement for deboost.

The procedure is described with reference to figure 3. The approach hyperbola is
rotated about § and its periapsis altitude is adjusted until it intersects the specified
elliptical orbit at a particular true anomaly ;. Since the radius of the hyperbola is
constrained to be the same as the radius of the ellipse at that true anomaly, the orbital
elements of the hyperbola are computed. The velocities on the ellipse Ve,l and hyper-
bola Vh,l at the intersection point are computed and their vector difference AV,
represents an impulsive-burn transfer between the conics at their intersection. Next,
another true anomaly f9 1is chosen, and the velocity difference AVg is computed at this
new intersection of the hyperbola and ellipse. This process is repeated at true anomaly
intervals around the ellipse. The minimum AV is calculated by a parabolic interpola-
tion through the three smallest computed values of AV. The associated hyperbola is
then defined to be the required conic. A maximum acceptable AV is defined by the
user and any profiles which violate this constraint are rejected.




Computed
elliptical
orbit

Family of
approach
hyperbolas

Figure 3.- Deboost velocity computation geometry.

Additional parameters of interest to the mission planner are computed in this part
of the program. For example, the areocentric components of AV, the plane change
involved in the maneuver, and the radius, time and true anomaly of the deboost maneuver
are computed. Also computed are the components B * T, B *R of a ""miss parameter"
B which is the perpendicular from the center of the planet to the approach asymptote.
The components BT and B+ R lie in the plane formed by T (a unit vector perpen-
dicularto S and parallel to the ecliptic plane) and R (ﬁ =§ x ’_I", with R a unit vec-
tor completing the triad). The RST areocentric coordinate system is a convenient
targeting system for the mission planner. Other computed parameters associated with
the deboost maneuver are described in appendix C.



Operational Modes

There are several modes of operation and program options available to the mission
planner. There are three output modes which control computational flow as shown in the
flow chart in appendix A. A sample input and a sample output for each of the computa-
tional modes are illustrated. An initial launch date of August 9, 1973, and an initial
arrival date of March 16, 1974, are specified for each example. In each mode, the pro-
gram automatically scans a grid of launch and arrival dates as determined by the user.
Maximum values for the Cg, Dy A, V., and AV constraints are selected. A set of
landing-point parameters (fl, A, G, i, and stay time in orbit) are chosen which relate
to the particular mission. Physical constants associated with the planet are specified.
For each case, a set of program control integers is required. Each of the input and out-
put parameters is described in appendixes B and C.

An example of the input and output for the minimum output mode is presented. This
operational mode performs only the calculations required to define the basic mission pro-
file. Output is restricted to a single line to facilitate scanning a wide range of possible
launch and arrival date combinations. Only the profiles which satisfy constraints on Cg,
Di,A> Ve, and AV are printed out. This option requires less than 1 second of computer
time per launch-arrival date pair.



A sample input and output described in appendixes B and C for the minimum output
mode follows:

$INPT
E = 0.T3E+02, 0.8E+01, 0.9E+01, 0004 0.0, 0.0
xM = QO.74E+02, 0.2E+01,s 0.16E+02, 0.0, 0.0, 0.0,
ILD = 25,
1AD = 25,
14D = S

t = (0.428284E+05,
JJD = Se

INC I Y
C3MAX = 0.21E+02,

KEY1 = 0y
NDLAMAX = (L.4E+02,

KEY3 = 1,
VHPMAX = (0.35E+01,

KEY4 = (O
DEIVMAX = 0.2E+01,

KFYS = 0.
PER = Q(.12E402,

ISEARCH = Q.
ELP = 0.3E+02,

TREST = 0.0,
SPECLON = 0.90866469013461F+02,

$END
GEE = (C.65E+02.
X1 = Q.4FE+02,
DAYS = (Q.1E+02,
HA = 0.3267E+05,
HP = 0.14E+04,
RS = D.33934E+04%,
RPMIN = 0.47969F+04.,
TADFORB = (0.0»
FPA = =0.16E+02.
RENTRY = (0.363724FE+04.
XJ4? = Q0.197F-02,
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LAUNCH
DATE
73 8 9
73 8 9
73 8 9
73 8 14
73 8 14
73 8 14
73 8 14
73 8 14
73 8 19
73 81§
73 8 19
73 8 16
73 8 18

ARRIVAL
DATE
T4 3 16
T4 321
14 3 26
74 3 16
74 321
T4 3 26
T4 3 31
4 4 5
74 3 16
4 321
74 3 26
74 3 31
74 4 5

c3

16.54
17.04
17.71

17.41
17.67
18.03
18.52
19.18

19.15
19.25
19.41
19.64
19.97

DLA

33.66
35.96
38.51

28.85
30.67
32.68
34.90
37.35

24.76
26,22
27.81
29.56
31.48

DELTAV

1.510
l1.689
1.877

1.349
1.501
1.658
1.820
1.990

1.237
1.366
1.502
1.640
1.781

F DRST F DBST DBST TIM
ELIPSF HYPERB FROM PFR

-63.7
~T4e4
-84.1

-60.8
-T1.5
-81.3
-90.2
-98.0

-59.4
-69.8
-79.5
-B88.2
-96.1

44,6
-51.1
-55.5

-41.6
~48.4
-53.7
=57.0
-58.4

-39.1
=45.9
-51.4
=55.3
~57.5

-1630.69
=-2065.39
-2556.29

-1529.65
-191319.69
-2404.05
=2925.13
~3502.91

~1481.56
-1870.06
-2309.39
-2801.39
-3347.84

SN EO
0 1
0 1
o 1
01
0 1
0 1
0 1
0 1
o 1
0o 1
o 1
0 1
0 1

TSUNIN

0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

DR SN

0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

TASIN

0.00
3.00
0.00

0.00
0.00
0.00
0.00
N.00

0.00
0.00
0.00
0.00
0.00

TASOHT

0.00
0.00
0.00

0.00
0.00
0.00
0.30
0.00

0.970
0.20
0.00
0.00
0.00

TEARIN

8.84
A,92
9.02

8.84
8,02
9.02
Q.18
9.30

8.84
8.92
QN2
9.15
9.20

NIRRT AR

26,11
27.21
74, 20

26.11
?7.21
28.29
29,135
0.79

26411
27,21
24,79
29.15
20,19

TATIN

74457
24,71
74.08

24,52
24,71
24.98
25.72
25,72

24452
24,71
24.98
28472
25.72

TACHItY

75.07
76.58
78,08

75.n7
75.58
78.05
79.49
80, R8

75.07
76.58
78.05
79.49
A0, 88



An example of the input and output for the extended printout mode is presented.
This operational mode calculates numerous additional parameters (described in appen-
dix C) associated with a particular launch and arrival date. In this mode, the "time-
correction' option can be selected. This option allows the user to pick a particular lon-
gitude of landing (that is, "tying down" the inertial landing point to the rotating planet).
The chosen longitude must rotate beneath the computed elliptic orbit with the given
lighting conditions at a particular time. This constraint determines the landing time.
With the time of landing known, event times of deorbit and deboost are computed. The
deorbit-to-landing time increment is computed by use of an entry trajectory with no
atmosphere to allow rapid computation. On option, a more accurate time increment can
be put into the program. The deboost-to-deorbit time increment is computed along the
specified elliptical orbit. One page of output and approximately 2 seconds of computer
time per launch-arrival date pair are required in the extended output mode. Other
quantities of interest to the mission planner could be computed and inserted into this
output.

12



A sample input and output for the extended output mode (described in appendixes B

and C) follow:

$INPT

E = 0.73E+02s 0.8E+01,
XM = Q0.74E+#02, 0.3E+01,
ILn = 1

IaAD = 1,

14D = 1o

JJD = 1l

C3MAX = 0.21E+02,
DLAMAX = O0.4E+02.
VHPMAX = 0.35E+01,
DELVMAX = 0.2E+01.

PER = 0.12E+02,

ELP = 0.2E+02,
SPECLON = 0.32E+03,

GEE = 0.6F+02,

X1 = 0.3E+02.

DAYS = (0.9E+01,

HA = 0.3267E+05,
HP = QO«14E+0C4,

RS = 0.33934E+04,
RPMIN = 0.47969E+04,
TADEORB = 0.21475E+03,
FPA = =0.16E+02.,
RENTRY = 0.363724E+04,
XJ42 = 0.167E-02,

0.9F+01,

0.16E+402,

U

INC
KEY1
KEY3
KEY 4
KFY5
ISEARCH
TDFST

$END

H

0.428284E+05.,

1.

13




4!

LAUNCH DATE ARPTVAL DATF NERANST TIVF NECRRIT TIvr
CALENNAR 3 973 0 0 O 216 74 0 0 O 216 74 19 49 4 325 74 17 2 47
JULTAN 2441903.50 2442122.50 2442123.37 2442177,21

INTERPLANETARY FLIGHT PARAMETERS

NLA = 3,36573132E+01

2

= ?

2% T4

ANDING TIM™
20 18 48
2442127,75

«5THATN?TC+ 00

= ?,37400A077+08

7.0515912727+00
1.49601639F+07

RAL = 1.36567255F+01 €2 = 1.654077507 401 TREIP TIMF = 2,14000000%+0?
ARFD. DFC. S-VECTNR = =1.08404062F+01 AREN, R ,A, S-VICTOR = 1.217863550+02 HYPER, XTSRS VAL,
GF0. NFC. S-VECTOR = =-1.T7484R5755+11 GEN, RJA. S-VFCTOR = 4,17907729E+01 CAMINTOAT IM ATST,
7TAP = 1.03687925F+0? €ETS = 1.73558382F+02 ZAE = 1.320575265+0? TTT = 2,007212467 07
TAC = 5.4663(C549F+01 ETC = 2.694755437+02
PROBE PERTHELTON = 1.51318194€+08 PROARS APHEL TN = 2,457373655+08 PRART INCLIMATION =
LAUNCH TRUE AMOM. = 8.84531180£+00 ARRIVAL TRUE ANNM, = 1.584469517+Nn2 H4SL 1D, ANGLE TRAVEL =

R=VECTCR MAGNITIDE = 9.83210863°+03 AR MY T 9.58532051F+03 a par R

ELFMENTS ANC NDERNQST PARAMETERS - HYDERANLA

A = -6.65501483F+03 E = 1.794714C7E+00 1 = 3.1656R236E+0] CAP,NMERA = =T7.62074A11F +01

NAST TRUE ANOM. = =-3,73713246E+01 NAST TIME = -~7.838712315+02

PFR. PADIUS = 5.21762525F+03 PER, NTC, = 1.747812305+01 PPRL, ReAs = T7.29825332F4)1

V AT DRST = 4.54892991E+00 VX AT NAST = -3,31197219€+00 VY AT NRST = 2,690866557+00 v7
ELEMENTS AND DEBOQST PARAMETERS - ELLIPSE

A = 2.04284000E+04 E = 7,65356073E-01 I = 3.,00000000E+01 CAP.OMERA = 3,053R85171F+0?

DAST TRUE ANQM. = -5,774353302+01 NRST TIMF = -1.424989435+03 NORA, T, AL = 2.147500N0F+07

PER. RADTUS = 4.79340000F+03 PER, DFC. = 1.58998217F+01 PFRL R.A. = 9.5822N685F+9]

V AT DRST = 3,48727587%+00 VX AT NRST = -2,83902172E+00 VY AT NDAST = 1.89974274F+10 v7
DEBNOST MANE'JVER PARAMETERS

NELTA V = 1.27618493F+00 EXCESS PELTA V = 7.23815067F-01 BANINS = 6.00T74389E+03 bFR =

VX = 4.72911478F-01 VY = -7.81123210£-01 V7 = 8.91543065F~-01 PLANE
OCCULTATICN PARAMETERS

1ST ORBIT, SUN= Q TIME, SUN = O, DURATINN, SUN = 0.

TRUE ANGM.. SUN IN = 0. TRUE ANOM., SUN DUT = 0.

1ST ORBIT. EARTH = 1 TIME, EARTH = 1.25758721£+01 NURATION, SARTH = 2.449567430+01

TRUE ANOM.. EARTH IN = 3.39979033E+01 TRUZ ANOM,, EARTH T =  7,.776461156401
LANDING PNINT PARAMETERS

LOENGITUNDE = 3,20000000E+02 LATITUDE = ?.00000000E+01 SUN LIGHTING ANGLF 6.000000007+01

-2.1833161795+07

M

AT nacgT

AME A

vnneca
nEpRTAN
AT nnev

wonouon

1.459917225402

-1.592723627+00

1,46T76084=+02
2.20634R812%-01
1.025874245 470
~7.01195668%-n1

1.700000007+01

CHANRE =

PAYS =

1.118742RBF+01



The third output option is the "parametric-analysis" printout mode.
of the input and output of this mode follows.
fer trajectory for a specified launch and arrival date. Then the input parameters, fj,
i, and stay time in orbit, are varied through specified ranges to determine their
AV required for the deboost maneuver.

Al’ G’

effect on the

mately 1

SINPT

E

XM

TLD

14D

14D

JJp
C3MAX
DLAMAX
VHPMA X
NELVMAX
PFR

E1P
SPECLON
GFE

X1

DAYS

HA

HP

RS
RPMIN
TADEORR
FPA
RENTRY

XJ2

One line of output and approxi-

An example
This mode computes the heliocentric trans-

second of computer time are required for each combination of input parameters,

il

it

i

[}

]

[}

0.73E+02, 0.8FE+01,
O0.74E+C2+ 0.3FE+01,
)}
1,
1,
1.
0.21E+02,
O0.4FE+02,
0.35E+01»
C.2E+01,
0.12E+02,
0.2E+02.,
0.32F+03,
0.6F+02,
O.3E+02,
0.9E+01,
0.3267E+05,
0.14E+04,
0.33934E+04,
0e4T7969E4+04%,
0.21475F+03,
—0.16E+02,
0.363724E404,

0.197E-02,

0.9E+01,

0.16F 02,

0.0,

0.0»
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INC
KEY1
KFY3
KEY4
KFY5
TSFARCH
TREST

$FND

SPARAM
PER 1
PER?
KPER
ELPY
ELP2
KELP
GFE1
GEE2
KGEF
X11
X12
KXT
NAY1
NAY?
KDAY

S FND
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0.428284E+05,

1.

1,
1o

Q.

0.1E+02,
0.12E+02 .
2
Ce25E+02
0.3E+02,
Se
0.6E+02,
0.65FE+02,
Se
0.35E+02,
O«4E+02,
S
0.5E+01,
0.1E+02,
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LAUNCH DATE ARRIVAL DATE

LT

CALENDAR 8 973 0 0 O 316 74 0 0 O

HILTAN 2441903.50 2442122.50

PER = 1.0000£+01 ELP = 2.5000E+01 GEE = 6.0000E+01 X1 = 3.5000F+01 DAYS = 5.0000E+00 NELTA 1.2627E+00
PER = 1.0000£+01 ELP = 2.5000E+01 GEE = 6.0000E+01 X1 = 3.5000E+01 DAYS = 1.0000E+01 DELTA 1.3353E+00
PER = 1.,0000€+01 ELP = 2.5000%+01 GEE = 6.0000E+01 X1 = 4.0000F£+01 DAYS = 5.0000F+00 NELTA 1.0735E+00
PFR = 1,0000€+01 ELP = 2.5000F+01 GEE = 6.0000E+01 X1 = 4.0000E+01 DAYS = 1.,0000E+01 NELTA 1.12385€E+00
PER = 1.0000E+01 ELP = 2.5000F+01 GEF = 6.5000E+01L XTI = 3.50005+01 DAY = 5.0000E+00 DELTA 1.2832E+00
PER = 1.0000E+01 ELP = 2.5000E+01 GEE = 6.5000E+01 X1 = 3.5000F+01 NAYS = 1.0000E+01 NELTA 1.4547E+00
PER = 1.0000E+01 ELP = 2.5000F+01 GEE = 6.5000E401 XI = 4.0000F+01 NAYS = 5,0000E+00 NELTA 1.1932E+00
PER = 1.0000€E+01 ELP = 2.5000E+01 GEE =  6.5000E+01 XI = 4.0000F+01 DAYS = 1.0000E+01 DELTA 1.2675€+00
PER = 1.0000E+01 ELP = 3.0000F+01 GEE = 6.C000E+01} X1 =  3.5000°+01 DAYS = 5.0000E+00 NELTA 1.6100E+00
PER = 1.0000E+01 ELP = 3.0000E+01 GEE = 6.0000E+01 X1 = 3.5000E+01 DAYS = 1.0000E+01 DELTA 1.6812E+400
PER = 1.0000E+01 ELP = 3,0000E+01 GEE =  6.0000E+01 X1 = 4.0000E+01 DAYS = 5.0000€E+00 DELTA 1.2901E+00
PER = 1.0000E+01 ELP = 3,0000£E+01 GEE = 6.0000E+01 X1 = 4.0000E+01 NAYS = 1.0000E+01 DELTA 1.3765E+00
PER = 1.0000F+01 ELP = 3.0000E+01 GEF = 6.5000E+01 XI = 3.5000F+01 DAYS = 5.0000E+00 DELTA 1.7168F+00
PER = 1.0000E+01 ELP = 3.0000£+01 GEF = 6.5000£+01 XI = 3.5000E+01 NAYS = 1.0000E+01 NELTA 1.7815E+00
PER = 1.0000E+01 ELP =  3,0000F+01 GEE = 6.5000£+01 XI = 4.0000F+01 DAYS = 5.0000E+00 DELTA 1.4342F+00
PER = 1.0000E+01 ELP = 3,0000E+01 GFF = 6.5000E+01 XI = 4.,0000E+01 MAYS = 1.0000E+01 DELTA 1.5179E+00
PER = 1.2000E+01 ELP = 2.5000E+01 GEE = 6.0000E+01 XI = 3.5000E+401 NAYS =  S5.0000E+00 DELTA 1.2611E+00
PER = 1.2000F+01 ELP =  2,5000E+01 GEE = 6.0000E401 X1 = 3,5000E+01 DAYS = 1.0000F+01 DELTA 1.3326F+00
PER = 1.?2000E+01 ELP = 2.5000E+01 GEE = 6.0000E+01 XI = 4.0000E+01 DAYS = 5.0000F+00 DELTA 1.0812E+00



There are several program options available within each of the output modes. The
program user must select values for each of the control integers described in appen-
dix B. Either a posigrade or retrograde hyperbola may be chosen for the approach to
Mars. One of four combinations of ascending or descending node and morning or evening
lighting are specified for the landing point on the surface of Mars. The user may also
put in broken-plane trajectory parameters (that is, a combination of two intersecting
conic trajectories with different orbital elements). If this input option is selected, no
heliocentric trajectory computation is made within the program. (See the flow chart in
appendix A.)

A brief description of the primary subroutines is given in appendix A. The other
general purpose subroutines are given in the FORTRAN listing in appendix D. These
subroutines are generally self-explanatory and may be used in many types of programs.
The mathematics associated with several of the general purpose subroutines is discussed

in reference 2.

Application to Other Planets

The modular construction of the mission-analysis program permits a relatively
easy extension to the evaluation of a planet-to-planet mission. A planetary ephemeris
subroutine must be substituted for the launch and arrival planets, and a coordinate trans-
formation subroutine is required to rotate a vector between the mean planet equator-
equinox coordinate systems. Changes in the planetary constants and minor FORTRAN
modifications must also be made. The straightforward computation and flexibility of the
mission-analysis program should permit the addition of any calculations required by the
mission planner.

RESULTS AND DISCUSSION OF SAMPLE CASE

Many phases of preliminary mission analysis can be studied by use of the data com-
puted by the program. Since this paper is intended as an explanation of the capabilities
of the mission-analysis program, only two examples of data analysis are presented here.
First, consider the problem of choosing feasible ranges of launch and arrival dates.

This analysis is performed by the minimal output mode of the program. The choice of

a launch and arrival date pair is constrained immediately by the available launch vehicle
energy per unit mass Cg, range safety considerations Dj A, and the deboost velocity-
change requirement AV. Program output is used to plot constant contours of these three
quantities as functions of launch and arrival dates. (See fig. 4.) By establishing an upper
value of each quantity, many combinations of launch-arrival dates which exceed one of the
constraints can be eliminated immediately from further consideration. The shaded region
in figure 4 indicates the launch and arrival dates which simultaneously satisfy the

18



Mars arrival date, 1973-1974

20

MAY
30

APR.
10
21

MAR.
1
FEB. 9
20

JAN,
1
DEC. 1

Figure 4.-

Acceptable opportunities

Deboost AV

1.4 km/sec

1.3 km/sec

C3 contours

22 km2/sec?

20 km?/sec?

MAY

CB’

11 1 21 10 30 19
JUNE JULY AUG. SEPT.
Earth launch date, 1973

Dra» and AV constraints on launch-arrival date opportunities.

DLA Contours

contours for a
given orbit at Mars

19



20

Orbital inclination, deg

Earth launch date, August 20, 1973 AI = 20
Mars arrival date, March 24, 1974 6 = 60°
Foo=12°
1
Stay time in orbit, days 20
60 10
0
551
50+
45~
Lot~
351
30
251
20
{ | . . 1 ~ i . i I T
0.8 0.9 1.0 1.1 1.2 1.3 1.4

Deboost AV, km/sec

Figure 5.- Deboost AV variation with landing-point parameters.
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constraints of Cg = 20 km2/sec2, Dy A = 35° and AV =1.3 km/sec. It should be
noted that the AV contours are dependent upon a particular set of landing-point condi-
tions which determine the elliptical orbit at Mars. Any variation in the elliptical orbit
will shift the AV contours.

Next, it is logical to choose a launch-arrival opportunity from the shaded region
of figure 4, and to determine the effect of the landing-point conditions on AV. This
problem is easily handled by the parametric analysis output mode. Figure 5 shows the
variation in inclination as a function of deboost AV for a launch date of August 20, 1973,
and an arrival date of March 24, 1974. The plots show the variation in AV as depen-
dent upon the Sun lighting angle, f;, landing latitude, and stay time in orbit. Since
these parameters are not truly independent, the two-dimensional plot will not tell the
complete story. However, this type of analysis does indicate trends for additional study.
The data presented in figures 4 and 5 can be generated in two runs of the program,

CONCLUDING REMARKS

Rapid computing time, modular construction, and the combination of many phases
of mission design into one package are assets of the mission-analysis program. The
conic trajectory computations decrease the accuracy of the program as compared with
an integrated trajectory, but this inaccuracy is felt to be of minor concern for prelimi-
nary mission planning purposes. The ease with which modifications can be made, and
computational flexibility make the program a useful engineering tool.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., August 7, 1970,
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APPENDIX A

MAIN PROGRAM

Flow Diagram

Increment
Launch-Arrival
Dates

Yes
<@ BPOATA
No

Specify
Launch-Arrival
Dates

Increment
Landing Polnt
Parameters

EVENTS

Qutput
According
to Proper
Mode

No ® Yes

This flow diagram is a simple description of the computa-
tional flow of the main program. The three sets of input are
described in appendix B. Each of the subroutines shown here
is described briefly after the flow diagram. These subroutines,
in turn, call the other subroutines given in appendix D. The
numbered decisions are as follows:

Is the program in the parametric analysis output mrode ?
Is broken-plane input data required?

Is the program in the extended printout mode ?

Are the C3, Drpa,o0r V. constraints exceeded?

Is the AV constraint exceeded?

Has the "time correction" option been selected ?

QEEEEEO

Is the required range of launch-arrival dates completed ?
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APPENDIX A — Concluded

Description of Primary Subroutines

The following is a brief description of the primary subroutines shown in the flow

diagram.

PLUG and PLUG 1 — PLUG is called in the minimum output mode; it computes Cg,
DpA, and V, and the declination and right ascension of S. PLUG 1 is called in the
extended output mode; it computes many additional trajectory parameters as described
in appendix C. These subroutines compute the elements of a heliocentric trajectory
between Earth and Mars for a given launch and arrival date. A unique conic trajectory
is determined from the two radius vectors and the trip time. A true anomaly iteration
method is used to establish the conic trajectory.

COMPEL - If the landing-point parameters of i, f;, G, X;, staytime in orbit, and the
date of landing are known, this subroutine computes the elements of an ellipse at Mars
which passes over the landing point on the date of deorbit.

FUDGE - With the oblateness coefficient for Mars and the stay time in orbit known, this
subroutine modifies £ and w as computed in COMPEL to account for oblateness
effects accumulated during the specified stay time in orbit. The resultant elements
determine the initial orbit at Mars.

DEBOOST AND DBST 1 — DEBOOST is called in the minimum output mode; it computes
the minimum AV and the elements of the hyperbola associated with it, and the impact
plane parameters. DBST 1 is called in the extended output mode; it computes the addi-
tional deboost parameters described in appendix C. These subroutines compute the
minimum impulsive velocity change required to transfer from the approach hyperbola to
the initial orbit at Mars,

SEESE — This subroutine determines whether occultations of the Sun or Earth as seen
by the spacecraft occur during the specified stay time in orbit. If so, it computes the
occultation parameters described in appendix C.

EVENTS — This subroutine is called in the "time correction' option. The user specifies
a longitude of landing which determines the landing time. Then, event times of deorbit
and deboost are computed. The user may specify the deorbit-to-landing time increment.
If this time increment is not specified, an impulsive deorbit maneuver is performed and
the deorbit quantities described in appendix C are computed.
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APPENDIX B
DESCRIPTION OF PROGRAM INPUT

The NAMELIST feature of the Control Data 6600 computer is used to facilitate data
input, Three namelists are used. INPT is the standard set of data and control variables
and is always required. PARAM is a set of quantities used to vary the landing point data
parametrically and is put in only in the parametric-analysis output mode. BPDATA is
a set of broken-plane trajectory parameters, If this namelist is put in, no trajectory
calculation is made within the program,

The following quantities are put in by the INPT namelist.

Program Program Mathematical . g
symbol dimension symbol Units Definition
E 6 yr, mo, day, Calendar launch date (for example, 73,

hr, min, sec 10, 23, 0, 0, 0)

XM 6 yr, mo, day, Calendar arrival date
hr, min, sec

ILD 1 days Scanning period size for launch

IAD 1 days Scanning period size for arrival

1JD 1 days Launch-date increment

JJD 1 days Arrival-date increment

C3MAX 1 C3 max km2/sec2 Constraint on vis-viva injection

H
1 energy C3

DLAMAX 1 Dy, A,max deg Constraint on declination of the launch
asymptote Dy

VHPMAX 1 Voo, max km/sec Constraint on hyperbolic excess
velocity Vg

DELVMAX 1 AV ax km/sec Constraint on deboost AV

PER 1 7] deg Periapsis to landing point angle

ELP 1 N deg Landing-point latitude

SPECLON 1 (bp deg Specified landing-point longitude
(required only in time-correction
mode)

GEE 1 G deg Sun lighting angle
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Program Program Mathematical

APPENDIX B — Continued

symbol dimension symbol
X1 1 i
DAYS 1
HA 1 hy
HP 1 hp
RS 1 ry
RPMIN 1 rp,mi n
TADEORB 1 f deorbit
FPA 1 a
RENTRY 1 rentry
XJ2 1 Jdo
U 1 M
INC 1
KEY1 1
KEY3 1
KEY4 1

28

Units

deg
days

deg

deg

none
km3/ sec2

none

none

none

none

Definition

Orbit inclination at Mars

Stay time in orbit

Height of apoapsis above Mars surface
Height of periapsis above Mars surface
Radius of Mars

Minimum periapsis radius of approach
hyperbola

True anomaly of deorbit (required only in
time-correction mode)

Flight-path angle at entry

Radius at entry (FPA and RENTRY are
required only in time-correction mode
and when no estimated time from
deorbit to landing has been specified)

Oblateness coefficient for Mars
Gravitational constant for Mars

INC is 1 for posigrade hyperbola and 2
for retrograde hyperbola

Output control integer
KEY1 is 0 for minimum-output mode,
1 for extended-output mode, and
2 for parametric-analysis output mode

Landing-point control integer

KEY3 is 1 for descending node,
p.m. lighting; 2 for ascending node,
p.m. lighting; 3 for descending node,
a.m. lighting; 4 for ascending node,
a.m. lighting

Time-correction mode control integer
KEY4 is 1 for time correction, and
0 for standard run



KEY5 1
ISEARCH 1
TDEST 1

APPENDIX B -~ Concluded

Program Program Mathematical ; .
symbol dimension symbol Units

Definition

none Broken-plane input control integer
KEYS5 is 1 for broken-plane input (BPDATA
namelist must be added) and 0 for standard

input

none Parametric-analysis control integer
ISEARCH is 1 for parametric analysis (PARAM
namelist must be added) and 0 for standard run

days Estimated time from deorbit to landing
TDEST is 0 yields computed time from deorbit

to landing

The following quantities are input by the PARAM namelist when required.

Program symbol

PERI1

PER?2

KPER

ELP1 ELP2,KELP
GEE1,GEE2 XGEE
XI1,X12 ,KX1
DAY1,DAY2 KDAY

Units Definition

deg Initial value of 1

deg Final value of f;

deg Incremental value of f;

deg Initial, final, and incremental values of X

deg Initial, final, and incremental values of G

deg Initial, final, and incremental values of i

days Initial, final, and incremental values of stay time

in orbit

The following quantities are input by the BPDATA namelist when required. All are

associated with a particular broken-plane trajectory.

Program symbol
C3
DLA

Units
km?2/sec2
deg
km/sec
deg
deg
yr, mo, day, hr, min, sec

yr, mo, day, hr, min, sec

Definition
Cs
Dra
Vo
Declination of the approach asymptote
Right ascension of the approach asymptote
Arrival date for broken-plane trajectory

Launch date for broken-plane trajectory
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APPENDIX C
DESCRIPTION OF PROGRAM OUTPUT

Three output options are available in the program, The first output option is a
minimum print mode, Several important parameters associated with a particular launch-
arrival date pair are printed on a single line. This mode facilitates scanning a wide
range of launch-arrival date combinations to select suitable mission profiles. Only pro-
files which satisfy the Cg, Di,pA, Vo, and AV deboost constraints are printed out.
The program automatically scans a grid of launch and arrival dates as determined by the
first six quantities in the INPT namelist. The following quantities are output in the mini-

mum print mode.

Output Units Definition
LAUNCH DATE yr, mo, day Launch date at Earth
ARRIVAL DATE yr, mo, day Arrival date at Mars
C3 km2/sec2 Vis-viva injection energy for Earth-Mars trajectory
DLA deg Declination of launch asymptote
DELTAV km/sec Deboost velocity change requirement
F DBST ELLIPSE deg True anomaly of deboost on the elliptical orbit

at Mars

F DBST HYPERB deg True anomaly of deboost on the approach hyperbola
DBST TIM FROM PER sec Time of deboost from the periapsis of the ellipse
SO none The first orbit on which occultations of the Sun take

place; SO = 0 indicates no occultations of the
Sun during the specified stay time in orbit

EO none The first orbit of Earth occultations; EO = 0
indicates no occultations during the specified stay

time in orbit

TSUNIN min Time from elliptical periapsis of entrance to Sun
occultation

DURSUN min Duration of Sun occultation

TASIN deg True anomaly of entrance to Sun occultation

TASOUT deg True anomaly of exit from Sun occultation

TEARIN,DUREAR, min Parameters associated with Earth occultations

TAEIN,TAEOUT deg
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The second output option is an extended printout mode.

APPENDIX C — Continued

This option performs the

same tasks as the minimum print mode, but with many additional parameters computed.

The program must be in this mode in order to select the time-correction option.
operational mode is useful for examining a candidate mission profile in detail.

This
The fol-

lowing quantities are output in the extended printout mode.

Output
LAUNCH DATE

ARRIVAL DATE
DEBOOST TIME

DEORBIT TIME

LANDING TIME

DLA

RAL

C3

TRIP TIME
AREO.DEC.S-VECTOR
AREO.R.A.8-VECTOR
HYPER.EXCESS VEL.
GEO.DEC.S-VECTOR
GEO.R.A.S-VECTOR

COMMUNICATION DIST.

ZAP
ETS

ZAE

Units

deg

deg
km2/sec?
days

deg

deg
km/sec
deg

deg

km

deg
deg

deg

Definition

Calendar (mo, day, yr, hr, min, sec) and Julian
(days) launch date from Earth

Calendar and Julian arrival date at Mars

Calendar and Julian deboost date; output only in
time-correction option

Calendar and Julian deorbit date; output only in
time-correction option

Calendar and Julian landing date; output only in
time-correction option

Geocentric declination of the launch asymptote

Geocentric right ascension of the launch asymptote

Vis-viva injection energy

Trip time

Areocentric declination of §

Areocentric right ascension of S

Hyperbolic excess velocity

Geocentric declination of §

Geocentric right ascension of S

Line-of-sight distance from Mars center to Earth
center at arrival date

Angle between S and Mars-to-Sun vector

Angle measured clockwise from T-axis to negative
of projection of Mars-to-Sun vector on the RT
plane (measured in areocentric, equatorial,
arrival date coordinates)

Same as ZAP with Mars-to-Earth vector
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Output
ETE
ZAC
ETC
PROBE PERIHELION
PROBE APHELION
PROBE INCLINATION

LAUNCH TRUE ANOM.

ARRIVAL TRUE ANOM.,

HELIO. ANGLE TRAVEL

B-VECTOR MAGNITUDE

BDOT T

BDOT R

APPENDIX C - Continued

Units
deg
deg
deg
km
km
deg

deg

deg

Definition
Same as ETS with Mars-to-Earth vector
Same as ZAP with Mars-to-Canopus vector
Same as ETS with Mars-to-Canopus vector
Periapsis of heliocentric transfer trajectory
Apoapsis of heliocentric transfer trajectory

Inclination to the ecliptic of heliocentric
transfer trajectory

True anomaly of launch point on transfer
trajectory

True anomaly of arrival point on transfer
trajectory

Heliocentric angle between launch and
arrival points

Magnitude of B ("miss distance" from cen-
ter of planet perpendicular to the approach
asymptote)

Component of B along the ’f—axis; areo-
centric ecliptic of date coordinate system

Component of B along the R-axis; areo-
centric ecliptic of date coordinate system

The following parameters are output for both the approach hyperbola and the ellip-

tical orbit about Mars.

Output
A
E
I
CAP.OMEGA
OMEGA
DBST TRUE ANOM.
DBST TIME
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Units
km
none
deg
deg
deg
deg

sec

Definition
Semimajor axis of conic
Eccentricity of conic
Inclination to Martian equator of conic
Right ascension of the ascending node of conic
Argument of periapsis of conic
True anomaly of deboost point on conic

Deboost time from periapsis on conic



APPENDIX C — Continued

Output Units Definition

PER. RADIUS km Periapsis radius of conic

PER. DEC. deg Areocentric declination of periapsis of conic

PER. R.A. deg Areocentric right ascension of periapsis of
conic

V AT DBST km/sec Magnitude of velocity on conic at deboost

VX,VY,VZ AT DBST km/sec Areocentric components of velocity on conic
at deboost

In addition to these parameters, the following quantities are output for the ellipse,

Output Units Definition

DORB. T.A. deg True anomaly of deorbit point on ellipse;
output only in time-correction mode

VDORB km/sec Velocity change required for deorbit; output
only in time-correction mode

PERIOD days Period of the ellipse

The following parameters are output under the headings of "DEBOOST MANEUVER,"
"OCCULTATION," and "LANDING POINT."

Output Units Definition
DELTA V km/sec Magnitude of velocity increment required for
deboost
EXCESS DELTA V km/sec AVmax - AV§eboost
RADIUS km Radius on conics at deboost point
PER deg True anomaly of landing point beneath the

ellipse — (positive if landing before
periapsis, negative if landing after

periapsis)

VX,VY,VZ km/sec Areocentric components of DELTAV

PLANE CHANGE deg Angle between the planes of the approach
hyperbola and the elliptical orbit

1ST ORBIT, SUN none The first orbit on which occultations of the
Sun occur
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APPENDIX C — Concluded

Output Units Definition

TIME, SUN min Time of entrance to Sun occultation from
periapsis

DURATION, SUN min Duration of Sun occultation

TRUE ANOM., SUN IN deg True anomaly of entrance to Sun occultation

TRUE ANOM., SUN OUT deg True anomaly of exit from Sun occultation

1ST ORBIT, EARTH none The first orbit on which occultations of the
Earth occur

TIME, EARTH min Parameters associated with Earth

DURATION, EARTH min occultations

TRUE ANOM., EARTH IN deg

TRUE ANOM., EARTH OUT deg

LONGITUDE deg Areocentric right ascension of the landing

point (in time~-correction rhode, the speci-
fied longitude is substituted)

LATITUDE deg Specified latitude of the landing point
SUN LIGHTING ANGLE deg Specified lighting angle at the landing point
DAYS days Stay time in orbit prior to deorbit

The third output option is a parametric-analysis printout mode. This mode lists
the launch and arrival date for a particular trajectory. Then, on a single line, PER,
ELP, GEE, XI, DAYS, and DELTA V are listed. Each landing-point parameter can be
varied in turn to determine its effect of AV required for the deboost maneuver.
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APPENDIX D

PROGRAM LISTING

The following is a FORTRAN listing of the mission-analysis program and asso-

ciated subroutines:

11

PROGRAM MISHAP (INPUT.OUTPUTTAPES=INPUT,TAPEG6=0UTPUT)}

DIMENSION E(6),XM(6), ELI6) XM1(6}

NAMELIST/INPT/E XMy ILD+»IAD»IJD+»JJDyC3IMAXDLAMAX, VHPMAX, DEL VMAKX
1PERJELPySPECLON¢GEE X1 sDAYS»yHAyHPyRSyRPMINy) TADEORB,FPA,RENTRY ) XJ2,
2U 9 INC yKEYL1 s KEY3 9 KEY4,KEYS y ISEARCH,» TDEST
4 /PARAM/PERLIyPERZyKPERy ELPLyELP2+KELP yGEELyGEE2+KGEE»XI1yX
S12+KXIyDAYLsDAY2,KDAY
2/BPDATA/C34DLAyVHP 9y DPA,RAP XM E

DIMENSION DBST(6),DEOR(6)XLAND(G)

READ{S,INPT)

WRITE(6,INPT)

IF(ISEARCH.NE.1}GO TO 11

READ{(5,PARANM)

WRITE(6+PARAM)

CONTINUE

INPUT FOR MAIN

E(1-6)=FIRST CALENCAR CATE OF LAUNCH PERIIJID.
E(1)=CALENCAR YEAR(2 DIGITS), E(2)=CAL. MONTH, E(3)=CAL DAY, E(4)=HOURS
E{(5)=MINUTES, E(6)=SECONDS.
XM{1=-6)=FIRST CALENCAR DATE OF ARRIVAL PERIGD.
XM{1y2+3+4+5,6)=SAME AS FOR LAUNCH.
ILD=LAUNCH PERIOD SIZE, IAD=ARRIVAL PERIOD SIZE.
IJD=LAUNCH DATE INCREMENT, JJD=ARRIVAL DATE INCREMENT,
PER=IMPACT ANGLEs ELP=DECLINATION OF IMPACT, SPECLON=SPECIFIED
LONGITUDE OF IMPACT, GEE=SUN LIGHTING ANGLEs XI=INCLINATION OF
ELLIPTICAL ORBIT,y HA=HEIGHT OF APDAPSIS, HP=HCIGHT DF PERIAPSIS,
DAYS=STAY TIME PRICR TO DEORBIT.
RS=RADIUS OF MARS, RPMIN=MINIMUM RADIUS OF PERTAPSIS OF HYPERBOLA,
TADEORB=TRUE ANOMALY OF DEORBIT, FPA=FLIGHT PATH ANGLE AT ENTRY,
RENTRY=RADIUS AT ENTRY,
XJ2=0BLATENESS COEFFICIENT, U=MU FOR MARS
KEY1l=Q FOR MINIMAL QUTPUT, =1 FOR EXTENDED QUTPUT, =2 FOR PARAMETRIC
ANALYSIS QUTPUT,.
KEY3= 1,DESCENDING NODE(PM) - 2,ASCENDING NODE(PM) -

3,DESCENDING NODE(AM) - 4,ASCENDINS NODE(AM) =~
KEY4=1 FOR TIME CORRECTION LJ0P, =0 FOR NO CORRECTION,
KEY5=1 FOR BROKEN PLANE INPUT. =0 FUR STANDARD INPUT.,
ISEARCH=1 FOR PARAMETZR RUN ON PARTICJLAR LAUNCH-ARRIVAL DATE PAIR,»0=NO
PERL1,ELP1,GEEL1,XI1,DAY]1l = FIRST VALUES TO BE INPUT WHEN SEARCHING
ON A PARTICULAR LAUNCH-ARRIVAL DATE PAIR.
PER2+ELP2,GEE2,X12,0AY2 = LAST VALUES.
KPERyKELP +KGEZ yKXI 9 KDAY = INCREZMENTAL VALUES({INTEGER 3NLY)
TDEST=ESTIMAT:ED TIMEZ FROM DEORBIT TO LANDING, =0 YIELDS COMPUTED TIME,.

ALL LENGTHS IN KILOMETERS, ALL ANGLES IN DEGREES.
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WRITE(6,650)
IF(KEY1aNEL.O)GO TO 2
WRITE(64+875)
WRITE(6,4876)

2 CONTINUE
IF(KEY5.NE.11G0 TO 21

24 READ(5,8BPDATA)

21 CONTINUE

CALL CALJUL(EWJDEFJDsWNDFDyE)
CALL CALJULU(AWJDsAFJDsWNDyFDyXM)
DO 700 I=1,ILD,14D

WRITE(6,500)

DO 7006 J=1,1AD,J44D
DATEE=FLOAT(I-1)+EWJD+EFJD
DATEM=FLOAT(J=1)+AWJD+AFJD

EWDI=1FIX{DATEZ)
EFCI=DATEE-EWDI +,0000001
AWDI=IFIX{DATEM)
AFDI=DATEM=-AWDI +.0200001
CALL JULCAL(E1,EWDILEFDI,O)
CALL JULCAL(XM1,AWDI,AFDI,O0)

IF(KEY5.EQ.1)G0 TQ 22
IF(KEYL.NE.C)GO TO 4
CALL PLUGI(DATEEsDATZM,C3+DLA,VHPDPAJRAP,KK)
GO 10 5
4 CALL PLUGL(DATEE,DATEM,C3,DLA,VHP,DPA,RAP,TT,RAL,DCOM,PROBPER,PROB
1AP ,PROBINC» TAL » TAASHELANG ¢ GDAYGRAZAP,ETS» ZAEYETESZAC,» ETCy KK)

36

5

22
23

12

CONTINUE
IF(KK.EQ.0)}GO TC 700

IF(C3.GT.C3MAX)IGO TO 700
IF(DLA.GT.DLAMAX)GO TO 700
IF(VHP.GT.VHPMAX)GO TO 700
GO 70 23

CONTINUE

CONTINUE

IFLISEARCHLNELQ)IGO TO 12
JPER=1.

JELP=1,

JGEE=1,

JXI =1,

JDAY=1,

CONTINUE
IF(ISEARCH.NE,1)GO TO 13
JPER=ABS({PERL-PER2} +]
JELP=ABS(ELP1-ELP2)+]
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JGEE=ABS(GEE1-GEE2) +1

JXT =ABS{ XIi~ XI2)+1
JDAY=ABS(DAY1~-DAY2) +1

CONTINUE

IF(KEY1.NE.21G0O TO 15
WRITE(6+900)EL(2),EL(3)4EL(L)9EL(4)2EL(5),EL(H6)XML(2)XML(3),XMLI(
11) s XML (4) 9 XML{S)y XML(6)»DATEE,DATEM
CONTINUE

DO 700 I1=1,J4PER,KPER

DO 700 12=1,JELP,KELP

DO 70C 13=1,JGEEsKGEE

DO 700 I4=1,JXI ,KXI

DO 70C 15=1,JDAY,KDAY

IF(ISEARCH«NE.1)GO TO 14
PER=PER1+I1l-1.
ELP=ELPL+I2-1.
GEE=GEEl+13~1,

XI = XIl+14~1,
DAYS=DAY1+15-1,

CCNTINUE

KEY2=1

CALL COMPEL(PERJELP ,GEE,XI»CAPW yXITW,DATEM,HAyHP»AE)EE ) DAYS RS KEY
12,KEY3,ELONP)

EPRAD=HP + RS

IFIKEY2.EQ.CIGO T3 700

CALL FUDGE(XJ2¢XI+AEYEE)DELCOMyDELSOMyPD o XITW,CAPW,0EsWE »U+sDAYS RS
1)

IFIKEY1.NEL.CIGO TO 6

M=10

CALL DEBOUST(AEJEE o+ X1 +WEWDESFEyUsDPAyRAPSVHPyRPMINYINC s AZoEHYyZIy W
12,0ZyFH,BT»BRH,DELTV ,TPERE »M)

GO0 T0 7

6 M=1

7

CALL DBSTYL(AE EE s XI yWEyOEFE»UsDPA yRAP 4VHP yRPMINYINCyAZyEHyZIsW
12+0ZyFHeBT 9 BRyDELTV yTPERE s TPERHsByHPRADIDBRADyVXHyVYH s VIH,VXE 2 VYE,
2VZIE ¢VXDoVYDyVZDyDECHP»RA4IP,DECEP sRAEPyVDBH,VDBE,PLANE, M)

CONTINUE

*xkkkkTRANSFORMATION OF BT,BR FROM EQUATORIAL TO ECLIPTIC.

DR=4017453292515943

XS=COS(DPA*XDR)I*COS (RAP*DR)
YS=COS(DPAXDRY*SIN{RAP*DR)

2S=SIN{DPA%DR)

CALL RECEQ(DATEM:De +s0e9le s XEQyYEQy ZEQ)

CALL REQOMEQ(DATEM,XEQ,YEQ,ZEQyXMEQy YMEQyZMEQ,DM,RM)
CALL CROSS(XS»YSsZS XMEQyYMEQyIMEQ,TX,»TY,TZ.PRODT)
CALL CROSS({XSsYSsZSsTXeTY»TZyRXyRYRZyPRODR)
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CALL CROSS(XSyY¥SyZS9Ce9CavlesTEX,TEY,TEZ4PRODET)
CALL CROSS(XS,)YSyZS+TEX,TEYITEZREXyREYyREZ ,PRODER)
CALL DOTH{TX e TYyTZyTEXLTEY,TEZyANGL)
CALL DOTITX»TYsTZ,REXsREYWREZ,yANG2)
CALL DOT(RXsRY RZyTEX»TEY2TEZyANG3)
CALL DOT(RXoRYyRZyREXREY»REZ,ANGS&)
BDT=BT
BDR=BR
BT=8DT*COS{ANG1%DR) +BDR*COS({ANG2%DR)
BR=BDT*COS(ANG3*DR ) +BDRXCOS{ANG 4*DR)
*kkkkk END OF TRANSFORMATION.

VEXCESS=DELVMAX~DZILTYV
IFIDELTV.GTLDELVMAX)IGO TO 700

CALL SECSE(DATEM PDIACIEEW XTI o WE sy DEJUIRSHEXeEYYEZ+ISyIEy TSUNINS,DURS
1UN,TASIN,TASOUT ,TEARINJDUREAR,TAEIN,TAEOUT  DELSOM,DELCOM,DAYS)

IFU(KEY]1 oNEWs1l)oeORs {KEY4.NEL1}}GO TO 17
CALL EVENTSIELONP SPECLONyACYEE)FEyDAYSPDyDATEMIPERyFPAZRENTRY RS
1, TDESTyU+TADEORB,TIMLAND,TIMDEOR,TIMDBST,VDEORB,KK)
IFIKK.EQ.0)GO TO 700
DBW=IFIX(TIMDBST)
DOW=1FIX(TIMDEOR)
XLW=IFIX{TIMLAND}
DBF=TIMDBST-DBW
DOF=TIMDEOR~DOW
XLF=TIMLAND=XLW
CALL JULCAL(DBST,CBW,0BF,0)
CALL JULCAL{DEGCR,DOW,DGF,0)
CALL JULCAL{XLAND yXLWs»XLF,0)
GO T0 20
17 CONTINUE
SPECLGON=ELONP
TACEORB=0,.
VDEORB=0,
20 CONTINUE

IFIKEY1.EQ.2)1G0 TO 16

IF(KEY1.EQ.1)G0 TO 8

WRITE(6+800)E101)»E1(2)EL(3)9XML{1)9yXML(2)XML(3)4C3,DLA,DELTV,FE
1vFHeTPERE IS I +TSUNINSDURSUN,» TASIN,TASOUT yTEARINyDUREAR,TAEIN, TAE
2007

GO T0 9
8 CONTINUE

IF{KEY4.NEL1)IGO TO 18

WRITE{698SFIEL(2),ELI3)EL(L)2EL(4)sEL(5),ELL6),XM1(2)4XML{3) XML
11) 4 XM1(4) ¢ XML(5),XM1(6),DBST(2),DBST(3),DBST(1),DBST(4)},DBST(5)},D8B
25T{6)+DEOR(2},DEOR( 3} yDEOR{L)+DEDR(4),DE0R(5),DEQR(6)» XLANDI2),yXLA
3ND(3) 9 XULAND(L1) s XLAND(4) s XLAND(5),XLAND(6)+DATE=,DATEM, TIMDBST, TIMD
4EGR, TIMLAND
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GO T0 19
18 CONTINUE
WRITE(6+900)EL(2)4EL(3),EL(L1)sEL{4G)yEL(S),EL(6),XM1(2) 9 XML(3),XML(
11) s XML (4) o XML (5),XML{6),DATEE,DATEM
19 CONTINUE
WRITE(6+G0L)IDLAJRAL+C34sTTsDPASRAPVHP yGDAGRAZDCOMZAP »yETS»2ZAE,ETE
1+ZACHETC,PROBPERyPROBAP,PROBINC,TAL,TAA,HELANG,ByBT,8R
WRITE(699C2VAZyEHeZI y0ZyWZoyFHyTPERH HPRAD,DECHP yRAHP,VDOBHyVXH»VYH,
1VZH
WRITE (63903 )AEYEEWXKI s OEWWEWFEL,TPEREZTADCORByVDZORB,EPJADLDECEP,RAE
1PyPD,VDBE,VXEsVYZ,VZE
WRITE(6+904)1DELTV,VEXCESS,CBRADyPER,VXDyVYD,yVZD,PLANE
WRITE(6,905) IS, TSUNINyDURSUNyTASINy TASOUT,,IE TEARIN,DJREAR, TAEIN,T
1AEQUT
WRITE(6,906)SPECLUNJELPGEE,DAYS
GO T0 9
16 CONTINUE
WRITE(6+91D)PERIELP +GTE X1 »DAYSHyDELTV
9 CONTINUE

600 CONTINUE

700 CONTINUE
IF(KEY5.EQ.1)G0 TO 24
GO 70 1

560 FORMAT{(*(0%)

650 FORMAT (%1%)

800 FORMATULIX6F340¢2F64211X9F54342F6e191X1F3424213,2F94,2,2F8422,2F9.2,
12F8,2)

875 FORMAT(* LAUNCH ARRIVAL c3 DLA DELTAV F DBST F DBST DBST 71
1IM SO EQO TSUNIN DURSUN TASIN TASOUT TEARIN DUREAR TAEI
IN  TAEQUTx)

876 FORMAT(* DATE DATE ELIPSE AYPERB FROM P
1ER*/)

899 FORMAT(20X,%LAUNCH ODATE*,12X,*ARRIVAL DATE%X,12X,*DEBOOST TIME*,12X
1+¥DEORBIT TIME®,12X»*LANDING TIME®R,/,* CALENDAR¥)O6X,6F3.096X+6F3,0
296X s6F3.0,6X06F320e6X26F300y/ 9% JULIAN¥)S5XsF184296Xy)FlBe2916XsF18s2
316XeF18e2+6X91F18s2,/)

900 FORMAT(21Xy*LAUNCH DATE*,13X,*ARRIVAL DATE*s/,% CALENDAR*,7Xy6F3,0
LeTX96F3e00/e% JULTIANXy X F1842yTXeF18e2,/)

901 FORMAT(* INTERPLANEZTARY FLIGHT PARAMETERS*,// S5X,*DLA =%*,£16.8, S5X
1y%RAL =%,E1648s S5X¢*C3 =% ,E1l6+8B,y S5Xy*TRIP TIME =%,E16,8,/ S5X,*AREQ
2¢ BECe S~VECTOR =%,E1648y SXy*AREDs ReAs S-VECTOR =*,£1648,y 5Xy*HY
3PERe EXCESS VELe =%,)E16489/ 5Xs*¥GEQs DECe S~VECTOR =%,E16.8y TX,*G
4EOe RoAs S—VECTOR =%,E16,8, 5X,*COMUNICATION DISTse =%,£1648./ 5Xy*
57AP =*'E16.87 SXQ*ETS =*vE16.89 SXQ*ZAE =*'E16.81 5X,*t:fz':"- =*IE16.8
69 /5XKe*IAC =%yE1648y SXekETC =%,EL1H648,/5X,¥PROBE PERIHELION =%,El6.
78+ 10X+ *PROBE APHELION =*,E1648,y 7X,*PROBE INCLINATION =%,E16,8,/5X
8+ *LAUNCH TRUE ANOM., =*,F16.8, 5Xy*ARRIVAL TRUE ANDM, =%,E16.8y 5X,
9¥HELIDO., ANGLE TRAVEL =%,E1648¢/5Xy*¥B-VECTIR MAGNITUDE =%,:16,8,15X
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$,%B DOT T =%,E16+8,17X,*B DOT R =%,E16.8,4/)

902 FORMAT{* CLEMENTS AND DEBOOST PARAMETERS = HYPZRBOLA%X,// SX.¥A =%,
1E16.8' SX!*E =*:E].608' SX'*I =*!E].6089 SX.*CAP-DMEGA =*QE16‘8’ 5)(.
2%0MEGA =%4E1648y7 S5Xo*¥DBST TRUE ANOM, =%,E1648y TXy¥DIST TIME =%,E
316482 /7/5Xy*PER, RADIUS =%,EL16.8y 5X,*PERs DECs =%*,E16.8, 6Xy¥PER, R
bole =%,E16.8y7/5Xs%xV AT DBST =%,E1648y 6Xe¥VX AT DBST =%,E16.8y 5X»
5%VY AT DRBST =%,FE16.8y 5X,*VL AT DBST =%,E1648,/)

903 FORMAT{* ELEMENTS AND DEBOOST PARAMETERS = ELLIPSE*,// S5Xe*A =%,
IE16e8y S5X+*¥E =%,E15.,8y B5X %] =%,E16.8y SX»*CAP.OMEGA =*,El6.8y 5X,
2%0MEGA =%3E1648¢/ 5Xy*DBST TRUE ANOM, =*,E16.8y TXs*DBST TIME =%,E
316089 S5X+%DORB.TeAs =%yE164895Xs*¥VDORB =%4E1648y/5X,
$ *PERs RADIUS =%*,E16+89 5Xy%¥PER, DECs =%,E1648y 6Xy*PER, R
4eAhe =%yE16.8y X ¥PERIOD =%,E16489/5Xs %V AT DBST =%,FE16.8s 6Xs%VX
$AT DBST =%,E16.,8, 5X,»
5%VY AT DBST =%,F16.8y SXe*VZ AT DBST =%,E16.8,y/)

904 FORMAT(% DZROOST MANEUVER PARAMETERS*,// S5Xe%DELTA V =%,E1648s 5X»
1¥EXCESS DELTA V =%,S1648y S5Xs*%RADIUS =%,E16489y5Xy*PER =%,E164.8,/ 5
2X o HVX =% 4E16489 12X %2VY =%,E15.8417X9%*¥VZ =%,E16,8y 9Xy*PLANE CHANGE
3 =%4E16.84/)

905 FORMAT (% OQCCULTATION PARAMETERS*,// 5X,*1ST ORBIT, SUN=%,13,8X,*T1
IME, SUN =%,E16,8y TXy*DURATION, SUN =*,E164.8y/ 5X;*TRUE ANOM., SUN
2 IN =%,F1648y 7Xy%¥TRUE ANOM., SUN OUT =%,E16+8y/ 5X,¥1ST OQRBIT, EA
3RTH =%,13 vy S5Xo%TIME, EARTH =%,E1648y 5X,*DURATION, EARTH =%*,El6
44897 S5XeX*TRUE ANOM,.» EARTH IN =%,E1648, 5X,*TRUE ANOM,, EARTH 0OUT
5=%E1648,47)

906 FORMAT(% LANDING POINT PARAMETERS¥*,//5X»*LINGITUDE =#%,E1648y 5Xyo*L
LATITUDE =%,E1648, S5Xy*SUN LIGHTING ANGLE#*,E16.8y 5Xy¥DAYS =%,F3,0,
2/%1%)

910 FORMATI/ 21X s%PER =% ,E12+4 93X ) ¥ELP =%,FE12,%93Xs*GEE =%4E12a4¢3X,*X]
1 =%,E12.423X9%DAYS =% 4E12.4+3X,¥DELTA V =%,E12.4)

END
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SUBROUTINE PLUG(DATEE.CATEMyC3,0LA,VHP»DPA,RAP,KK)
USUN=143271411E+11

CALL CEARTHI(DATEE ' XEZYELZZEWDXE,DYE,DLE)

CALL EMARS(CATEMyXM,YMyZIM,DXMy,DYM,DZM)

TT=DATeM~CATEE

CALL LAMBRTUXE s YEsyZE 2 XMgYMyZMy TT#244%36004sAsEsXIsWy0sTALyTAZ2,USUN
1KK)

IF(KKeEQeD)RETURN

CALL CONCAR(AsE9XI9oWeOsTALsX19eY1lsZ19yDX1sDY1eDZ1,USUN)
DX1e£=DX1-DXE

DY1E=CY1l-DYE

DZ1E=C71-0ZE

C3=DX1Ex*%2+DY )1 **%2+4072 1E*%x2

CALL RECEQ(CATEE DXLt yDYlE»LZ1EZXEQy»YEQH»ZEQ)

CALL LATLNGIXEC,YEQ»ZEQ,DLASRAL)

CALL CONCARIUAJE XTI oWy OsTA29X29Y29229yDX2+DY2,DZ22,USUN)
DXZM=DX2~DXM

DY2M=DY2=DYWVM

C12vM=C22-D1W¥

VHP=SQRT(DX2M*#2+DY 2M*%2+DZ2M*%% 2)

CALL RECEQ(CATEM,CX2M,DYZ2ZM DI2M 4 XEQ,yYEQyZEQ)

CALL RcOMEQUDATEM, XEQ,YEQ»2EQy XMEQYMEQ Y ZMEQ,DPARAP)
RETURN

END

SUBRCUTIN: PLUGI(CATEE,CATEMyC32DLALVHP»DPAJRAP,TT RAL,DCOM,PROBPE
1Ry PROBAP,PROBINCyTALy TAAYHELANG ¢GDAGRAYZAP JETSyZAEYETE» ZACYETC KK
2)

LSUN=143271411E+11

CALL EEARTH(CATEE W XLE+sYE»ZEDXELDYCH,DLZE)

CALL uMARS(CATEM XN yYM,IMyDXM,DYMyDZIM)

CALL ECARTH(DATEMy XEAZYEALZEALZDXEA,DYEAL,DZEA)

XMe=XEA=-XM

YMp=YEA=-YM

IMc=2tA=-1IM

DCCM=SQRT(XNMEXXME+YMEXYME+ ZMEXI M)

TT=0ATeM=-0CATE

CALL LAMBRT(XEWYEWZE XM oYM ZM, TT#244,%36004a9A9ZE9XIsWy0,TAL»TA2,USUN
1,KK)

IF(KK Qe ) RETURN

PROBPLR=A~AX%E

PROBAP=A+A*E

PROBINC=XI

TAL=TAl

TAA=TAZ2

HELANG=TAA-TAL

CALL CCNCAR(AZE XTI sWyO»TAL»X1sY14Z1sDX1+DY1eDZ1,USUN)

41



APPENDIX D -~ Continued

CX1e&=0X1=-DXE

DY1lE=DY1l-DYE

BZlc=CZ1-D2%

C3=0X1p**2+DY1EFx%2+ 07 1E%%2

CALL REcCLEO(CATEESDXLESDYLE+DZIE JXEQeYEQYZEQ)
Catl LATLNGIXECsYEC»2ZEQ DLA,RAL)

CALL COUNCAR{ASIE XTI owoeOyTAZ29X29Y2922+sDX2+DY2+,DZ2,USUN)
DX2M=0X2=0XM

DYZ2M=0Y2=-0YM

D12M=0712~CIM

CALL DCT{=XMy=YMy=ZM,DX2M,DY2M,DZ2M,ZAP1)
CALL DOT(XMEygYMEZIME,DX2M,DY2M,DZ2MyZAEL)
VHP=SQRT(DOX2M%¥24DY ZM¥% 2+ 2M%*%2 )

CALL ReCeQUCATEMyDX2MyDY2MDZ2M,XEQ2YEQYZEQ)
CALL LATLNG(XEQ2»YEC»yZ7WsGDA,GRA)

CALL ReQMEOQ(DATEM,XEQ YEQeZEQ XMZQs YMLEQ»ZIMEQDPARAP)
EX=XMEGQ/ VHP

SY=YMEQ/VHP

SI=IMLQ/VhP

SKT=SORT{SX%*SX+SY*SY)

ITX=SY /SRT

TY==SX/SRT

T1=C.

SX1=DX2M/VHF

SY1l=DyzM/VHP

SZ1=0D12M/VhP

SRT1=SQRT(SXx1¥EX1+SYL*SY1)

TX1=SY1l /SRT1

TY1l=-~SX1/SRT1

TZ1=0.,

CALL RECEQUCATEM,TX1,TY14TZ1»TXEQ,TYEQ,TZEQ) )

CALL REGMEQ(CATEM, TXEQ,TYEQeTLEQ,TXMEQyTYMEQ,TZMEQ,DECsRA}
CALL DCT(TX»TYsTZyTXMEQsTYMEQ,»TZMEQ,ERRDOR)

CALL CROSS(SXySYsSZsTXsTY»TZLsRXyRYyRZyRMAG)
CALL VeCTORIDATEMa XLy X29X39 XXy XeSUNXsSUNY g SUNZyEXsEY2EZ,CX9CYoCZy
14)

SUNS=SX*SUNX+SY%®SUNY+SZI*SUNZ
SUNT=TX*SUNX+TY®*SUNY+ TZXSUNZ
SUNR=RX®SUNX+RY%®SUNY+RZIXSUNZ

EAS =Sx*E X +SY%LY +SZ%E7Z

EAT =TX*c X +TY*ZY +TZ*:Z

EAR =RX*¢ X +RY%¥cY +RZ*{1Z

CAS =SX*CX +SY*CY +SZI*CZ

CAT =TX#CX +TY%(LY +T1I*(C1?

CAR =RkX*CX +RY%(CY +RZ*(CZ

CALL LATLNG(SUNT sSUNRySUNS,SDzC4SRA)

CALL LATLNGUEAT +EBARJEASEDECIERA)

CALL LATLNG{CAT,CAR,CAS,C3ECCRA)
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ETS=SRA+180.

ETE=ERA+18C,

ETC=CRA+180.

ZAP =90,-SDEC

ZAE=9C.~EDLC

LAC=90.~CDEC
IF(ABS(ZAPI~ZAP)oGT el JWRITE(65100)ZAP1,ZAP
IF(ABS(ZAEL-ZAE) o GT ol IWRITE(6,200) 2ZAL1,ZAE
FORMAT (2E16.8s% ERROR IN ZAP¥*)
FORNMAT(2Z16489% ERROR IN ZAE*)

RETURN

END

SUBROUTINE COMPEL(PERYELP ¢GEEsXI »yCAPWIXITW DATEM,HA»HPyAE,EE/DAYS,

1RS+KEY2,KEY3,ELCNP)

ALL ANGLES INPUT IN DEGREES AND OUTPUT IN DEGRZES,
ANGLE(X)=AMOD(X+3604)+180+~SIGN(180s X}
XSIN(X)=SIN(DR*X)

XCOS(X)=COS{DR*X)

IF(ABS{XI).LT.ABS(ELP))GO TO 50
DR=,017453262519943

CJUL=CATuM+L[AYS

1CODE=4

CALL VECTOR(DJUL +sELSyELONS)DECE yRAEyDLCCIRACISXySYySZyX9EYLEZWCX,
1CYCZyICODe )

IF(ABS(SIGN{GEL »LP)+ELS)oLELABS(ELP)IGO TO 50
RD=57.255776513C82321

ARG={ XCOS{GEE)=XSIN(ELS)®XSIN(ELP))/{XCOS(ELS)*XCOS(ELP)}
IF(ABS({ARG) +GTs1s)GC TO 50

ARCI=ASIN(XSIN(ELP) /XSIN(XI))*RD
ARC2=ASINU(XSIN(eLP)/XCOS(ELP)) *(XCOS(XI}/XSINIXI)))*ID
GO TO (13020 433,40)KEY3

COATINUE

ELONP=(ACOS (ARG) ) *RO+ELLNS

XITW=PER+18C.~ARC1

CAPw=ZLONP—-180s+ARLC2

GO TO 100

CCONTINUE

ctLONP=(ACOS (ARG } )} *RD+£LONS

XITw=PZR+ARC1

CAFW=ELONP=-ARC2

GO TO 100

CONTINUE

ELONP=ELONS~{ACCS(ARG)}I*RD

XITWw=PER+18( +~ARC1

CAPW=ELONP=180e+ARC2

G0 TO 100

CONTINUE
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ELONP=ELONS—=(ACCS(AREG) }I*RD
X1 Tw=PLR+ARC1
CAPW=ELONP-ARC2
GG 10 190

1C0 CONTINUE
XIThw=ANGLE(XITW)
CAPW=ANGLE (CAPW)
kKA=RS +HA
RP=RS +HP
At= (RA+RP) /2.
EE={(RA=RP}/(2s*AL)
RETURN

50 KLYZ2=(
KETURN
END

SURROUTINE FUCGE(XJ29X1+AEEEsDELCOMyDELSOMsPD,XITW,)CAPW,CE/WE,U,D

1AYSRS)

XN=SQRT(U/AE*%*3)

PI=34141552€53589763

DR=PI/130,

Cl=(RS /{Ac*({1e=EEXZE)) )* %2

DLLSCM=6,%P [%XJ2%C1#¥(1le=1423%SIN(XI*DR )*%2)
DELCOM==34%PI%XJ2%C1*COS(XI*DR)

ENBAR=XN# (1 o+1 ¢ 5%C1*XJ2*SQART(La=EEXEE) ¥{1e=1a 5*SIN(XI*DR)*¥%2))
PD=24*%PI/CNBAR/E640Te

B=CAYS/PD

Ot =CAPW={BXCLLCCMI*180,./P1
We=XITW=(B*DELSOM)*180./P1

RCTURN

ENC

SURROUTINL .SECSL(CATEMsPDyAC EE s XTI g WESOE y Uy RS9 EXsEYHEZy ISyIESTSUNI
INs DURSUN TASIN, TASOUT,TcARIN, DUREAR, TAEIN, TAEQUT, DEL SOM,DELC

2UM,DAYS)
I1§=C
1£=0
TSUNIN=Z.
DURSUN=0e
TASIN=3,
TASOUT=0.
TEARIN=U.
DUREAR=D,
TAEIN=Ce
TACUT=J.
ISTGP=CAYS/PD+1
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APPENDIX D — Continued

DO 20 J=1,1ISTCP
TIME=CATEM+PD*FLOAT (J=-1)

CALL VECTOR(TIML yDECSsRASyUECE s RAESDECCIRAC»SXySY9SZyEXycYsEZyCXyC
1Y2CZy4)

CALL OCCULTU(AZC ySE 9 XT o WE+PDRFLIAT(J=1)*DELSOM,0c+PDX*FLIAT(J=-1)%DELC
1OMyUsRSySXySY9»SZyDURSUTSUNISALTL»TASI yDEC1,RAL,T2,ALT2,TASOU,DEC2
1,RA2,KS)

CALL CCCULT(AC yEE v XL o WEH+PD*FLOAT (J=1)*DELSOMO=+PDXFLIAT(J~1)%DZLC
ICMyUIRSHyEXvEY 2o LZyDURL s TLARIZALTL»TAcI »DCLlosRALyT2,ALT2, TAECUDEC2y
1RA2,4,KE)

IF(ISeNZ0Q)GO TC 10

IF(KS.EQ.1)G0O TO 8

GC TO 19

1S=J

TSUNIN=TSUNI

DURSUN=DURSU

TASIN=TASI

TASCUT=TASOU

IF{IzeNESD)IGO TO 15

I1F(Ke,Ge1)GO TC 11

GO T0 2y

IE=d

TLARIN=TLAKI

UDUREAR=DURE

TAcCIN=TACI

TAECUT=TAEQOU

IF(IceNcCeU o«ANDs IS eNCeO)RETURN

CCNTINUE

RE TURN

eND

SUBROUTING eVeNTSUELONP SPECLON Ay EL»FZeDAYS,PDDATEM,,PER,FPALREN
ITRYyRS» TOLSTyU»TADEORByTIMLAND,y TIMDEOR» TIMDBST , VDEURYy KK)

COMPUTL.S ZVENT TIMES FCR LANDINGDEOKBIT ANC DcBGISTy GIVEN LANDING
PUINT AND cLEMENTS COF ELLIPSE AND TRUL ANJIMALY OF DcDRBIT.

CURRLCT FUR TIME 3F CAY,

ANGLE (X )=AMUD(X+363s)+41804~SIGN{130Cs X}
PMDUT=353,891¢62
HA=145,B845+350,891G02%(DATEM+DAYS=-2418322.1}
CLLILION=LLONP-SPECLCN-HA
DELTLUN=ANGLE(DELTLON)

CoLTJL=DcLTLON/FMDCT
TIMLAND=DATEM+CAYS+CELTJD

IF(TDESTWNLW0.)GO TO 1

PLRI=-PIR

CALL CCNFPA(AZ ELsTADEORB yPERG )RSy RENTRY yFP AU, AL»EL, FLOFLD,VDEOR
1By Tri [AsKK)
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IF(KKasrQeG) FETURN

Call TUGNIC(U#»EL»ALyFLC,TDEQOR)

CALL TCONIC(UszZLsALFLC,TLAND)
TOL0R=TDek/8€4CC,

TLAND=TLAND/864CC,
POT=2e%3,1415%265306%SORT(AL*AL*AL)/SQRT(U)
PDT=PLT/864C0,

IFLTDLUKeGT4Ue ICLLDeCR=TLAND+PDT-TDEOK
IF(TUCURLTaUe )LELDeCR=TLAND-TDEOR

Gu T0 2

CCNTINULE

DELOLOR=TDLST

CCNTINUE

[IMOcOR=TIMLANO=-DcLDLUR

CALCULATE LiLBCIST TIMe,

BACKUP=DAYS/PD

DELTIV=IFIX(BACKUP)

CALL TCUGNIC(UpZisAL ¢FLyTPLRE)

CALL TCUNIC(U»2F yAE+TADEJURKB,TDEORS)
TPERE=TPLRE/EEL(CC,
TURCRB=TDeOKkB/EE4I0
IF(TULURBWGT« LW} DcLLDB=TDe0ORB~-TPERE
IF(TDLURBeLT e IDELCEB=TDE0OR3=TPERE+PD
TIMDREST =TIMDLOUR-DLLTIM=DLLODB
FETURN

cND

SUBRJUTINT LeBUCST{ALyL1syI1lsW1lsOLlsFLlyUyLATS,LONSyVINF,RPMIN,INC,AZ
Set Ly 124 WZ4yU29FZeBTsRRYyOELTVTPERZ M)
REAL T19IZ+LATSsLCNSeNXoNY NZyNyIZPy1IZM
CATA DRyRUWPI/e174532952519943F8=1,35742957795130823214+3.141552653589
£763/
ANGLLUAX)=AMCE(XyZoxPI1)+PI=SIGN{PI,X)
CIVMONSLIGON DVI{36C),TA(360),yAYP({36D,6)
DINMINSIUN PX(3),PY(3,6)
CLAT=LUS{OR*LATS)

SLAT=SIN{DK*LATS)

CLON=CCS{DR*¥LENS)

SLON=SIN(OK%*LONS)

SX=CLAT*CLUN

SY=CLAT*SLCN

SZ=SLAT

DC 1 I=1,30604M

TA{I)=FLOAT(I)~=18C,

F=CR*TA(TI)

CWF=CCS(DR*n1+F)

SAF=SIN(DR®xW1+F)

Cl=COS(DR*I1)

SI1=SIN(DIR*]1)



APPENDIX D -~ Continued

CU=COStDR*C1)
SO=SIN(DR*01)
RX=CaF%CO=-SWF*S0x%(C1
RY=CWF#*SU+SWF*CO*CI
RZ=SWF*S1
AL==U/VINF*%2
RI=ALl#*{le=cl1%*E1)/(1e+E1%COS(F))
RS=RX%*SX+RY*SY+RZ%*S7
A=AZ%%2
B=RO¥*2*RS*%¥2+ 2 ¥RU KA ZHRS—RO¥%2=2 g kA% %2 +2 . ¥AZ%R)
C=2¥RO¥F2¥RS=L o FRCFA LIRS+ 24 ¥ROF¥ 2+ AL % %224 ¥AL%XR S
OVI(I}=1ei20
TEST=B%B~44, %A%(
IF(TESTOLTeCe)IGC TO 1
DISC=SERFI(TEST)
EZP=SQKRT((=B+LCISC)/ (2.%A))
EZM=SQRT({~B=DISC)/ (2.%A)})
IF(uiZMelioledlM=L12P
PHIP=ACOS(1l./E2ZP)
PHIM=ACOS(1la/22V)
FZIP=ACOS{(AZ*(1e~L2P%%42)=-RC}I/{EZP*R0))
FIM=ACOS({(AZ*(1a=EZN%%2)=RO)/(EZM*RG))
IF(ABS{COS{ANGLL(PHIP=FZP))=RS)eGTaloL~7TIFIP==FLP
IF(ABS(COS(ANGLE(PHIM=FIM) )=RS) eGTolat:=7}FIM==FIM
NX=RY*§7~RZ*SY
NY=RZ*SX=kX*%SZ
NZ=RX*SY-RY*SX
N=SQRT (NX*¥2+NY* %2+ NZ%*2)
1ZP=ACOS(NZ/N}
IF(ANGLE(PHIP=FIP)aCT4PI)IZP=ACOS(=NZ/N)
IZV=ACUGSINZ/N}
IF(ANGLE(PRIM-FZM) o GT&PI)IZM=ACOS(=NZ/N}
IF((IZPaltEoePI/20 e ANCOINC oEQel) sURe(IZFeGTaPI/2.4ANDINC oEQa2))2,
$3
2 el=c1IP
12=RD*]71P
FZ=ROxFZP
FHI=RD*PHIP
GO 10 4
3 EZ=£IM
I17=RD*1ZM
FZ=RD*FIM
PHI=RD*PHIM
4 RPZ=Al*(le=£2)
DVII)=1.E20
IF(RPZJLTLRFVMINIGE TGO 1
WS=ASIN(SZ/SIN(DR*IZ2))
WZ=RD*WS=PHI
IF (ABS(RZ=SIN(DR*(WZ+FZ))*SIN(DR*¥IZ}))eGTelab=7IWZ=180¢-RDXWS=PH]I
DET=CLS{OR* (WZ+PHI) ) #%2+COS{DR*[Z) *%2%SIN(DR* (WZ4+PHI ) ) *%2
CC={CCSIDR*(WZ+PHI) V) *SX+COSIDR*IZY*SINIDR*(WZ+PHI)I*SY)/OET
SO={=COS(DR*IZI*SIN(DR*(WZ+PHI )} )*SX+COS(DR*(WZ+PHI))*SY)/DET
OZ=RD*=ATAN2(SG.,CO}
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APPENDIX D — Continued

EYP(Is1)=81L

AYP(I s2)=11

hYF(1+3)=112

BYP (Il +4)=W{

t-YP(I »5)=0L

F1=RD%F

FYP{I6)=F1

CALL CONCAR(AZ2sEZ oI Lo WZyOZsFZeXsY»ZaDXyDYDZyU)
CALL CONCAR(ALJELlsT1oWleULleFleXsyYeZyVX,aVY,VZ,U)
CVIII=SORTL(IX=VX)%%2+(DY=VY}*%x2+{DZ-VZ})%%2)
CCNTINUE

IMIN=2

DLbLTV=1.£20

DO 8 1=1,362,M
IF(CV(I)WeGTLDLLTV)IGC TC 8

IMIN=]

Lo LTV=CVI(I])

CUNTINUG

IMIANM=IMIN-V

IMINP=IMIN®M

TF(IMINMaLL aCaORSIMINPLCLL3610G0 TO 6
IF(OVIIMIN=M) o Cal o E20.0RDVIIMINGM) 4EQ.1.E20)G0 TO 6
PX{L)=TA(IMIN-M)

PX{2¥=TA(ININ)

PX{3}=TA(IMIN+M)
PY{(141)=DVIINMIN-M)
PY{2y1)=DV{IMIN)
PY(3+1)=0VIININENM)

CO o5 I=2,06

PY(LyI)=AYP{INMIN~M,])
FY(2,1)=rdYP(IMIN,I)
PY(3¢I)=rnYP{ININ+NM,1I)

CALL PARIN(FLyDLLTVPX,PY(Lly1),0)
CALL PARIN{(F1,EZ4yPX4PY(1s2),1)
CALL FARIN(FLl21Z4PXsPY{1s3)y1)
CALL PARIN(FLIsWZsPXyPY(1le4)sl)
CALL PARIN(FLICZyPXHsPY{L1s5)1)
CALL PARIN(FL2FZyPXyPY([196),41)

GL TU 2

Fl=fA(IMIN)

El=rYP(IMIN,1)

e L=hYP(IMIN,2)

17=riYP(IMIN,3)

WL=rYPLIMIN,&)

CZ=£YP({IMIN,5)

FI=kRYP{IMIN,6)
B==AZ%xSORT (%L I~1s)
BT=3xCUS(DR*IZ)Y/CLAT
RR=8%SIN(DK*IZ)*CCS{DR*(LUNS~-0Z2))
CALL TCUNIC(UsE19AL4F1,TPERZ)
RiTURN

£ND
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APPENDIX D — Continued

SUBROUTINEz LBST1(AlyElsI1sWly0LlsFLloUeLATS,LONS,VINFyRPMIN,INCHAZYE
1Zyv12ewZyOZyFLyBTyBRDELTV»TPEREWTPERHIByHPRADYOUBRAD)VXH yVYH»VIZIH VX
21 o VYE o VIS g VXD W VYD 9y VID 9y DECHP yRAHP yDECEP yRACP 9y VOBHyVDBE s PLANEZ o M)

REAL 11+1Z+LATS o LUNSeAXeNYeNZoNgIZP41LH

CATA CRyRDsPI/4174532525195435~1957e295779513068232143.141592653589
$£793/

ANCGLE(X)=AMCD (X 24%P1)+PI=SIGN(PI,X)

GIMENSIUN DVI360) s TA(360) yHYP(360,6)

DIMeENSION PX(3).PYL 3,5)

CLAT=CCS(CR*LATS)

SLAT=SIN(DR*LATS)

CLCN=COS (DR*LCNS)

SLCN=SIN{DR*LLCNS)

SX=CLAT*CLUNMN

SY=CLAT=*=SLON

SZ=SLAT

LG 1 I=1,36G¢M
TA(IL)=FLOAT(1)~-180.

F=CR*¥TA(I)

CWF=COS{DR%*w1l+F)

SWFE=SIN(DR*W1l+F)

CI=COS(DRX%I1)

SI=SIN(DR*xI1)

CO=COS(DR*L1)

SJ=SIN(OR*01)

RX=CWFCJU~ShF*S0O*CI

RY=CWF%SO+SWF*C0*CI

RZ=SWF*S1

Al==U/VINF%%*2

RO=AL*¥{le=01l®*L 1)/ (1la+i1%CGS(F))

RS=RX®SX+RY*SY+RZ%S?

A=A 2&x%2

B=ROKF2AMRSH% 242 4 %KL ¥ALRRS=RO%H2 =2 g KA L*%K2 +2 0 AL ERRY

C=2s ¥RUK&XQ2%HRS= 2 g kRCRATHRS+ 24 ¥ROFK2+AL %K 2~ 24 ¥AL#RT

DVII)=1.L2C

TEST=B%3=44 %A%(

IF(T:STaLTLCulGC TC 1

CLISC=SORT{TEST)

P ZF=SCRT{(=B+CISC)/(2.%A))
cIM=SQRT((=B=DISC)/(2.%A))

IFlo2ZMeleele i ZV=22P

PHIP=ACGS(1./52P)

PHIM=ACOS(le/LZM)

FZP=ACUS{(AZ*(1le=LIP*%2)=RC)/(EZP¥RQ))
FIM=ACOS({AZ¥(]oq=t2N*%2)=RU)/(LZIMERI))

IF (ABS{COS{ANGLEA(PHIP=FIP))}=RS) ¢GCToleb=TIFIP==F7P

IF{ABS(COS(ANGLE (PAIM=FIM))=RS) oGTelet~7T)FIM==FIM
NX=RY*SZ=RZ*SY
NY=RZ*SX=RX*%S7

NZ=RX*¥SY=-RY*SX
N=SCRTINX%*24NY**¥2+NZ*%2)

IZP=ACOS{NZ/N)

TF(ANGLE(PHIP=FZIP) & GT4PI)IZP=ACOS(=NZ/N}

I1ZV=ACCS(NZ/N)

IF(ANGLE(PHIM-FZIM) o GT oPI)IZM=ACOS{-NZ/N)
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APPENDIX D — Continued

TF(({IZPalisPl/2¢e ANLCAINC oEQel) eURe(IZPeGTePI/2¢eANDeINC 2EQe2) 12,
$3
2 tl1=:1P
17=R0=%x]17P
Fl1=xkD*F1P
PHI=RO*Pr P
Gu T0 4
3 pl=oIM
17=R0Ox1IM
FZ=RU*E7M
PHI=RD*PulMm
4 PPI=A[L*{1ls=-12])
DV(Il=1ac2U
IF{RPLeLTSREMINIGO TO 1
WS=ASIN(SZ/SINICKR*TZ))
Wl =RLXWS=Pi1]
IFLABSIRI~SINIGRR(WIZF+FL))I*SIN(DR*®1Z) ) eGTaleb=T7)WZI=18Ce~RDEWS=PHI]
L T=ClSHUDRFAWZ+PrI) V=X 24COS(URKTZ)#x2ESIN(DR*(ANZ+PHI ) ) *%2
CO=(CCSHDRX(WZ+PAT ) IRSX+COS{OR*]I2Z}*SIN(DR* (W2 +PH1))%SY)/DeT
SC=(~CUSCR*IZIXSIN(DR¥(WZ+PH1 ) ) *SX+COSIDRE(WI+PHI))®SY)/DET
UGZ=kDHEATANZ2(SC.CC)
RYP(I.1)=47
FYP(T420=27
tYP(Il.3)1=17
FYP(I s&4)=Ww7
rYP(1,5)=017
F1=RDx*F
tYP{T y0)=FZ
CALL CONCLEK(AZytZ 9 12sN2sOZsFLaXeYsZyDXoDYWDZyU)
CALL CONCARIAL pL LI Llo Wl yULyFloaXeY2ZyVXVY,VZ,U)
DVIT)=SAnTU(DX=VX)%%2+ (DY=-VY ) %%2+(0I~VI)%%2)
1 CONTINLG
ITMIN=
CelLTV=1l.t2u
DU & 1=1956( M
IF(OVIIIeGTeDOLTVIGC TO B
IMIN=1
D.LTV=CVI(T)
8 CONTINU-
ITMINM=IM]N=V
IMINP=IMIN+M
IF(IM[{\M-L&. .C-JR.IWINP.G(’.361)GO TD 6
TFIDVIIMIN=N) 20,1 sE2JeCReDVIIMINM)o£Qe1,E2L)G0 TO 6
PX(1})=TA{(IMIN=M)
FX(2)=TA(IMIN}
PX(3)=TA(IMIN+M)
PY(191)=DV(ININ=-M)
PY{2+1)=DV(IMIN)}
FY(351)=CVININ+M)
DO 5 1=2406
PY(1y1)=nnYP(ININ=M,])
PY(2»1)=nYP(ININ,I)
5 PY(3,1)=nYP(IMIN+M,])
CALL PARIN{FL»DeLIVPXsPY (110,00}
CALL PARINIFLyLZyPXaPY(1y2}),1)
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CALL FARINIFL91Z2Z+PXsPY(193),1)

CALL PARIN(F1sWZ sPXsPY(1l94),l)

CALL PARIN(F1sCZyPXsPY(135),1)

CALL PARIN(F1,yFZ+PX4PY(1s6),1)

GO 10 9

F1=TA(IMIN)

AZ=nYP(IMIN,1)}

EZ=RHYP(IMIN,2)

12=nYP(IMIN,3)

WZ=rYP({IMIN,4})

Cl=hYP(IMIN,5)

FZ=FYP{IMIN,6)

B==AZ%SQRT(zl*El-1.)

BT=B%COS(DR*¥IZ)/CLAT
BR=BXSIN{DR*IZ)*COS(CR®(LONS-0Z))

CALL TCONIC(U.E19A14F1,TPERE)

CALL TCCONIC(UsEZyAZ+FLyTPERH)

HPRAD =AZ-AZ%*E1Z
CBRAD=(A1-A1*E1%L1)/(1la+£1*%COS(DR%F1))

CALL CUNCAR(AZYyEZyIZovWZsO2ZsFLoXoYoZyVXHyVYHWVZ4,yU)
CALL CONCARCAL9£1lsl1oWleOleFleXeYpZ VXL VYL WVZI,yU)
VDBH=SQRT(VXH*XVYXH+VYHXVYH+VZIH*VZ)
VCBE=SORTIVXEXVXE+VYL *VYL+VZIEXVZ:)

VXB=VXE=VXH

VYC=VYE=VYH

VIC=VZIi=-VIn

CALL CONCARI(AZyEZsyTIZyWZoUZ Qe s XPHyYPHyZPHsDXsDYDZyU)
CALL CUNCAR{AL 9=l 911yW1lrU1ls0e s XPEyYPLEYZPLsDX9DYyDZyU)
CALL LATLNGUXPH YPH »ZPHyDLCHPyRAHP)

CALL LATLNGIUXPESYPE ZPeoDLCEPYyRAEZP)
WXc=SIN(DR*[{1)*SIN(CR*01)
WYE==COS(CR*0L1)*SIN(CR*]11)

wWZE=COS{DR*11)

WXH=SIN(DR*IZ)®SIN(CR*0Z)
WYH==CJS{OR*0Z)*SIN(DR*IZ)

WZh=COS(DR%*1IZ)

CALL DOT(WXL o WYE s WZE 9 WXE 9y WYHyWZHy PLANE)

RETURN

eND

SUBRUUTIN: CALJULIWJID Iy FIDoWNDSFD,X)
DIMENSIUN X(6),A(12)
D50=2433282,
YD=x{1)~-48,

YL=YD/4.

KYL=YL

CK=KYL
IF(YL-CK)1,1,3
IF(X(2)=2s0444,3
BS=CK

Ga 10 5

CS=CK-1,

DS=DS+365, x(YD-2.)
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CC 6 I=1.,1c¢

A(l)=1.2

K=X(2)

DO 7 1=K,12

ALLIN=C6D
CS=0S+31.%{A{L)+A{3)}+A(SY+A(TI+A(B)+A(10)+A(12))
1430, % (A{a4)+A(S)+A(S)+AI11) )+28,*A(2)
CS=CS+X{3)=1,

WNC=DS
FO=X(4)/249e+X{5)/1440.+4X(6)/86400,
IF(FD=~443295C39G)9,8&48

FJC=FD-45

wdb=1.,

Cu TU 19

FJC=FD+,4,5

WwJdOD=7,

WJC=050 +wJdD+WND

kL TURN

tNC

SUBRGUTING CUNCAR(AZ o XL oW eOsF s X9YyZeDXyDYWDZyU)
LATA CR/411745325251G543/
Frk=CR*F

WFR=0R®(w+F)

GR=CR=%LC

XIR=Dr*X]

DulN=1,+:%CCS{FR)
R=L%x(le~Lt*)/DaN
V=SGURTIUR(Z2e/R=14/7A))
GAN=ATAN(.*SIN(FR}/CLN)
WFESR=WFx=GAWN

CWF=COS{WFR)

SwFE=SIN(WFK}

S3I=SIn{JR)

Cu=CuS (3R}

SI=SIn{xXIR)

CI=COSI{XIR)

SAFG=SIN(nFGR)
CrFG=COS{wWFGR)

X=R& (CwF=CC=-SWF*SC*CT)
Y=R%¥(CwWF%SO+SWFRCC*CI)
I=R%*SWwF#*S1

CX=Vv¥ (=SAF3%CC~CWFG*S0O%CI)
Y=V (=SAFGXST+CWFG*CO*C] )
CI=vxCuwFi5=S]

FETURN

tND



APPENDIX D — Continued

SUBROUTIN: CONFPA(ACYEQsFOyPERIZRSIREIFPACsUsALYELYyFLOyFLOYDELVTH
1ETA,KK)

DIMENSION P(2)
ANGLE(X)=AMCDIX 93601 +180,=SIGN(1804sX)
Detv=0,.

DR=,Ul7453252¢€1¢

RD=5742657765132

KK =0

ANG12=ANGLL (PERL-FO)

S1Z2=SINC(ANG1Z*DR)

Clz=COS(ANG12%DR)

CFPA=CUS(FPAE*DF)

SFU=SIN{FUO%LCR)

CFC=CUCS{FO*CR)

R1=A0#(1le~tC*:0)/ (1 +:0%CF0)

F2=RS

VO=SORT{U*(2./R1=1./A0))
FPAC=ASIN(ECHSFC/SCHT (la+2e*:0%CFI+E0*cO) ) %RU

A==R2*¥R2=R1I*¥R1+24*¥R1%R2*C12+(R1*R2%S12/RE/CFPA) *%*2

B=2¢% (RL#AR2%R2+R1%R 1 *¥R2=RL1I¥RLI*¥R2¥(12-R1*R2*¥K2%C12=(R1*¥R2%512}*%2/R
18}

C=RIFFLHREZRR2% (=24 +2%L12+512%512)

CALL QAURAT(A484+CeP (1) 9P (2)4KKI
IF(KK.£Qs3) GC TO 830

DO 1 I=1ls.KK
IF(P{I)eLlaCe) €CO TO 1
£2=Le=2%P{I)/RLA(P(II/RE/CFPA}**2
IF(E2.LTL04) GU TO 1
cL=SQKrT (=21}
AL=F(IV/{le~-t2)
CF2=(P{1)=R2)/LL/R2
SF2==SQRT(1.,~CF2%CF2)
CRECK=R2%(1e4i LXCF2 )=RL*(Le+EL%X(CL12%CF2+S12%5F2))
IF{ABS(CHLLK)«GTale) GC TO 1
I=2
F2=ANGLz (ATANZ2(SF2yCF2)%KD)
Fl=F2~ANG12
FPALLI=ASIN(oL*SINIFLI*¥DRI/SQRT(L 42, % L*COSIFL¥OR)+ L% ))*R0O
VLLI=SQRT(U*(2e/R1=1./4L))
DELV=SGRT(VC*VO+VL1*VLI=2%V0*VL1*COS((FPAU~FPALL)*DR))
STH=VL1/DELV*SIN((FPAO=FPALY)*DR)
CTh=(VOXVO+DELVADILY=VLI*VL1)/24/DcLV/ VI
THETA=ATANZ (ST, CTHI*RD

1 CONTINU:

IF(CLLVelTeWCl1Y GC TC 8OU
FLO=F])
FLC=F2
KK=1
8u0 Re TURN
eND
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SUBROUTIN: CRCSS(X1+YL1sZ19X29Y2+Z2Z2sPXsPY4PLyPRODUCT)
CALCULAT. V.CTLR CRCSS PRODUCT

PX=Y1*12~11%Y2

PY=Z71%X2=X1%*72

PZ=X1%Y2=Y1*X2

PRCBUCT=SQRT(PX*PX+PYXPY+PZ*PL}

FZTURN

eND

SUBROUTINL. CUBIC(AIB»CrCoX19X29X3yKK)

THIS SUBROUTINL SCLVES THE EQUATION AX%*3 +8X*%2 +CX +D = 0 FOR
The k_oAL KOCTS

As2yCeD = CLUFFICIENT CF TH. DIFFEReNT POWERS OF X
X1ypX2¢X3 = REAL RICIS GF THe £QUATION
KK = NUYBcR OF KEAL ROQTS

CBRI(X)=SIGN(ABS{X)*%,333333333,X)

KK=y

PI=3,1415927

IF(L\.LT.-I;-BQ.ANE.A.GT.—. 152-33) GU TO 4
P=R/A

€=C/A

k=U/A

SA=(3,%0—P*%2) /3,
SA=(2,%P*%k3=G,%kP*¥Q+ 27, %R) /27,

CEL=la s %Q%%3mEu % %P %% 2= 18 4 ¥ C¥PHR+ 2T 2 %R*%¥2+4 %P *%3%R) /1C8,
1F(BLL-LT..1L’3L.Af\DoD"L-GTn-’lL-aL}) GO 70 3
IF(LLLY1e3,2

KK=3

CPrl==S3724/SART(SA¥%3/(=2T4))
IF(ABS{LPrI)eGTele)CO TO 10
SPhI=SCRT(1,=CPH1*%2)
PHI=ATANZ2(SPI.1,CPHT)

GG T3 11

SPRI=SURT({27+%[t L) /SA%%*3])

SINCe FOR  SMALL ANGLES SPrI=PHI

Bt TA=SP~1

IF(=SReGTel e )FRI=BcTA
IF(=SReLTel o }Pril=34141562653589793=-BLTA
LU=2e *SUKT{=SA/3,)
X1=pG*COS{PFI/3.)-P/3.
X2=giU*COS{PHI/3:42%P1/3e}=P/3.
X3=pU*CUS{PHI/3e44+%P1/3e )P/ 3,

GG IO 7

KK=1
X1=CBRT(~=SB/2+,+SWKT(DLLY)+CBRT(~SB/2+=SQkT(DEL) )=P/3,
GU TG 7

KK=2

X1=Z24*%CART(-SR/2.)=-P/ 3,
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X2=CBRT(SB/Z2.,)-F/3.
X3=x2
GO0 10 7

4 CONTINUE
DIS=CH#%2=4 ¢4 %BX[
IF{DIS) 74545

5 X1=(=C+SQRT(DIS))/2./8B
X2={=C=SQRT(DIS))I/2./B
KK=2

7 CONTINUE
RETURN
eND

SUBROUTIN: CETER(A.E)

DOLBL: PRZCISICN AP,BP

DIMENSICN B(3,3)4sBP(3,3)

DU 10 I=1,3

DO 13 J=1,3

BP(I,J1=0.D0

BP{ILyJ)=DBLE(B(I,J))

10 CUNTINUE

AP=BP(1y1)%BP{2,2)%BP (3,3)=8P(3,1)%BP{2,2)*BP(1,3)+
1IBP(1+2)%BP(293)2BP(3,1)=-BP(L1,2)%8P(2)1)%BP(3,3)+BP(1,3)%BP(2,1)
2¥BP{3+2)=BP(1y1)%BP{2+3)%BP(3,2)

A=SNGL (AP}

RETURN

END

SUBROUTINE DOT(X1leY1leZ1leX24Y2+Z22+ANGLE)
THIS SUBRUUTINE COMPUTES THE ANGLE BeETWEEN TWO VECTORS

X1yYlyZ1l = CCMPUNzNTS CF TH: VECTOR R1
XZ22¥2922 -~ COMPONLNTS OF Tz VECTUOR R2
ANGLE = ANGLE& BETWEEN VECTORS R1 AND R2

RD=57.295776513(823
RI=SORT{X1®X1+Y1*Y1l+Z1%*Z71)
R2=SQRT (X2%X2+Y2%Y2+12%]2)

ANGLE=ACOS((X1%X2+Y1%*Y2+Z1%22)/R1/R2)%*RD
RE TURN
END
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SUBROUTING EEARTH(JUs XFE YL »ZHE »DXHE s DYHEyDZHE)

ThIS SUBRUUTINDG CCMPUTES THY AZLIOCENTRIC PGSITION AND VELOCITY OF
The EARTH IN MUAN EQUINGX AND &CLIPTIC OF DATE COORDINATE SYSTEM,
THIS RUUTINE CALLS SUBRGCUTINES TINVS AND CONCAR.

JD = JULIAN DATL
XhooeYhnuelZhe = PCSITION OF EARTH
CXrecyCYAE,CZbe = VELOCITY OF ZARTH

REAL 4D

ANGLe (X)=AMCD(X»36L 2} +1834=SIGN{1804 X}
CR=,017453292516643
RI=57,2557765130£23

LSUN=142271411c+11

AU=1493G6845,

L=d0-2415027,
CO=C/1C 2300,
Tii=0/30525.

AZ=1,02002023%AU

L ET3e01075184=0403034180%TE~0,00U0000126%Ti*%2

XIE=ds0
We=131e2200633+454330C4T068%D40.0000339%CD%**240,I00030CT*CD**3

D=0

XME=ANGLE(353,475645+3.5856002067%D=0.0000112%C0O*%2~0,C0COUTOCT*CD**
13)

CALL TINVSIXML*DR,E=,£CE,FE)
CALL CONCAR{AE s o XIE pWo OE9FERRD 9 XHE 9 YE » ZHL 9y DXHE»OYHE s DIZHE yUSUN)

FrTURN
END

SURRQUTINE LMARS(UD » XHNMYHMy ZHM g DXeriMy DY My D ZHM)

THIS SUBRUOUTINz COMPUTES THe MEAN HELIOCENTRIC PGSITION AND
VeLOCITY OF MARS IN THe MEAN ZARTr CQUINOX AND ECLIPTIC OF DATE
COOKRDINATE SYSTEMe THIS RUUTINE CALLS SUBROUTINES TINVS AND CONCAR

JD = JULTIAN DATL
XiiM oYMy ZaM -~ PCSITION OF MARS
CXtMeDYHM,OIHM ~ VELOCITY OF MARS

Re AL JE

ANGLE (X} =AMLD(Xs3€04)1+180.=SIGN{180ssX)
DR=431745326251%943
RD=57.25577155130823
USUN=]1,32715445t+]11

AU=14G538845,
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D=Jd0=-2415C20.
CD=C/1uu00,
TL=0/36525,.

AM=14.5236%15%AU

cM=Ce{S3312G0+24LICCG2004%TE-GeOVIDUDOTT*TE®%2
XIV=14850334-0,C3U075*TE+ULD02012%TEX*2

CM=4847806442+ e TTCS I *TE—0eOUICOL5*TE**2=04(0CI05T6*To%%3
WM=334,2182C3+1.84CT759%TE4+0s200130*TEX*2-04,C0C00L12G%T 2% %*3~0M
XMM=ANGL=(319.529425+045240207666%D+0e0J3D13553%CD¥%2+0,GC00020L25%
1CD*%3)

CALL TINVS{XMM®DRGEN,ECN,FM)
CALL CONCAR(AMyEMyXIMyWMyUM,FMERD g XbMs YriMy Z1-My DXHM)DYAM,yDZHM 4y USUN)

Re TURN
END

SUBRUOUTINE LULER(IX oYy Z s XP yYPoZP yPHI yPSI+THETA,OPHIyOPSIyDOTHEZTAZWXP
LiwYPyWZP s J s K)
XPHI=PrHI%*,0174532¢2¢
XPSI=PSI*,017423262¢%
XTh=ThaTA%,0174532925
IF(J)10,12,11

10 X={(COSIXPSI)*COSIXPHI)=COS(XTH)XSIN{XPHII%®SIN(XPSI) )} *XP+{(~SIN{XPSI
1)%COSIXPHI)=COS{XTA)*SINIXPHI ) *COSIXPSTI)I*YP+(SINIXTHI®SIN(XP:HI))*
21pP
Y={COSIXPSI)*SIN(XFAI)+COSIXTH)*COS{XPHI }*SIN(XPSI)) ¥ XP+(—SIN(XPSI]
L)#SIN(XPHI)+COS(XTHRIXCOSIXPHI ) *COS{XPSI) ) %YP+(~SINIXTA)*COS(XPHI))
2% 1P
Z={SIN(XTH)A*SINIXPSI) Y EXP+(SIN(XTAYXCOS(XPSI) ) XYP+(COSIXTrid ¥%ZP
GO TO 12

11 XP=(CUSIXPSI)*COSIXPrI)=CUSIXTH)®SIN(XPHI)I*SINI(XPSI) )X+ (CUS(XPSI)
IRSINCXPHII+CUSIXTH)Y *COSIXPHI RS IN(XPSI ) ) *Y+{SIN(XTH)*SIN{(XPSI))*Z
YP=(=SIN(XPSI)*CLS(XPHII=COS(XTH)IXSIN(XPHI)*¥COS{XPSIV)*X+(=SIN(XPS
11 )ASINIXPAII+COSIXTH)*CCSIXPAL ) *COS(XPSI) I %Y+ (COSUXPSIY%RSIN(XTH) ) *
217
IP=(SINIXTHI*SIN(XPHKI ) )EX+{=SINIXTH)*COSIXPHI} ) *Y+COS{XTH) *Z

12 IF(KIL13,15+14

13 DPRI=(WXPXSINIXPSI)+WYP*CUS(XPSI}I/SIN{XTH)
CPS1=wiIP=(CCSIXTH)I*X(WXPESIN(XPSI)I+WYPXCOSIXPSIIII/SIN{XTH)
LTHETA=wXP*COS{XPSI )=-WYP*SIN(XPSI)
GG 70 15

14 WXP=DPHI*SIN(XTH)*SIN(XPSI }+DTHETA*COS(XPSI)
WYP=0PHI*SINIXTH)®CCS(XPS1)}~DTHLTAXSIN(XPSI)
WZP=DPSI+OPRI*CCS(XTh)

15 RETULRN
END
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SUBROUTINL JULCAL(XsWDISFDIIND)

T1S SUBROUTINEG CCNVLRTS A GIVEN JULIAN DATE OR THE NUMBER OF
WHCLL AND FRACTIONAL CAYS SINCL JANUARY 1» 1953y O HRS.y» TO THE
CURKESPONDING CALENLAR DATE.

WDI = INTLGRAL PART OF JULIAN DATE OR WHOLE NUMBER OF DAYS SINCE
JANUARY 1, 165Cs € HRS.

FUI ~ FRACTIONAL PART OF JULIAN DATE OR FRACTIONAL NUMBER OF DAYS
SINCE JANUARY 1, 195U» O HRS,

INU = CGNTRCL INT:EGERe U IMPLIES JULIAN DATE.1 INPLIES DAYS

X{1=0) = CALENCAR CATE (YEARMUNTH,DAYHOURyMINUTE,SECGND )

DIVMENSICN X(6),A(12) W (12}

WC=W01

FO=FD1

IF(IND)1,1,¢

IF(FD=e5)24243

FC=FD+.5

WC=uD—-1,

Gl 10 4

FC=FD=w5

Wh=wD=2433282,

WE=WDC+1.

CY=32€5,

I1=2.

N=2

Q=4,

WC=wD-=DY

IF(WO )Y LuylL o7

N=N+1

I=71+1,

CK=(C=1

IF(CK)I9:9,8

CY=305.

FC=28,

GC T0 ¢

DY=36¢t,

O=C+lf.

FC=25.

GO TO 6

WlO=nD+CY

DU 11 I=1,12

A1 ’=Ci'

Cl=31,

C2=30.

O 13 I=1,12

A(I)=1,.

CA=FCHxAd 21+ CL*(ALL)+A{3)+A(SI+A(TI+A(B)I+A(1C)+ALL2) V+C2%(A(4)+
Ale)+Aals)+A(11))

Will=wl~-CA

IF(w(I))12,12,13

12 1F(1-1)15+15,16



OO0 ON

15

16

13
14

MGN=1

GO 70 14
MGN=I-1
WD=w(MGN)
MCA=MCAN+1
GO 10 14
CCNTINUE
N=N+50
X(1)=N
X{2)=MCN
X(3)=wD
FH=FD*24.,
N=FH
X{4)=N

APPENDIX D — Continued

FM=(Fh=X{4))*60,

N=FM
X(5)=N

X(E)=(FM=X(E))%60.,

KE TURN
&ND

SUBROUTINL LAVMBRTUX1sY19Z1 o X29Y20Z2yTIMCL29A0E XLy WsOsTAL,TAZ2,U KK

IF X2,Y2yAND Z2 ARe ZERO,

Th=N X1 IS CONSIDERED THe RADIAL

DISTANCE TO PCINT 1, Y1 TH: DISTANCE TO PUINT 2, AND 21 THL

1)
ANGLI FROM
FRCM PUINT
RzAL M12.N

POINT 1 TU PUOINT 2.
1 TO PCINT 2.

ATANA(X)=o5%ALOGI(1a+X)/(1s—X))
ANGLE(X)=ANMCD(X 936041 +180e=SIGN{1804sX)
CATA CRyRDIPI/a0174£329251694+957e4295779593.1415926535/

M=¢

KK=1
TA2=0.,.
KEY=1
IGRBIT=1

IF(TIME12.L2e3s) GJ TO 800

IFC(ABS{X2) abTool) e ANCo(ABSIYZ2) ol Tosl)}sANDe (ABS{Z22)ebLTeel))GO TO 1

R1I=SQRT(X1¥X1+Y1*Y1l+Z21%71}
R2=SQRT(X2%X2+Y2%Y2+72%12)
CPSI=(X1*X2+4Y1%Y2+421%72)/R1/R2
SPSI=(X1%Y2=X2%Y1)/ABS(X1*Y2=X2%Y1)*SQRT(1,=CPSI*CPSI)
FSI=ANGLE(ATANZ2(SPS1,CPSIj*RD)

GG 10 2

kl=x1

R2=Y1
PSI=ANGLE(Z1)
XI=GCe

0=C.

W=0e

M3OTION IS ALMWAYS CONSIDERZD

2 C=SGRT(R1¥R1+K2%R2=2¢*R1%R2*COS(PSI*DR)}
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IF(PSTI.LT4(a:1) GO TC 8LO

AM=(R1+R2+C)/4,

S=24%AM

TP=SURT(2, /L)% (S%%].5~(S-C)*%1.5)/3,
TTP=SQRT(2./U)*(S** 1,54 {S=CI**1,5)/3,
LF((PSTale ol8le) s ANDS(TIMEL2,LT4TP)) I10KBIT=2
IF{(PSLaGEelB80s ) o ANCL{TIMEL2,LT&TTP)) IORBIT=2
CTAZ2=C0S{TAZ2*DR)

CTAL=COS((TAZ2=-PST })*[CR)

Q=R2%CTAZ2=-R1*(TA}

IF(ABS(Q).GTels) GC TO 5

IF(KEYL.GTL,1)GC TO 23

TA2=TAZ2+5,

€G 10 3

F=(RI~-Kk2)/0Q

lF(::.LT.O.) GC TL 4

A=R2%(1a+ . %CTA2)/ (1 e—C%*L)

GO TU (6+7)y1CRBIT

IF(LeGTalesCRAAWLTaJs) GU TO 4
TEMP=SORT((le=i)/(1e+l))

tC1=ANGLE (2. ¥ATAN(TEMPRXTAN((TA2=-PS1})*DR/2.) ) %RD)*DR
LC2=AKNGLC (2 *ATAN{TEMP*TAN(TA2*DR/ 24 ) ) *RD)%*DR
ELic=al2=c(Cl

1F(CcLiColT o) DILZC=2e%PI+DELEC
Ml12=DebleC=c%(SIN(EC2)=-SINIECL) )

Gu 10 3

IF(L.LT.l..CR.A.GT.&n) GO TD 4
TeMP=SORT((c=1s0/{E+*1ls)}

2Cl=2 ,¥ATANF{T MPETAN((TAZ=PSI}*DR/241})

LC2=2 o %ATANF (TEMPXTEN((TAZ2%UR/ 241} ))
M12=2%(SINt {2C2)~SINBI(ECL) )=:C2+:=C1
N=SQKT(UZ/ABS(A)*%3)

F=TIMcl2=M12/N

GO TO (Sel3e11)aKEY

KEY=2
TALAST=TA2
TAz=TAZ+]1.
GO 10 13
KEY=3

GG TU 12
M=M+1]

IF(MaGTe6CICGE TC 8C
IF(ABSIF)oLLaABS(FLAST)) GO TO 12
DFCTA2=DFCTA2%2,

M=N+1

IF(MaGTWabL )CO TC 80D
TAZ=TALAST=FLAST/UFDTAZ

GO TO 3

ERRCR=F/TIMc12
PFUTAZ=(F-FLAST)/(TA2-TALAST)
TALAST=TAZ

TAaz=TA2=-F/L+CTAZ
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FLAST=F
GO 10 3

TA1=TA2=PS1

IF{{ABS{X2) eLToeol)eANDe (ABS(Y2)eLTeel)eAs (ABS(22)elTeel))IGO TO 900
Dl=Y1%Z2=721%Y2

D2=21%X2=X1*712

D3=X1%*Y2-Y1%*X2

HH=SQRT(D1*D1+02%D2+0C3%*D3)

IF(D3.GT«0s) GO TC 15

Dl1==D1
D2==D2
L3==03

COSXI=D3/RhH

XI=ATANZ2(SORT(1l,=COSXI*COSXI1)yCOSXI)*RD

S0=01/ (Hr*SIN(XI*DR )}

CO==D2/ (HAXSIN(XI*DR))

IF(SO0.EQeDe s ANDSCOeEQLDL) CO=1,

O=ANGLF(ATAN2(SC,CC)I*RD)

W=ANGLE(ATAN2 {(=X1%SO+Y1*CO)I*COSXI+Z1*SIN(XI*DR )y X1%CO+Y1%*S50)*RD=-T
1A1)

GO 10 900

8C O KK=0
9C0 RETURN

£ND

SUBROUTINiz LATLAG(X»Y»ZyXLATXLUNG)

THIS SUBROUTINE CCMPUTES ThHE LATITUDE AND LONGITUDL 0OF A GIVLN
POSITIOGN VECTCR

Xe¥YeZ =~ CCMFCNINTS QF THL POSITION VECTOR
XLAT»XLONG =~ LATITUDE AND LONGITUDL

ARCOS (X)=ACCS(X}
ARSIN{X)=ASIN(X}
RD=57.2957755

R=SQRT (X*k¥2+Y*%2+7% %2}
XLONG=ATAN2 (Y X)%RC
XLAT=ARSIN(Z/R)*RO
RETURN

END
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SUBRIOUTINE OCCULTLA ey XTI s WoOsUsRSIEXILEYsE2sTOCCyT1yALTL,F1,DEC1HR
1A1 2 T20ALT24F2,DEC2,RA2,4KK)

THIS SUBROUTINE COMFUTES THE ENTRANCE AND EXIT TRUE ANOMALIES OF
CCCULTATIONS THIS RCUTINE CALLS SUBROUTINES RXYZPQWs QARTIC,
CRBSS, DOTy TCCNIC, RPQWXYZy» AND LATLNG,

AyEoXI = SEMIMAJOR AXISy ECCENTRICITY, INCLINATION

WsyO = ARGUMENT OF PERIAPSIS, L3INGITUDE OF ASCENDING NO3DE

UsRS ~ GRAVITATIUNAL CUNSTANT AND RADIUS OF THZ PLANET

EXscYelZ = COMPCNENTS QOF UNIT VECTOR TOWARD THE BODY QCCULTED

TOCC ~ LeNGTH JF TINML IN SHADOW

TLeALTL1sF1sDcC1lyRAl = COGNDITIONS AT ENTRY INTO THE SHADOW, TIME
FROM PERIAPSIS, ALTITUD:L s TRU. ANOMALY, DECLINATION, AND
RIGHT ASCENSION

T2+ALT24yF29yLEC2/RA2 ~ CCONDITIUNS AT tXIT FROM THe SHADOW

KK = CCNTROL INTZGERe O IMPLIZS NO OCCULTATION, 1 IMPLIES OCCULT,

DIMENSICN RPQW(343) ,CF{4)sRXYZ(3,3)

ANGLE (X)=AMED(Xy3604)+18Ue—=SIGN(18049X}

CR=4117453292516943

RD=57,2557756513J823

F1=2(40.,

F2=204L30,

KK=0

P=pAx{1l=:%c)

CALL RXYZPQW(LI X9t YosEZsXI +WyO»RPQW,BETAXXI»ZBODY)

Cl=ARS/P I *ubkp k44 =2 g% (RS/PVHR2% (XX *%2=BETAX%2 ) ¥E%¥2+ (BETA¥¥2+ XX *
1%2) %%2

C2=4e % (RS/PVHF#4HLX% =4 g% (RS/P) & 2% ( XX1*%2=-Bp TAF%2) *E

C3=6e % (RS/PIFXRG)EX¥2=2 0¥ (RS/P) # ¥ 2% (X XTI ¥%2--BETA%%2) =2, % {RS/PI*¥2%(1
o= XXT%%2 )¥EF%2 420 % ( XX ¥%2=BeTA%H2 )% (1a=XXI%%2) =4, %BETA&¥2X XX *%2
C4=4e% (RS/PI¥¥4% = b % (RS/PI*E2% (Lo=XXI%¥2)*E
CO=(RS/P)I*%4=24 % (kS/P ) ¥ 2% (La=XX1#%2)+(1oe=XXI*%2)%%2

CALL QARTIC(C1+C2+yC39C4sC54CF(1)+CFI2)2CF(3),CFL4),dJ)

IF(JJ«tQ.3) GO TC 8GO

CU 3 1=1+JJ

IF(ABS{CFIIN)alTaleQCI1sANDSABSICF(I))eGTele) CF{I)=0.999599
IF{ABS(CF{I))aGTels) GO TU 3

SF=SQRT(1le=CF(I}*%2)

R=P/(le+1%CFI(1)})

CALL CROSSIR%CF(I)yR*SF 20+ +BETAYXXI »ZBUOY,PX,PY,PZ,yPRODUCT)
CALL DOT(CFU(I)sSF2CasBEFAWXXIZZBUDY ANG)
IF(ABS{PRODUCT=RS) e LT++01sANDoANG,GT890s) GO TI 1

SF==SF

CALL CROSS{R*CF (1) R® SFyCa9BETAWXXI +ZBODYyPXsPY,PZyPRODUCT)
CALL CCT(CFUI)ySFyCesBETAXXI,ZBODY »ANG)

IF(ABS{PRUDUCT=FKST olT2e0lsANDsANGLGT»90e) GO TO 1

GO TO 3

IF{FLeLTL10CQ¥GO TO 2

F1=ANGLz(ATANZ2(SF,CF(I))*RD)

GC O 3

2 F2=ANGLE(ATANZ(SFCF(L)}*ROI
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GO 10 4
CONTINUE

IF{F2.6T«1CC0. GO TG 800

CF1=COS{F1%*CR)}

SF1=SIN(FL1l*DR)

DSDF=2 e ¥RS*RS* (1o +E£*CFL )X (=E*SF1)1+2. ¥P*PXx(BETA*CFLI+XXI*SF1)*(~-BZTA
1%SF1+XXI*CF1)

IF(CSDF4GT-Ce)GO TO 5

TEMP=F1
F1=F2
F2=TZMP

CALL TCONICU{UszsAsFLl,sT1)

CALL TCONIC(UsEsAsF2,T2)

TOCC=T2-T1

IF(TOCCaLTaCe)}TOCLC=642831853%SARTIAX*3/U)+TOLC

T1=T1/60.

T2=T2/60.

TOCC=TUCC/6C,

ALTL1=P/{1le+E%COS(FL%CR)I=RS

ALTZ2=P/(le+t*CCSIF2%DR) )-RS

CALL RPQWXYZ(COS{F1%*DR)ySIN(FL1%®DR) sGa s X1 sWeOsRXYZLyRXyRYyRZ)
CALL LATLNG(RXyRY4RZyJLClyRAL)

CALL RPQWXYZ(COS(F2*%DR)ySIN(F2%DR)»Da s XI sWsOsRXYZHRXyRY4RZ)
CALL LATLNG(RXsRYsR29yLCEC2+sRA2)

KK=1

GO TO S20

CCNTINUE
TOCC=U.
T1=C.
ALT1=0G.
Fl1=G,.
DEC1=0.
RA1=0.
T2=3.
ALT2=0.
F2=0Co
CeC2=0.
RAZ2=(.
CCONTINUE
RETURN
ENE
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APPENDIX D -~ Continued

SUBROUTINE PARINI(XPsYPeXsYsII}
DIMENSICN X(3)sY(3) DET(3,3)
DO 1C I=1.,3
DET(lel)=X(1}%%2
DET(I+Z2)=X(1)
DeT{iIs3)=1.C
CCNTINUe

CALL DETER{(D,CLT}
IF(ABS(D)I=1.08-16110G,100,20
DO 30 I=1,3
CET(I.1)=Y(1)
CONTINUE

CALL DeETeR(ASBET)
A=A/D

CO 40 1=1,3%
DeT(I»1)=X{I)*%2
CeT{ls2)=Y(1)
CONTINUE

CALL O&ToR(BLDET)
B=8/D

Dy 50 I=1,3
DET(I,2)=X(1)
CeT(I3)=Y(1)
CONTINUE

CALL CeTeRk(CyDeT)H
C=C/D

IF(IT)Y2GL 150,203
XP==B/(2s0%A)
YP=(L=0%%2/(44C%A)
GO TU 309
YP={A®XP+B})*XP+(
GU TG 300

XP=Col

YP=vel

R TURN

ENC

SUBRUUTINZ PRICLSCOJCLWXELs»YEL)ZL19yJD2yXE2+YE2,ZE2)

TH1S SUBRUUTIANc TRANSFCRMS GLUCENTRIC EARTH EQUATORIAL COORDINATES
FRCM £POCH JD1 TL EPOCH JD2e THIS ROUTINE CALLS SUBROUTINE EULER.

JD1,ydD2 - JULIAN DATES GF INITIAL AND FINAL EPOCH
XL 1ls¥YL1lyZiE]l = CCMPCNINTS OF VECTOR IN JD1 COORODINATE SYSTEM
Xt.2eYr 29222 = CCMPCNENTS OF VECTOR IN JD2 COOCROINATE SYSTEM

LAt JC1,4D2

T=ABS({(JD2-JD11/3€524,219879)

TL=(JD2-241502061/3€524.219879
LETAU=(0e640C65444C38T777TTBE-3%TI)*T+0.83888880E=4%T*x%2+43 ¢5E=5%T*

1%*3
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APPENDIX D — Continued

CIETAO=2ETAC+C.21672222E-3%T*%2
THETAU=(Ue55685611~-0+2369444E-3%TO)*T~0,11833333E=3%T%%2=~0,1166666
17=4%T%*%3

IF(JC2~JdD1,GTeDe) GO TO 1
TEMP=2ETAD

ZETAC==CLETAC
CZETAQ==TEMP
TRETAU==THETAC

1 CALL EULER(XEL»YE19vZELoXE29YE29252990e~2ETAQ»— (90 +CZETAD) o THETAO,

80¢C

1DPHI +UPSLI»DPSI vWXPyaYPyWZP 1,0}

RETURN
END

SUBKOUTINE CACRAT(AsBr»CoX19X24KK}
SOLVES EQUATICN AxX%%2+B%¥X+C=0
KK = NUMBER CF RLAL ROOTS

KK=G

DIS=B*B—44%A%(C

IF(DIS.LTs0.) GO TO 830

X1=(~B+SQURT(DIS)}I/2./A

X2={=B=SQRT(DIS)})I/2./A

KK=2

RETURN

eND

SUBRUUTINE CARTIC(AWBsCoD2Es XLy X2¢ X339 XasKK)

TH1S SUBROUTINE SOLVES THE CQUATION AX*¥%4 +BX*%3 +CX¥%2 +DX +c = O

FOR Thig REAL RUCTS, THIS ROUTINE CALLS SUBROUTINcS QADRAT AND CONIC

AsyBsCoDoit = CCLFFICILANTS CF TrE& UVIFFLKkiENT PCWLRS OF X
X1 eX29yX39X4 = REAL RCOTS OF THEt EQUATIUN
KK = ANUMBLR CF REAL RDOTS

KK=0

BP=B/A
CP=C/A
CP=C/A
EP=E/A

H==8P /4.,

H2=H¥*%2

F3=h2*n

Ha=h3*H

P=€o*H2+3 . %BP*H+CP
C=4o¥M3+34%BPXH2+2 4 *CPXH+DP
R=H4+BP*H3+(CP*H2+DP*H+EP
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APPENDIX D — Continued

CALL CUBIC(las2s%P4PXP—44%Ry=Q%Q,T1sT2,T3,NROOT)

GO TO (1429201 yNRCOT
kP=T1

GO 10 4
RP=AMAXL(T1,T2}

GG TO 4
KP=AMAX1(T1+T2,73)

CONTINUE
SQkP=SCRT(RP)
XI=(P+RP=0D/SQRPI/2,.
BrTA=(P+RP+C/SCRP)/ 2,

CALL QADRAT (14 sSCRPoXIsY1,aY2,IROUT)
CALL CADRAT(14+»=SCRP,BETA,Y3,Y4,JR00T)
IFUIROCT+JRODTLEQLC) GO TO 800
IF(IRCCT+JRCCTLICu4) GO TU 6
IF(IRUCT.£QeG) GC IC 5

X1=Y1+H

X2=Y2+h

KK=2

GO IO 8¢

X1=Y3+H

X2=Y4+;

KK=2

GC 10 8ou

X1l=Y1l+h

X2=Y¥2+n

X3=Y3+n

X4=Y&+r

KK=4

CCNTINUZ

Ko TURN

ENC

SUBRUUTINE ReCEC(JD o XECIYECIZEC XEQYEQ,2EQ)

THIS SUBRUUTINE ROTATcS A VECTOR FROM GEOCENTRIC, ECLIPTIC, TO
THE GeQCuNTRIC, ARTH EQUATORIAL CUOORDINATE SYSTEM

J0h = JULIAN DATE

XeeCoYELLoZo U = CCMPCNLNTS OF THE VECTOR IN THE GEODCENTRIC, ECLIPTIC
COCRDINATE SYSTeM

XeCsYedsZ80) = CCMPONENTS OF Tk VECTOR IN THE GEOCENTRIC, EARTH
EQUATCRIAL, COURDINATE SYSTEM

Ke AL JC

DR=,017453262516%43

Te={JL=-2415C22.,1/3€525,
X1£=23,452264~0e013C125%TE-0,00000164*TE*%2+40,IC00005034TE*%3
C=CLS(X1E%*DR)

S=SIN{XIE*DK)
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APPENDIX D — Continued

XEG=XEC
YZQ=YEC¥C~ZEC*S
LEQ=YEC*S+ZEC*C
RETURN

END

SURROUTINE REQMEOQU(JCHXEQyYEQ»ZEQ»XMEQs» YMEQyZMEQ»DECMEQRAMEQ)

THIS SUBROUTINE ROTATES A VECTOR FROM THE MEAN EARTH £QUATGR~-
EQUINGX TO THE MEAN MARS EQUATOR-EQUINOX COORDINATE SYSTEM. THIS
ROUTINE CALLS SUBRCUTINES REQPEQ AND LATLNG.

JD = JULIAN DATE AT TIME OF INTEREST

XEGyYEQyZ2Q — VECTOR IN THE EARTH EQUATORIAL SYSTEM

XMEQy YMEQ,»ZMEC = VECTOR IN THE MARS EQUATORIAL SYSTEM

DECMEC)RAMEG ~ CECL INATION AND RIGHT ASCENSION OF THE VECTOR IN
THE MARS ZQUATORIAL SYSTEM

REAL JD

Te=(J0=-2415020.)7/3€E25,
TAU=AMOD{TE*150es1s)
TP=TE*100=TAU=-50,

ALPHAD=316455445, %, 0C6751+4006751%TP=-,001013%TAU
CAMMAD=524B5+45%,00 343+,00348%TP~,000631*TAU
OMEGA=4RB,TB¢44167+0,77CS9167T*TE=-0,138388889L~-5%TF*%2
XI=1+850333333=04675~3%TE+0e12611111L=a4*TE%*2

CALL REQPEQ(JLC,»ALPHAQ»GAMMAD ,OMEGA W XTI # XEQ»YEC)ZEQ)XMEQ,y YMEQ» IMEQ)
CALL LATULNG(XMNEGC,YMEQC,INEQ DECMEQ,RAMLQ)

Ri: TURN
ENC
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APPENDIX D — Continued

SUBRUUTIN: RrCPEQ(JL»ALPHACyGAMMAD,,UGMEGA Y XTI s XEQyYEQeZEQ ) XPEQ.YPEQ,
12P:2G)

THIS SUBROUTINE ROTATES A VECTOR FROM MEAN EARTH EQUATOR-EQUINOX
TO PLANCT ECUATCR-ZCQUINGX COORDINATE SYSTEM. THIS ROUTINE CALLS
SUBROUTINE {ULER.,

JU = JULIAN DATE AT TIME OF INTEREST
ALPHAG,GAMMAD — RIGHT ASCENSION AND DECLINATION OF THE PLANETS
AXIS CF RCTATICN EXPRESSED IN THE EARTH EQUATORIAL
COGRDINATE SYSTEM
UMEGAXI = LONGITUCE OF THE ASCENDING NODz AND INCLINATION OF THE
PLANLTS ORBITAL PLANE REFERENCED TU THE ECLIPTIC AND
VERNAL £ CUINCX
XECsYulsyZ5Q = CCMPCNENTS OF THE VECTOR IN ThE =ZARTH EQUATORIAL
COORDINATE SYSTEM
XPr€y YPEQSZPEQ — CLMPCNENTS OF THz VECTOR IN THE PLANET EQUATORIAL
COORDINATE SYSTEM
Re sl J4C
OIMcNSICN KPQWI(343)
CR=04017452292515943
RD=57,2657765130¢&23
Te=(JC-2415020,)/3€6525,
£:=23,48226444~( o130125E=1%T(=0+163888BIE-5%Te*%2+),53277778E=-6*TL*
1%3

CL=COS(L*DR)
SE=SIN(u*DR)
CAL=COS(ALPHAC*CR)
SAL=SIN(ALPFAQO*LR)
CGM=COS(GAMMAC*LCR)
SCEM=SIN{GAMMAC*DK)
CCv=CCS{CMeGA*DR)
SGN=SIN{(CMLGA*DK)

CIP=CExSOM%CAL-COM*SAL

SIP=SCRT{1le=CZP%CZP )

IP=ATAN2{SZP,C2F)*RD

SXP=Si*CAL/SLZIP

CXP=(=Cu*CUMKCAL-SCM®SAL)/SLP

XP=ATAN2(SXP,LXP)*RD

SYP=Sy+*SCM/SLP

CYP={Ce*SUM*SAL+CCM*¥CAL)/SZP

YP=ATAN2(SYP,CYF}*RP

CI=COS{XP=XI)*LR)IXSIN((YP=-GAMMAQ)*DR) +SIN((XP=-XI)*DR)*COS((YP~-GAM
IMAC)%DR)Y*CZP

SI=SQRT(1,~CI%*CI)

SWP=SZP*SIN(UIXP=X1)#DR)/SI

CWP={=~COS((XP=XI)%DR)*COS((YP=-GAMMAD) *¥DR)+SIN({XP=XI)*DR)XSIN((YP~-
1GAMMAG)*DR)*CZP)/S1

WP=ATANZ(SWP,CWF)}*RD

CALL FULER{XEQIYECsZEQeXPEQoYPEQ2»ZPZQ99Je+ALPHAOy WP +1804990.,~-GAMMA
1UrL esGorteasCoarCasle 10}

Ri. TURN

eEND



OO0

OO0

APPENDIX D — Continued

SUBROUTINE KPQWXYZ{VPsVQs VWX sWsOsRXYZaVXyeVY,yVZ)

THIS SUBROUTINE ROTATES A VECTOR FROM THE PQW TO THE XYZ
COORDINATE SYSTEM

VP sVQsVW = CCMFONEMTS COF THE VecCTOR IN THE PQW SYSTEM

XIoweO = INCLINATICN,» ARGUMENT OF PZKRIAPSIS, LONGITUDE OF ASC:NDING
NOCE

RXYZ = ROTATIONAL MATRIX FROM THE PQW TO THE XYZ COORDINATE SYSTEM

VXsVYsVZ =~ CGMFCNENTS COF ThHE VECTOR IN Tht XYZ SYSTEM

CIMENSICN RXYZ(3,3)
CR=4017453262516943

Cw=CGS(W*DR)
SW=SIN{W*DR)
C0=COS{0%*DR)
SO=SIN(Q#*DR)
CXI=COS(XI*ER)
SXI=SIN(XI*OR}

RXYZ(Ly1}=CWkCO=SW*SO0*CXI
RXYZ(142)==SW¥CO-CW*SO*CXI
RXYZ(1,3}=S8S0%SXI
RXYZ(2+1)=Ciw*SU+SW*CO*CXI
RXYZ(2,2)==SWkSO+Cwh*CO%CX1
RXYZ(2,3)==CO%SXI
RXYZ(341)=Sh*SX1
RXYZ(342)=Cw%kSXI
RXYZ13,3)=CX]

VX=RXYZ(1ls1)*VP+RXYZ(192)*VQ+RXYZ{13)*VHW
VY=RXYZ{2+1)%VP+RXYZ(2,2)%VQ+RXYZ(2y3)*VW
VZ=RXYZ(3s1)RVP+RXYZ(342)%VQ+RXYZ(3,3)%VW

RETURN
LNDG

SUBRCUTINC RXYZPOWIVX sVY s VZaXI s WO »RPQWVP o VQ,y VW)
ROTATES A VeCTUOR FRCM THE XYZ TO THC PQW CUOORDINATE SYSTeM

OIMENSICN RPQWI(3,3)
DR=43174532%2516643

CW=COS{WXDR)
SW=SIN(W%DR)
C0=COS(0*DK)
SO=SIN{O*DR)
CXI=CCS{XI*DR)
SX1=SIN(XI*CR)
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APPENDIX D — Continued

EPInllyl )=CW*CG~SW*SO*CXI
RPQA(Lls2)=Ch*xSC+SWxCC*CX]
KPGW(1y3)=5Sw%SX]

RPCWI(241 )==SWxCC~Cw*S0O%*CX]
FPCW(2+2)==SwkSO+Cw*xCO*CXI
RPQW(293)=Ch*SXI
RPGw{3+s1)=SC*SXI
KPCw(3,2)==CO%*SXI]
KPGW{343)=CXI

VE=RPOW(1s1)*VX+RPAW{Ls2)*VY+KRPQW(1,3)%VZ
VE=RPAW(2+1)*VX+RPEWI(2,2)%VY+RPQWA(2,3) %V
VA=KkPOW( 3+ 1 )*VXHFPQW(3,2) *VY+RPQW(3,3)*VZ

RUTURN
«NC

SUBRIOUTING TCONIC(U»EC AYTA,T)
DATA UOK/417452262516543E~1/
TAZ=TA%*DR

SLR=A*(1le=}FC%.C)

A3=ABS(A)

FAC=A3%SQKRT (AR/U])
cCA=(la=2C)/{1a+cC)
ABE=SGKT(ABS(LCA))
Tre=TAN{ o 5% TA2)
IF(ABr=e5e=-10)11911,12
CCNTINUC

ECA=2 o *aTAN{ABI*THREL)
IF(A)1l4,11,13
T=FAC®{cCA-LCx:SIN(ECA))

GU TU 15

ANG=ABL*THC

ANGC=1e+2e*ANG/ (1e=ANG)
T=FACH(cCHTAN(LCA}=ALOCIANG))
GC TO 16
FAC=SGRTUSLR*%3/U)%2¢/({Lle+EC)%¥%2)
EC1=CAXT Az *%2

TaFACH(ThZ+THC*R¥3%((Le=2s*%¥tCA)/3e={2:s=3e*ECAIRECL/50+(3,-4s*ECA)XE

1C1%%2/7e=(4e=5. %L CA)*LCLI%%3/9,))
CONTINUe

RL: TURN

END



OOOOO0O0OO0NO0O0O0O0

APPENDIX D — Continued

SUBROUTINE TIANVS{M,EECsF)
REAL M, MO
CATA PI1/3.1415926535837G3/
ASINH(X)=SICN{ALOG({ABS(X)+SQRT(X**2+1e))+X)
IF(EeGLele}GO TG 1GI
EC=M
10 MU=cC=2%SIN(=C)
CM=M=-MO
DE=CM/ (1.~ *CCS(EC))
£C=EC+DE
IF(ABS(DE)«GTeleE~12 GO TO 10
HEC= EC/2.
HE=ATAN(SQRT({le+L)/(1le—E))*SIN(HEC)/COS(HEC))
IF(HF oLTeDs YHF=HF+PI
F=2 o %hF
GO T0 800
1C0 CONTINUE
£C=ASINH(M/ L)
101 MO=E*SINH(EC)=-EC
CM=NM=MD
CE=CM/ (EXCOSHIEC)-1.)
£C=£2C+D&
IF(ABS(DE)WCGTwlel=12 )GU TO 101
F=2%ATAN(SQRT((c+1sC)/(E=1e0) I *TANH(EC/2,0))
800 KETURN
END

SUBROUTINE VECTOR(JDsDECSsRASyDECZ+RAEWDECC sRACYSXySYySZyEXIEYSEZ
1CXCYHLCZyIBCOY)

Tri1S SUBROUTINL CGMPUTES THE POSITION OF THE SUN, ZARTH, AND
CANGPUS IN PLANLT EZQUATOR, MEAN PLANET £QUINOX OF DATE, AND WRITES
CATA. THIS ROUTINE CALLS SUBROUTINES EEARTH, EMARS, EVENUS, PRECES,
LATLNG, DOT,» RECEQs REGVEQ,» AND REQMER.

JO = JULIAN DATE AT TIME UF INTEREST

I8G0Y = CONTRUOL INTEGERe 2 IMPLIES VENUS, 4 IMPLIES MARS.
DcCSyRAS ~ CLCLINATION AND RIGHT ASCLNSION GF THL SuN,
DECeoKAE = DECLINATICN AND RIGHT ASCcNSION OF THe EARTH.
DECCoRAC = CECLINATIGN AND RIGHT ASCENSION CGF CANOPUS,
SX»SY»SZ = UNIT VLCTOR FROM THE PLANST TO THE SUN.
EXyEYsEZ = UNIT VECTCGR FROM THe PLANET TO ThE CARTH.
CXyCYyCZ = UNIT VECTGOR FROM THE PLANET TO CANGPUS,

Rt AL JO
RD=57,255776513C823

CALL EtARTH(JD o XHE 2 YFE 9 ZHE sDXHE 9y DYHE D ZHE)
CALL PRECEZS(2433282 a1=e06U340592)e603428394=aT795130929dDyCXcsCYELC
1z8)
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APPENDIX D - Concluded

IF(1B0DY.£Qe4) GO TC 2
CALL EMARSU(JD ¢y XtP yYHP o ZHP s DXHP DYHP,DZHP)

XHPL=XHE~XHP

YHPE=Yhce~YhP

LHPE=IHE~ZHP
RSE=SORT(XHERR2+YHE#¥2+IHE%**2)
RSP=SQORTI{XHPX*2+YHP ¥%2+7HP*%2)
RPE=SQRT{XHPE**2+YHPE*X*2+ZHPE*%2)
SEX=XHE/IRSE

SLY=YRE/RST

StZ1=1IHw/RSkE

SPX=XHP/KSP

SPY=YHP/RSP

SPL=ZHP/RSP

PEX=XFPe/RPL

PbY=YHPz/RPE

FEI=1hPL/RPE

CALL LATLNG{SLXsSEYsSEZWEHLATLEHLONG)
CALL LATLNG(SFXsSPY +SPZyPHLAT, PHLONG)
CALL DCTUSEX,SEYsSEZ9ySPXsSPY,SPZ,ESP)
CALL DCT(SEXsSEYSEZWPEXIPEYLPEZ,SEP)
CALL DCT(SPX)SPYySP2y=PEXy=PEY,=PEZ,SPE)
CALL RECEG(JDy=SPXy=SPY,~=SPZ,SXEsSYE,SZE)
CALL RoCLQUJDIPEXWPEY yPELWEXEVZEYELELE)

1F{IBCEY.:Qe4) GC TC 5

CALL RECMZQ(JD+SXEWSYE»SZE+SXsSY»SZ,DECS»RAS)
CALL RuGMcOQ(JCvEXE EYEWEZEZEXIEYHIEZLDECEIRAE)
CALL ReQMeQUJCyCXLoCYEZCZEWCXsCYCLyDECC,RAC)

XPS=8X*RSP
YPS=SY*RSP
IFS=SI*RSP
XPe=tX*RPE
YPE=LY%)RPE
IPe=c I*KRPE

RE TURN
eND
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