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FOREWORD

This report was prepared by the Space Sciences Laboratory,
Missile and Space Division, General Electric Company, King of Prussia,
Pennsylvania, under NASA contract no. NAS52-1706 for the NASA Ames
Research Center, Moffett Field, California.

This report is a description of three computer programs delivered
to NASA-Ames according to the terms of the above mentioned contract,
The preparation of the report was performed under the supervision of
Dr., F. Wendt, Acting Manager-Mechanics Section, by Messrs., J. P,
deVries, W, M, Pauson, T. Coffin and F., T, Nicholson.
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This report contains complete input instructions, operating

ABSTRACT

instructions and sample problems with computer output for three IBM-7094

Computer Programs, The Programs and their essential features are:

I)

II)

IIT)

Interplanetary Trajectory Program, This program determines
the burnout velocity for a trajectory from Earth to any other
planet or from any other planet to Earth,

N-Body Trajectory Program, This is an N-body program with
fourth order Runge-Kutta integration with optional doubling and
halving procedure and according to the Cowell or the Encke
method, Italsocanprint out central angle, ground trace and
azimuth and elevation of the velocity vector.

N-Body Program with Sensitivity Coefficients and Differential
Correction. This is in purpose similar to the Interplanetary
Trajectory Program, but a first estimate of the trajectory must
be available from an external source., It computes a 6 x 6
sensitivity matrix by integration along the trajectory; it alsc

makes use of an improved differential correction procedure.

A full description of Program I is available in reference 1 and 2.

This report presents an outline of the pertinent sections of those references,

to facilitate their use, Full descriptions and analyses are presented for

those features that distinguish Programs II and III from Program L

it
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1, GENERAL DESCRIPTIONS OF THE THREE PROGRAMS

1.1 Introduction

This section is a general description of three computer programs,
Complete operating instructions and the in-and output formats are given
in section 4, Sample problems are presented in section 5. The three
computer programs described in this report are:

I. Interplanetary Trajectory Program

This program can be used in three ways:

mode 1) To determine the burnout velocity and the trajectory between
Earth and any other planet except Pluto (or vice versa) when
departure date and trip time are given,

mode 2) To determine the initial configuration angle between de-
parture and destination planets for a given departure date,

mode 3) To compute an N-body trajectory when initial position and
velocity components are given; this includes as an option the use
of six (or less) midcourse velocity corrections.

II. N-body Program with Options

This is the same program as (I, 3) above, but the units of the
output may be miles and feet-per-second (or any other units, depending
on input) whereas the units of (I, 3) are always A, U, and A, U. per hour,
This program also contains options to compute ground trace information,
azimuth and elevation of velocity vector and central angle, It does not
have the midcourse correction option,.

ITII. N-body Program with Sensitivity Coefficients and Differential
Corrections

This program determines the burnout velocity of interplanetary
trajectories (similarly to I, 1) by differential correction of a first
estimate, It differs from (I, 1) in three aspects:

a) a first estimate of the initial conditions obtained from another
source, must be used as input (the program (I, 1) computes its own

estimate)



b) the sensitivity coefficients are computed by integration
along the trajectory, whereas (I, 1) computes them by perturbing

the initial velocity components,

c) it has an option to print out the 6 x 6 sensitivity coefficient
matrices along a nominal trajectory.

The content and operation of program I are reported in G. E., TIS
reports R60SD465 (Ref, 1) and R61SD047 (Ref., 2). Ref. 1 deals with the
N-body program which is the common basis for all the programs mentioned
above, Ref, 2 is a complete description and operation manual for program I,
the Interplanetary Trajectory Program, in its three modes of operation,
Ref, 2 also contains flow charts,

Programs II and III grew out of program I by a process of adding
and modifying, The additions and modifications are described in this
report, To facilitate the use of references 1 and 2, this report contains
an outline of their content,

The chart on page 3 is a summary of this introduction.

1,2 Program I, The Interplanetary Trajectory Program

This program is fully described in Ref, 2. It may be used in three
wWaysSe

1,2,1 Mode 1, Interplanetary Trajectory

In this mode the program computes an interplanetary trajectory from
Earth to any other planet (except Pluto) or from any planet to Earth, The
initial condition is some altitude above a given launch site at some time
during a given departure date. The end condition is intersection of a sphere
of given radius (which may or may not be the actual radius from the center
of the destination planet after a given trip time, The time of burnout on the
departure date is determined to take the best advantage of the planet's rotation,
(For those planets of which the rotation is not known this feature is dispensed
with,) The trip time is satisfied within a tolerance specified in the input,

The input is principally the identification of departure and arrival

planets, the departure date and the trip time; other input consists of physical
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constants, indicators to make the N-body subroutine compute according to
the desired mode and conditions to end the program,

The program begins with the computation of an estimated burnout
velocity on the basis of a two body analysis (the-""heliocentric transfer
analysis'') in which the planets are massless. This estimate is refined
by introducing the orbital eccentricities of departure and arrival planets

+ 1. L o =3~ A~ ~
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the time of burnout during the departure day to take the best advantage of the
planet's rotation, The refined estimate is run as an N-body trajectory;
sensitivity coefficients are computed by perturbing the initial velocity
components, The estimate is improved iteratively by a differential cor-
rection procedure that is based on the sensitivity coefficients.

The heliocentric transfer analysis computes the eccentricity and
semi-major axis of the transfer ellipse (or hyperbola, if desired) for given
departure date and trip time, This is done by a rather simple iteration
procedure, but the formulas to be used depend on the type of transfer to be
made, There are four types of elliptic transfers: direct, indirect, perihelion,
aphelion; these terms are defined in Ref, 2, To get the iteration started
properly, the particular kind of transfer must be indicated in the input. Ref, 2
contains graphs of Earth-planet and planet-Earth transfers; in each graph
the trip time -- initial configuration angle space is divided in several areas
each of which is associated with a particular type of transfer, Thus, for given
trip time and departure date an estimate can be made about which type of
transfer is required, since the knowledge of departure date is equivalent to
that of initial configuration angle, Since the plots are based on coplanar,
circular planetary orbits, their information may be in error especially when
a close-to-Hohmann transfer is desired. In that case a number of possible
types of transfer may be indicated in the input; the program will then try
each type in turn until the correct one is found.

If one does not want to determine the initial configuration angle by
referring to the ephemeris and computing the scalar vector of the position

vectors, one may use mode 2 of the program to obtain that angle,
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l.2,2 Mode 2, Initial Configuration Angle

In this mode the program computes the angle between the departure
and destination planets on the departure date by looking up their positions
in the ephemeris and compuiing the scalar product of the position vectors,
Input consists of identification of planets, departure date and trip time (but
trip time is not used in the computation, it is a ""dummy" input).

1.2.3 Mode 3, N-Body Trajectory

The N-body trajectory program is characterized by:

1) Fourth order Runge-Kutta integration in double precision, with
optional doubling and halving procedure;

2) Position data of Sun, Moon and all planets except Pluto given
at 12 hour intervals, referred to the mean equinox and mean equator of
1950, 0;

3) Cowell or Encke solution method with optional switching from
one to the other;

4) Optional switching of coordinate center,

The input consists of a) identification of reference planet, b) initial
position (in A, U.) and velocity (in A, U, /hour) components with respect to
the center of the origin planet, c) physical constants, including the identifica-
tion of planets to be included in the computation, d) indicators for the
particular mode of running the program and e) conditions on which to
terminate the computation,

Output lists position, velocity and acceleration components and
magnitude with respect to origin planet; position components and magnitude
with respect to earth, sun and target planet; all this at each integration step
or intermittently at any desired number of steps,

This mode of the Interplanetary Trajectory Program also has an
option to include the effects on the trajectory of up to six midcourse cor-
rections, The corrections must be defined in the input by the specific impulse
and mass flow (the same for all corrections) and the time of initiation, the burning
time and the direction as referred to local velocity vector and trajectory

plane,



1.3 Program II, the N-Body Program with Options

This is the same program as that described in section 1,2,3, except
for the following,
1) It does not have the option for midcourse corrections,
2) It has an option to print out in miles, feet per second and feet
per (second)z, or any other units, depending on the input conversion
factors,
3) It has an option to print out the ground traces over the Earth's
surface in latitude and longitude,
4) It has an option to print out the central angle, i.e. the angle
between the instantaneous and the initial position vectors.
5) It has an option to print out aximuth and elevation of the velocity

vector,

1.4 Program III, N-Body Program with Sensitivity Coefficients and Differential

Correction

This program maytake the place of Program I if a first estimate of
initial conditions of an interplanetary trajectory is available from some other
source, Such a source can be, for instance, the JPL Heliocentric Conic
Program, Progam III cannot compute the first estimate (as Program I can),
but it does contain improvements in the computation of sensitivity coefficients
and the differential correction, These improvements are fully described in
section 3 of this report; the following is a general description,

The complete (6 x 6) matrix of sensitivity coefficients is computed
along the trajectory by integration of the equations of variations. There is
an option to print out the sensitivity matrix at each integration interval,

The differential correction procedure has been improved (or, at least,
made more flexible) by permitting the use of only a percentage (determined by
the ""K-factor' which is supplied as input) of the velocity correction determined
by the sensitivity matrix's inversion,

Because of the way in which the sensitivity coefficients are computed,
this program must be run with the Cowell solution method and must use the

doubling and halving option,




2. OUTLINE OF REFERENCES 1 AND 2

2.1 Introduction

The purpose of this section is to facilitate the use of references 1 and
2. Together, they give a full description of program I (the Interplanetary
Trajectory Program). Reference 1 concentrates on the N-body part of the
program and discusses two demonstration problems; Reference 2 describes
the Interplanetary Trajectory Program and repeats some parts of Reference 1.
Reference 2 is thus a complete report in itself. The following is an outline
of the relevant materials in the two reports, or an elaborate table of contents
(Introductions and abstracts are not mentioned). Some of the contents are
merely mentioned, some other matters are discussed in some detail wherever
it was felt that further explanation was necessary. Reference is by section
number. The title of the reports, "Generalized Interplanetary Trajectory
Study, '"" was the title of the WADD contract under which the work was performed.
Section IV of Reference 1, '"Interplanetary Weather,' was the result of a part
of that work; it will not be further discussed here.

2.2 Reference 1

("General Interplanetary Trajectory Study,' J. P. deVries,
coordinator, General Electric TIS R60SD465, August 1960)

Section 2.1 Definition of coordinate system. Reference is the mean
equator and mean equinox of 1950, 0,

Section 2.2 Equations of motion for the N-body problem are derived
for one body with respect to another. The accelerations due to the first
earth oblateness term are also indicated.

Section 2.3 Definition of the "Cowell" and "Encke'' solution techniques.
The program uses either technique (according to input instructions).

Section 2.4 Description of the integration method. The method used is
the fourth order Runge -Kutta; the selection of the time step is made by
the doubling and halving method. The criterion by which the integration
proceeds with the same interval or with half the interval is that both
integrations should agree within a certain tolerance. (In our use of the

-10
program it has become customary to use a tolerance of 4 x 10 AU, ).
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A possible criticism is that the tolerance is an absolute distance,
whereas a certain percentage of the instantaneous distance to the center
of the coordinate system may be more satisfactory. Be this as it may,
the program has performed well, and the automatic time step selection
provides a great time saving for interplanetary trajectories since small
steps.are taken near a center of attraction and long steps far away
trom it. 'T'he doubling and halving procedure 1s optional.

Section 2.5 It may be argued that for trajectories between two planets
it is advantageous (for accuracy and speed) to translate the coordinate
system from the departure planet to the sun, and later to the arrival
planet. Such translations may be executed automatically (by option,
according to input instructions). When using the Cowell method the
coordinates are translated to the closest body; when using the Encke
method the translation is to that body of which the gravitational force
is greater than 25% of the total force. Whenever a translation is
needed, the relative velocity between the old and the new coordinate
system is computed by numerical differentiation. Usually this does
not produce a sufficiently accurate velocity; the velocity is corrected
in an iteration procedure which is based on running the trajectory in
the old as well as in the new coordinate system for a few integration
steps.

The program also has an option to switch solution techniques from
Cowell to Encke, or from Encke to Cowell, The criterion is (more or
less arbitrarily) that the Encke technique is used when the body at the
coordinate center is responsible for more than 75% of the total force;
otherwise, the Cowell technique is used.

Section 2.6 The sources for the planetary tapes are indicated. Positions
of all planets (except Pluto), Moon and Sun are stored on tape at
12 hour intervals. Interpolation was by nine-point Lagrange inter-
polation of the original ephemerides. Time is Ephemeris Time.
Appendix I gives the formulas which were used to convert the Naval

Observatory data for the Moon and Mercury,
8




Section 2.7 All physical constants are input quantities, but this section
suggests a set of numbers which is consistent with standards adopted
by the International Astronomical Union.

Scctions 2 i 5 Computer lnpul and vuiput are more {ully defined
in Reference 2 and also in this report, section 4.

Section 3 Two demonstration problems are discussed in detail. The
first is the computation of the Lunik III trajectory. The second is the
computation of an Earth-Venus trajectory for given departure date and
trip time. The method by which a first estimate was obtained is dis-
cussed in detail in Appendix II. The method consists of two parts:
the heliocentric transfer analysis ('"Vertregt') and the geocentric
departure analysis ('"Moeckel"). These analyses were later generalized
and programmed and are now part of the Interplanetary Trajectory Pro-
gram. The use of differential correction to refine the estimate is also
discussed (see also Appendix III); this was also programmed later to
be part of Program I,

2.3 Reference 2

("Generalized Interplanetary Trajectory Study, ' Part II and
Supplement I, J. P. deVries, Coordinator, General Electric
TIS R61SD047, Jan. 1961)

Section 2 Description of the N-body program. This repeats section 2 of
reference 1. The list of astronomical constants contains suggested
values for several physical properties of the planets.

Section 3.1 Description of the Interplanetary Trajectory Program. The
problem to be solved by this program is briefly: to determine the
burnout velocity for a trajectory from Earth to any other planet (or vice
versa) when departure date and trip time are known. The program
operates in three phases: 1) first estimate, 2) N-body program and

3) differential correction.

major axis and eccentricity of the transfer ellipse, assuming that the

planets have no mass. For elliptic trajectories four kinds of transfer




("routes') are defined (direct, indirect, aphelion and perihelion);

two routes are defined for hyperbolic transfers. No retrograde
transfers are considered., In plots having trip time as ordinate and
initial configuration angle (or departure date) as abscissa each route

is confined to a certain region (i.e combination of trip times and
departure dates). The four regions belonging to the elliptic routes
come together in a point which corresponds to the single trip time-
departure date combination for a Hohmann (least energy) transfer.
There are fourteen such plots, seven for earth-planet and seven for
planet-earth transfers. The plots are used to determine which route
will be taken for the desired trip time-configuration angle combination.
This information is needed in the input data, because the computation
of semi-major axis and eccentricity requires different formulas for
different routes. Since the plots are based on an idealized model there
is some uncertainty about the route that is required, especially in the
neighborhood of the Hohmann point. One may therefore specify a
number of routes; the computer will try each one in succession.

This section gives all the formulas for the computation of semi-
major axis and eccentricity (for each of the different routes) and the
iteration procedure which is used in the program.

Section 3.3 The purpose of the departure analysis is to obtain a first
estimate of the burnout velocity., The burnout point is taken to be
some given distance vertically above the launch site and the burnout
time during the given departure date is determined to take the maxi-
mum advantage of the earth's (or other planet's) rotation. (Departures
from Mercury and Venus are dealt with slightly differently because not
enough is known about their rotations and direction of their axes.)

The escape from the planet is taken to be along a hyperbola which is
"patched" to the transfer ellipse that was the result of the heliocentric
transfer analysis,

Pages 55-57 of this section have a more general significance. A
step-by-step procedure is given for the determination of the Universal

10




Time that corresponds to local mean sidereal time; this is a
"translation' of the instructions in the American Ephemeris and
Nautical Almanac (as well as the Explanatory Supplement),

Section 3.4 The differential correction by which the first estimate is
corrected to produce an impacting trajectory is based on the
sensitivity matrix between positions at arrival time and velocities
at departure time. The sensitivity coefficients are computed by
making small changes in each of the burnout velocity components
in turn and computing three new trajectories. The inversion of the
sensitivity matrix produces the burnout velocity correction and a
new trajectory is run. With the same sensitivity matrix up to ten
iterations may be performed; if impact is still not obtained, a new
sensitivity matrix is computed along the last trajectory and another
10 iterations may be performed. If after three computations of
sensitivity matrices (or a total of 30 tries) impact is still not
achieved, the run is given up as a hopeless case. The end condition
of the trajectory is impact on a sphere centered at the arrival planet's
center with arbitrary (i.e. input data) radius at the arrival time to
within a given tolerance {also input data).

Section 3.5 This is a complete discussion of the computation of a
Mars-Earth trajectory.

Section 3.7 This is a summary of 7 Earth-Venus trajectories with
departure dates at 12-day intervals and a trip time of 100 days.

Sections 4.1 and 4,2 It is argued that to use the Encke method advanta-
geously the coordinate center must be translated from one body to
another when the second becomes prominent. To perform this trans-
lation relative velocity of the old and the new coordinate center must
be determined by differentiation of the ephemeris data, Even when
using the iteration procedure described in section 2.5 of reference 1
it has been found that the results are not always consistent, The

reasons for this are quite complex, maybe a combination of some
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small interval inconsistency in the ephemeris with the fact that light
significant figures in the initial velocity does not give enough accuracy.
Section 4.2 presents an improved method for the velocity determina-
tion; this method has been applied with some success, but it has not
been incorporated into the present program. (Our practice has be-

come to use the Cowell method always, without translating coordinate

ot o)
CEINLCT S/,

Section 5 This section describes how the program handles the midcourse
correction option. Up to six midcourse corrections may be specified.
Specific impulse and mass flow must be the same for each correction.
The corrections are further specified by giving the starting time
(hours from beginning of trajectory), the burning time and two angles
which define the thrust direction. The thrust direction is to be
specified in a coordinate system that is directed along the local velocity
and the trajectory plane.

Appendix I, This reports the two-body formulas that are used in the Encke
method,

2.4 Reference 2, Supplement

Section 2 The complete input instructions for the three modes of the
Interplanetary Trajectory Program.

Section 3 Description of computer output.

Section 4 Operating instructions.

Note: The contents of sections 2, 3 and 4 of this Supplement are
repated in section 4 of this report.

Section 5 Description of the binary tapes of planetary tables.

Section 6 Block diagrams of the most important parts of the Interplanetary
Trajectory Program: tape data to angular parameters (fig. 1), helio-
centric analysis (fig. 2), departure analysis (fig. 3), Encke integration
program (fig, 4), Cowell integration program (fig. 4 cont.) and

differential correction analysis (fig., 5).

12




Appendix I Description of the modified DBC FORTRAN input routine.
Appendix II Complete input and computer output sheets of two examples:
1) Earth-Venus trajectory, 110 days trip time, departure date
Dec. 12, 1960 or 346 days from beginning of tape (Jan. 1, 1960) and
2) Venus-Earth trajectory, 110 days trip time, departure date
April 1, 1961, or 456 days from beginning of tape.

Appendix III List of Julian dates, calendar dates and table days.

13



3, ADDITIONS AND MODIFICATIONS OF PROGRAM 1

3.1 Introduction

Since the completion of Program I several additions and modifications
have been made, Programs II and IIl are the results, This section describes
1) the computation of ground trace parameters, azimuth and elevation
of velocity vector and central angle (for Program II)
2) ticn of 6 x 6 sensitivity matrix (for Program III)
3) Modified differential correction procedure (for Program III).
The use of these additional features is fully explained in the section

on input instructions and operating procedures later in this report,

3.2 Computation of Ground Trace, Central Angle and Azimuth and Elevation
of Velocity Vector

Program II offers the option of printing out ground trace information,
the central angle (or travel angle and aximuth and elevation of the velocity
vector, This section describes how this information is obtained. The
program can also print out distances in miles, velocities in ft/sec and ac-
celerations in ft/secz, or any other units depending on the conversion constants
(from A, U, and A, U, /hour) which are supplied as input,

3,2.1 GroundTrace

The parameters computed are the latitude of the vehicle referenced
to the equatorial plane and the longitude referenced to the Greenwich meridian,
Negative longitudes indicate angles west of Greenwich,

The additional input quantities required for this option are:

H = Greenwich Hour Angle for starting day of trajectory (deg.)
to = Table hours for OhUoTo on starting day of trajectory
W, = Angular rate of Earth's rotation (we = ,262516 rad/hour)

The coordinates (X, Y, Z) of the vehicle with respect to the Earth
referenced to the vernal equinox of 1950,0, found by the n-body program are
transformed to coordinates referenced to the Greenwich meridian at ’co(X', Y', 72",
This involves a rotation about the Z axis through the angle H as shown in

Fig. 1,

14




Greenwich
Merjdian

/950.0

Fig. 1 Computation of Ground Trace

Xt=Xcos H+ Y sin H

Y'=-XsinH+ Y cos H

Z'=17

Now, if R is the geocentric distance to the vehicle, the latitude { is
given by

1 = sin_l(Z/R)
where -900‘"1 1< 900.4 Negative values of £ indicate latitudes in the southern
hemisphere,

The longitude with respect to the Greenwich meridian at to is

)\0 = sin”} (Y'/R cos &)
A= cos-l(X'/R cos 1)

itude, X , with respect to the Greenwich meridian at the time

o}

f the printout step, t, a correction for the Earth's rotation is applied
A=A -~w (t-t)
o e o

15



3.2.2 Central Angle and Azimuth and Elevation of Velocity Vector

The desired parameters are shown in Fig, 2

Z
ST
\\ "ﬁl_
\N 0 4
v/
\y
R
\
(: ‘ 4
g \
R.

X

g

1950.0

Fig. 2 Central Angle and Direction of Velocity Vector

T
1l

central angle, or angle traveled from injection, R., toR at any
time t.

>
it

elevation of velocity vector, V, measured positive above local
horizontal plane

0 = azimuth of V, measured positive clockwise from north in local

X,Y,2; X,Y,Z = components of geocentric position and velocity vectors at

any time t subscript i refers to injection time

The central angle is given by

XX. +YY. + ZZ,
6 = cos_l i i i
RR,

1

where 0° < g < 180°,
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The elevation of V is

8 = sin”! (XX+YY+ zz>
. RV )

where -90° < g = 90°,

The declination of the vehicle, 0, is the latitude found previously
as part of the ground trace computation, The right ascension is found from

-1
sin =~ (Y/R cos §)

(04

H

0% cos_1 (X/R cos 6 )

The azimuth of V is thus given by

-1
cos (X sin b cosq -Y sin § sino sin + Z cos §)/V cosf

g =
where
0 =0 if (-X sinay + Y cosq) 2 0
0 =27-0if (-X sinoy + Y cosax) < O

3,2.3 Discussion

It must be noted that some simplifications have been used in the
computations described in this section, The ground trace is computed using
the mean equator and mean equinox of 1950, 0; it should thus be corrected by
introducing the nutation and precession to get the ground trace properly in the
coordinates of date, The error amounts to about 50 secs of arc per year,
counted from 1950; most of the error is in the direction of longitude., (When
the option was introduced in the program the purpose warranted neglecting
this correction,)

Also in defining the direction of the velocity vector the coordinate
system is that of the 1950, 0 mean equator and mean equinox,

3.2.4 Modification of the Differential Correction Procedure

In determining the burnout velocity for an interplanetary trajectory
with the Interplanetary Trajectory Program (Program I), the linear dif-
ferential correction procedure has sometimes shown a slowly converging or
even diverging behavior, It is typical in such cases that the miss distance

will oscillate from one side of the target planet to the other in successive
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iterations., The modification of the differential correction procedure
(described in this section) has improved the computation of such difficult
cases considerably,

Since the completion of the Interplanetary Trajectory Program
other means of getting a first estimate have become available; in some
cases such estimates produce a smaller miss distance (when run in an
N-body program) then the estimate determined by the Interplanetary
Trajectory Program, An example of such other means is the JPL
Heliocentric Patched Conic Program, used directly or with its own dif-
ferential correction,

The improvement of the Interplanetary Trajectory Program thus
consisted of three parts:

1) Make it possible to begin with an estimated burnout velocity
which is computed externally,

2) Modify the differential correction procedure to improve convergence,

3) Improve the computation of the sensitivity coefficients by getting
them through integration of the equations of variation along the estimated
trajectory., (This takes only 10% more computer time than integrating the
trajectory alone, whereas the finite perturbation method requires 300%
more; the results have consistently agreed within 1%, Also, in this manner
the complete 6 x 6 matrix becomes available for printout at any integration
interval,

It was therefore decided to let the Interplanetary Trajectory Program
stand unchanged and to add the new sensitivity matrix computations and the
modified differential correction procedure to the N-body program, The
first estimate of initial conditions must now come from an external source.
One such source may of course still be the old Interplanetary Trajectory
Program (Program I) when it is stopped just before it goes into the N-body
subroutine,

The modification of the differential correction procedure consists

essentially of limiting the magnitude of the velocity correction that is
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predicted by the inversion of the sensitivity matrix. A 'limiting factor"

k is defined below; to date values of .1 and ,2 have been used successfully al
although not enough experience has been gained to determine a ''best"

(if there is one!), Low values of k tend to increase the number of iterations
required to find an impacting trajectory, larger values may not sufficiently
reduce the oscillatory behavior of the differential correction. As shown in
Figure 3, only the magnitude of the predicted velocity correction is changed,

the direction is maintained.

Figure 3, Velocity Diagram

The modification also limits the initial velocity to values greater
than the escape velocity of the departure planet,

The modification is described below by a list of symbols, a logic
diagram and the pertinent equations.,
List of Symbols

T radial distance from origin at injection

v velocity at injection, from two-body estimate or previous
n-body run, to be corrected

(5(, Y, Z) rectangular components of velocity

AV velocity correction predicted by linear differential
correction procedure
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Q esc
m

'

AV from eq. (2)
m

A Vrn from eq. (1)

¥

Vi =V +AV
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m
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3.3 Computations of Sensitivity Coefficients

In Program I (the Interplanetary Trajectory Program) the sensitivity
coefficients are computed by perturbation of the initial conditions; a 3 x 3
sensitivity matrix is computed between position components at the end of
trajectory and velocity components at the beginning, In Program III the
sensitivity coefficients are obtained by integrating the equations of variation
along the trajectory., The sensitivity coefficients denote the rate of change
of position and velocity components at some time with respect to changes
in position and velocity components at the initial time, A 3 x 3 submatrix
of the 6 x 6 matrix at the final time is used in the differential correction
procedure; the complete 6 x 6 matrix may also be printed out at the integration
intervals of the nominal trajectory.

In the computation of the sensitivity coefficients advantage is taken
of the doubling and halving procedure of integration. Because of this, the
gravity gradients are available at the beginning, the midpoint and the end
of the integration interval, This results in a computation of the sensitivity
coefficients with errors proportional to the fifth power of the integration
interval,

Let the equations of motion be represented by

T =-Vé(r, 1) (1)
where ¢ is the gravitational potential of N bodies., Let ;n be the position
vector on the nominal trajectory, T the position vector of a variation

trajectory. The equations of variation are then

6 r = _;n.=_|:V¢(—rn’t)+_aa_xv¢(;n’t)5x

el

3 9 T
+ -a—y—vqs 6Y+'a—;v¢ 6Z] +V¢(1‘n,t)

or, expanded,
6x=G 6 +G &6 +G &
XX X Xy Y XZ 2

6y =G 0 +G_6 +G_ b
x yy 'y yz z

yX
0z =

z sz 6X + GZY 6Y +G,, 6z (2)
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2, — 2, —
-0 ¢ (rn, t) -3 ¢ (rn,t)
with G = > » G = ——— , etc.
XX 3 x Xy dy ox

This is a set of linear second order equations
pr =G(t) 6 T (3)

The Gij are the components of the gravity gradient tensor; they are evaluated
on the nominal trajectory as follows,

The gravitational potential is given by
2

H r 2 N .
6= =|1+3 = 1.z + &z (4)

rk r 3 rZ 21 T,

k k ; ]

i k

where the first term represents the earth potential (including the second

harmonic) and the second term the N-body potential. The notation is

L = distance from earth center
r = earth radius
e
r, = distance to center of body j
J

2
#k: k- M, M is mass of earth

2 . .
“j = k Mj, Mj is mass of body j

J = first oblateness constant
z = position coordinate parallel to earth's axis of rotation.

By differentiation of (4) the components of the gravity gradient are

obtained
y 2 " L2 (x 2, z) L2, 2
. . Y4
- .y ) - ). k e .k k _k k
< 2_r3 13r2 J 3 1-5 Z + 35 K
) j j k k k
2 2 2 2
u, y B T (y ,+z, ) y, 2z 2
G =-3v—d |13 }.5 =Xk 1-5 k k=, 35 K
vy K r3 rZ - 5 . 2 r4
) j J k k k
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3 z, /.J.kr z z
- _J . J _ e _ k k
G_, L |13 -5 -7 ——[3-30 =5 + 35 =
i r T. r, r, r,
i j X k
; iy 2
X.Y.
G =G =T u, J +Jkexkk _35- K
xy xy  CHiT_B 7 2
J j k k
3x Z [T 2 z z 2
X
G_ =G =T u bl ggiekk(i gk
Xz zZX . j - 5 . 7 r 2
] j k k
3Y5” " Zkz
G =G =32y, —31 43 ° 15-35
ye A J r5 r 7 T
j k k
N
The summation signs ¥ stand for T
j j=1

Since the positions on the nominal trajectory are available at three points of
the integration interval (because of the doubling and halving procedure), the
gravity gradient is also available at three points.,

If X is the vector | §r, 0 -r_l , equation (3) can be written as

;? = F(t) X (5)
with
F=lo 1 (6)
G O

Here I is the 3 x 3 unit matrix, O is the 3 x 3 null matrix and G is the
gravity gradient matrix,
If six solutions of equ. (4) are obtained at some time t1 with the

initial conditions taken as
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, etc,

O O O - O 0O

OO0 O OO -
[eNeNelNol ol

and column wise arranged in a matrix, the resulting matrix is the sensitivity

2 L o & Ed
4

P L o P T 4 11 s . 1
IMaltrix IMmtT O 1 o 1,el Ln1s mdaitrix e

H
o 1 1,0
represents the relation between position and velocity deviations at tl and tO:

; the following equation then

- X 7
X(t) =H (X(t) (7)
where
)
axl X1 .
9 o)
*o Yo
) °
H = 71
1,0 ox °
o o
. --- ) z)
° 3z |
o
For a time tZ, equation (7) gives
X (tz) = HZ, 1 X (tl)
But X(tl) = Hl, 0 X (to)
thus X(tZ) = HZ, 1 Hl, 0 X (to)
and H =H H

2,0 2,1 71,0

By continuing this procedure, the chain rule for sensitivity matrices follows
1

= --- = 8
Hn,o Hn, n-1 Hn—l,n—Z Hz,l H1,0 iFnHi’ i-1 (8)

This suggests that the sensitivity matrix for an arbitrary time interval
can be computed by multiplying the sensitivity matrices for a number of
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subintervals., As convenient subintervals, the integration intervals of the

nominal trajectory may be chosen., If a constant value of G is assumed

during an integration interval (for instance the value at the midpoint), simple

expressions follow for the H covering that interval, but the errors are pro-

portional to the third power of the interval, Better expressions (resulting

in errors proportional to the fifth power of the interval) are found by using

the fourth order Runge-Kutta formula, For its use three values of G are

needed, at the beginning, the midpoint and the end of the interval,

If the

doubling and halving procedure is used for the integration of the trajectory,

these three values of G are available. Applying this to equation (5), that

equation is first written as a matrix equation
[xX] = F [X]

To integrate this equation for a time step At = tn+l

formula is applied as follows,

Let [X]t=t [XJn,

n

1
let also F =F(t ), F =F(t +=At), . =F(t + At),
o n 1 n 2 1 n

/2

then K. =F [X] At
1 o n

- tn, the Runge-Kutta

K,=F (345K ILX] At= F, [1+F > AtlIx] At
K, =F, (1+5K,J(x] At =
=F1/2[I+F1/2, —;—At-FFl/Z F %At][X]nAt
and K4=F1[1+K3][X]nAt:
=Fi[I+F1/2 At+F21/2-%At2+F?/ZF «—;—At



- _ _ At
[X]n+1-[x]n+ (AX] =[1+ (Fo+4Fl/2 +F))

6
2 3
2 At 2 2 At
+ + e B =
HE B TR 2 TR T ) g T B R T ) T
4
2 At
F ="
VP ol I (10)
or [x] = H [ x] (11)
ntl nt+l,n n Ve
where H is the "incremental' sensitivity matrix fromt tot . I
nt+l, n n n+l

equation (6) is substituted in (10), the following expressions result for the

submatrices of the partitioned sensitivity matrix H

n+l,n
Let
Hl Hz
ntl,n - °
H3 H4
Then
2 4
H, =I1+(G + 2G )At——+c G At )
1 o 1/2" 6 1/2 "o 24
3
~ At
H2~1At+G1/2 2
3\
_ At At™ /
Hy =G 474G ), +G)) =5 TG ,G, 7 G G0 12
2 4
At At
=1+ —_—
H4 I (2G1/2+G1) 6 +G1 C"1/2 24 (12)
_ B 1
where Go = G(tn), Gl/2 = G(tn+2At), Gl G(tn+ At). J

In the computation of the sensitivity matrix Hn o by continued product,
as in equ. (8), the integration for the ith interval is ca,.rried out with [ X ;i =1,
the unit matrix. This method is used in the computer program described in
this report, If Hn, , vere to be computed by continuous integration, the

initial condition for the ith interval would be [ X],, the result of all previous
i

integrations. Because of the linearity of the equations of variation the two
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processes are precisely equivalent with respect to the truncation error. In
the build up of round off error they behave differently, although it is not
immediately obvious that either one is inferior to the other. To reduce
the influence of roundoff error all computations are done in double precision,
Expressions for the truncation errors of a single integration step
may be derived by carrying out a few steps of the Peano-Baker method,
using a Taylor series expansion for the gravity gradient matrix G. The
result may be compared with the expressions obtained by substituting Taylor

expansions for G

1/2 and G1 in equ, (12), If € is defined as the exact
solution minus the computed solution, the truncation errors for the sub-
matrices of H are

ntl,n

l L X ] 1 -] 1 L] 5
e - (1
1 <720 S 30 969 Tz Yo G0>At

1o 1 2 s
2"\ Z10 SoF 120 Go>At
l LX-X K-} 1 o0 oo 1 L] 2 1 3 5
€ — ——— - —_ - —_—
3 [2880 G, *780 (G, G ¥ GG * 120 G -~ 120 Co ] At

1 000 l o 1 L] 5
=2 - [— —— + —
€4 (720 Gy 120 Co% " 240 % G0>A t
The program can print out the incremental as well as the total
sensitivity matrix at every trajectory print out, The final sensitivity matrix

is also printed out, together with its ''theoretical' inverse, i,e,, the matrix

obtained by rearranging the components of the sensitivity matrix according to
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4, OPERATING INSTRUCTIONS

This section outlines the operational procedures for the three decks.
The Interplanetary Trajectory Program is Program I, the N-Body Program
with the ground trace feature and optional output conversion is Program II,
and the N-Body Program with sensitivity coefficients is Program III. Each
program is completely described in each section so that there need be no
cross rcferencing from one part of the report to another when setting up a
job. Included in each section are the FORTRAN statements for the 3 decks
showing the main programs as they request input and call for subroutines.
The following listings of input data show certain values for the con-
stants (gravitational constant, radius and mass of the earth, oblateness
constant). The values have been chosen to conform with those which are
presently in use at J.P. L; they differ therefore from the constants which
were recommended in references 1 and 2. Also, the sample problems listed
in this report have been run with different values., The J,P. L. constants
which are the basis for the values in the input listings are:
1AU = 1.49599 x 10°km
kZME = 398603.2 km3/sec2
R_ = 6378.165 km (earth equatorial radius)

E
-3
J = 1,62345 x 10 ~ (oblateness constant)

General Operating Procedure

A, Input Format

The format for input is as follows. Card columns (cc) 1 through 72
may be used. The first character on a data card must be an F or an X. The
F denotes floating point numbers and the X, fixed point numbers (Integers).
The numbers on each card are to be separated by commas and the last
character on each card must be an asterisk, At the end of each program
description in this section, there is a sample case with input data included
in the proper format, A sample input data card might have the following set

of numbers:

e.g. F1.75,3.4E-06,X20,F, 008"
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B. Deck Make-up (Monitor Control Cards)

(1) Card 1 (optional)
This is an ID card. Columns 1 and 2 contain asterisks and
columns 3-16 are available for the programmer's name.

(2) Card 2 (optional)
The next card(s) are used to notify the operator if any
additional tapes are to be mounted for the run. In our case,
an ephemeris tape must be mounted on B-6., CCI1 and 2
contain dollar signs ($$), CC5 contains the number 1; (if two
tapes had to be used, the second card would have the number 2
in CC5),
CC7-16 contain the library number of the tape(s) to be used.
CC20-22 are used to indicate the number of the particular
tape drive. CC78-79 is for a sequence number and are the
same as CC5.

(3) Card 3 (must be included)
Card #3 has a $ sign in CC1l and the word EXECUTE in CC2-8,
CC16-17 contain F2 (indicating FORTR AN II),

(4) Card 4 (must be included)
Card #4 has an asterisk in CC1 and in CC7-9, the letters XEQ.

(5) Card 5 (must be included)
Card #5 is placed directly behind the binary deck and directly
in front of the input data., C1 has an asterisk and CC7-10
have the word DATA,

(6) Card 6 (must be included)
This is an end of file card and is the last card on the job deck.

It has a multiple 7, 8 punch in CCl,.
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Thus, the deck make up is as follows:

Card

Number

I

III

v

Vi

CARD COLUMN NUMBERS
1234567891011121314151617181920----78 79 80

*%x T, COFFIN

$$ 1 A2 96 0 7 0 1
$EXECUTE F 2
% XEQ
BINARY
DECK
* DATA

INPUT
DATA

~d
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GENERAL OPERATING NOTES FOR THE 3 PROGR AMS
1. Tapes Used
All tapes used in normal FORTRAN System. Tape B-6, Planet
Position Tables Tape.
2. Sense Switches
Sense Switch 1 is the only switch tested. In the down position, output
will be printed on-line as well as on tape A-3. The sense switch may
be repositioned at any time. Printing on line uses the Share No. 2
printer board.
3. Card Deck
Normal FORTRAN System deck set-up with input cases following.
Operation is initiated by the FORTRAN System.
4. Stops
a. All FORTRAN stops.
b. Stops of form HTR*. These are double precision subroutine stops
caused by overflow, Experience has shown these to be due to
machine error or input error.

c. HPR 77777 - Error in two-body solution.

4,1 PROGRAM I

Three types of runs may be made with the Interplanetary Trajectory
Program:

1. Interplanetary trajectory

2. Determination of initial configuration angle,

3. N-body trajectory.
The required information is listed for each type of run, along with the corre-
sponding computer output. Also included is a description of the FORTR AN II

input-routine to be used with the program.

*To begin processing another case when machine has stopped, manually

transfer to 1718.
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4,1,1 COMPUTER INPUT

This section lists the computer input required for the three types of

problems which may be run with the Interplanetary Trajectory Program.

These are:

Type 1.

Type 2.

Type 3.

Interplanetary trajectory - Computation of trajectory with
differential correction procedure from trip time, departure date,
and route,

Determination of initial configuration angle - Computation of

from trip time and departure date. This problem is run prior

to run type 1 if the angle ¢ has not been determined by hand
computation in order to find the required route.

N-body trajectory - Computation of trajectory from initial position

and velocity, including midcourse correction capability.

All decimal input is read by a modified DBC FORTRAN subroutine

which accepts variable length fields. An (x) following the field number in

the following listings indicates a fixed point variable. All other inputs are

floating point variables.

TYPE 1.

INTERPLANETARY TRAJECTORY

Read Statement 1

Read Statement 2

FORTRAN
Symbols
Field 1 (x) NTYPE code digit for type of run = 1
Field 1 TT T trip time, hours
2 DID t date of departure, days from
S beginning of tape (table-days)
3(x) ND code digit for departure planet
4(x) NT code digit for destination planet
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Read Statement 3
Field 1 (x%)

2 (%)
3 (x)

5 (x)

Read Statement 4
Field 1

NR

NI(I)
EC(I)

GEE

KIT

DT

DPHI

BLE

GEL

RO

G(1)

WTE

WTV

RADE

NR

AT

Ad

3e

e

number of routes to be designated
(see note 1)

- - . ~ N - =1 - - o s —
INR sets of daia, each set cor iposed

of the next two fields
code digit of the route

initial estimate of the eccentricity
(see note 2)

initial estimate of the ratio a/r1

number of iterations before
attempting next route

allowable tolerance on trip time,
hours

allowable tolerance on vehicle
travel angle, degrees

launch site latitude, degrees (0 for
non-Earth departure)

launch site longitude, degrees (0 for
non-Earth departure)

burnout radius, statute miles
gravitational constant2= 2.9591221
x 10'4, (radians/day)

mass of the Earth = 3,0034424 x 10
solar mass units

mass of vehicle, solar mass units

equatorial radiuz of the Earth =
.42635078 x 10™ %, A, U.

Note 1: One or more of the six possible routes may be designated as input in
If after K iterations for each route a successful trajectory

preferential order.
1s not attained with any of these

be attempted by the computer.

Note 2: The initial eccentricities,

e:

waritoa
rTouULlos,

1

the remaining routes will antomatically

, used for routes which are not designated

as input are 0.5 for elliptic routes and 1.5 for hyperbolic routes.
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8 OBJ J! oblateness constant for the Earth =
M R$2 = 8.8632361 x 10718,
(solar mass units, A,U.,“)

Read Statement 5

Field 1 EMAX D1 max maximum distance from Earth, A.U.
2 GMAX D maximum distance from target, A.U.
2 max
3 SMAX D maximum distance from Sun, A. U,
3max

Read Statement 6

Field 1 (x) NCKE control digit indicating computing
scheme, 0 = Cowell, 1 = Encke

2 (x) MSDT control digit indicating selection of
integration time step interval, 0 =
doubling and halving procedure
1 = three fixed At's

3(x) MET control digit indicating whether
computing scheme (Cowell, Encke)
is to be switched, 0 = retain original
scheme, 1 = switch schemes on test

4 (x) NOUT n print digit n indicates print every n
integrations
5 (x) NOSW control digit, 0 = retain initial origin,

1 = switch origins on test

Read Statement 7 (used only if Field 2 of Read Statement 6 is 0)

Field 1 DTOR Ati initial At, hours
2 DTMAX At maximum At, hours
max
3 EPI € value to test accuracy of integration,
A, U.

Read Statement 8 (used only if Field 2 of Read Statement 6 is 1)

Field 1 DTA Atl At within 3 radii of origin, hours
2 DTB AtZ At within 100 radii of origin, hours
3 DTC At3 At 100 radii from origin, hours
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Read Statment 9
Field 1 (%)

Read Statement 10

Field 1(x)
2
3
TYPE 2.

NBD

the number of bodies other than
the Earth to be included in the
study (the Earth is always
included)

N, sets of data, each including

b
NB (I)
WT (1)
RAD (I)

code digit of body
mass of body, solar mass units

radius of body, A.U.

DETERMINATION OF INITIAL CONFIGURATION ANGLE

Read Statement 1

Field 1(x)

Read Statement 2

Field 1
2
3 (x)
4 (x)
TYPE 3.

NTYPE

DJD

TT
ND
NT

N-BODY TRAJECTORY

Read Statement 1

Field 1(x)

Read Statement 2

Field 1

NTYPE

G91)

WTE

35

code digit for type of run

date of departure, days from
beginning of tape (table-day)

trip time, hours
code digit for departure planet

code digit for destination planet

code digit for type of run

gravitational constant = 2.9591221
x 1077, (radians/day)

mass of Earth = 3. 0034424 x 10'6,

solar mass units



A CQtatanmmant 2
L W LALC AL

[S 2 B - 0V

Read Statement 4
Field 1 (x)

2 (x)

3 (x)

4 (x)

5 (x)

6 (x)

RADE

wWTV

OoBJ

EMAX
GMAX
SMAX
TMAX
TO

NCKE

MSDT

MET

NOUT

NOSW

NMC

Jl

H U U ©

ot
n

Nm

l max
2 max

3max

equatorial radius of the Earth =
. 42635078 x 10”%, A, U.

mass of the vehicle, solar mass
units

oblateness constant for the Earth =
IM_ RZ = 8.8632361 x 10718, (solar
mass units) (A, U, )2

maximum distance from Earth, A, U.
maximum distance from target, A.U.
maximum distance from Sun, A.U.
trip time, hours

date of departure, hours from Jan.
1960, OP UT

control digit indicating computing
scheme, 0 = Cowell, 1 = Encke

control digit indicating selection of
integration time step interval, 0 =
doubling and halving procedure, 1 =
three fixed At's

control digit indicating whether com-
puting scheme (Cowell, Encke) is to
be switched

0 = retain original scheme

1 switch schemes on test

print digit n indicates print every n
integrations

control digit, 0 = retain initial origin,
1 = switch origins on test

number of midcourse corrections

Read Statement 5 (used only if Field 2 of Read Statement 4 is 0)

Field 1
2
3

DT
DTMAX
DP1

At,
1

At
m

€

36
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initial At, hours
maximum &t, hours

value to test accuracy of integration,
A. U,




Read Statement 6 (used only if Field 2 of Read Statement 4 is 1)
Field 1 DTA Atl At within 3 radii of origin, hours
2 DTB Atz At > 100 radii from origin, hours

Read Statement 7

Field 1 {(x) N N number of bodies other than the
Earth to be included in the study
(Earth is always included)

2 (x) NEWORG code digit for origin planet
3(x) NTARG code digit for destination planet

Read Statement 8

N, sets of data, each including

b
Field 1 (x) NB(I) code digit of body
2 WT(I) mass of body, solar mass units
3 RAD(I) radius of body, A, U,
Read Statement 9
Field 1 PM(1) X position coordinates with
2 PM(2) v respect to origin at burnout, A.U.
o
PM(3) z
o
4 PM(4) 5(0 velocity components with respect
5 PM(5) 3'70 to origin at burnout, A, U. /hour
6 PM(6) z
o

Read Statement 10 (used only if Field 6 of Read Statement 4 is not 0)

Field 1 SIMC Iso specific impulse, seconds
2 FMC m mass flow, 1bm/sec
37" WVMC m mass of vehicle, 1b
v m
NM sets of data, each including
4 PPM(I) TM time of midcourse correction

application, hours from start of
trip

*Not necessarilly equal to Field 4 of Read Statement 2.
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5 PPL(I) At burning time, seconds
6 oM(I) o component of angle between AV
and velocity vector in trajectory
plane degrees
7 QL(T) B component of angle between AV
and velocity vector normal to
trajectory plane, degrees
The code digits for the various planets and routes are as follows!:
Planetary Code Digits:
0 Earth 5 Mars
1 Sun 6 Jupiter
2 Moon 7 Saturn
3 Mercury 8 Uranus
4 Venus 9 Neptune
Route Code Digits:
1 Route D (direct)
2 Route P (perihelion)
3 Route A (aphelion)
4 Route I (indirect)
5 Route DH (direct hyperbolic)
6 Route PH (perihelion hyperbolic)

4,1,2 COMPUTER OUTPUT

TYPE 1.
INTERPLANETARY TRAJECTORY

Normally, output will be obtained from each major section of the
program as follows:
A. Heliocentric Transfer Analysis

1. The eccentricity of the transfer orbit

2. q;the ratio a/r1
B. Departure Analysis

1. Exact burnout time, hours from beginning of tape
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2. Position coordinates at burnout; A, U,

3. Velocity components at burnout; A, U, /hour
C. N-body Integration Program

The following information is printed-out after every n integration
steps, where n is an input-control parameter

1. Flight time, hours from start of trajectory

2. Table time, hours from beginning of tape

3 Time increment of integration step, hours
4. Planetary code digit of body at the origin
5

Acceleraztion components of the vehicle with respect to the origin,
A,U. /hr

6. Velocity components of the vehicle with respect to the origin,
A.U. /br

7. Position coordinates of the vehicle with respect to the origin, A.U,
8. Position coordinates of the vehicle with respect to the Earth, A.U.
9, Position coordinates of the vehicle with respect to the target, A.U.
10. Position coordinates of the vehicle with respect to the Sun, A. U,
D. Differential Correction Analysis
1. Modified initial velocity components at burnout, A, U, /hr
All times are expressed in hours and distances in astronomical units,
Position, Velocity, and acceleration components are expressed in a rectangular
coordinate system, referenced to the equatorial plane and mean equinox of

1950.0

TYPE 2.
DETERMINATION OF INITIAL CONFIGURATION ANGLE
1. Trip time, days

2. 1Initial configuration angle, degrees

TYPE 3,
N-BODY TRAJECTORY
The following information is printed out after every n integration steps,

where n is an input-control parameter.
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Flight time, hours from start of trajectory
Table time, hours from beginning of tape
Time increment of integration step, hours
Planetary code digit of body at the origin

Acceleration components of the vehicle with respect to the origin,
A.U. /hr

Velocity components of the vehicle with respect to the origin,
A, U, /hr

Position coordinates of the vehicle with respect to the origin, A.U.
Position coordinates of the vehicle with respect to the Earth, A.U,
Position coordinates of the vehicle with respect to the target, A.U.
Position coordinates of the vehicle with respect to the Sun, A.U.
following information is printed out after every midcourse correction.
Mass of the vehicle before correction, 1bm

Mass of the vehicle after correction, 1bm

Change in velocity components with respect to origin due to
correction, A.U. /hr

Velocity components of vehicle with respect to origin after correction,
A.U. /hr

4.1,3 SAMPLE PROBLEM

PROGRAM 1

(Interplanetary Trajectory Program)

Mars to Earth Trajectory

CARD #
1 X1*
2 F5760,0, 1776,0, X5, 0%
3 X1, 1, ¥0,2300,0,8500, X30,F0,10,,10%
4 F0.0, 0.0,2500,0,2,959122083E-04, 2, 9991123E-06, 0. 0*
5 F.426636E-04,8.8609392E-18%
6 F6.,0, 6.0, 8, 0%
7 X0, 0, 0, 25, 0%
8 F0,25,32.0,4.0E-09%

40




9 X2%
10 X5,F3,2325845E-07,2,26E-05%
11 X1,F1.0,4,655E-03%
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N BECY TRAJECTERY

6ENERAL ELECTRIC CO.

r.8.¥.D,

STARTING PTABLE TIME = 42636.000

ORIGIN IS 80ODY 5 NMASS = 3,232584E-07

DESTINATICN IS BODY O MASE s 2.999112E-06

NASS CF VEHICLE = 0.

OTHER BODIES ARE-
BODY 1 MASS = 1.000000E 00

GRAVITATIGNAL CONSTANT = 2.959122E-04

EPSILCN GF INTEGRATION = 4.00E-0Q9 MAXIMUM DELTA T = 32.0

CONELL METHOD IS USED

(THE ORIGIN 1S FIXED
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4.1.4 LISTING
This listing is the main program for PROG #1, No subroutines are

included since it is here included to assist in setting up job decks.
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4,2 PROGRAM II

This program is a modification of the N-body subroutine in Deck #1.
Vehicle ground traces (i.e. longitude, latitude), the central angle, and the
elevation and azimuth of the velocity vector are given. Also the option is
available for having positions, velocities and acceleration in units of AU,
AU/HR, AU/HR® or MILES, FT/SEC, FT/SEC.

4.2.1 COMPUTER INPUT

N-BODY TRAJECTORY

Read Statement 1

FORTRAN
Symbols
Field 1 (x) KGT code digit to determine whether or not
ground traces are to be computed.
(1 = yes; § = no)*
2 (x) KLMS code digit to determine units of output

2

(1 = output in miles, ft/sec and ft/sec ;
2
¢ = output in AU, AU/hr, AU/hr")

Read Statement 2 (used only if field 2 of read statement 1 is = 1)

Field 1 CONV1 conversion factor from AU to miles
= 9,2956509E+07
2 CONV2 conversion factor from AU/hr to ft/sec

= 1.3633621E+08
3 CONV3 conversion factor from AU/hr2 to
ft/sec” = 3.7871170E+04
These conversion factors can of course be changed to suit anyone's

particular needs, If one is interested in obtaining position coordinates in
kilometers rather than miles or AU, the proper conversion factor could be
read in as CONV1 but since KLMS would then = 1, the alphanumeric printout
of the beginning of the output would state DISTANCE IS IN MILES, VELOCITY
IS IN FT PER SEC, ETC even though this is not the case. This is due to the

format of the output statement,

* @ = zero 56




Read Statement 3 (used only if field 1 of read statement 1 is =1)

Field 1 GHRA

2 OMGE

3 TTTO

Read Statement 4
Field 1 G(2)

2 WTE
3 RADE
4 WTV
5 OBJ

Read Statement 5

Field 1 EMAX
2 GMAX
3 SMAX
4 TMAX
5 TO

Read Statement 6
Field 1 (x) NCKE

2 (x) MSDT

57

Greenwich hour angle at OhET
on the day of departure in degrees
and decimals of a degree

angular velocity of the earth =
0262516 rad/hour

tape hours from OhET Jan, 1, 1960
of the Greenwich hour angle at ORET
on the day of departure

Gravitational constant =
5.1373647E-07 (rad/hr)?2

the mass of the earth =
3,0034424E-06 (solar mass units)
SMU

; the radius of the earth =
.426636E-04 (AU)

mass of the vehicle (usually zero)
solar mass units

oblateness constant for the earth =

R_2% =8, 2E-18 2
TMg, R 2 = 8.8609392E-18 SMU(AU)

maximum distance from Earth, A, U,
maximum distance from target, A.U,
maximum distance from Sun, A. U,

trip time, hours

date of departure, hours from Jan,
1960, ObUT

control digit indicating computing
scheme, 0 = Cowell, 1 = Encke

control digit indicating selection of
integration time step interval, 0 =
doubling and halving procedure, 1 =
three fixed A t's



3 (x) MET

4 (x) NOUT n

5 (x) NOSW

control digit indicating whether
computing scheme (Cowell, Encke)
is to be switched, 0 = retain original
scheme, 1 = switch schemes on test

print digit n indicates print every n
integrations

control digit, 0 = retain initial origin,
1 = switch origins on test

Read Statement 7 (used only if Field 2 of read statement 6 is one (1))

Field 1 DTA A tl
2 DTB Atz
3 DTC At3

At within 3 radii of origin, hours
At within 100 radii of origin, hours

At > 100 radii from origin, hours

Read Statement 8 (used only if Field 2 of read statement 6 is zero (0))

Field 1 DT t.
i
2 DTMAX t
max
3 EP1 €

Read Statement 9

Field 1 (x) N N

2 (x) NEWORG
3 (x) NTARG
Read Statement 10

N, sets of data, each including

b
Field 1 (x) NB(I)
2 WT (L)
3 RAD(I)

Read Statement 11

Field 1 PM(1) x_
2 PM(2) v,
3 PM(3) z
4 PM(4) x
O
5 PM(5) ;,o
6 PM(6) %

jinitial A t, hours
maximum A t, hours

value to test accuracy of integration,
A. U, '

number of bodies other than the
Earth to be included in the study
(Earth is always included)

code digit for origin planet

code digit for destination planet

code digit of body
mass of body, solar mass units

radius of body, A, U,

position coordinates with respect
to origin at burnout, A, U.

velocity components with respect
to origin at burnout, A, U, /hour



The code digits for the planets are as follows:

0 Earth 5 Mars

1 Sun 6  Jupiter
2 Moon 7 Saturn
3 Mercury 8 Uranus
4 Venus 9 Neptune
4,2.2 COMPUTER OUTPUT

Initially (dependent on the input parameters KMLS and CONV1, CONV2
and CONV3) the units of position velocity and acceleration will be stated.

Then the following information is printed out after every n integration
steps, where n is an input control parameter

1, Flight time, hours from start of trajectory
o Table time, hours from beginning of tape

Time increment of integration step, hours

o

Planetary code digit of body at the origin

0N W
-]

. Acceleration components of the vehicle with respect to the origin,
in desired units
6. Velocity components of the vehicle with respect to the origin, in
desired units
7. Position coordinates of the vehicle with respect to the origin, in
desired units
8. ©Position coordinates of the vehicle with respect to the Earth, in
desired units
9, Position coordinates of the vehicle with respect to the target, in
desired units
10. Position coordinates of the vehicle with respect to the Sun, in
desired units
Then, if KGT =1
11. Ground trace longitude and latitude (degrees)
12, Control angle (Degrees)

13, Elevation and aximuth of velocity vector (degrees)
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4.2.3 SAMPLE PROBLEM

PROGRAM II (N-Body Program with Ground Traces)
Earth to Moon Trajectory

CARD #
1 X1, 1%
2 F9,2956509E+7, 1. 3633621E+8, , 378711694 E+5%
3 F336,2766,.262516, 75888, 0%*
4 F5.13736490E-7,3.00344220E-6, .4266E-4,0.0, 8.8609392E-18%
5 F2.0,2.0,80.0,75902,422%
6 X0,0,0,1, 0%
7 F.25,2,0,4,0E-10%
8 X2,0, 2%
9 X1,F1,0,4,655E-3%
10 X2,F3,6942027E-8,1,1625090E-05%
11 F-2.9325021E-06, 3.8733136E-05, 2. 0975379E-05%
12 F-2.6227989E-04, -2.3734089E-06, -3,.3926081E-06%
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N BOUY TRAJECTORY

—GENERAL ELECTRIC TU.

M.5.V.D.

STARTING TABLE TIME = 75902.%22

ORTGIN IS BOUOY U WASS = 3,003%%2t-00

DESTINATION IS BUDY 2 'MASS = 3.569%4203E-08

‘MASS OF VEHICLE = 0U.

OTHER BODIES ARE-~

BODY 1 WASS = 1.U00000E OO

GRAVITATIUNAL CONSTANT = 5.137365E-07

EPSTUON UF INTEGRATION = 4.00E-10 MAXTMUR DELTA T = 2.V

COWELL METHUD IS USED

THE URIGIN 15 FIXED

GREENWICH HOUR ANGLE= 336.2765999 TIME= 75888.000

DISTANCE TS IN HMILES

VELOCITY 1S "IN FT PER SEC

“ACCELUERATION IS IN FT PER SEU PER SEC ot T

~CONVERSTON FACTORS  0.9295651FE 08 U0.1363362E 09 0.3787T117E 05

The next page is only the first part of the run to show the ground trace print, etc.
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4.2.4 LISTING
This listing is the input routine for Program II. N-body MAIN

ie called at the end,
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- _N=B0DY wlm_gzmwmmnﬁ,_mmum _AND FTY SECe\
c KGT=1, GROUND TRACES, O, NONE  KMLS=l, OUFPUT IN MILBSs Os AcUseS
C

READ CONVERSION FROM A.U.S FDR DISTANCE ,VELOCITY,ACCELERATION

EQUIVALENCE({WM{1) s XIM) o (WM{2),YIM){WM(3),ZIM)y(WM(4) XIDM)},.
LIWNM{6) o ZIDM) o (WMIS )y YIDM) o tWLIL) o XIL) o {WLI2) o YIL) o (WL{3),ZIL),
2CHL{4)  XIDL) o {WLES)., YIDL) » IWLI6)Z]IDL)

DAC PX{9967)4PY{9,67)4PLLI9,67),TLI6T) sRKM{4,6),RKLI496]),NB(9),
IWT{9) RAD(D) o X{ 9o ¥19)2219):DIS{9).DIST(9) +PN{6)PLIK) +PPM(6)s
2PPLLG6) sQMI6) QLIB) s WMIE) o WLIE) 9 XX{F) s YY(F) 2ZZ(9),T1I(6),CLIE)

COMMON NEWORGsZERFMX,FLXFMY,FLY,FMZ,FLZ,AM. AL ,BM,BL,CMeCL

COMMON NORGoNTARG ¢NSUNyNoNNeNNNyT, TOy.TMAX s DTMAXyHAFDT  WTE o NTV s MGM,
i IXTARG,.YTARG ZTARG ¢ SCENy VCEN SMAXsGMAX . EMAX RAD1 ;RADD . RADE ,WTA

Z2NBE 3 NBT4yNBS,RADORG»SAM, SBM,SCM, SAL,SBL, SCL.XIH.XIL:YIH,YIL:ZL"'
32 ILe XIDM XIDL,YIDM,Y M . RLsRR R RiLeT
| 4GMX 3. GLX,GMYGLYGMZ, GLZ,SUMXOSULX'SUMY'SULY SUMZ, SuLZ, FHQFL.GN.GLr
! ____,.EHMJﬂLLBRRIs&i&xnhYMJIHLALﬂlJBlLBZLHBHLHRLL&QHLBLLLRDMJRQLLBREML_ﬁ__
EXPM o XPL o YPMyYPL ZPM,ZPL
7K03.VNL¢HEDILM§DIJUDILNQ[LHEIJNﬂullﬂgﬁgi_iAlmﬂ_A:Qlﬁi T -
DAC G(2),WTS{2)
____DAC _ SOGDOD{6)«XDOYL2),YDOT(2),2D0T(2) .NRONG( 6D 0X(2)
19QY{2),QZ(2) 4 XP(2)9YP(2).32P(2)¢XDOTP(2),YDOTP(2),2D0TP(2).oP112),.
o 2P1212),EL12) s XMJ{2),CCON(2) +XNE2) . -
COMMON Al,A2, FJI,FJZ,SFJI'SFJZ CFJI'CFJZ'SI 52 EPSl
COMMON DT,DTME,RPM . .
DAC SM{6),SL(6), XMJP(Z)
ﬁme.ﬁuleﬁmeMWMumﬂB_

COMMON RPA,GHRA,OMGE,TTTO,KGT,KMLS
COMMON CONV1,CONV2,CONY3 I e
MGM = 512
_EPSY1 = 1.0E-11 _ S
B Pl = 202622077325
B PI(2) =_.147042055061
B Pl2 = 203622077325
B _PI2(2) = 150042055061 .

8
T

HPL = 201622077325
___YHPL =5 203455457437 .. ___
2 REWIND 26
) RIT2s3s KGToKMLS .
IF(KMLS)112,113,112
3112 RIT2,3,CONVL,CONVZ,CONVS .
| 113 IF(KGT)102,103,102
,,,,, 102_RIT. 253:GHRA,OMGE,TTTO > .

4 103 RLT 243, G[2),WTE,RADE, WTV, OBJ g
_/J 3 FORMAT (F9.5)
) "4 RIT 2923,EMAX, GMAX, SMAX, TMAx,To

_*+_m~_ﬂ“5.RII 243,NCKEsMSDT s METSNOUT,NOSH
IF (MSDT) 6, 7, 6
6 RIT 24+3,DTA,DTB,DTC - _—
ERASE DT
GO 10 8 e
T RIT 2'3 DT, DTMAX EP1
. _HAFDY DY/2. . . — e
8 RIT 2, 39N NEWORG, NTARG
CRIT 2335 (NB(I)sWT(I)oRAD(I)sI = 1,N)
9 RILT 293y (PMUI),yI=1,6)
ERASE T
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4,3 PROGRAM III

This program is a modification of the N-body subroutine of Program I.
A complete 6 x 6 differential correction matrix is computed by integration
and may be printed out with each integration step, There is also a differential
correction procedure (improved over that of Program I) for the computation

of interplanetary trajectories,
h

There is an uption to print out at each n integration step the incre-

mental sensitivity matrix Ht E-A ¢ and/or the sensitivity matrix Ht o
s v ’

he final sps s .
The final sensitivity matrix Htfinal,O

its inverse, This inverse is the ''theoretical' inverse, obtained by rearrangin
y

is always printed out as well as

the components of H as follows:

H @y T

4,3,1 COMPUTER INPUT

Read Statement 1

Field 1 (x) KWC k control digit for sensitivity coefficients.
If k = 1, coefficients are computed.
If k = 0, no coefficients are computed.
(i. e, same as option 2 in deck #1),

2 (x) KNOP control digit for intermediate print
of incremental sensitivity coefficients,
The program prints them after every
KNOP integration steps.

3 (x) KNOPP control digit for intermediate print-
out of total sensitivity coefficient
matrix, Program prints after every
KNOPPth integration step.

4 (x) NOOFT This is a dummy number with no
meaning. Simple set it equal to one (1).

Read Statement 2

Field 1 AK the limiting ratio of AV/Vo. Section
3.4 of the report explains this in
detail,
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Read Statement 3
Field 1

Read Statement 4
Field 1

Read Statement 5
Field 1 (x)

2 (x)

3 (x)

4 (x)

5 (%)

G(2)

WTE

RADE

WTV
OBJ

EMAX

GMAX

SMAX

TMAX

TO

NCKE

MSDT

MET

NOUT

NOSwW

67

gravitational constant = 5,1373647E-0
(rad/hr)

mass of Earth = 2,0034424 x 10
s

solar mass units-:

equatorial radius of the Earth =
.42635078 x 10~%, A, U.

mass of the vehicle, solar mass units

oblateness constant for the Earth =JM‘§@
= 8.8632361 x 10-18, (solar mass

units) (A, U, )2

maximum distance from Earth, A.U.
maximum distance from target, A.U,
maximum distance from Sun, A, U,

trip time, hours

date of departure, hours from Jan.
1960, obUT

control digit indicating computing
scheme, 0 = Cowell, 1 = Encke;
This must be = 0 if k = 1

control digit indicating selection

of integration time step interval,

0 = doubling and halving procedure,
1 = three fixed At's

control digit indicating whether
computing scheme (Cowell, Encke)
is to be switched, 0 + retain original
scheme, 1 = switch schemes on test

print digit n indicates print every
n integrations

control digit, 0 = retain initial origin,
1 = switch origins on test




Read Statement 6 (If field 2 of read statement 5 = 1)

Field 1 DTA A t At within 3 radii of origin, hours
2 DTB Atz At within 100 radii of origin, hours
3 DTC A ts At 100 radii from origin, hours
Read Statement 7 (If field 2 of read statement 5 = 0)
Field 1 DT At initial A t, hours
i
2 DTMAX At maximum At, hours
max
3 EP1 € value to test accuracy of integration,
A. U.

Read Statement 8

Field 1 (x) N N number of bodies other than the
Earth to be included in the study
(Earth is always included)

2 (x) NEWORG code digit for origin planet
3 (x) NTARG code digit for destination planey
Read Statement 9

N. sets of data, each including

Field i (x) NB(I) code digit of body
2 WT(I) mass of body, solar mass units
3 RAD(I) radius of body, A.U.

Read Statement 10

Field 1 PM(1) XO N | |
2 PM(2) v, POSltTOI.I coordinates with respect
3 PM(3) z_ to origin at burnout, A.U.
4 PM(4) . | |
5 PM(5) ;,o VelOC.lt?' components with respect
6 PM(6) .Zo to origin at burnout, A, U./hour
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The planetary code digits are as follows:

0 Earth 5 Mars

1 Sun 6  Jupiter
2 Moon 7 Saturn

3 Mercury 8 Uranus
4 Venus 9 Neptune

4.3,2 COMPUTER OUTPUT

The following information is printed out after every n integration
steps where n is an input control parameter,
1. Flight time, hours from start of trajectory
2, Table time, hours from beginning of tape
3. Time increment of integration step, hours
4, Planetary code digit of body at the origin
5. Acceleration components of the vehicle with respect to the
origin, A,U. /hr2
6. Velocity components of the vehicle with respect to the origin,
A.U, /hr
7. Position coordinates of the vehicle with respect to the origin, A.U,
8. Position coordinates of the vehicle with respect to the Earth, A.U.,
9. Position coordinates of the vehicle with respect to the target, A.U.
10, Position coordinates of the vehicle with respect to the Sun, A.U,
The intermediate printout of the incremental sensitivity coefficients
(the matrix H

t,t-At
(This printout is not shown in the sample output).

) is determined by Field 2 of read statement #1, KNOP,

The printout of the sensitivity coefficients over the entire trajectory is
controlled by Field 3 of read statement #1 KNOPP, On the sample output

KNOPP = 1 since we get the matrix at each step. The form is standard; e.g.

69



dy

ax o o o o o
o]

dz
d z
o
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4.3,3 SAMPLE INPUT

PROGRAM III (N-Rody Program with Sensitivity Coefficients)

Earth to Moon Trajectory
CARD #
1 X1,500,1, 1%
2 Fl.*
3 F5.137365E-07, 2.9991126E-6,.,4266E-4, 0, 8. 8609392E-18%
4 F1.0,1.0,1.1,56.6816,62163, 147
5 X0,0,0,1, 0%
6 F.25,2.0,4.00E-10%
7 X2,0,2
8 X1,F1.0, 4. 655E~3%
9 X2,F3,6821513E-8,1. 1625E-5%
i0 -1,4158093E-05, 3. 7906955E-05, 1. 7647465E-05
11 -2.5124908E-04, -4, 8551250E-05, -6. 2786291 E-05

This run is not shown in its entirety. Only the first few lines of output and the

last few lines are here included for the sake of brevity.
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4.3.4 LISTING
This is the listing for Program III with the n-body calling

segucnces and the differential correction routine,
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EQUIVALENCE(WMEL) o XIM) o (WM(2) ,YIM) s (WM(3)4ZIM),(WM(4&),XIDM),

T(WM(6),ZICM), (WM(5),YIDM) , (WL (17 o XTL)» (WL(2Y,YIL), (WL(3),ZIL)
2(WLI&) o XICL) o (WL(5),YIDL) o (WL (6)ZIDL)
“DAC PX(9eCT oPY(9,6T)+PZU9+16T)sTLIGTI JRKM(%,6) ¢RKL(%4,67+NB(9)
INT(9)yRAD(9) ¢ X(9)9Y(9) 9Z(9),DISI(9) yDIST(9),PM(6)4PLIE)yPPM(6),y
ZPPLIG) QM6 ,QL(6) WM 6) (NLTB) XX(9),YYI9),ZZ(9),T1(67,CLI6)

COMMON NEWORG,ZER FMXoFLXoFMYFLY sFMZoFLZosAMyAL BMyBLCM,CL

OMMON NORGoNTARG,NSUN,NsNN, 2Ty * XeDTMAXH +WTES NIV, M
IXTARGQYTARGOZTARGQSCEN'VCEN SMAXGMAX, E"AX,RADI:RADZQRADE'NTAQ
NBE'NBr'NB 'RA AM' [ [} L' L'Y L'}

3ZILoXIDMeXIOL o YIDM, YIDLcZIDN.ZIDL.RH.RL.RR.RU.SS.RRM RRL.TEH.TEL.

SGMX,GLXGMY,GLY,GMZ,GLZ, SUMX, SULX, SUMY, SULY,SUMZ.SULZ .FM; FL,GM_GL
DHH'HL’KKﬂgbbbgXM’VM'ZH’A'BXQBYQBZ’HRHQHRL’RCM'RCL’ROM1ROL'RPPH'

6XPMy XPLoYPMeYPL o ZPM,ZPL,
TKOBoVNZsMEDT 4MSDTyMDT NOT yMET yNOUT,NCKE» TSAV,DTA,DTB,DTC,EP1

DAC G(2).WTS(2)

DAC SOGO0OD(6) ,XDOT(2) ,YDOT(2) ,ZDOT(2) yWRONGI6) 4QX(2)
1,QY(2),9212V,xP(2),YP(2)1,2ZP(2) ,XDOTP(2),YDOTP(2},2ZD0TPI2),PI(2),
2P12(2)4F(2) ¢ XMJ(2)+CCON(2) 4 XN(2)

COMMON A1,A2,FJ1,FJ2,SFJ1,SFJ2,CFJ1,CFJ2,51,52,EPS]

COMMON DT4DTME,RPM

DAC SM(6)1+SLI6),XMIP(2)

COMMON OBJ+TSAVE+REAJRTA,RSNsHPI, THPIvKK.NOSHoPQM(b)9PQL(6).ERR

COMMON RPA

COMMON RARBM(3,3),RARBL(3,3),RBRBM(3,3),RBRBLI3+3),

IRCRBM(3,3),RCRBL(3,3),RDRBM{3,3) ,RDRBL(3,3)

COMMON XHINT(10)oYHINT(10)ZHINTI(10)+XNP(3,3),ALX
OMMON XP » XVEL ’ + XW ’ ’
COMMON KWC o KNOP,KNOPP 4NOOFT KNOPPC s NOOFK

DIMENSTION TRARTI{(3,3),TRBRI{3,3),TRCRI(3,3},TRORI(3,3)
DIMENSION XYZO(6)+FGH(10,10)

MGM=512
EPS1=1.0E~-11

B
3

P1=2026240177325
PI1(2)=147042055061

) P12=2036420T77325

P12(2)=150042055061

3
B
B

HPI=201622077325
THPI=203455457437

2 REWIND 26

RIT 243,KWC,KNOP,KNOPP,NOCFT

3 FORMAT{ES.5]
4 RIT 243y EMAX,GMAX,SMAX,TMAX,TO

RIT 2,3, A
RIT 2¢3,G12) WTE,RADE.WTV,08J

LR 4 ’ ’ ? ’

IF(MSDT)647+6

6 R172,3, DTA,DTB8,0TC
ERASE DT

GO TOU 8
7 RIT 243, CToDTMAX,.EP1

HAFDT=UT1/<.
8 RIT 2435, NyNEWORGINTARG

RITZ:3,(NBI{TY WTTI),RADTT}, T=T N}

RIT 2¢43,(PM{]I)o1I=146)

r

wnaauSAVE INITIAL CONDITIUNS#e#e

80




61

D0 601 1=1,6

601

XYZO(I)=PM(I)
VO=SQRTF(PM(4)=PM(4)+PM(S5)#PM(S5)+PM(6)#PM{6))

604

JK=1

DO 604 I=1yN

IFINEWNRG-NB(I))604,612,604
WW=WTE

612

GO 7O 613
WW=WT (JK)

613

VESC=SQRTF(2.2G(2)#WW/SQRTF (PM(1)#22+PM(2)%22+4PM(3)=s2))
IF(KWC)50,51,50

50

CONTINUE
ERASE KNOPC,KNOPPC

ALX==G(2)=0BJ
NOOFK=NGOFY

DO 9 I=1.N
NBX(1)=NB(I)

XWTX(T)=wT(1)
XRADX(I)=RAD(1I)

KTT=1+1
CONTINUE

NBX(KTT)=C
XWIX(KTT)=WTE

XRADX{KTT)=RADE
ERASE RARBMyRARBL,RBRBM,RBRBL yRCRBMy,RCRBL yRDRBM,RDRBL

DO 24 I=1,3
RARBM(I,1)=1.0

24

RDRBM{I,1)=1.0
CONTINUE

51

CONTINUE
ERASE T

CALL SETI
G=-G(2)

ERASE NOT yNORG,PLoSL(%)4SLU5),SL(6)
CALL TITLE

11

CALL ORGN
KK=67

NBT=NBT
IF(TEM)12,2412

12

CALL NBOCY
IF(ERR)S5E,42+55 = T+es T Co L e neT

55

52

IF(KWC)52453,52
CONTINUE

SET UP INVERSE MATRIX
D0 60 I=1,3

DO 59 J=1,3
TRARI(I+J)=RDRBM(J,1)

TRBRI(I44)==RBRBM(J,])
TRCRI(I,J)==RCRBM(J,1)

59

TRORI{I,L)=RARBMI ). 1)

CONT INUE

60

CONTINUE
WOT 10,230

HUT»1002311(RARBH(R;L)'l3103)'(RBRBH(IQJ)'J=133’
WOT 10,231, (RARBM{2,1)41=153),(RBRBM(2+J)yJ=193)

WOT 109231, (RARBM(3,1)9I=143)y (RBRBM(34J)sJ=1,e3)
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WOT 104231,(RCRBM(1,1),1=1,3),(RDRBM(1,J),J=1,3)

WoT 10’23l’(RCRBM(2'I)013113)'(RDRB"(Z'J,'J=1'3)
WOT 10,231,{RCRBM(341)s1=1,3),(RDRBM{3,J)J=1,3)

WOT 10,232
WOT 1092314 (TRARI(141)9y1=143),(TRBRI(15J)Jd=1,3)

WOT 100231 (TRARI(241),sI=1,3)43(TRBRI(24J)eJ=1,3)
WOT 109231,({TRARI(341)91I=143),(TRBRI(34J}¢9J=1,3)

WOT 10,231, (TRCRI(1,410,1=143),(TRDRI(1,J),4J=1,3)
WOT 1092313 {TRCRI(2¢91)¢I=193)4(TRDRI(24J)4J=1,3)

53

WOT 10,231, (TRCRI(3s1)eI=1+43) 4 (TRDRI(3,J),J=1,3)
CONTINUE

essas DIFFERENTIAL CORRECTIONSE=wew

NR=3

NC=4
REWIND 26

FGH(1,4)}=-XTARG
FGH(2+4)=-YTARG

FGH{3+,4)=-2TARG
DO 600 [=1,3

600

DO 600 J=1,3
FGH{I,J)=RBRBM(1+J)

CALL MATINV(FGH,NRyNC)
DO 602 J=1,3

602

PM{J)=XYZ0(J)
DO ‘603 J=446

- 603

PM{J)Y=XYZICO{J)+FGH(J-3,4)
seess TEST CHANGE IN VELOCITY snsan

V1=SQRTF{PM{4)#a2+PM(5)aal4+PN(6)nal)
DVI=SQRTF(FGH(1,4)##2+4FGH(2,4)#22+4FGH(3+4)#22)

605

IF(V1-VESC)606+606,605
IF{ABSF(DV1)-AK#V0D)619607,607

607

OVIP=AK#VO
J=1

609

CUNST=DVIP/DV]
DXP=CONST#*FGH(1,4)

DYP=CONST«FGH(2,4)

- DZP=CONST#*FGH(3,4)

PMU4)=XYZIC(4)+DXP
PM(5)=XYZ0(5)+DYP

- PMU6)=XYZU(G)+DLIP
V1=SQRTFI{PM(4)#u2+PM(5)2a2+PM(6)22)

610

GO 70 (61C,610.J
IF(V1-VESC)608,608,61

608 VIP=1.005+VESC

B8=2.0{XYZ0(4)»DX¥XYZ0(5)=DY+XYZ0(6)=2DZ)/DV1

C=VUsVO-VIPeVIP
DV1P=(-B-SQRTF(BeB-4.#C))/2.

230

J=2
GO TO 609

- - '} v

FORMAT(1H1932Xy46Heann SENSITIVITY COEFFICIENT MATRIX

snan)

231
232

FORMATULIHU,1POEL19.7)
FORMAT(1HQy 32Xy 29Heues INVERSE MATRIX sann)

ENDU{l¢1¢0¢0+s0¢1¢J1e1¢0¢1+40+,0,0,0,0)
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SUMMARY . . . . .
This report contains complete input instructions,

operating instructions and sample problems with com-

puter output for three IBM-7094 Computer Programs,

The Programs and their essential features are:

I) Interplanetary Trajectory Program, This
program determines the burnout velocity for a
trajectory from Earth to any other planet or
from any other planet to Earth.

II) N-Body Trajectory Program,

III) N-Body Program with Sensitivity Coefficients
and Differential Correction.

A full description of Program I is available in
reference 1 and 2. This report presents an outline of the
pertinent sections of those references, to facilitate their
use, Full descriptions and analyses are presented for
those features that distinguish Programs II and III from
Program I.

KEY WORDS
N-Body Program, interplanetary trajectories, differential
correction, sensitivity coefficients
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