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I. SUMMARY

CHEBYTOP II 1is an analysis tool that enables the user to conduct rapidly
the parametric analysis and optimization of interplanetary missions em-
ploying electrically propelled spacecraft., As the name implies, this is
the second version of CHEBYTOP to be released for distribution. Both
versions were developed under contract with Advanced Concepts and Mis-
sions Division/O0ART. The analytical and numerical algorithm used is
termed the Chebychev Optimlzation Method. The method avoids numerical
integration and the usual variational calculus solution by employing

polynomial representation and several other specialized techniques.

The program is specialized to solve for interplanetary trajectories,
with the planets themselves assumed massless., Planetary positions and
velocities are computed in the program from stored orbital elements,

The elements of the nine major planets are available, plus 8 additional
sets of elements as listed in Table 1. Either rendezvous (matching the
planet's orbital velocity about the sum), flyby (matching only the
planet's position at the terminal time) or excess velocity trajectories
may be obtalned. Excess velocity trajectories are those which arrive or
depart from a massless planet with a specified velocity relative to the

planet.

The program will, at the user's option, determine optimum departure or
arrival dates between planets. It will also determine optimum in-plane

travel angles between orbits or between planets or orbits.

CHEBYTOP II will compute either variable thrust or constrained thrust,
multiple-coast trajectorles. Variable thrust answers are computed by
the Chebychev Optimization Method. Thrust-limited results are obtained
by a prediction scheme which uses the variable th+ust answer as a basis

for approximating multiple-coast results.

The effects of thrust angls constraints on performance can be determined.
Either. powerplant mass fraction or the exhaust velocity, or both can be
optimized. A tankag. factor can be included in the determination of the
payload fraction.
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The user has an option of specifying the nature of the power source as-
sumed to drive the electric thrusters. The power can be assumed either
constant or variable, The variable power option approximates a solar
power source, causing the power to vary as a function of the radius from
the sun, Either power option can be used with either variable or con-
strained thrust performance. Solar panel tilt and time dependent power

degradation can be considered.

The program is self~starting. In other words, only those boundary con-
ditions of immediate concern to the user need to input. Guesses of un-
determined multipliers and control variable state histories are

unnecessary.

Coding was done in FORTRAN IV for the IBM 360 or CDC 6000 series com-
puters. Th=2 core requirements are 170,000 bytes. No auxiliary tapes

are needed.
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II. INTRODUCTION

The success and comparatively wide distribution of the original CHEBYTOP
program prompted a follow-~on effort to expand the programs capabilities,
Therefore, CHEBYTOP II has been developed and supersedes the original
computer program. All of the capabilities of the first version have
been retained and a number of new features and improvements have been
added. CHEBYTOP II is constructed so that 1t can be used as a subroutine
of a master program. In fact, it contains several features which make

it especially suited to QUICKTOP, a mission analysis master program de-

scribed in Reference 1.

The development of the Chebychev Trajectory Optimization Program
(CHEBYTOP) was motivated by the need for a fast operating and reliable
low-thrust trajectory design tool. The determination of optimum finite-
thrust trajectories in a central force field normally requires solving
a problem in the calculus of variations. Conventional techniques for
attacking the problem require large amounts of computer time, CHEBYTOP
makes use of an analytical and numerical optimization method, described
in Reference 2, called by Chebychev Optimization Method. Through the
use of approximating polynomials the method reduces the variational
problem to one of ordinary calculus. Computational speed has been
achieved because the method eliminates the need for time~consuming nu-
merical integration and provides for rapid computation of the deriva-
tives of the payoff. In addition, since the method was developed with
computational efficiency in mind, the computer program is carefully

organized throughout to minimize the number of operations per iteration,

The solution of the optimum thrust-limited problem is divided into two
steps within CHEBYTOP II. Hence, the program is composed of two major
subprograms., The first, VIMODE, solves the unconstrained continuocus-
thrust case (Variable Thrust Mode) using the Chebychev Optimization
Method of Reference 2. The second subprogram, CTMODE, solves for the
constant specific impulse, constrained thrust mode, using the prediction

scheme described in Appendix D,
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An attempt was made to create a program which would determine an optimum
trajectory given only the required mission design parameters and which

would consistently achieve accurate convergence. Therefore, CHEBYTOP II
1s constructed so that it can be used as a subroutine of a mission anal-
ysisg master program, Hence, auxiliary parameters, such as loop counters,

convergence criteria, and mesh points, are program constants.
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ITI. ANALYSIS

DEFINITION OF PROBLEM

The two-body equations of motion of an interplanetary vehicle are

3'c+l-{33‘- = a 0<t<T

r
where x = x(t) 1s the position vector of the vehicle, a = a(c) is the
applied acceleration vector, k is the gravitational constant of the sun,
and r = |x|. Let p = p(r,t) be the power level of the power plant of
the vehicle with P, = p(l,0). Then the basic problem solved is that of
minimizing

T P

- 1 {al? gy

subject to boundary conditions on x and thrusting constraints on a.

The trip time, T, is always assumed to be fixed. The end noints, x(o)
and x (T), can be fixed or allowed to vary in a prescribed orbit so as
to determine optimum launch or arrival times, The program has three
options regarding %(o), x(T). They may be fixed (rendezvous) or vary
freely (flyby), or ary over a one or two-dimensional sphere (fixed

hyperbolic excess speeds).

The acceleration, a, may be completely unconstrained (variable thrust)
or else it may be assumed to derive from a constant Isp engine with shut
down and start up capability. In the latter case additional constraints
on the thrusting angle may also be imposed. For a constant Isp mode we
have

a a
a(t) = ;9‘ Ei§4£l- v(t), u(t) = EQ' RLﬁ*EL a(t)
o

(o]

Here 2, is the initial acceleration of the vehicle at 1 au, ¢ the exhaust

velocity, u the relative mass of the vehicle, and v is a unit direction

vector,
1 during powered phase
V T 1, during coast
g = ¥V Vv,V

i T
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For constraints on thrusting angle we have in addition

(v

X
1" r) -gcos 8 =0, 08¢0

Here © is a set of cone angles (we allow a maximum of four).

The parameters ags ¢ and the set O may be optimized for maximum payload.
Actually instead of a, it is more convenient to optimize an equivalent
quantity.

g a ¢
W O

Yo T Tan(e)
where M, is the powerplant mass fraction, o the powerplant specific mass,
and n(c) the efficiency curve of the thrusters. The simplest definition
of payload 1is “l - uw, where ul is the final vehicle mass fraction. More
complicated definitions are allowed.
The program solves the variable thrust optimization problem in exact
fashion; that is except for roundoff and truncation errors (and perhaps
inadequate convergence), the value of J obtained by the program can be
assumed to be the solution of the mathematical problem as posed. The
constrained thrust solution, on the other hand, is achieved using
certain approximations to the original mathematical problem, and there-

fore its validity must be ascertained on an empirical basis.

However in the three years of the program's existence in one form or
another, the constrained thrust approximation has been found to be

sufficiently accurate to permit reliable mission analysis.

MATHEMATICS OF VARIABLE THRUST SOLUTION

The basic mathematical foundation of this part of the program is con-
tained in neference 2. Several modifications to the development found

there are necessary because of the following:

1. Polynomial patching capabilities have been included for more

efficient calculation of long trajectories.
2. A variable power option has been incorporated.
3. Optimal launch date capability has been incorporated.

4. A better iteration procedure has been developed for use in early

iterations when the trajectory is not in the neighborhood of an optimum.

6
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These changes are discussed in the following four sections:

1.

Polynomial Patching

It was noted in Reference 2 that for long trajectories it is more

efficient to represent the pcsition vector time history by several
small order polynomials matching position and velocity at junctions
rather than one large order polynomial. This program incorporates
that suggestion and provides for six polynomials of 9th order each.
The elapsed time along the trajectory covered by each polynomial is
varied internally by the program to obtain a better representation
of the trajectory. J then becomes a weighted sum of the perfor-

mance index for each polynomial segment, or leg,

nl
2T -3 P

J = i i

z
i=1

Here Ty is the elapsed time for the ith leg and Pi is the perfor-
mance index of the ith leg as defined by Equation (5) in Reference
2. All differentiation formulas of Reference 2 can be applied
separately to each Pi'
Variable Power

The variable thrust algorithm of Reference 2 must be modified to
account for power which varies as a function of time and/or helio-
centric radius from the sun., In particular Equations (16), (17),
and (18) of the reference are affected. Let p(r,t) be the space-
craft power relative to 1 au and/or t = o. Let W be a column

vactor with elements

v P,

W= v v
/ p(r(s"), t(s"))

Let AV(m), m - 1,..,nd be a set of column vectors defined by

AV(m) = A”YBAX(m) + Y(m)
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(Note that AV(m)/T2 is the variable thrust acceleration vector).
Now let G{m), m = 1,,.,nd be a set of column vectors defined by

G(m) = WAV(m)

ctm)’ =W Av(m)"”
Then (16) becomes
nd T
P=1/2 £ G(m)'F G(m)

m=1

Setting R{(m} = FG(m), (17) and (18) become respectively
nd

Px (i) = ¢  Gx (m,1)T R(m)
m-1
nd T T
Pxx(i,j) = £ Gx(m,i)” FGx(m,j) + R(m) Gxx{(m,i,j)
m=-1
Setting H(i,j) = ¥Yx(i,j) + Hﬁéil-AV(i) and S(m) = WR(m), we obtain
-1\ T nd
Px(i) = (A "Ba) S(i) + L H(m,i) S{(m)
m=1

Pxx(i,j) = (a~tea)T WIFW(ATTBA) 8
i,]
+ (A_lBA)T WT(FWH(i,j)

+ 1G0T whrw a71eA)

nd

. T .
%=1 H(m,i) W FWH(m,j)

+

+ R(m)T Gxx(m,1,j)

The last term can be expanded and is equal to
I(j,i)BA + BATI(i,j)T + ID(i,j}

where  I(1,1) = s(1) HEUL)

and ID(i,3) = S(m) [¥Yxx(m,i,j) + Hﬁéil Yx(m,J)
+ Eﬁéil Yx(m,1) + AV(m) Hzﬁéi*ll ]

- = - - v T TrTTTTTOTTMNRs e T w0 - D o e
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A redefined interpolation procedure was used in Reference 2 to
reduce execution time computing partial derivatives. This procedure
matched the polynomial derivatives at end points rather than inter~
po.ating the second and next to last Chebychev points. The inclu-
sion of variable power eliminates this savings, however, and Px, Pxx

are computed according to Equation (29), Reference 2.
Optimal Launch Dates

In Reference 2 optimization of hyperbolic excess velocity directions
at launch or arrival was accomplished by adding two new parameters,
a and B, the heliocentric longitude and latitude of the excess
velocity vector. These parameters were included with all the rest
to be optimized, and appeared functionally through the endpoint
velocity elements of the state vector. A new parameter A, the
Julian date of launch or arrival, is added when one of these dates
is to be optimized. The endpoint position and velocity elements of
the state vector are then dependent on 2 through Kepler's equations,

and derivatives are computed accordingly,

Two different parameters Al, and Az are considered when both the
launch and arrival dates are free. (See section on INPUT)., However

only A, is considered to be independent when launch and arrival

2
dates are constrained by fixed trip time. Then Al = kz - 1, where T
is trip time. The latter causes a considerable complication in the
calculations because one free parameter appears in both the first

and last legs of the trajectory.
Better Iteration Procedure

Generally, Newton's method is employed when the iterations have
progressed to the point that the trajectory is in the neighborhood
of an optimum. Away froﬁ an optimum Gauss' method is used (See
Reference 2)., Whereas Newton's method is a true second order con-
vergence technique, Gauss' method emplcys only first derivative

of the nonlinear functions involved in the payoff. On this account
Gauss' method occasionally bogs down before reaching the point where
Newton's method can be employed. Hence it has been necessary to

modify Gauss' method to include second order term as follows.

9
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Let us assume our payoff P as a function of a vector of free para-
meters x can be expressed
P(x) = G(x)" G(x) (1)

where G(x) is a nonlinear vector function of x, and T denotes

transpose,

A Gauss' iterztion producing an increment in the trajectory x at a

nominal state X, is defined by
[Gx(x )T Gx(x )]Ax = -fGx(x )TG(x ) (2)
o o o) o

Here f is a scale factor limiting the step size of Ax to insure a
decrease in payoff. If Gauss' iteration bogs down Ax will be small

and we may consider the differential equation

T dx T
[GX(XO) GX(xO)] do = -f(o)Gx(xO) G(xo) (3)
Differentiating once more,
T dzx
[GXCXO) Gx(xo)] wZ -
,.Qiﬂll Gx(x )TG(x )
dp 0 o
T dx T dx
- f(o)[Gxx(xO) G(xo) a5 + Gx(xo) Gx(xo) P ] ¢4)
T dx dx _ dx dx
- Gx(xo) Gxx(xo) 4 do P Gxx(xo)Gx(xo) dp

Equation (3) is to be solved first and the result substituted into
(4). The actual increment in the trajectory will then be a function

of p defined by

2
tx (p) = dx o + 1 dx p2 (5)
dp 2 dpz

10
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A linear search on p is to be performed to find the value minimizing

P(xo + Ax(p))

f{(p) may be chosen in a variety of ways.

f(p) = 1 i 5 will insure that the iteration reduces to the ordinary

Gauss' iteration when Gxx = 0.

Equation (5) is a second order correcticn to Gauss' method, and in
general results in faster convergence in those cases when Gauss'

method must take small steps to insure decreasing payoff.

MATHEMATICS OF THE CONSTRAINED THRUST SOLUTION

The basic mathematics of the program's constant Isp prediction scheme

are contained in Appendix D, which 1s an extension of the work done in
Reference 3. Only the first side condition has been emploved in the

present program.

The scheme has been modified to include a solar power option and con-
straints on thrusting direction. A spacecraft centered coordinate system
is adopted as shown in Figure 1. Reference directions are towards the
sun and one other star. The usual star reference is Canopus, however,
the user is free input to whatever reference desired. As supplied, the
program uses a fictitious star located in the southern celestial sphere,
normal to the ecliptic plane. Thrust directions are defined by cone

and clock angles. Only cone angles can be constrained. The approximation
technique agsumes the spacecraft is free to rotate about the spacecraft-
sun line. The basic assumption in the derivation given in Appendix D

is that the constrained thrust trajectory profile is closely approximated
by the varial .e thrust profile, The implications of this assumption are
that the acceleration levels, variable thrust compared to constrained,
cannot be vastly different, and the power profiles, constrained versus

variable, are close to one another.

11
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IV. PROGRAM ORRANIZATION

INPUT

The program is intended to operate as a subroutine of a more general mis-
sion analysis main program. The form of the input subroutine, therefore,
1s left to the user. Variable thrust answers are obtained by calling the
VIMODE subroutine and thrust limited answers by following CALL VTMODE
with a call of the prediction subroutine, CIMODE. Perhaps the simplest
mode of program operation is tc compile a MAIN program which contains one
or more calls of subroutine VIMODE and CTMODE. The sample cases included
in Appendix C use this form of input.

In addition to the calls to VIMODE and CTMODE, several optional param~
eters can be set in the MAIN program via COMMON statements, If these
statements are omitted the parameters are given default values, The
optional parameters are described following the VTMODE and CTMODE call
list descriptions below.

Varlable Thrust Mode Input

The call list to VIMODE to produce a variable thrust trajectory is as
follows:
CALL VTMODE(NC,RN,NP1,NP2,NB1,NB2,NV1,NV2,D1,D2,HV1 HV2 ,NPOW,NT)

The arguments of the subroutine are:

NC an integer specifying the number of dimensions (2 or 3), ex-
cept for out-of-the-ecliptic probes or similar trajectories
which require a three-dimensional starting trajectory, in
which case set NC = 1,

RN a floating point number which limits the number of revolu-
tions about the sun, i.e., travel angle., The travel angle,
measured at the sun, will fall between RN and RN + 27n. (Ex-
cept in some instances where tracking is allowed, see NT
description.) The units of RN are revolutions (RN = 1,5 is
37 radians).

See Comments on Input Constant Selection.

13
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the integer number of the departure planet, varying from 1
for Mercury to 9 for Pluto*,

the analogous number of the arrival planet

an Integer with values 0, 1, 2,

0 Launch position free in the orbit (not restricted to

planet ephemeris}).

1 Launch position tied to the launch planet, but variable

in orbit as dictated by planet ephemeris. If NBl =1
then NB2 = 1 (program checks NB1 and sets NB2 if
needed).

2 Launch position fixed.

an interger with values 0, 1, 2.

0 Arrival position free in orbit (not restricted to an
ephemeris),

1 Arrival position tied to an ephemeris, but variable.
If NB2 = 1 then NB1l must = 1.

2 Arrival position fixed.

Represents options for hyperbolic excess velocity at launch

planet, NV1 = 0 flyby, 1 for specified hyperbolic excess

speeds, and 2 for rendezvous.

Same as NV1, but for arrival planet,.

the modified Julian date of departure (Julian date minus

2440000) .

the modified Julian date of arrival.

the initial hyperbolic excess velocity relative to the de-

parture planet (if NV1 = 1) in km/sec.

the arrival hyperbolic excess velocity relative to the ar-

rival planet (if NV2 = 1) in km/sec.

the type of power supply

0 for constant

1 for variable

Eight additional sets of elements are contained in subroutine EPHEM,
Hence, NPl and NP2 are permitted values up to 16 (see Table 1 for the
list of elements available).

14
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NT a control which allows tracking from a previously computed
trajectory
0 no tracking, uses standard starting solution

1 tracking

Constrained Thrust Mode Input

The call list to CTMODE to predict constrained thrust performance is
CALL CTMODE(WMU,C,ALPHAW,CONE(4) ,NCONE ,NCONOP ,NMUOP ,NCOP)

The arguments of the subroutine are:
WMU the powerplant mass fraction (non-negative, floating point).
C the exhaust velocity (km/sec) (floating point).
ALPHAW the powerplant specific mass (kg/kw)
CONE a four vector of cone angles (deg.) (between 0 and 180).
NCONE an Integer from 1 to 4 giving the number of permissible cone
angles,
NCONOP an integer with wvalues 0, 1, or 2,
0 all cone angles are permissible and NCONE and CONE are
ignored.
1 the first NCONE elements of CONE are the only permis-—
sible cone angles.
2 the program automatically chooses the best NCONE cone
angles and subsequently places them in CONE,.
NMUOP  an integer with values 0 or 1.
0 WMU is assumed to be input.
1 WMU 1s internally optimized and returned as output.
The initial value of WMU is irrelevant in this case,
NCOP an integer with values 0 or 1.
0 C is input
1 C is optimized and returned as output.
All four combinations of NCOP and NMUOP are possible.

Optional COMMON Parameters

Most of these options have been inserted to make CHEBYTOP II mcre coau-
patible with QUICKTOP (see Reference 1). They have been given the form
of COMMON statements since they are infrequently adjusted parameters
which would unduly lengthen the CALL lists.

15
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COMMON/ARRAY/TILT,PLOSS
TILT The angle is degrees the plane of the solar panels make with
the spacecraft-sun vector. Default value is 90°,

PLOSS a factor to cause a time variation in the power, p.

e - (PLOSS) t
0
where P, is the initial power at 1 au and t is 1n years,.

Default value is 0.

COMMON/INERTS/TANKS

TANKS a factor which assigns tankage a percentage of the propel-
lant weight (for 10% tankage factor input TANKS = .1).
Default value is 0,

COMMON/THRUST/BB, DD

BB and DD are parameters in the expression for thruster efficlency,

n, as a function of exhaust velocity. Default values are BB = 1,

DD = 0.

. BB
DD2

l+-6-
COMMON/ELEMNT/ELEM(7)
ELEM(7) An array of seven orbital elements to be inserted into the

l4th position of the ephemeris array (see Table 1)(radians).

COMMON/ESTUFF/ANGL,AYOU

This common block is used to modify the ephemeris array of Table 1

for the purpose of computing out-of-the-ecliptic probes (element

set 1l) or solar probes (element set 13).

ANGL the orbital inclination of element set 11 (degrees)
AYOU the seml-major axis of element set 13(au's)

COMMON/BDYP/BDY (3,4 ,2) ,PV,PC,BT ,PMT

This, and the following statement, are output common blocks which

makes certain performance data available to a master program.

16
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BDY 2 3% 4 x 2 array containing the vectors, x, %, a, a at each
endpoint (e.g., BDY(M,3,1) = a(M),M = 1,3). BDY is computed

for the variable thrust solution only.

T 2
PV the variable thrust value of fo a 29 dt in auz/yr3
PC its constant thrust equivalent
BT the burn time of the thrusters (constrained thrust mode)
in years
PMF the payload mass fraction (constrained thrust mode)

COMMON/PANDR/VEL1,PRAT1,PRAT2,KRR1,RRR2,VEL2,D1,D2

VEL1 the magnitude of the excess velocity at the departure
plane: (km/sec)

PRAT1  the power ratio, p/p,, at departure

PRAT2 the power ratio, p/py, at arrival

RRR1 the radius to the sun at depaiture (au)

RRR2 the radius to the sun at arrival (au)

VELZ2 the magnitude of the excess velocity at the arrival planet
(km/sec)

D1 the modified Julian date of departure

D2 the modified Julian date of arrival

Comments on Input Constant Selection

The program is speclalized to compute trajectories between the planets,
It therefore takes advantage of the low orbital inclinations (relative
to the ecliptic plant) by solving each trajectory in two dimensions,
then adding the third dimension, if desired, in a final iteration. In
cases where orbital inclinations are large, such as for out-of-the-~
ecliptic probes, it may be necessary to perform all iterations in three
dimensions, including the computation of the starting solution, Setting
NC = 1 causes the starting solution to be computed in three dimensions
and all subsequent iterations also. This option obviously increases run
times significantly, so should not be used for standard interplanetary

transfers.

17
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It is necessary to anticipate the in-plane transfer angle desired. There
may exist local optimum solutions for each multiple of one revolution
about the sun, Normally the global optimum has the maximum number of
revolutions consistent with a smooth transition between the energy levels
of the beginning and final orbits, For NI = Q0 the bullt-in starting so-
lution fits a smooth, usually monotonic, curve through the endpoints,
with the minimum number of solar revolutions specified by RN in the call
list. Subsequent iterations will not in general change this basic rev-
olution number. The user is advised to either refer to planetary
ephemerides, or to carefully compare input Julian dates with those of
similar solutions he already has on hand, to avoid slip ups in setting
the revolution counter, RN. In the earlier versions of CHEBYTOP the
argument RN was an integer, therefore the starting solution was either
less than 360° or greater than 360° (or less than/greater than 720°,
etc.). Problems arose when the departure and arrival dates selected by
the analyst resulted in travel angles close to 360°. If the actual
travel angle was just over 360° but RN was set to zero {zero meant less
than 360°) the resulting trajectory would have a ridiculously short
travel angle. The only way to avoid the problem was trial and erior or,
heaven forbid, to look up the geometry in an ephemeris. The new float-
ing point system solves the problem for the analyst without handy ephem-
erides by allowing him to input .5 for the near 360° example, then the
program will restrict itself to answers between 7 and 37, If the track-
ing option (NT = 1) is used the counter RN becomes irrelevant., The
travel -ngle will vary continuously with D1 and D2 (assuming changes in
these dates are sufficiently small). When tracking, all elements of the
call 1list may change. However, the user should track so that the posi-
tion vector time histories of successive trajectories are close, Other-
wise some trajectories might take longer to obtain by tracking from a
previous solution than by using the bullt-in starting procedure, It is

best to be on the conservative side when choosing a tracking step.

The nature of the boundary conditions must be input through NB1,NB2 and
NV1,NV2, The departure and arrival rositions (x, y, z) are determined
by the input Julian dates, D1 and D2. The arguments NBL and NB2 allow
the analyst the option of optimizing the departure and/or arrival

18
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positions. Therefore, if a 45° out-of-the ecliptic probe trajectory is
desired, the user can set NBl = 2 and NB2 = 0, The result will be a
trajectory which leaves the earth's orbit at the date specified and
achieves the desired 45° orbit with the optimum travel angle with the
travel time specified by the input Julian dates. Travel times are always
constant and equal to the difference between the input values of D1 and

D2,

The user may also select the option NB1 = NB2 = 0O for the above example,
In that case the result will be an optimized earth departure date and
arrival position. Note that in either case the output values of the
Julian date reflect orbital position only, and not real time, 1i.e.,
their difference is not trip lime. The only NB options that give real
time outputs are 1,1 and 2,2,

Some care must be exercised when using the optimum departure/arrival
options (NB1/NB2), There do exist local optimum solutions, such as the
ones shown in Figure 2, which the user may not be seeking but which will
adequately satisfy the program's convergence criteria., Optimum Mars de-
parture date searchs starting at points 1 and 2 in Figure 2 both con-
verged to the local optimum at Julian Day 2444460, Very slow convergence
is another danger when using the optimum departure/arrival option. In
the out-of-the-ecliptic probe case mentioned above for example, the
derivative of the payoff, J, with respect to departure and arrival dates
(the NBl1 = NB2 = 0 option) 18 very small. In other words, the mission
cost is not strongly dependent on departure time, hence, successive
iterations make small changes in J and, when the first guess is a long
way from the optimum, many jterations will be used. The user might be
ejected from the machine for exceeding maximum time or get a FOLLOWING
TRAJECTORY FAILED TO CONVERGE comment in the printout. If elther of
these stops occur the case should be examined. The user may decide to

accept the unconverged answer, 1f not, an improved first guess must be

input.

The type of velocity boundary condition is set by NV1 and NV2, If these
constants are set equal to either O or 2 any values input for Hl1 and H2

will be ignored. Similarly, if a rendezvous result is called for, it is

19




D180~-12916-1

MARS TO EARTH

244 4294.8
QPPOSITION [25'3 FEB 1980

ZERO HYPERBOLIC EXCESS SPEEDS

1000

500

Transfer Time, Days
150

200 N

200

50 Q

J, mz/soc3 \

300 e

20

10 \

] L——J-——L-———__J_—- _=-—L-—-h——-—u

4000 4100 4200 4300 440C 4500 4600
MARS DEPARTURE JULIAN DATE, +244 0000

Figura 2 ~ EXAMPLE OF LOCAL OPTI}AUM PITFALLS
20



D180-12916~-1

not sufficient to merely set Hl and H2 equal to zero. The settings on
NV1 and NV2 tell the program to let the direction of the excess velocity
be free, to optimize the direction of the excess velocity for minimum

payoff, or to skip all consideration of excess velocity,

Before using the variable power option, NPOW = 1, the user should note
the form of the power profile in subroutine POWER. This profile was
taken from Reference 4. The procedure for altering this profile is dis-

cussed in the following section.

OUTPUT
There are two forms of printed output available at the user's option,
one for a description of the variable thrust trajectory and one for the
constrained thrust mode, The variable thrust output is produced by fol-
lowing a call to VIMODE with

CALL VTOUT
Similarly the constrained thrust printout is obtained by following a
CTMODE call with

CALL CTOUT
Note that neither of the output routines has a call list, If neither
subroutine is called there will be no printed output, Samples of both

forms of output are given in Appendix C.

The variable thrust output contains the case number, the input call
lists, the order of polynomial fit used, the number of iterations needed
and a selected list of output parameters. Following these is a trajec-
tory time history. The times are given at unequal intervals which de-

pend on the radius from the sun,

The following is a dictionary of output terms:

JV the performance index (mzlsec3)

H1 excess velocity at departure (km/sec)

H2 excess velocity at zrrival (km/sec)

D1 departure date(modified Julian day number). This date

is different from the input D1 when NB1 is 0 or 1.
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D2

AL1,BEl

AL2 ,BE2

TIME
X,Y,2Z

XD, YD, 2D

R

THETA

PHI

CONE

CLOCK

XZEE

MAG.A

P/PO
NL

NIT

D180-12916~-1

arrival date (modified Julian day number). This date
is different from the input D2 when BN2 is 0 or 1,
angles giving the direction of the departure excess
veloclty (degrees) measured as THETA and PHI below.
angles giving the direction of the arrival excess
velocity (degrees).

tabulated at 26 points in days from departure,
heliocentric ecliptic cartesian coordinates of 1950.0
(au's).

coordinate velocities (au's/year)

distance from the sun (au's)

heliocentric longitude measured in the ecliptic plane
from the positive X-axis (degrees).

heliocentric latitude measured from the ecliptic plane
(degrees) .,

angle of the thrust vector measured from the
spacecraft-sun line (degrees) see Figure 1,

angle of the thrust vector measured from a reference
direction in a plane perpendicular to the spacecraft~
sun line (degrees) see Figure 1,

the angle by which the clock angle reference deviates
from the normal to the eciiptic plane (degrees).

the magnitude of the thrust acceleration vector
(au/yr?)

power level relative to that at 1 au.

the number of patched polynomials used in the solution
{maximum of 6)

the number of iterations used in the solution.

The constrained thrust output, as shown in Appendix C, needs no further

explanation.

Those output terms not contained in the above dictionary

of terms are defined under Input call list description.
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SUBROUTINE DESCRIPTIOQONS

This section containsg brief descriptions of the program subroutines.

The index below is an alphabetical listing giving page locations.

INDEX OF SUBROUTINES

Subroutine Page Subroutine Page
ALIGN 24 MULT3 34
AMAP * 24 MULT4 34
AVTEST 24 MULT?7 34

~ BAKSUB 25 MULTS8 34
COEFF 25 MULT9 35
CONOP 25 PATCH 35
CONST 26 PDERIV 35
COPTR 26 PMAP * 36
CTMODE 27 POLEVL 36
CTOUT 27 POWER 36
DDERV1 29 PXS 36
DDERV2 29 REDIST 37
DERIV 29 RESCAL 37
EPHEM 29 ROOTR 37
ETA¥% 31 SEARCH 38
INDCAL 31 SQROOT 40
KOPTR 31 START 41
KROOT 32 STARTF* 41
LSERCH 32 TSHIFT 41
MCOPTR 33 VCAL 42
MODIFY 33 VTMODE 42
MODLEG 33 VTOUT 45
MOPTR 33 WMUL* 45
MULT2 33 WYDER 45

*There are function subprograms
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ALIGN serves two functions. It constructs the boundary
elements of the vector X using the array of boundary param-
eters (AL) and specified hyperbolic excess speeds (H1, H2).
To do this ALIGN calls VCAL which actually performs the

necessary calculations,

Secondly, ALIGN matches position and velocity at the patch
polnts. This is equivalent to matching the last elements
of X in one leg to the first elements in the next, weight-
ing the derivatives appropriately to account for the dif-

ference in leg times.

AMAP calculates ¢ defined by Equation (14d) of Appendix D
at time H., In fact this value is returned as AMAP, How-
ever, other quantities are also calculated at time H, namely
the cone (ACONE) and clock (ACLOCK) angles of the con-
strained thrust acceleration as well as the reference angle

ZETA. (See Figure 1.) In addition the quantities (av’cv)

and ]av - (av’cv) c, AB and ABP respectively, as defined

in (14d) of Appendix D are also computed.

The loop 35 performs the actual selection of an optimal

cone angle.

The purpose of AVTEST is to examine a converged trajectory
for smoothness of acceleration and add legs if necessary.
Generally START will assign enough legs for adequate pay-
off convergence, however, there may be jump discontinuities
in the acceleration magnitude time histories at patch
poinvs. The necessary conditions of the variable thrust
optimization problem imply a smooth acceleration time
history - but only in an idealized mathematical formulation.
For the purpose of calculation the trajectory must be dis-
cretized and 1ir the discretization is not fine enough it is
quite lilkely that a lower payoff can be achieved with a dis-
continuity in acceleration at points where the acceleration §

-
is not forced to be continuous.,
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If the original number of legs is greater than one, AVTEST
will add a leg when at some patch point the ratio of a jump
to the minimum value on either side is greater than .1, If
the original number of legs is one, AVIEST will simply add

one leg.

This routine solves the equation AX = B for X once the coef-
ficient matrix A has been square-rooted by SQROOT. (See
Reference 7 for a brief discussion of the square root method
of solving a set of linear equations.) The loop 40 com-
prises the forward substitution and the loop 92 performs

the backward substitution,

This routine computes the coefficients of an 8th order
polynomial approximating J. The coefficients are stored

in the array CO for later use in a one-dimensional search.

This subroutine computes optimum cone angles as explained
in Appendix D, Part III. Inputs to this routine are out-
puts of the unconstrained cone angle case. STP is a vec-
tor of length NST containing normalized switch times. BoT
is the normalized value of aO/c, PHE the vector of length
NNN containing |av(r)|, and ACONE the vector of length NNN
containing the cone angle of a . PHE1l and PHE2 are vectors
of length NNN containing (av,cv), and [av - (av,cv)cvl,
respectively, Finally NCONE is the number of desired op-
timal cone angles, and CONE a vector in which they are to

be stored.

The following are internal quantities defined by CONOP,

PHES5, PHE6, and PHE7 and % . PHE, %— . PHEl, and %— o PHE2,

respectively. PHE3 and PHE4 are ' T (a sC.) Z 47 and
To vi vl o

I Ia -(a_,c.)c |9-dT, respectively.
! v u

T vev v
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P is the value of the right side of Equation (1l4b) (without
the factor ao), Gl and G2 vectors containing the cosine and
sine of the cone angles, respectively, S1 and S2 vectors

. th
whose j = element contailns

T
J o 94 IR - g
. (av,cv) dt and 5 [av (av,cv)cvf " dt

where the integrals are evaluated only over that portion of

the trajectory where the jth cone angle is selected by (144d).

The loop 99 interates on cone angles to find the set maxi-
mizing P. The loop 89 updates the cone angles after each
iteration and replaces '"lost" cone angles with the cone

angle of a_ at the most advantagous place (IMAX) .

CONST computes the matrices of constants describing
Chebychev interpolation, differentiation, and integration.
These matrices compose the common blocks CONS1 and CONS2.

The order of the Chebychev fit (NP) is brought in through
the call list.

CONST is called only once regardless of the number of cases

run.

This routine provides the logic for optimizing payload with
respect to exhaust velocity assuming fixed powerplant mass
fraction. COPTR repeatedly calls ROOTR with various values
of ¢ using Golden sectioning (Page 242, Reference 6) to
isolate the optimum. The loop 15 steps off ¢ from o to =
until a decrease in payload occurs. The loop 90 then nar-
rows down the resulting interval to a point where parabolic
interpolation (statements 95-98) should closely approximate
the best c.

26
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CTOUT:
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The call list 1is passed on the ROOTR except for RO3, which
is the optimal exhaust velocity calculated by COPTR. One
can check ROOTR and subsequently KROOT for explanation of
quantities in the list, WMU, ALPHAW, and WMUl are also
used by the payload calculation routine WMUL, and these

quantities are defined there.

This 1s the control program for the constrained thrust pre-
diction scheme. The call list is explained in the section
on INPUT. CTMODE uses the following subroutines in order to
construct the constrained thrust approximation.
PMAP To tabulate power as a function of time
RESCAL To construct time intervals during which
equal amounts of power zre consumed, there-
by making possible the transformation of
variables discussed in the last section of

Part I, Appendix D.

AMAP To calculate @ as defined by Equation (14d)
of Part I, Appendix D,
ROOTR To obtain the value of K in (14e) which

leads to a solution of (14b)

COPTR To optimize on ¢, u , and ¢ and u_ respec-
MOPTR tively as discussedwin Appendix ﬁf Part II.
MCOPTR

CONOP To determine optimum cone angles.

Subroutinea PAMP and AMAP use results stored in COMMON
by subroutine VIMODE, Hence, CTMODE operate on data
stored by the most recent call to VIMODE,

This subroutine displays the results of the constrained
thrust prediction scheme in the format shown in Appendix C.
The number of time points printed is variable and 1s equal
to 20 (NL) + 1, where NL is the final number of legs re-
quired by the variable thrust trajectory. Note that the
time intervals are not necessarily equally spaced in the
case of variable power.
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SUBROUTINE CTMODE

ENTER
PMAP
A
( RETURN )
RESCAL
| 10
MISS 10N
AMAP
IMPOSS | BLE
| =7
ROOTR
COPTR NO
ADEQUATE
MU or
MOPTR s
80
= MCOPTR 199 (
REI’URD

CONOP
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This routine evaluates J zad 1ts directional derivative for
use in the linear search routine LSERCH. DDERV1 uses the
polynomial approximation to J calculated in COEFF. However,
if either the first or last leg of the trajectory involves

a hyperbolic excess velocity or variable Julian date, the

contribution to J of this leg is computed exactly by DDERV2,

RO is the scalar parameter of the linear search, P is the
total J. and PRO the derivative of J with respect to RO.

This routine performs the same function as DDERV1, but makes
exact rather than approximate evaluations. DDERV2 calls
WYDER to obtain J for each leg as well as necessary quanti-

dJ
ties to compute IR0

This subroutine calculates the first and second partial
derivatives of each leg in accordance with the formulas of

the sectlon on mathematics of the variable thrust program.

If NO = 2 (Gauss method) the pseudo second partial deriva-
tlves are stored symmetrically in the PXX array, with the
diagonal partials stored in PDIAG as well. If NO = 3
(Newton's method) the true second partial derivatives are
stored on the main diagonal and below, while the pseudo
second partial derlvatives are stored above the main di-

agonal and in PDIAG.

EPHEM 18 the subroutine which determines the hellocentric
cartesain components of position and (its first three
derivatives with respect to time) for the launch or ar-
rival bodies. The integer N in the call list is the number
of the degired body, and the quantity D is the Julian date
(-2440000) at which its state 1s to be calculated. The

output of EPHEM is the vector V whose components are

M ° s e o

X V2K, ¥,2,X:V:2,%X,¥:2 1n order. These units are au and

yT.
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1.
2.
3.
4,
3.
6.
7.
8.
9

10.
11.
12,
13,
14,
15.
16.
17.

*This position

MERCURY
VENUS
EARTH
MARS
JUPLITER
SATURN
URANUS
NEPTUNE
PLUTO
DARREST
EXTRA
CERES
SOLAR
INPUT*
EROS
ENCKE
HALLEY

Semimajor Eccemntricity Inclination
axis
(au) (degrees)
. 387099 . 205627 7.00399
-723332 006793 3.39433
1.000000 .016726 0.0
1.523691 .093368 1.84991
5.202803 048435 1.30536
9.538843 055682 2.48991
19.18195 047209 . 773058
30.05779 .008575 1.77375
39.43871 .250236 17.1699
3.4477 .623 19.61
1.0 0.0 0.0
2.7675 07590 10.607
o1 0.0 0.0
6.0 0.0 0.0
1.4581 0223 10.83
2.2180 . 847 11.95
17,929 967 162.25

filled via COMMON/ELEMENT/, see INPUT.

TABLE 1 - ORIBITAL ELEMENTS

Longitude
of node

(degrees)

47.85714
76 .31972
0.0
49.,24903
100 .0444
113.3075
73.79630
131.3398
109 .8856
138.98
0.0
80 .514
0.0
0.0
304.006
334.189
58.0200

Longitude Mean Epoch
of longitude date
perihellion of epoch (modified

Julian
_{degrees) (degrees) days)
76 .83309 222.6217 =3065.0
131.0083 174.2943 =3065.0
102.525 100.1581 =3065 .0
335.3227 258.7673 -3065.0C
13.67823 259 .8311 =-3065 .0
92,26447 280.6713 =3065.0
170.0108 141.3050 =3065.0
44,27395 216 .9409 -3065.0
224 ,1602 181.6463 -3065.0
315.83 315.83 5230.0
6.0 0.0 0.0
152.367 52,37098 952.5
0.0 0.0 0.0
0.0 0.0 0.0
122.069 112.953 -9800.0
160,170 160.170 4580 .0
169,760 169.760 6439 .0

T-9T62T1-0814
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INDCAL:

KOPTR:

D180-12916-1

The matrix E contains the orbital elements of the bodies
as follows:
E(1,N) = semd major axis (au)
E(2,N) = eccentricity
E(3,N) = inclination to the ecliptic (radians)
E(4,N) = longitude of the ascending node (radians)
E(5,8) = longitude of perihelion (radians)
E(6,N) = mean lengitude of epoch (radians)
E(7,N) = Julian date at epoch (-2440000)
As originally delivered the program contains the elements
given in Table 1.

The portion of the program from the loop 1 to statement 6
involves the handling of common input for special cases,

e.g., out of ecliptic probe, solar probe, etc.

The loop 100 solves Kepler's equation using Newton's
method, and %tne statements from 200 to the loop 300 compute
position and velocity vectors. The loop 300 then calculates

acceleration and its time derivative.

This function routine simply calculates efficiency of the
thrustors (ETA) as a function of exhaust velocity (¢). The
formula in the subroutine listing of this document is a
fairly good analytic expression for ion-propulsion engines
and contains parameters BB,DD (of the common block THRUST)
which can easily be adjusted. However, the user is free to

substitute any function desired, even if Jefined by tables.

The purpose of this routine is the calculation of various
indices used throughout the program. These pacticular in-
dices depend upon the type of boundary conditions specified
at each end, and the call list reflects this fact. Most of
the indices are stored in the common block INDEX.

For fixed aolc KOPTR optimizes payload with respect to K
of (l4e), Appendix D, KOPTR is an inner loop for MCOPTR,
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and one should check the explanation of that routine.
KOPTR makes multiple calls to KROOT with different values
of K. The optimization logic i1s identical to that of MOPTR

and will not be discussed here,

The call list is passed on to ETA, KROOT or WMUL and is

treated in these routines.

This subroutine performs a forward integration of Equations
(14 a, b, c) of Appendix D vsing the switching function of
(l4e) to determine o. The function @ of (l4d) along with
the number of fixed integration steps are the first two in-
puts in the call list, These are followed by the value of
ao/c (normalized if variable power i1s considered) and K.

PV here is the output value of the right side of (14b)
(divided by c¢), and WMUl the final mass fraction. ST is
the vector of resultant normalized switch times and NST its
length. TEST is a floating poir* number which is positive
or negative depending on whether the forward integration is
considered to be valid or invalid, respectively. An in-~
vallid integration is assumed 1if the mass fraction goes neg-
ative or if KMIN turns out to be greater than K. (See Part
III of Appendix D.)

Integration in this subroutine is performed using the simple
trapezoldal rule. Linear interpolation is used to find

switch points.

This routine provides the logic for minimizing a function
(P) of one variable (RO). It assumes P and the derivative
of P with respect to RO (PRO) are available through the sub-
routine DDERIV. ROo, Po, PROo are brought in through the
call list as initial values. RO,P,PRO are also brought in

as an initial guess to the optimal values,

It is assumed that PROo is nonpositive. The loop 10 then
steps off in the positive RO direction until a positive
derivative 1s encountered. The loop 20 subsequently

32



e ————— = ——

MCOPTR:

MODIFY:

MODLEG:

MOPTR:
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interval halves and researches for zero derivative, If the
resulting payoff P is greater than Po, LSERCH launches into
the Golden sectioning loop 90. Golden sectioning (Reference
6) is a linear search algorithm which uses only function

values and not derivatives to iscolate a minimum,

This routine is called when both exhaust velocity, c, and
powerplant mass fraction, W,s are to be optimized for maxi-
mum payload. In accordance with the discussion of Part III,
Appendix D. two equivalent parameters ao/c and K are sub-
stituted for ¢ and Mo (Acutally a normalized value of

ao/c is used in the case of variable power.) MCOPTR pro-

vides the logic for optimizing ao/c in an outer loop and
makes repeated calls tu KOPTR, which optimizes K in an

inner loop.

The operation of MCOPTR is conceptually the same as that
of COPIR and is discussed in that routine's explanation,

MODIFY takes the solution of the SQROOT and BAKSUB routines
(PX) and extracts quantities determining the actual change
in the position vector (X). In the case of auxiliary
parameters (hyperbolic excess velocity directions and Julian
dates) the first and/or last few elements of PX are the
changes in these parameters and are loaded into DAL. The
remaining elements constitute direct changes in the X vector

itself and are loaded into the vector DX.

The primary input to MODLEG is a time S between O and the
trip time (TT). MODLEG then determines to which leg this
time corresponds (LN) and what fraction of the total time
of the leg has elapsed up to this time, S is then replaced
by the latter quantity.

MOPTR is identical in concept to COPTIR except that exhaust
velocity is fixed and powerplant mass fraction optimized.
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A trivial subroutine which multiplies two matrices.

The purpose of this subroutine is to convert back and forth
between two differe~t vector representations of the trajec-
tory. Internally the program uses vectors containing the
position of the vehicle evaluated at Chebychev points. How-
ever, the boundary conditions and continuity conditions at
patch points require the knowledge of the derivative of
position with respect to time at endpoints. The construc-
tion of a modified position vector for this purpose is dis-
cussed in Reference 2, When MULT3 is called with V as its
first argument it is cconverting the modified vector to an

unmodified one. Vice-versa when called with U.

This subroutine performs the matrix multiplication implied

be the equation
2 T
Y{m) = £ Uk) A(k)U(k)X(m) m-~1,..,nd
k=1

if L = 1, or

2 T T
Y(m) = £ Uk) Ak) Uk)X{m) m=1,,.,nd

k=1
if L =2

(See Reference 2 for interpretation.)

This subroutine performs the matrix multiplication implied
by the equation

c(k) = ACk) T B(k) k= 1,2

If NS is 2, C(k) is assumed to be symmetric and some

savings result.

This subroutine performs the matrix multiplication implied

bv the equation

2 T K .
B= ¢ UWk) ( (-1) al(k),A2(k) I)
k=1
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If NS is 2, B 1s assumed to be symmetric and some savings

result. See Reference 2 for definitions of U and I.

This subroutine performs the matrix multiplication implied
by the equation
2 T T
C= I Uk) AUKk) B
k=1
If NS is 2, C is assumed to be symmetric and some savings

result.

PATCH has two functions. In the loops 49 and 90 it modifies
the derivative matrices for the first and last legs in case
hyperbolic excess velocity directions or Julian dates are

to be optimized. The derivatives of P with respect to X at
the endpoints are replaced by the derivatives of P with

respect to these auxiliary parameters. (See Reference 2.)

In the second portion of the subroutine the derivatives are

patched together at junction points, The payoff J is of

the form
NL
J =13 2T3(LN)P__(X)
LN=1 LN

where PLN is the payoff corresponding to the LN leg. P

depends only on the LN leg of the vector X. Thus the

LN

derivatives of J with respect to any given element of X
can be calculated by differentiating just one function
PLN -- unless that element happens to be one of the last
two elements of a leg. Then the succeeding P also depends
on this element. PATCH adds the two components of the

derivative together te form the total derivative of J.

The only purpose of PDERIV is to call WYDER and DERIV for
each leg of the trajectory. In the process of doing so,
PDERIV sums the payoff for each leg to form the total
variable thrust J.
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PMAP furnishes CTMODE with the power level at time H. The
vectors necessary to calculate this value are obtained from
VIMODE through the common block OUT.

Roughly, POLEVL evaluates either the zero or first deriva-
tive of a polynomial with coefficients Y at a point S. The
result is stored in G. The order of the derivative evaluated
in NO. POLEVL is capable of evaluating three polynomials at
a time, since the position, velocity, and acceleration vec-

tors of the trajectory have three cartesian components,

The purpose of this subroutine is the calculation of the
relative power level of the powerplant at heliocentric
radius R and time T. Two options are avallable depending
on the integer NPO. If NPO is o the power level is assumed
to be independent of radius, whereas 1f NPO is 1 the power
profile with respect to radius is assumed to be that of
Reference 4. In either case the power may be diminished by
the quantity FACTOR, which takes into account a percentage
power loss per year (PLOSS), and a uniform loss (TILT).

In the case of solar power the latter loss corresponds to

an attitude anomaly of the solar array.

NO is an integer which specifies the desired order of
derivatives of the power profile with respect to radius.
If NO is o only Po, the actual power level is calculated.

If NO is 1, P1 or £2
s dR

d Pg is calculated.
dR

is also evaluated, and if NO 1is 2,

P2 or

PXS calculates the quantities necessary for employment of
thy modified Gauss' method (see Mathematics of Variable
Thrust Solution)., PXS8 is called for each leg of the tra-
jectory. If auxiliary parameters are being optimized in
the first and/or last legs, NA is set equal to one and

additional computations are performed.
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REDIST: This subroutine takes the new patch times calculated by
TSHIFT and redistributes the legs of the trajectory to fit
these times, The redistribution is done by evaluating the
0ld position vector polynomial at the new Chebychev points
of each leg.

The patch time dependent quantities T,TACUM,T1,T2,T3, and

TP are also evaluated anew.

RESCAL: This subprogram solves the differential equation
4r
EE=P(t),T(o)=o 0<tx<1

using Simpson's rule with N equally spaced points, where

N is odd and N < 301. The solution T =1 (t), T, = %—-‘_—_—-i—
i=1, 2,--N is loaded into the array TAUS. It 1s assumed
that P > 0, hence the inverse function t = t(T) exists,
This function is tabulated at N equally spaced ¢ and loaded
into TAU,

1
The quantity SCALE is fo P(t)dt.

ROOTR: This subroutine provides the logic for finding the value
of K in Equation (l4e), Appendix D, such that (1l4b) is
gatisfied. The procedure is described at the beginning of

Part III of Appendix D. ROOTIR calls KROOT with various
a

t
values of K and analyzes WJIVIST, or ns- tf 1 2%—dT to
0

determine better approximations of the root.

The loop 30 decreases K from KMAX untll TEST is less than
zero, or WIVIST is greater than WJV, i.e.,, JV/c. The loop
5 then interval halves, either isolating the root or deter-
mining none exists. In the latter case ROOTR returns a
negative final mass fraction whose magnitude is roughly
proportional to the ratio of the left side of (14b) over
the right. This insures correct functioning of outer search
loops which call ROOTR.
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Many quantities of the call list of ROOTR are simply passed
on to KROOT and one can check KROOT for their definition,
PV is the variable thrust J and PHEMAX is the maximum ele-
ment of PHE, The remaining quantities are used to compute

BoT, the normalized value of ao/c.

SEARCH: SEARCH executes an iteration as follows. PDERIV is called
to calculate the payoff and first and (possibly pseudc) sec-
ond partial derivatives of the payoff. PATCH modifies these
partials to enable optimizing auxiliary parameters (hyper-
bolic excess velocity directions and Julian dates) if any,
and to account for patching of each leg of the trajectory.
SQROOT then extracts the square root of the gecond partial
matrix (PXX).

If a negative square root is encountered (only possible
when NO = 3 or NH = 3), PXX is appropriately modified (NO =
2 or NH 2) and SQROOT is called again,

1

Upon successful completion of SQROOT, BAKSUB is called to
complete the solution to the set of linear equations (see
Mathematics of Variable Thrust Solution). Note that the
solution i8 loaded into the input array PX., MODIFY then
takes the solution delivered by BAKSUB and converts it to
actual changes in trajectory parameters which are loaded

into DX1 and DAL1.

DDERVZ 1s called to see 1if these changes result in a tra-
jectory with smaller J. If so a RETURN is executed. If

not a linear search is performed as follows. The loop 180
calls PXS for each leg to calculate the quantitles necessary
for execution of a second order Gauss iteration. (See
Mathematics of the Variable Thrust Solution,) PATCH,
BAKSUB, and MODIFY are called to complete the computation

of the second order changes in the trajectory.
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SUBROUTINE SEARCH

DDERV 2

LSEPTH

LSERCH

DDERV1

BAKSUB

MODIFY

DDERV 2
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At this point COEFF computes a polynomial approximation to
J for the first and second order changes just calculated
LSERCH minimizes this polynomial. If the resultant payoff
is larger than the original, it is assumed that the poly~
nomial approximation is invalid., LSERCH is again called,
and this time J is computed exactly.

The trajectory is updated and a RETURN executed.

SQROOT takes the square root of a matrix A which is sym=-

metric and positive definite. (See Reference 7.)

In our case A is the matrix of (psuedo) second partial
derivatives of J. Because of the division of the trajec-

tory into legs this matrix has the following form:

O

®
O o
@
The coupling occurs only in subspaces corresponding to the
elements of X common to two legs, i.e., position and vel-
ocity at patch points, By taking advantage of the struc-
ture of this matrix the square root process is essentially

reduced to taking the square root of each block. This is
done in the loop 45.

In the case NBl = 1 and NB2 = 1, the last row and column
are nonzero due to the fact launch and arrival dates are
coupled. The portion of the program between statements 45

and 78 account for this anomaly.

At the beginning of the subroutine NSUCC is set o. Upon
successful completion of the routine NSUCC is set equal to

1. If the routine encounters a negative square root (only
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possible when NO = 3 or NH = 3, and A 18 not positive defi-
nite) a return 1s executed with NSUCC still 0 - signaling

failure.

START has two functions. The first is to choose the number
of legs (NL) necessary for adequate definition of the tra-
jectory. The cholice depends on the travel angle (Q) and
percent change of radius (DR) between the launch and arrival
planets. Each leg 1s then assigned to equal portion of the
trip time (TT).

The second function is to construct a starting trajectory
matching the boundary conditions of the planets. In order
to facilitate calculations the starting trajectory is con-
structed in spherical coordinates and then converted to
cartesian coordinates. The starting trajectory itself is
basically a spiral (always directed counterclockwise) rela-
tive to the ecliptic unless one of the planets is retro-
grade). The precise nature of the spiral is determined by
the function subroutine STARTF.

STARTF evaluates a function f(s) defined on (0,1). This
function is continuously differentiable and has the fol-
lowing properties: f£(0) =0, £(1) = 1, £'(0) = DZ, £'(1) =
Dl1. In addition f'(s) > 0, 1f DZ > 0 and D1 > 0, The first
four properties insure that the starting trajectory bound-
ary conditions match those of the terminal planets. The
last condition insures that the starting trajectory is
positively oriented if neither planet is retrograde.

This routine computes the function P(r) = r(r) ~ where r
is the heliocentric radius of the spacecraft. Hence A =
3/2 1f r <1 and A = 1 if r < 1. TSHIFT then calls RESCAL
to tabulate times corresponding to equal intervals of

oft P(t)dt. The trip time 1s then divided into NLP parts

each possessing equal portions of the above integral.
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These become the new leg times and are fed into REDIST
which redistributes the legs of the trajectory accordingly.

This routine computes the hellocentric position and velocity
of the spacecraft at either launch or arrival., In addition
VCAL computes the first two derivatives of these quantities
with respect to the vector AL containing the Julian date

and hyperbolic excess velocity polnting angles. The zero,
first, and second derivatives are stored in VX,VXA and VXAA
respectively. The first three components of VX are position

and the last three are velocity.

VIMODE is the control subroutine of the variable thrust por-
tion of CHEBYTOP. As such VTMODE is primarily a bookkeeping
program. It keeps track of the progress of the iterations,
redistributes trajectory legs, converts from two dimension
to three, computes output, provides logic for tracking, etc.
The call list is discussed under INPUT. The program can be
divided into four sections. The first extends to the loop
99, The second consists of this loop. The third extends
from statement 100 to 950, and the last from 950 to the end.

Each secticn is flow charted separately.

Section 1: This section has two functions, The first
is to initialize control parameters and other
quantities used in the succeeding steps. The
second is to call subroutines which calculate
preliminary data. CONST is called to calcu-
late matrices of constants filling the com-
mon blocks CONS1, CONS2. EPHEM is called to
dete' ‘' e the state of the launch and ar-
rival planets, and finally START is called
to determine a starting trajectory or track-

ing parameters,

Section 2: This section 1s the iteration loop minimizing
J. The logic for each iteration is actually
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SUBROUTINE VTMODE

SECTION | SECTION i

ENTER_

éumu% '
, INDCAL

SEARCH
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SUBROUTINE VIMODE (CONT.)

SECTION 111 SECTION 1V

@

CALCS
FOR

VIOUT

TSHIFT

(1 RET%JRN )

44



0180-12916~1

contained in the roucine SEARCH. However,
VIMODE determines which kind of iteration to
take and when convergence is achieved., For
example, VIMODE requires that a Newton itera-
tion succeed before a trajectory is con-

gsidered to be optimum,

Section 3: This section performs two tasks. It shifts
the trajectory patch times to achieve a
better payoff and smoother acceleration mag-
nitude time history. It converts from two
to three dimensions (if NC = 3),

Section 4: This section computes output arrays to be
used in MAIN, VTOUT, and PMAP and AMAP,

VTOUT: VTOUT calculates the prints quantities describing the
variable thrust trajectory. The print format is displayed
in Appendix C., The trajectory quantities are calculated
at twenty-six representative (not necessarily equally

spaced) times,

WMUL : This function routine calculates payload (WMUL) as a func-
tion of powerplant mass fraction (WMU), exhaust velccity
(c), powerplant specific mass (ALPHAW), and final mass
fraction (WMUl). The formula in the subroutine listing is
a relatively simple one, It implies that payload is final
mass minus powerplant mass (except for a tank factor which
is input through common). The user is free to replace this

formula with one of his own devising.

WYDER: WYDER is called for each leg of the trajectory. It has
several tasks. First it calculates the payoff (P) for the
leg. Secondly it constructs the acceleration vector (AV)
and the power vector (WV), and thirdly it calculates quan-
titics which are used in DERIV, namely 0,Q,G,GD, and H.

The integer NORDER in the call iist indicates (roughly) the
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order of derivatives desired, and not all calculations ar-

actually performed 1f NORDER is less than three,
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V. PROGRAM LIMITATIONS

Generally, trajectories should not be attempted which require more than
three revolutions about the sun. The order of polynomial representation
is not sufficient, in most cases, to maintaln accuracy beyond three
revs. Although one of the sample cases in Appendix C, the Mercury case,
does reach 1265° of in-plane transfer angle it must be regarded as an

eXxception,

It is possible to increase the order of representation by adding more
polynomial "legs.”" 1In fact, successful trial runs have been made with
up to 10 legs of ninth order each. CHEBYTOP II, however, has been
limited to six ninth order legs because that is a sufficient number for
most applications and because additional legs significantly increase

cemputer storage requirements.
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AA:

AB:
ABP:
ACLOCK:
ACONE:
AL:
AL1:
AL2:
AMAG:
ALPHAP:
ALPHAW:
ANGL:
AV:

AYOU:
BoT:
BA:
BB:
BDY:
BEl:
BE2:
BT:

CHEB:

CLOCK:
CO:
CONE:
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APPENDIX A
DICTIONARY OF TERMS

Equation 22, Reference 2.

Same as C(k), Equation 25, Reference 2

Page 24

Page 24

Page 24

Page 24

Page 24

Page 22

Page 22

Magnitude of the constrained thrust acceleration.

Internal variable equal to ALPHAW

Fage 15

Page 16

AV is a triply subscripted array (AV(I, M, LN)) and is the
value of the Mth coordinate of the acceleration at the Ith
Chebychev point of the LNth leg.

Page 16

Page 25

Equation 23, Reference 2,

Page 16

Page 17

Page 22

Page 22

Page 17

Same as F, Equation 16, Reference 2, when used in the variable
thrust portion of the program. See Page 15 for use in the
constrained thrust part of the program.

A singly subscripted array containing the Chebychev points
of [0, 1] of oxrder NP.

Page 22

Page 25

Page 15
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CONEP:

CONESC:

CP:
CT:
CVRG1:

CVRGZ:

CVRG3:

CVRG4 :

Dl:
D2:
DAl:
DAZ:
DAL1:
DAL2:
DD:
DD1:
DD2:
DX1:
DX2:

ETA:

ETAP:

ELEM:

GRAV:

Hl:
H2:

D180-12916~1

Internal array set equal to CONE.

A doubly subscripted array which dic filled with the sine
and cosine of the cone angles in CONE,

Internal variable set equal to C.

Exhaust velocity in au/yr, divided by T.

A convergence test which roughly checks to see if the payoff
no longer decreases.

A convergence test which checks to see if a Newton's
iteration leads to a decrease in payoff without the aid of
a linear search.

A convergence test which basically checks to see if a
Newton's iteration was performed.

A convergence test which checks to see if the payoff has
settled down enough to try a Newton's iteration.

Either Equation 16, Reference 2, or Page 29,

Page 14

Page 14

Equal to Dl

Equal to D2

Page 38

Page 38 >

Page 16

Equal to Dl

Equal to DZ

Page 38

Page 38

Either Equation 16, Reference 2, or Page 31

Page 31

Efficiency of the thrusters (ETA(C)).

Page 16

Equal to WTFW, Page 3.

Square root of the gravitational constant of the sun in
au, yr. units.

Page 14

Page 14
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HH1:
HH2:
HV1:
HV2:
Jv:
MAG A:

NA:
NB1:
NB2:
NBD1:
NBD2:
NBFIX:

NC:
NCONE:
NCONEP:

NCONOP :
NCONP:
NCOP:
NCOPP:
NCOUNT:
ND:
NDER12:
NF:

NH:

D180-12916~-1

Equal to H1
Equal to HZ2
Equal to H1
Equal to H2
Page 2¢
Page 22
NP/2
Page 36
Page 14
Page 14
Equal to NB1
Equal to NB2
0 if auxiliary parameters free (hyperbolic excess
velocity directions and Julian dates)
1 if auxiliary parameters fixed.
Page 13
Page 15
Equal to O before cone angles optimized, and equal to
NCONE afterwards.
Page 15
Equal to NCONOP
Page 15
Equal to NCOP
Counts number of VIMODE calls.
Number of dimensions of trajectory X.
Tells DDERV2 that it is being called from DDERV1.
Convergence parameter which roughly keeps track of how
many times TSHIFT has been called.
An integer taking the values 2 or 3. NH is used only when
hyperbolic excess speeds are specified, and represents an
option in the calculation of Pxx. Normally actual com~
ponents of the vectory X comprise the set of independent
parameters to be optimlized. In the case of flyby (X(2,M,1)
(and/or X(NPM1L, M, NL)}, M = 1,,.,ND belong to this set.
However when hyperbolic excess speeds are specified these

quantities become partially constrained. In order to regain

51



NHFIX:
NIT:

NL:
NLP:
NMUOP:
NMUOPP:
NNN:
NO:
NP:
NP1l:
NP2:
NPL1:
NPL2:
NPO:
NPOW:
NNN:
NST:
NSUCC:
NT:
NTT:

NV1:
NV2:
NVL1:
NVL2:
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a free parameter set new unconstrained parameters a (and B
if ND=3) are introduced, representing the heliocentric
longitude (latitude) of the hyperbolic excess velocity. Now
X(2,M,1) becomes a function of o (and 3) (see Reference 1).
This functional relationship is highly non-linear, so that
it is sometimes desirable to include terms involving second
order derivatives with respect to o (and B) to Pxx when
employing Gauss' method. NH=3 signifies these terms are
added, otherwise NH=2; when Newton's method is being
employed (i.e. NO=3), NH is also 3.

Determines whether NH is set equal to 2 or 3.

Maximum number of iterations allowed for achieving an
optimum on any given step.

Page 22

Equal to NL

Page 15

Internal variable set equal to NMUOP

Page 25

Page 29

Page 26

Page 14

Page 14

Internal parameter set equal to NP1

Internal paramet.r set equal to NP2

Internal parameter set equal to NPOW

Page 14

Page 25

Page 25

Page 40

Page 15

Internal parameter set equal NT, unless tracking breaks down,
in which case 1t is set to 0.

Page 14

Page 14

Internal parameter set equal to NV1

Internal parameter set equal to NV2
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P:
PC:.
PCON:
PCP:
PDIAG:

PHE:

PHEIL:
PHEZ:
PHE3:
PHE4:
PHES5:
PHEG6:
PHE7:

PHEMAX:

PHI:
PI:
PI2:
PIF:
PLOSS:
PMF':
PMFP:
Po:
PCWCON:
PRAT:
PRAT2:
PS:

PV:
PVTEST:
PX:

. - . y————
V. —— - ———— Tr—
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Variable thrust payoff in au2/yr3

Page 17

Multiplier which converts from auz/yr3 to m2/sec3.
Internal variable set equal to PC.

Used initially in SEARCH to save the diagonal elements of
PXX. Used later in SEARCH to store auxiliary parameter
derivatives (if NH=3) when applying the second order version
of Gauss' method.

Page 25

Page 25

Page 25

Page 25

Page 25

Page 25

Page 25

Page 25

Page 38

Page 22

T

27

180/7

Page 16

Page 17

Internal variable set equal to PMF

Initial value of payoff

Multiplier which converts from yr3/au2 to kg/kw

Page 17

Page 17

Variable thrust payoff

Page 17 or Page 32

Equal to PV, Page 32.

PX is a doubly subscripted array (PX(K,LN)), filled in DERIV
with first order partial derivatives of the payoff for each
leg. PX is also filled in SQROOT with the solution of the
linear set of equations defined by Gauss' and Newton's

methods.
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PXSAV:

PXX:

RRR1:
RRR2:
SCALE:
ST:
STP:

T1:
T2:
T3:
TACUM:

TANKS:
TAU:
TAUS :

TAVSTR:

TB:
TBF:
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Used initially in SEARCH to save the array PX. Used later
in SEARCH to store auxiliary parameter derivatives when
applying the second order version of Gauss' method.

PXX is a triply subscripted array (PXX(K1_ K K2, LN)) filled
in DERIV with second order partial derivatives of the payoff
for each leg.

Page 22

Page 13

Page 17

Page 17

Page 37

Page 32

Page 25

In the variable thrust portion of the program T = T(LN) is

a singly subscripted array representing the duration in
years of the LNth leg of the trajectory. In the constrained
thrust portion of the program,

T
T= P(t) dt

T
£ Po ’

P(t) the power level of the powerplant
11N = TN L
T2(LN) = T(LN)
(T3(LN) = T(LN)
TACUM(LN) = Accumulated trip time to beginning of LNth leg,
with TACUM(NL+l) = TT.

3

- Page 16

Page 37
Page 37
IT
1 P(t) dt, p(t) the power level of the powerplant.
TT I P
)
Ratio of thrust-on time to trip time
Same as TB, but for ficticious time. (See Appendix D, end

of Part 1).
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TCON: Multiplier which converts from years to days.

TEST: In the variable thrust portion of the program, TEST in
the relative change in payoff from one iteration to the
next. Sce Page 32 for its use in the constrained thrust

part of the program.

THETA: Page 22

TILT: Page 16

TIME: Page 22

TP: TP(LN) = (GRAV~T (LN))2

TT: Total trip time in years.

TTDAY : Total trip time in days.

TTP: Trip time, in case tracking on trip time is employed.
V1: Pogition, velocity, acceleration and derivative of

acceleration of launch planet (See EPHEM subroutine for

details.)
V2: Same as V1 for arrival planet
VEL1: Page 17
VEL2: Page 17
VELC@W: Multiplier which converts from km./sec. to au./yr.
VX: Page 42
VXA: Page 42
VXAA: Page 42
WJIVTST: Page 37
WMU : Page 15
WMUL: Page 32
WMUL : Page 45
WMU1P: Equal to WMUl
WMUP: Internal variable equal to WMU
WV: WV is a triply subscripted array (WV(I, M, LN)). WvV(I,1,LN)

is equal to ¥ po/p (p= power level) at the Ith

peint of the LNth leg. WV(I, 2, LN) is roughly

Chebychev

o
3R WV(I,2,LN)

and WV(I, 3, LN) is roughly 5%— WV(I, 2, LN).

X: ] X is the same array as XV except that the coordinates of the
trajectory at the 2nd and next to last Chebychev points

of any leg are replaced by normalized derivatives at the
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X,Y,Z:

XD,YD,7D:

XV:

XVa:

X2EE:
ZETA:
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endpoints of the leg. If x(m,t) is the Mth coordinate of

the trajectory, at time t, then

t=t,

X(2 ,M,LN) = T(LN) Q’i%ﬁl‘ 1
dx(M,t) t=tf

X(NP-1,M,LN) = -T(LN) SEE)

where T(LN) is the duration of the LNth leg and ty and te
are the initial and final times respectively of the leg,
Page 22

Page 22

XV is a triply subscripted array (XV(I,M,LN)) which defines
the trajectory. To be more specific, XV is the value of the
Mth coordinate of the trajectory at the Ith Chebychev

point in the LNth leg.

A 10x3x2 array containing the effect of first order changes
in the auxiliary parameters (hyperbolic excess velocity
directions and Julian dates) on the cartesian comporeats of
the trajectory. XVA is needed when the second order version
of Gauss' method is employed.

Page 22
Page 24
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APPENDIX B
OPERATING INSTRUCTIONS

CHEBYTOP II is coded to run on either the IBM 360 series computers or the
CDC 6000 series compute: s with minor coding changes. The coding changes
convert the program from double precision to single precision operation.
360 computers, with their shorter word length, necessitate the use of
double precision arithmetic. A single precision deck should operate on
any machine accepting standard FORTRAN IV coding, hence, there should be
no difficulty with running on the IBM 7094, SRU 1108, or some others, as
well as the CDC 6000 series,

Converting to single precision is accomplished hy removing one card from
each subroutine, The cards to be removed are designated "360 IN" in
card-column 73 through 80, There are 10 function subroutines at the end
of the deck which need two cards removed and one card inserted. The
cards to be added are marked "360 OUT" in the listing in Appendix D.
Copies of program decks obtained from NASA will probably contain both
the "360 IN" and the '"360 OUT" cards., The user is cautioned to remove

one set or the other before running the program.

The program was validated on an IBM 360/65 using 0S Release 19 MVT, The
deck was compiled using Release 19 FORTRAN G and Release 19 FORTRAN H,
Optimization Level 02, Tt should operate, with only minor changes in
control cards, on any IBM system 360 with a FORTRAN compiler and 170,000
bytes available core using the overlay suggested in Appendix E, Valida-
tion on the CDC 6000 series was under SCOPE 3.1 and the standard FORTRAN
compiler.

The program is coded as a subprogram so that it may be used as part of a
larger mission design master program. Its initial usage, however, is
expected to be as a stand alone design tool. In this mode the subpro-
grams are stored on a disk where they may be retrieved and combined with
main program each time they are needed, The main program is then a
sequence of calls to the subprograms, with the input data passed on as
literal constants in the call list. Several examples are given in Ap-

pendix C. The input data are discussed under Program Organization Input.
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Computation time varies on a given machine with the type of trajectory
being solved. The actual time spent by the computer calculating an op~-
timum trajectory is a function of the number of patched polynomials (see
Analysis) and the number of iterations required. Hence, the time to
compute 'easy' versus "hard" trajectories -an vary be two orders of mag-
nitude. The first sample case in Appendix C is an Earth to Mars rendez-
vous. It is an "easy' trajectory. The actual computation time used by
the central processing unit of the IBM 360/65 was 1 gecond. Compila-
tion, link editing, and various interrupts for I0 are not included. In
other words, on almost any machine the actual computations for this

sample case should consume an insignificant time compared to the total

run time,
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APPENDIX C

SAMPLE CASES

Mars Rendezvous

This is a twn-~dimensional trajectory having zero hyperbolic excess ve-
locity at Earth and Mars. Two 10 point polynominals are used for the

200 day trip. A power degradation with time was applied by setting PLOSS
= ,05 in the common block ARRAY,

The main program for this trajectory is, starting in card column 7:
COMMON/ARRAY/TILT ,PLOSS
PLOSS = .05

CALL VTMODE(2,0.,3,4,2,2,2,2,6538.,6738,,0.,0.,0,0)
CALL VTOUT

STOP

END

The output appears on the following page.
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Jupitaer Flyby

This is on 800 day Earth to Jupiter mission using solax power. Depart-
ure from earth is with zero excess velocity. The arrival excess velocity
at Jupiter is unconstrained. The variable thrust output on the next

page 1s followed by a constrained thrust output. Note that a propellant
tankage factor was inserted, thrust direction constrained to two cone
angles (optimized), and exhaust velocity and powerplant mass fraction

optimized.
The main program is as follows:

COMMON/THRUST /BB, DD

COMMON/INERTS/TANKS

DIMENSION CONE(4)

CALL VTMODE(3,0.,3,5,2,2,2,0,4140.,4940.,0.,0.,1,0)
CALL VTOUT

TANKS = .05

ALPHAW = 30.

BB = .76

DD = 13,

NCONE = 2

NCONOP = 2

NMUOP = 1

NCOP = 1

CALL CTMODE (WMU,C, ALPHAW ,CONE ,NCONE ,NCONOP ,NMUQP ,NCOP)
CALL CTOUT

STOP

END
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Mercury Rendezvous

This case illustrates the tracking option, NT = 1, It is a 500 day,
1265° in-plane transfer angle, solar power trajectory. First a zero
excess velocity departure from earth was asked for, then the departure

velocity was increased in steps of .5 km/sec to an H2 of 2.5 km/sec.
The main program is:

CALL VTMODE(2,3.,3,1,2,2,2,2,4300.,4800.,0.,0.,1,0)
DO 5 I=1,5

HV1 = FLOAT(I)/2.

5 CALL VIMODE(2,3.,3,1,2,2,2,2,4300.,4800.,HV1,0.,1,1)
CALL VTOUT

STOP

END
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Encke Rendezvous

The purpose of this case is to illustrate the optimal departure date
option.

The main program is:

CALL VTMODE(1,0.,3,16,1,1,2,2,3576.,4520.,0,,0.,1,0)
CALL VTOUT

STOP

END
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APPENDIX D

AN /PPROXIMATION METHOD FOR PREDICTING CONSTRAINED THRUST PERFORMANCE

In part one of this appendix we develop an equation for approximating the
optimum value of J associated with constrained thrust (C-T) propulsion.
In part two we consider optimization of propulsion parameters as well.

In part three we show how the program actually performs the optimization.

PART T

The method for approximating the C~T optimum value of J starts with the
calculation of the corresponding variable thrust (V-T) optimum trajectory,
and by means of a mathematically well defined series of approximations
converts the C-T optimum problem into a relatively simple search problem.
The initial acceleration (ao) and exhaust velocity (c) of the vehicle are
assumed to be fixed inputs, since their optimization will be treated in
part two. Yor the moment we shall assume constant power, the case of
variable power involving only a transformation of variables at the end

of the development.

Preliminary Development

Our first task is to recast the C-T optimum problem into one involving only
the difference between the C-T and V-T modes. Let a, and a, be the opti-

mum C-T and V-T acceleration vectors respectively.

= st _ rt1
Let JV S (av, av)dt and Jc S (ac,ac)dt
to tg

where (.,.) 1s the regular dot (inner) product.
The limits t, and t] are the departure and arrival times. Set
4 = J -~ J and Aa = a_ = a_. Then
c v c v
t t
AT = f°1 (Aa,Aa)dt + 2 S 1l(aa, a )dt.
to to v

Let X, and X, be the position vectors of the C~T and V-T trajectories and
- 2 - - ) 3 == 3 ] -—
get Ax X -x . ety kxc/rc oY, kxv/rv and set Ay Yo = Yy

Here k represents the gravitational constant of the sun and r, , r, are
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|xc|, val respectively. The two-body 2quations of motion x + kx/r3 = g
yield

t t
1(da, a )dt = S 1(a% + Ay, a )dt.
{o av to y v

Let W be the symmetric matrix ayvlaxv. Then

t
Iti(Ak + Ay, av)dt = fii(a& + WAx,av)dt
3
+ fto(ay - WAx,av)dt
= sk, & 4 Wa)de
t, * Ty v
. : £
- [(Ax,av) - (Ax,av)]to
t

1
fto(Ay - Wax, av)dt.

But ﬁv o+ Wav = 0 owing to the fact that a, is the optimum V-T acceleration.
We have finally

. . t
{qkAa, av)dt = [(ax, a) - (8%, av)]ti
0 (1)
+ {:¥Ay - WAx, av)dc

In the case of rendezvous at one of the endpoints, the corresponding values
of Ax and A; are zero. In the case of f£lyby, Ax and a_ vanish. In either
event the first term on the right of (1) is zero. An approximation must
be made if a hyperbolic excess velocity with arbitrary direction but fixed
magnitude is specified. Then Ax and 2(Ax, iy) + (Ax, AX) = O. Assuming
the optimum direction of X, is near that of p the last equation shows
that (Ax, iv) vanishes to second order. Hence so does (4x, av),

as iv is parallel to a . Thus
3 ° tl
((ax, a ) - (ax, av)]to

can be set equal to zero again. Equation (1) becomes

ftl(A a )dt = ftl(a + WA Ydt (2)
oo By te y * 8y
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Now Ay - WAx is of order le|2, In the case of low initial accelerations
the C-T mode will try to imitate the more optimum V-T mcde as best it

can and |Ax| should be smz2ll over much of the interval [to, t1]° Note that
even for modest values of |Ax|, Ay - WAx is identically zero in the field-
free rectilinear case and relatively small for trajectories to the outer
planets. Also note that Iéxl is zero at t, and ty where Iavl often

achieves its maximum values. Hence it is reasonable to assume that

t1 .
fto (dy ~ WAx, av)dt = 0

We finally obtain

1

AT = £ 7 (Aa,Aa)dt (3)
to
Ly

0= fto( a,av)dt (4)

Modified Optimum Problem with One Side Condition

We can define an optimization problem from these two equations, namely
minimizing AJ as defined by Equation (3) subject to the side condition
(4). Minimizing AJ is the same as minimizing Jc and Equation (4) is
equivalent to the boundary condition.

1

[(ax, a) = (ax, 4]~ =0 . (5)

The quantity Jv + AJ will then be a lower bound for Jc since the other
boundary conditions have been omitted; however, it will be an improvement

over JV as Equation (3) implies AJ > 0 regardless of Aa.

Modified Optimum Problem with Two Side Conditions
Checking Equation (5) it is appraent that Equation (4) is a sufficient

side condition in the case of rectilinear flyby. We are motivated,
therefore, to obtain one more side condition so that our approximation
will be exact for rectilinear rendezvous (and hyperbolic excess velocities)
as well. Our method will then be precise for the retilinear case, and

take into account some effects of central force behavior as well.
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Let bv = t a, - 2 ;v. One can check that Bv + va = 0. Hence equation
(1) holds with a, replaced by bv“ In the same manner as before the two
right hand terms can be set equal to zero and we have the additional side
condition.

t
0=/ 1(Aa,bv)dt (6)

t

Equation (6) is equivalent to the boundary condition
t

: . o 1
{(AX, bv) - ( x bv)]to = 0 (7)

It has not been found necessary yet to include the side condition (6).
Apparently the side condition (4) is of overwhelming importance as far
as the minimization of J is concermed and accounts for a large share of

the difference between Jc and Jv even for the case of rendezvous.

Solution of Modified Optimum Problem with One Side Condition

Let us rewrite (3) and (4) as follows:

1
Jc = fto (ac, ac)dt (minimize) (8)
t
J = [ (a , a )dt (side condition) (9)
v tO c v

The following are constraints imposed on a, by hardware limitations.

Constant Isp Constraint:

a
a, = ;2 v, where v is a unit direction vector (except during coast when

v= 0). Here g = p(t) is the spacecraft mass fraction and satisfies
a
il = = Eg G, u(to) = 1 where 0 =V (v,v). Note that o(l -0) = 0.

Cone Angle Comstraint:

Let €y =%y . Then, if 0 is the come angle of the acceleration, we have
Yy
(v, cv) - yo = 0, where y = C0S¢6. (We are again assuming x, = xc)
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Let 0 = {ei’ i = 1,mm be the set of permissible cone angles with

oy = ODSQi, Then igl(y—mi) = 0,

We are now prepared to solve the optimization problem by the develop-
ment of Reference 5. We shall assume the @, are free because the result
can easily be speclalized to the case where the a

m is fixed)

4 are fixed. (Note

Let y(t) be defined by y = (ac. av), y(to) = 0. Then (9) =y (tl) = Jv=

Let xl = ¥y, Xy = U, 33 = 0, ul =V, u2 = y. Here xa and & are vector

functions with components ai, and of course uy and Vv are three elements

vector functions. Apparently

£ —-—ya" - 20 ), G 2 G, =0
- 02, G1 ” (v, a), G, -5, 3
a_ a_ a,

andH=A—-;2-o+A1—(v, av) - = O
We set

Rl = ¢g{(1-0) R4 = - Rl

R2 = (;, cv) -Y0 R5 = 1_R2

Ry = 40 (y-ey) Rg = - Ry

From Theorem 2 (Reference 5) we obtain the following necessary conditions

)
(a) y = " (v; av) y(to) = 0, y(tl) =J,
[ ] -ao
(b) u= g u(to) = 1
{(c) Al- 0 (10)

(@ A, = A ) &
2 o —;3— o+ Al 2 (v, av) ,Az(tl) = 0
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(e) 7\3 = N4 j:}i (y=- aj) 7\3(1‘-0) = 33(1:1) =0
a 2 a a
o 0 0 -
(£) [Ao ) —J\2 = -!-nl (1-20) - Ynz]p + J\l 3y +1r|2cv 0

(8)  -ngotng ! (y=a;) =0

94
(h) H, ll’ AZ’ A3 continuous Ao >0
Min
(i) vy, v satisfy yv (H) (Maximum Principle)

a 2 a

A o
H [‘—2—3 2 - Ay T + (1-20) Ny - YNyl 20 (Clebsch)
Herenl=ul—u4, Ny = Uy = Hgs Ny = Uy = U and v = op
From these necessary conditions we can derive more refined necessary condi-
tions which lead to the solution of the minimization problem.
Without loss of generality we can normalize the multipliers by setting

A, = 1.

Then 2
a a
o

a 0.
H"’["'g'?*ll u (s aV) -}‘2 ?]

Min
Let 4) '%1 YV Al (o, av). This determines yand p. In fact

fo 2 1
o ve, 4+ v1-y“ h, where h = - l,'a‘yr _(av’cv)cv]

and r = - sign(i\l) |av - (av cv)c'v| . Also

A < 0+ = ?ﬂ&i{v(av,cv) + n/l—yz lav-(av,cv)cvl}
A, >0+ = i’;gi{v(av,cv) —/ 12 |av-(av,cv)cv|} (11)
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It is possible (with considerable difficulty) to show that if a minimum
exists with Al > 0, there also is a better minimum with Al < 0. Hence we

assume Al < 0,

After determining § we obtain

a
H aook, where k [;2-+ Al y AZ ]

Using (10d) one can show that

AN ) s ez

a a t1
-0 a2y e ad
Hence k(t) u(tl) 2 Al [u + 3 £y 12 dr)
~ 1 3 o t mﬂ
= =) {[ u(tl) 2 + l dr]

a 1o
+[Jg-32f dt 1}
Since H is to be minimized, k < 0 + o = 0 and k > 0> 0o = 1.

Since A; < 0 we may replace k(t) by k(t)/(-Al) without loss of generality.

Hence, a
k() = = - -52 -—3— dt - K (12)
1 3 a |t _Q
where K = - [11 m + Z , 5 dr]

If the Gy i =1, m are to be optimized we can obtain additional equations
for this purpose.

From (10g) n. = Wg?
3 T (y=ay)
oy

(10e) implies

A 3 = 0 unless yma, in which cege
i

A 3i =ns g (y—mi) = n,f
. o, fy
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a
(3f) implies )‘1 Fg (avﬂp) + Ny (cv()p) = 0

Al
170 1 1 2
or { " (v - (av,cv) ~V1-Y%) -n 5= V1 -y }av(lcv 0
Hence ). a

22 (r mdor - (a,c)), and

ny = = r,———z-l_Y

Mas | | 2
X = e ——cwt——— (Y a _(a sC )C - 1...'Y (a » C ) ) if Y = Q
31 ] /1-Y2 v v v v v v i
0 if v# oy
2 o 2 ¢ g
Therefore, 0 = a {to'av - (av,cv)cvl " dt -v1-ay Sf71 (av,cv) " dt (13)
Y=0 t
i y-aio

This completes the derivation of refined necessary conditions. In summary

we have the following equations:

t1
(a) J = a2 S —02' dt (minimize) (14)
c o ", m
. o
b)Y J =a [ 1 _@g dt (side condition)
v o t u

&g
(c) u=-="0, ue ) =1

max
(d) Y = o, {y(av,cv) + 41-72 Iav—(av,cv)cv!}

-
H

1

a

(e) k = $_ 2 /. lg' dt - K (switching function)
H c o u

k>0 =>=1, k< 0=>0=0

t
1
(£) ea 1y, % ar 1ol g .
0 ay ft Iavr (av”cv)cvl " dt 1-aq fto(av,cv) " dt , 1i=1,m
o
y=a, Y=o, (Defines optimal ai)

Integration is to be performed
over sub intervals of [to,tl] where

(d) chooses 1th cone angle.
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Variable Power

The previous derivation has assumed constant power, but can be modified
to inctude variable power. One more assumption has to be made if the
power varies as a function of radius from the sun, namely that the power
level time history is roughly the same for both the variable thrust and
constrained thrust modes. This hypothesis is actually only an extension
of our previous assumption that the position vector time histories of
the two modes are similar. Then the modification reduces to a simple
transformation of variables as described below.

Let p(t) be the power time history as determined by the variable thrust
program. With the above assumptions (8) and (9) become

t Po
- 1l

Jc ft (ac,ac) ~7s) dt (15)
o
t
1 Po _ .

JV = [ (ac,av) p(t) dt (16)
ty

where

a a

a, = 2 BM® ngp= - 2 RLE)

Po c p

0

Here a and p, are the initial acceleration and power respectively,
assuming the spacecraft to be at a distance of 1 au from the sun if
solar power is considered.
Po Po
Now set h_(t) . a (t) GTe))s b (t) = a_(£) GGie))s
and t(t) =, BLEL 4

P
to 0
The gbove equations now become
T1
Jc = fto(hc,hc)dr
g
J = T (h_,h )drx
v o' ¢’y

a a
] dp _ _ o0 o(r)
hc(T) U v{t), dt c

where
T, I-r(!:o) and T, - T(tl)
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These equatfons are the same as the previous ones except for a change in
variable names, and we have reduced the variable power case to that of
constant power. (Note that the cone angle constraint equations remain
unaffected by variable power. Also note that the case of constant power

is just a special case of variable power with p = 1.)

PART II
In the previous section we considered the problem of minimizing
t1 Po
J, = i (a,,a) 5 dt
o

for fixed a and c. Jc can also be optimized with respect to these
parameters as well, however this is not done because payload, while
formally increasing as Jc decreases, also depends explicitly on a and
c. To be more specific the rocket equations yield

1

ac
where My is the final mass fraction. If Hp is the payload mass fraction,

we have
= £y sa 50),
where f is a nonlinear function of Hys as and c. It is_f that should be

maximized with respect to a, and ¢,

Actually it is more convenient to use powerplant mass fraction W, as a
parameter instead of a . If m is the powerplant mass and m, the initial

spacecraft mass, then b, = Eg_. Defining the powerplant specific mass

m

o

by a = W, we have
Po
aac
nH

a = E o Hyy £

o ac 2n
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where n = n(c¢c) is efficiency as a function of exraust velocity. It

follows that

1
! =
1 1 + anc , and
2nMw

1 2nHw
u, = £( 5 s C) (17)
L 1 + anc awc

2nHw

W, can mnow be optimized with respect to either M, or ¢ or both. a is
to be specified along with n{c). Often n(c) is specified analytically
by the formula

B

———-?ir—jg for some constants B and D.
1 +(7'C)

n(c) =
f is sometime taken as My =M, although more complicated definit.ons are

acceptable.

PART III

In this part we shall discuss how the program solves Equations (l4), and
later how it optimizes (17) with respect to Mo and/or c¢. Hence lz2t us

fix u  and c (and consequently ao) and look at (14)., Initially we assume
the set © of permissible cone angles is infinite and contains every value
between 0° and 180°. Then § = [av| and the ohly problem is choosing K of
Equation (l4e) so that (l4b) is satisfied. Let Kmax = temax{to,tl}{ﬁ(t)}
Clearly we must have K E-Kmax’ otherwise k(t)<0 and no thrusting will occur.
Let K, = 2 étl g%'dT. One can shcw that if K = Kmin’ the right hand

min ¢
u

gide of (14b) is maximized. The procedure for solving (l4b) is to start

K at Kmax where the right side of (14b) as well as Jc are zero. If K

is then gradually decreased, and (14 a, b, c)are integrated forward
using(lée)to determine o, both these quantities will increase. K should
be decreased until the right side of (14b) is greater than J, or else

K<K . . In the latter case the propulsion parameters are insufficient for

min
a solution. In the former case interval halving will produce a root of
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(14b) . The case where O is a finite set of specified cone angles is
handled in a similar fashion., Before K is selected, § is evaluated
from (l4d) and the procedure is then identical.

If © is a finite set of m unspecified cone angles the solution becomes
rather complicated. The most logical attack is to choose m nominal

cone angles, run through the above procedure for fixed cone angles, and
then determine how to adjust these angles to better satisfy (14f). This
is an iterative procedure, and quite time consuming. Furthermore pit-
falls abound. 1If two or more cone angles at some time happen to coin-
cide, (l4f) becomes undefined. Also, 1f the nominal values are not
chusen correctly, one or more angles will never be picked by (14d)
leading to a solution for less tkan m angles. This phenomenon seems

to be the rule rather than the exception, and a procedure must be

devised for reinserting "lost" angles back inteo the iterations.

Our approach is to make a slight approximation., First we run the
unconstrained cone angle case to get an idea of where thrusting is likely
to occur. In fact we use the resultant u and o of this case to evaluate
(14f). Next we note that (14f) is really telling us that we should
choose our cone angles in such a manner that the right side of (14b) is
maximized. This is logical since it costs fuel to satisfy (14b). There-
fore we need only consider (l4d) and (i4b). First we choose m nominal
cone angles at equally spaced intervals between 0° and 180°., Then we

run through (l4d) to define the time intervals over which each cone angle
is optimal. The right side of (l4b) 1is evaluated for each of these
intervals and better cone angles found by setting derivatives zero. The
procedure is then repeated. If some cone angle is optimal in the sense
of (l4d) at no time in [to,tl] it is reinserted by checking to see where
@ differs most from |av|, The angle is then given the value making @
equal to |avl at this time. Note that such a solution will insure the
angle gets picked by (14d) on the next iteration. The above procedure

i{s assumed to have converged when the cone angles and the right side of

(14b) no longer change.
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Now we consider the options of optimizing L and/or c. If M, is fixed,
¢ 1s optimized by repeatedly applying the above algorithms for fixed
M, and ¢. The method of search on ¢ is "Golden Sectioning" (Page 242

Ref. 6) using p. = f as a performance criterion. The situation is

identical 1if ¢ is fixed and Mo is optimized.

1f M, and ¢ are both to be optimized we switch to two equivalent para-
meters, namely aO/c and K (see 14d). Two Golden Sectioning loops are
executed, the outer on ao/c, the inner one K for each value of ao/c.
The technique of Golden Sectioning is fairly reliable regardless of the
nature of f unless more than one locai optimum exists, in which case

the global optimum may not necessarily be the one found.
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APPENDIX E
LISTINGS

Subroutine Page Subroutine Page
ALIGN 82 MULT3 114
AMAP * 82 MULT4 114
AVTEST 84 MULT? 115
BAKSUB 84 MULT8 116
COEFF 86 MULTY 116
CONOP 88 PATCH 117
CONST 90 PDERIV 120
COPTR 92 PMAP * 121
CTMODE 93 POLEVL 121
CTOUT 95 POWER 122
DDERV1 97 PXS 122
DDERV2 98 REDIST 125
DERIV 99 RESCAL 126
EPHEM 101 ROOTR 127
ETA#* 103 SEARCH 128
INDCAL 103 SQROOT 130
KOPTR 104 START 132
KROOT 106 STARTF* 134
LSERCH 107 TSHIFT 135
MCOPTR 109 VCAL 136
MODIFY 110 VIMODE 137
MODLEG 112 VTOUT 141
il IR 112 WMUL * 143
MULT2 114 WYDER 143

*These are function subprograms
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SUBRCUTINE ALIGNIX, AL, VX, VXA VXAA}
IPLICIT REAL*B{A-H,0~Z)
CEMPLIN/PARAF/NL yNDo NPy N NPDoNPM]L o ND2 e NPD2 s NPD 1 o NOAiH o NAP
COVMFIN/BVL/CLD2eHLl o H2,V1{12),v2012)
COMMON/TINFEC/TT oV IO o TACUME T oTLIB) o T2{0)oT316),TP{E),TTP
COMMON/OPTION/NPL NP2, NBL,NB2,NV1,NV2,NPC
DIMENSION X(10e39s81sALI3,2) oVX{592) s VXA{L1B52) s VXAA(S54,2)
CALL VCAL

CINPLoNBLoNVL HETEL) AL Lol oVIoVXi1ol)aVXA{LsLl)yVXAALL,L})
CALL VCAL s

CIANP2 o NB2 o AV2 p=HZ s =TINL ) p AL {122 ) s V2oV X (1o 2 o VXATLo2)oVXAA(L,2})
DC 10 M=) ¢ND
IFIAVEINE.O) XE2.Myli=V¥X(M#3,1]}
IFIAVZ.NE.O) XINPML M NL)=VX{M#+3,2)
X{LoMyl)=¥X(M,1)

10 XINP M NL I=VXIM,2)

IFINL.EQsl) RETURN
DC 5 LN=2,NL
DC 5 WM=],ND
XINPFL oMo N=L)==X {2,V LN)STILN-1)/TILN)

S XENPoFyLN=-1)=X{1ogMsLN}

REVURN
END

FUNCTION AMAP{H,CONESC,NCONE,ZETA,ACONE,ACLGCK,AB,ABP)
I¥PLICIEY REAL®B{A-H,0~-1}
CCHFON/QUT/XY {30063 1AVI(30:6)4WVI30,6])
COMMON/PARAM/INL ¢yND o NPy Ny NPD ,NPML ¢ND2 4 NPD2 s NPDL o NO o Ny NAP
COFMON/TIFPEQ/TT»TIO) o TACUMITI»TL{6) o T2(8),T3(6},TP{HE),TTP
COFMPON/NCCONS/PI PI2,P1F,GRAV,TCON,VELCON,POWCON,PCON
DIFENSION CUNESC(4,2)A1(3),B1(3),C¢3)

D‘t‘ C ’0¢|0.'-lof

A{3)=0,

B{(3i=C.

S=H

CALL MODLEGIT,NL,SsLN)

CALL PCLEVLUIAVILoLN}sA+sSeNDyNP4NyO}

CALL POLEVLIXVILILN) oBySoNDsNPNeO}

360 IN

360 IN



1C

15

o0
w

35
1C0

=0,

CC 5 N=1,3

Isl¢B(M)e%2
2=1./75GT12)

OC 10 M=1,3
Biv)==2+B(¥)

AA=(Q,

AB=Q,

AC=0,

BC=0.

OC 15 M=1,3
AAzAAsAM)ee2
AB=AB+A(M)}=B( M)
AC=AC+AIMIS®C (M)
BC=BC+BIMIRC (M)
ABP=SCT(AA-AB*e2)
I=-B(1)*C(2)+B(2)%C{1)
LETA=PIF*ATNZ(2,-C(3}+BC*B(3))

1=B(L)*{C{2)%A(3)=-C(3)%A(2)}+BI{2)*#{C{3)®*A(1}=-C(1)%A(3)}+

CBI3)*(CLLI*A(2)-Ci{2)%A(1)}}

ACLOCK=PIF*ATN2(Z,AC-BC*AB}
IFIACLCCK LT 0.} ACLOCK=ACLOCK #3460,
IZ=S5CT(AA)}

CT=AB/2

ST=SCT{1.-CT#**2)

IF{ACCNELEQ.O) GO TC 100

1=—2.%2

DO 35 1=]1.,NCONE
W=CONESC{ o1 )PAB+CONESC(I,2)*ARP
IF{R.LT.2Z} GO TL 35

L=w :
CY=CCNESC(I,1)

ST=CCNESC(1,2)

CONTINUE

ACCNE=PIF*ATNZ (ST (T}

ArAP=]

RETLRA

END



SUBROUTINE AVUIEST{AV T2, NLPNL+ND,NP)
IPPLICIT REAL*B(A=H,C=-Z) : 360 IN
DIMENSION AV(10,3,6)72106)AVM{2,6])
DATA CONVIN /C.1/
IFINL.EQol) NLP=2
IFINLLEC.1) RETURN
B0 525 LN=1,NL
I1=0.
22=0.
DC 5C0 M=14ND
Zl=Z)1 AVl My LN)®%?

S5C0 12=22¢AVINPV,LN]*&2
AVMI]Y JLN)=SCT(ZL)*T2(LN}

528 AVMI2,iN)=SQT(Z2)*T2(LN)
DL 10 LN=2,NL
RATIC=0AVP (Ll oLNI-AVM{2iN=-L )}/ AMNIAVM(L1,LN)y AVM{2,LN~-1})
IF(ABIRATIO}.GT.CONTIN} NLP=NL#1

10 CCNTINUE

RETLRN
EMND

%8

SUBROUTINE BAKSUB{ABsXoNLsNLoN2,NCP,NAP)
IMPLICIT REAL*8(A-H,0-2) 360 IN
CIFENSION Af31¢31¢6)+BU{31,61eX(31,6)yNLI6)IIN2{6) NCP{6)
OC 45 LN=1,NL ' |
NCP3I=N1iLN)
NCP1=NCP3
NCP2=N2 (LK) }
IFILN.EQ.1) GC TO 9 ;
NCPL=NCPILN)
NCPL=NCPI +NCPL
OC 8 J=l.NCPL
JLN=NCP3=]+y
JUNMI=NZILN-1}-NCPL&J
8 K{JER LN =X T JLNML o LN~1)
9 DL 4C J=NCP1.,ANCP2
J¥i=J-1
w=B(JoLN)}
IF{J.EQ.NCP3) GU TG 20

AR N - /



o0
(4

10
2¢C
40
&5

50

18

85
8%

80
a7
S0
92

EC 10 K=NCP3, M1
W=W=A(JyKoLN)EX{KJLN)
X{JoeLANI=wZAlJydeiN)
CONTINUE

CCNTINUE

IFINAP.EQ.0) GC TO 78
JP=NZ2(NL) +] -
W=BlJPyNL)}

OC SO iLN=l.NL
NCP3=N11LA)

iPaN2(LN)+1

IFILNLTAL) KRCP2=NZ2ILNI=-NCPILN®*]1)
IFLLNEQ.NL) NCP2=N2ILN)
BC SC K=sNCP3IyZNCP2
Wzh=A{IP Ko LN)SX(KyLN)
X{JPNLI=Ww®A{ JPy JPoNL)
XEJPoNL)=X{ JP NL)SA(UP, P NL}
0C 92 LN=1,NL
LANPsNkLe]l-LN

NCPL=NLI{LNP)
NCP3=NZI(LNP)

NCP2=NCP)

IP=NCP2+1

IFILN.EQ.L) GO 7O 89
NCPL=NCP(LNP¢])
NCP2=NCP2-NCPL

00 85 J=]1.NCPL
JLN=NCP2+¢+}

JUNFL=NL (LNP+L}+J~-1
X{JLNJLNP)=X({ JLNML 4 LNPeL)
DC 90 JasNCPL . NCP2
L=NCP2e¢NCPL1=-J

LPl=i ¢}

W=X{L LNP]}

IFIL.EQ.NCP3} GO TO 87
OC 8C K=LPl,NCP2
WEN=A{KoL JLNPI®X{K,LNP}

IFINAP.GT .0} W=W—AL{IPsL,LNP)EX(JP,NL)

X{LeLNPI=wEA(L L LNP)
CONTINUE




98

18

RETLRN
END

SUBROUTINE CCEFF{XO,DX1:0X2,AV WV ,CO, TP}

IPPLICITY REAL*B{A~-H,0-Z1}
COMMON/ZCONSI/ZA(59592) sAA15:5,2) oBALS5:5,2)oUl1042)Vi1042),CHEBILO)
CCRPOIN/PARAM/NL ¢ NDoNP N NPDyNPMI sNDZ2oNPD2sNPD1oNOoNH o NAP
COPPMCN/SKRCHY/GO{10,3)9GLli10:3)eG2110,3)e56341093)50G41(10,2),
COULICs3)oX1l1043)eX2({10+3)C0033,C1E3),L2(3),DUM1{159)
DIMENSION XO0{1003)eDXE{10e3)sDX2{10s3}0AV{10,3) WVILD,3},C0¢9])
CALL MPULT3(V.CX1oX1oNO,NP)

CALL MULTAIBA X1 oGl oND NP yN,yl)

CALL MULT3I(V.DX2:X24NDyNP)

CALL PULTS(BAX2,G2yNCoNPysNyl}

DO 39 [=] NP

2=0.

DC 8 F=1,ND

L=24¢X0({]M)*x2

R2=1l.7/2

R1=SCT{R2)

R2=TPER?2

£€0=C.

C01=0,

C02=0.

Cll=C.

€12=0.

C22=0.

DC 19 P=1,4NC

CC(M)=RL*X0{T M)

CLIN)=RIEX]L (I M)

C2(P)=RI®XZ2(].V)

CCO=CCO+CO(MIFCOUIM}

CO1=COL+CC(M)*CL(M)

C02=C02+COIP)RC2(M)

Cil1=sClieCLIMI®C ) (M)

C12=C12¢CLIM}RL2(N)

C22=C22+C2 (M )*C2(M}

CTATVIANUE

CS=C1l1eCO2

360 IN




L8

39

WO=NVIIsl)

hl=h0*h¥(],2)*%CO01

WZ=hOF (WY 2V *CSeVI] 3 )€COL%%2)

CC 39 L=1,ND

GO(Iel }=AVI(I, L)
GLULL)=CGlII L) #RZ2¥{CL(L)+CO(L)I®{—3.,%C0L )]}
G2LLsL)1=G2{ I, L)+R2%({C2{LI+CLI{L)*{=H.*C0O1)
CeCO(LI*[1S.,%C01*%2-3 ,%(CS) }
GITIHLI=R2*{IC2ILI*{=F,%COLI+CLILI*{45.%CO01%%2-9,%(S)
CeCOIL)I#* {45 . 2C01%CS—105.%C01*%3-9,%C12) )}
GAHLIJL)=R2*{C2(L)*{90 ., 2COL*%2- 8, SCS}+CLIL)*{ 180, *CO1*CS-36.%C12
C-420.%COL %23 )¢CO{LI*{945 ., %CO 1 9%4~630.*LS*C01%+2+}80.%C12%C0O1
Ce45,%C58%2-G,%C22) )
GRI{ToL)I=WOFGH{ToL 124 . ®WIRGI ([, }26.%W2%G2( 1L}
G3“QL)3HG*G31I'L)+3o*ﬂl*62(l.L’*3o‘H2*GllloL3
G2lI oL )=WOEG2{ T oL )22 *NIGL{I L) +W2*GO(I L)
GLET,L)=WOSGLI{T,L)eWL*GO{I,L )}
GC{lL)=n0%GO(],L)

CONT INUE

CALL PULT4{AA,GO,GoNDyNP Ny}

CALL MULT2(GsGOsPOOINL,NP)

CALL MULT2(G,GLl+PCLoND,NP)

CALL PULT21G,G2yP0O2.NDyNP)

CALL PULT2(G4G3,PO3NDNP)

CALL HULtziG.Gh.904QND.N91

CALL MULTA{AA,GL,GoND NP Nyl

CALL MULT2{GeGlsPLl1+ND.NP)

CALL PULT20G:G2+PL29NDNP})

CALL MULT2{GyGI4PLIND,NP)

CALL MULT2(GeGhPL4&NDyNP)

CALL PULTAE(AA,G29GoeNDy;NPoNgl 1}

CALL MULT2{6,G2,P229NDNP)

CALL MULT2(G+G3eP23,NDyNP)

CALL PULT2(G G4 4P2%4,NDsNP)

CALL MULTGEAA,G3,GoNUgNPeNyl}

CALL MULT2{G,6G3,P33,ND,NP}

CALL MULT2{G,G4.P344NDNP)

CALL PULTAIAA G4 sGyNDoNPyNel)

CALL MULT2{G00L4 P44 9yNDNP)

CCi1)=POQ




88

29

CC(2)=2.%P0}

CCL3)=P11+P02
CCl4)=P12+P03/2,
CCUS)=PR22/4.4P13/3,+P04/12.
COlE)=P1&/12.4P23/6.
CCUT)=P33/36.4P24/ 24,
CC(B)=P34/72.
CC(9)=P44/576.

RETURN

END

SUBRCUT INE CONOPLCONE yNCONESTP¢NST  BOToPHE ¢ PHE L o PHEZ y ACONE + NNN )
IPPLICITY REAL*BLIA-H,0-2) 360 N
COMPONINCCNS/PI yPI2Z2PIF oGRAVTCON,VELCON,,PONCON,PLCON

CIMENSION CONE(4),STP(30,2)PHE{301},PHEL{301),PHEZ2{301},
CACCNE(301)

COPPON/PXAPX/DUML(4803) ,PHE3(30L),PHE4{301),PHES(301),PHESGI{301),
CPHETI301)sGli4),G2(%),51{%):5214)

CATA DELTANNIY /.001,20/

L=1]

FLTNM1=FLT(NNN-11}

DC 29 I=1,KNN

S=FLT{I=-1)/FLTNMIL

IF“SQGEOSIP{LOI"QANUQlL-LTQNStD) L=0L+1

K=L=2%{L/2) '

[F'KQEQ-O) BETA=0,

IFIK.EQel) BETA=]1o/1(1.={STP{Ls2)¢S=STPIiL,1))*BCT)
PHET{I)=BETA®PHE(1])

PHES[1)=BETA®*PHELIL)

PHEG(I)=BETA®PHEZ(I)

Suml1=Q,

SUM2=Q.,

PHE3(1)=0,

PHE&(1)=0,

DC 39 [=2,NAN,2

PHEB(L}=SUML (5. ¢PHES (I-1)+8.*PHES(I}-PHES(1+1)} /4.

PHE& (1) =SLM2+{S . ¢PHES{I-1)¢8.*PREG(I}-PHES(I+]1)) /4,
SUMI=SUMLePHESII-13+4,%PHES{ 1)} ¢PHES{1+1)
SUMZ=SUM2+PHEGI 11} 44 ., #PHES({ I ) +PHEGI{I+])




69

39

45

49

59

6%

79

PHE3(i+1)=5UuM]
PRE&( ] +]1)=8UuM2

P=(.

DO 45 J=1,ANCONE
X=PIoFLT{2%J—1)/FLT(2*NCONE}
GliJ)i=CNiX}

62(J)=SNiX)

DC 99 [T=],NIT

DC 49 J=],NCCNE

S1(J)=0,

$2(J4)=0.

PrEMAX=0D,

DC 79 [=1lyNAN

2==AB(PHELL]I) i-ABIPHE2{1)}
DO 59 J=1.NCONE
W=GLl(JSISPREL(I)+G2{JI*PHEZ(I)
IFtw.LTZ) GC TC 59

I=u

K=J)

CCNTINUE

W=PHET(I}~-2

IF(n.LT.PHEMAX) GO TO 65
PHEPAX =W

IMAX=]

IF{l.EGQ.NAN} GO TO 78
SLIK)=S1iK)+PHEZ(T+1)}=-PHE3(])
S2(K)=S2{R)+PHEL([+]1)-PHES(])
CONTINUE

PSAVE=P

P20,

TEST=0.

K=0

CC 89 J=L,NCONE

GSAVE=GL(J)
W=SQT(SL{JI**2eS2(J)%e2)
[IFin.GT.0.,) GC TO 85
IF{K.EQ.1} GC TC B8

K=1

X=ACONE{ IMAX)}/PIF
GLUJ)Y=CN{X)




06

as
88
89
99
1C0

189

621 J)=SN(X}

6L TC 88

Gl{JI=S1(J)/H

G2t J)I=ABLS2(J) /N
TEST=TEST4+{GL{J}-GSAVE)*%2
P=PeGl(J)eS1{4}+G21J}¢52(J)
TEST=SQT(TEST+(1.-PSAVE/P}*#%2)
IFCCTEST.LT.DELTA).OR. (NCONE.EQ.1}) GO TO 100
CCNVINUE

CCNTINUE

OC 199 J=1,NCECNE
CENE{J)I=PIF*ATNZ(G2(J),GllJ)}}
RETLRN

END

SUBRCUTINE CCNST(NPyN)

IMPLICITY REAL®B(A-H,0~1}

DIFENSION PI1IC),U(10),R{10)
CCPPON/NCCNS/PLoPI2,PIF,GRAV,TCON,VELCON,POWCTN, PCON
COMPON/CONSL/A(S:592) sAA(5:592)sBAI5+5¢2)yU{10+2),V(10,2),CHEB(LOD)
COMMCN/CONS2/B110+10),CE10,10),D(10,10),E(10,10),F{10,10}
NPP1=NP-]

FAPML=FLTINPR])

DC 1 I=1.NP

I=PI*FLT(I-1}/FNPM]

PEl)aSN{Z)*»s2

CHEBLI)=SN{l/72.)%%2

IF{IeNEWY) QII)=2.%(~1,.i%%]/CHEBII)

RETI=CN(2)

Qil)s=(1.¢2.%FNPM]L*%2} /3,

QINP)}=CiNP}/2.

DC & I=1oh

OC & Jdsl,M

IF{1.EQ.J) GG YO 3

11=s1¢1ABSEI-J)

Jiz=leJ-1

Izf k=1l )0 {[4J¢)}/(PLIL}*P(JI})

IF{I.EC.1) GO 7O 2
BAILoJoel)=2%({1.+P{J}/PII)IFR{TIE%242 . *R{j)u*2})

360 IN




BA(I9Je2)=2*R(I}I*RIJI¥(3,+P{J)/P(1]})
GC 1C 23
2 BA(L 9 e2V=1%(B,42.%Q{L)*P{J})*R{J}
BAllpJdel)=2%(B.+2.%(Q(L}~2,)%P(J)}
3 OC & K=1,2
L=(2¢[=-K)%({Jj=1])
M= /NPM]
L=L-MoNPN]+]
Fl=FLT{4®({Js][-K)}*32-]1}
F2=FLT{4%{ J-[)¢%2-])
ARl JoK )=~ /FLle1./F2}72¢
4 ALl pJoK)z2 . %=1 )*EM*R (L) /FNPHI
=66 %R(2}/P{2)%%2
0CG 5 I=1,AP
KaNPel-1
Ulleli=QLI)
IFt1.EQ.2) UlI,,1)=C{l)~-1,
Vil 1)=(QI(NPH] ) *Q(K}-Q(2)2Q(1))} /2
IFlIl.EC.2) VIiIel)}=Q(2}/2-1.
IF{I.EQ.NPNM1) VI, 1)==QINPML)}/Z
UtK,2)=UlT,1)
5 VIK,2)=¥Ii1,1)
0C 50 J=1,N
IfF{J.EQ.1) GC TO 35
BALJoJo2)=2. ([ 1.~FNPM1%22) /3, -1 1.+3.,%R{2%J=-1))/P(2%J=1))/P(J}
BA(JoJol)=BA{JgJe2)-8./P(2%J-1)
GC TC 40
35 BACJeJe2) =0 (4, ¢FNPHIX22% (FNPML1*%2-5,}))/15,
BAEJodoel)=BA{JeJde2)—{8.%{]l.~-FNPM1%*%2))/3,
&0 Afloedo2V=A{1;402}/2.
A(N.J;l)zh(ﬁ.J.l)lz.
DC 50 K=1,2
BA({Jsl oK} =BA{Jsl,K}/2.
50 At JolK)=Al J,14K)}72.
CALL MULT7C(AA AAAgN,1)
CALL FULTTIAA ALAAWN,2)
CALL PULTB{AAJAA,CoNPyNy2)
CALL MULTEB(BA,BA,ByNPyNyl)
RETURN
EAD

6




[4

10

15
20

60

[£)

80
9C
95

SUBROUTINE CCPTR{PHEJNNNPHEMAX PV T o WMU RO, ALPHAW ST NST,WMUL)
IMPLICIT REAL#B{A-H,0-2)

CIFENSION PHE{301),57T(30])

DATA TAULCELTALDELTAZ /1.618034,.005, 00001/

RC=C, .

P=],.E20

RC1=RC

Pi=P

RG2=]10.*TAU

DC 15 I=1,20

CALL RCOTRIPHE JNNNoPHEMAX yPV o T o WMU RO, ALPHANy ST NST, WMUIL )
P2a=WNULI WMU,ROZ2,ALPHAW, WMUL )

IF{P2-P) 10,20,20

RC1=RC

Pl=P

RC=ROZ

P=P2

RC2=RC1¢+{TAU*],. }*{RC=-RO1)

0C 8C §=1,20

RC3=RL1+(RO2-KOL1)}7TAUL

CALL RCCTR(PHE ¢NNN PHEMAX yPV T oMU RO3, ALPHAW STy NST, WMUL S
Piz=-WMUL{ WMU,RG3I,ALPHAW MUY}

[F{P-P3} 60,60,70

RC2=RLY

P2=P1

RC1=RO3

P1=P3

GC 1C 80

RC1=RO

Pl=P

RC=RC3

P=pP3

IF((ABIPL=PlLT.DELVTAL}AND . {AB{P2~-P) .LTL.OLLTAL}) GO TO 95
CONTINUE

IF{{ABIPLl=P)o L1 DELTA2 ) AND.{ABIP2-P).LT.DELTAZ2}) GO TO 99
Az {RO-ROZ2}*PL1+{RND1-RO)*P2+{RD2-RO1 )} *P

B=(RC-ROUZ )% (RC+RO2)*PL+{ROL-ROI*[(ROL+RO)*P2+
CIRC2=-RCLI*{RC2¢R0L ) %P

360

IN




€6

RC3=B/({2.%A)

CCNTINUE

CALL ROOTR{PHE ANN PFEMAX ¢PVY Ty WMUsRUOI ¢ ALPHAN ST oNST, WMUL)
P3=—WMUL {WMU,RC3, ALPHAW,WMUL)

[F{P3.LT.P) RETURN

IFIRC3.EQ.RC) RETURN

RO3=RU

GG TC 98

END

SUBRGUTINE CTMODE(WMU,Cy ALPHAWyCONE ¢NCONE ¢ NCONDP s NMUDP g NCOP )
IMPLICIT REAL*B{A-H,0-1) - 36C IN
REAL WMUCoALPHAWCONE ¢yBOY PV PL oBT o PMF
COMMON/BDYP/EDY (39492) 4 PVPLBTPMF

CCHMPUN/COUNT/NCCUNT oNLP

COMMCN/TIPEQ/TT,DUMI(38)

COMMON/NCONS/PI s PL24PIF,GRAVTCON,VELCON,POWCCON, PCON

COMPON/ INDEX/ANNoNST ,NCONEP o NCUNP » NMUDPP o NCOPP; DUM& (84}
COMPON/PXXPX/PRII0CL) oPHE(3QL) o TYMEC(3OL)FTYMEL 301 ), SCRCH{301),
CAMAG(301) ,ACONE(301),ACLOCK{301),PHEL(301),PHE2(301),
CSTU30)oSTP(30,2)sCONESC{%:2)BOTCToTTDAY Ty WMUP,CPoALPHAP,WMULP,
CCCNEP{4) , TB ,PCPPNFP,ETAP,DUM2(3200)

DIMENSION CONE( 4}

PVP=PV

WPUP=WMU

CP=(

ALPHAPsALPHAMN

NCONP=NCONCP

NPUOPP=NNLOP

NCOPP=NCODP

CC 5 I=1,4

CCNEPII)=CCNE(I)

NNN=20®NLP+1

FLTAML=FLY (NNN-1)

DI=FT/FLTNME

OC 7 I=14,MAN

X=FLT{I-1)=D7

PRULI=PMAP(X)

CALL RESCALIANMNN,TAVSTR)




T=TT#TAVSIR
[FI(MNCCNCP.EC. 1} NCONEP=NCONE
IF(MCCNOP.NE.1)} NCCNEP=0

10 IFINCONEP.EC.0) GO TO 20
BC 19 I=1,MNCONEP
XsCCNEP(TY/PIF
CONESC{1,1)=CNIX)

19 CONESCI1,2)=ABISNIX))

20 PHEPAX=0.
GO 40 I=1,NNN
X=TYME(])*TY
PHE{ T} =AMAP (X CONESCoNCONEP s ZETALACONE(T } o ACLOCK( I} PHEL(]),

P””'p'” X IF(PHEMAX.IT.PHE(I)) PHEMAX=PHE(T)
0  CONTINUE

IFIPHEMAX . EQ.0.) GO TO 60
IF{INPUCP.EQ.C) o AND . INCOP.EQ=C}}
CCALL ROOTRIPHE yNNN PHEMAX yPVP o T o WMUP 2CPo ALPHAP ST oNST WNULP)
IF((AMUOP.EQ.C) AND,. INCOP . EQa.1))
CCALL CCPTR(PHEJNNNoPHEMAX ;PVP o ToWMUP,CP, ALPHAP,SToNST,WMULP)
IF{IAMUOPLEQe 1} o AND. INCOP.EQ.O})
CCALL MOPTR{PHEJNNNyPHEMAX PVP , Ty WMUP yCPyALPHAP ST yNST o WMULP)
IF(IAPUOPLEQ1} o ANDL ENCOP.EQ.L 1))
CCALL MCOPTRUPHE yNNNyPHEMAX o PVYP o T 4 BOT o WMUP,CPo ALPHAP ST NST WMULP )
IF{WPFULP) 60,60,80
60 CCNTINUE
BYT=T17Y
PMF==1,
NST=-]
PC=100.%PYV
WRITE(6,1C00)
RETURN
80 TEF=STil)
- ANST=NST+L
STINST)=],
OC 199 I=]1,NST
K=[-2%([/2)
IFll oGV e le AND.K.EQe1l) F¥BF2TBF+(STE{I}=-ST(I~-1))
STRP{I.1}=57¢(1)
159 StPil.2)=T8BF
ETAP=ETA(CP)

%6




56

250

3C0

301

365
1€C0

IF{(AMUOP £Qe0) o OR(NCUP.EQ.D)}

CBOT=2 .*nMLP*ETAPET*PONCON/ { ALPHAP®CP %%x2 )
IFEINCONOPLNEL2) OR. EACCNEPLEC.NCONE}) GO TO 250
NCCNEP=NCCNE
CALL CUNOPICCNEPNCCNEPySTPoNSTBOTyPHEPHELyPHE2 ,ACONE ¢ NNN)
GC 16 10
CONTINUE
OC 300 I=1,NST
IF(ST(I).GE.1.) GC TO 300
TS=STUI)SFLTNM]+1.

NTS=TS

T1S=TS=-FLT{NTS}
STUL)=TYME(NTS)+TS*{TYMEINTS+1)-TYMEI(NTS) ]
CONT INUE

Te=ST(i}

DC 3C1 I=14NST

K=[=2%(1/72)

lF!loGtolo‘NBoK.ECol) TB=TB+{ST{1)=-8STi{I-1)}
TIDAY=TCOA®TT

BT=TB*1T

T8=TTDAY*TH

PEFP=WMUL (WFUP,CP,ALPHAP,WMULP)
CT=CP+VELCON/T

PCPa{ ToTBF=(BOT*CTi*s2) /WMUulP

WhU=NMyP

C=CP

PC=pCP

PCP=PLCN®PCP

PPF=PFFP

DC 305 I=1.4

CONEL L )sCCNEP(T}

RETLRN

FORMATU//74X46HMISSICN IMPOSSIBLE EVEN WITH CONTINUOUS THRUST)
END

SUBROUTINE CTCUT
INPLICIT REAL*8(A-H,0-1)
REAL BB,DC,TANKS
COMFCN/INERTS/TANKS

360

iN




CCMPCN/THRUST/ZEB,CC
COPPCNAINDEX/MMNNGNST NCONEP o NCONP o NMUOPP 4 NCOPP,DUM4& [ B4 )
CUMMON/PEXPX/PRI301) ,PHE(IOL ) »TYME(301) ,FTYME(301),SCRCH(301),
CAMAG(301),ACONE(301),ACLOCKI301} PHEL{301},PHE2(301),
CSTUI0)oSTPI30,2) e CONESC(492)9BOToCToTTDAY T WMUP CP o ALPHAP , WMULP,
CCCNEPt4) ,TB,PCP,PMFPL,ETAP,DUM2(3200)

DIMENSION A(4,2)

IF(NST.EQal(—~13) RETURN

wRITE(6,1C0)

WRITE(6,150) BB,DD,TANKS

WRITE(642C0) ETAP,ALPHAP :
IFC{NPUCPP.EC.0) o ANDs (NCOPP.EQ.0}) WRITE(S,201) WMUP,CP
FFUINMUOPP.EQe0) o AND- {ANCOPPLEQ.1)) WRITE(6,202) WMUP,CP
IF; {INMUOPP.EQal) « AND. {NCOPP.EQ.D}) WRITE(6,203) wWMUP,CP
(¥ (AMUCPPLECL )« AND. (NCCPP.EQo.1)) WRITE(6,204) WMUP,CP
IFINCONPLEGC.O) WRITE{6,205)

IF(NCCNPLEQ.1) WRITE(6,206) (CONEP{1)o1=1,NCCNEP)
IFINCCNPLEC.2) WRITE(6,207){CONEP{ 1), 1=1,NCONEP)
WRITE(6,208) PCP,TB,WMULP,PMFP

NNN2=KNN/ 2

MIN2P1=NNN2+1

L=t

FLINML=FLT(NNN=-1)

00 20 I=1,NAN

S=FLT(I=-1)/FLTNM]

EF{(S.GEeSTPiLe1) ) AND . (LLLTNST)} L=L+#1

K=L=2¢{L/2)

IF(K.EQ.O! AMAG(I 3=0.

20 IF(K.EQal) AMAGUI)=BOTRCT/(la~{STPIL,2)+S~STPI{L,1))*BOT)

WRITE(6,1C00)

CC 80 I=1,NNKN2P}

J2=2

IFlI.EQ.1) J2=1

OC 75 J4=1,42

L=1e¢{J=1)*NAN2

ALl J)=TTDAYRTYME(L])

A({3,3)=ACONELL)

Al&,J)=ACLOCK (L]}

FSsTYME(LISFLINML+L .

K=FS$S

96

e




L6

15

80

1CQ
15C
2Co
201
202
203
204
205
20¢

207
2C8

1G0
1CC

FS=FS-FLTIK)
A(2,J)=APAGILI={PRIK}+FS®{PRIK+L)=PR{K)))
CONTINUE
WRITE(6,1001){{AlKed}oK=1ea)eJ=1,32)
FCRPATL// ©OX+IIHPRECICTED CONSTANT ISP TRAJECTORY)
FORMATE/ 2Xo18HCUMPCN BLCCK INPUT1S9X2HBBFT7.2,15X2HDDFT.2,
CI5XSRTANKSF7,21% '
FCRFAT(/ 2XyoL6HEFFICIENCY (ETA},F10.3,
CICXIIHPOWERPLANT SPECIFIC MASS {ALPHAW)pFil0.392XSHKG/KNW)
FORMAT(/ 2Xo3SHSPECIFIED POWERPLANT FRACTION (MUW)F10.3,11X
C30OMSPECIFIED EXHAUST VELOCITY (C)oFl0.3¢2X6HKM/SEC)
FCRFAT(/ 2Xo3SHSPECIFIED POWERPLANT FRACTION (MUW},Fl03,11X
CICHCPTIMIZED EXHAUST VELOCITY (C)4F10.3,2X6HKM/SEC)
FORFAT(/ 2Xo3S5HOPTIMIZED POWERPLANT FRACTION (MUW),F10.3,11X
CIOHSPECIFIEC EXHAUST VELOCITY (C)eFl0.342X6HKM/SEC)
FORPATI/ 2X,35HOPTIMIZED POWERPLANT FRACTION (MUW),F10.3,11X
CIOHOPTIMIZED EXHAUST VELOCITY (C),F10.3,2X6HKM/SECY
FCRMAT(/ 2X915HCONE ANGLE FREE)
FORMATE/ 2Xo25HPERMISSIBLE CONE ANGLES ,4F3%.2)
FORMAT(/ 2X,25HOPTIMIZED CONE ANGLES v&F9.2)
FORPATL/ 2Xo L9HCONSTANRT ISP J (JC)F10.3,2XTHM2/SEC3,
CI18X1IS5HTHRLSY CURATION.FL10.3,2X4HDAYS,
C/l/ 2X25HFINAL MASS FRACTION (MUL),F10.3,
CZUIX2THPAYLUAD MASS FRACTION (MUL),F10.3)
G FCRMATU//7/72(6X&HT IME, IXIHMAGNITUDE y4X4HCONE s 5XSHCLOCK 4 10X}/ /)
1l FORFPATI4F10.2,10X44F10.2)
RETURN
END

SUBROUTINE CDERVLI{R(O,PPROyNORDER)
IPPLICIT REAL*8({A~-H,0-2)
COMMON/COEFQ/CO{9) yCOEF{9) s NCOEF
CCMPFOCN/DERL2/NCERL 2

P=(,

PRU=(,

DG 1C I=1,NCOEF

K=NCCEFe]l~1

P=RC*P+COEF(K)

IF{1.LT.NCOEF) PRO=RO*PRO+P

h

360

IN



B g

10 CONYINUE
NDER12=1
CALL CDERV2{RCsP1.,PRC1,NCROER)
NCERL1Z2=0
P=PeP]
PRC=PRO+PRO1
RETURN
END

SUBROUTINE CDERV2(RC,PyPRO,NORDER)
IFPPLICIT REAL*8{A-H,0-2) 360 IN
COMMON/PXXPX/PXI316) oPXXI31¢31,46) oX(30,6),DX130,6},DUMLE2,6)
COPPON/STATE/XO(230,6)+AL0(3,2),P0
COFFCNICHANGE /DXL {30,6) 4TX2130,6)¢DALLE3,2)+DAL2(3,2)
COMMOCNZICONSLIAA(S3562)0AA05:52) 9yBAIS952)9Ul1042)oVEiL0,2),CHEB(10)}
COPPUN/TIVEQ/TT +T {6 ) o TACUMIT)oT1E0)2T2{6)oTI{6)4TP(H)YTP
COMPCN/PARAM/ NG ¢yNDyNP Ny NPDy NPML ,ND2,NPD2yNPDLNOsNHyNAP
COFPFONSINDEXINLIE) yN2{6) JNCP{6) JNBLNIG) oKVI(3I2)eKA[3,2)4NA(2),
CNMNB (23 yLANB(2) JMMMI G 4 MIM{G) gL M{Go2) o IM{B2) s KMiB,2)
CCPIMCA/OPTION/NPL.NP2,NB1,NB2,NV1isNV2Z,NPO
COPPCA/UERL 2 /NDERLZ
COMMON/SKRCHLZXVII0) 4BAXVII0) oWVI{30) ,0{30),0(301,G(901),
CYXT6e2)oVXALGE2302) e VXAA[D4,2),ALE3,2)+DALI3,2)
RCS=,5%R0*%2
OC 1C NB=]1,2
oC 10 K=1,3
ALIK  NB)=ALOIK NBI*RC*DALL (K ,NB ) ¢ROS*DALZIK,NB )
DAL{K,NBI=DALLIIK,NB}+RO®DAL2(K,NB}
g0 8 Hslpﬁ
8 VXA(NM K ,NB)=0.
icC CONTINUE
. DO 20 LN=],NL
BC 20 I=1.NPC '
KT oAN)=XO (1o LN)eRC*DXL (I 4LN)I+ROS*DX2{ 1o LN}
DX{IoULN)=DXL{T LN} +RO*TX2{1I4LN)
2C CCNTY INUE
CALL ALIGAIX sAL VX VXA VXAA])
fFINCRDER.LY.1} GLC TC S0
BC 40 NB=1,2

86

o




66

3¢
35

40
50

90

NAA=MA(NA)
IF{NAALEQ.0) GC TC 40
LN=LNNB{NB)
NVM=NNFANBINB)

0C 35 M=) AN

MM=pMM (M)

K=KM{M,NB]

1=20,.

DC 3C Ml=i,NAA
Kl=KA(M],NB}
2=2¢VXA[(PP K]l NB)*DAL{K]1,NB)
LCCNTINUE

OXIXKsLN}=Z

CCNTINUE

CCNTINUE

CONTINUE

P=0.

PRC=0,

DG 9C LN=1,NL

IFIE(NDERL12.GT 0l oAND{ {LN.NE.1) . OR.I{NR{1}.EQ.D0)).AND.
COULNJNENL).OR.INAI2).EQ.0})}) GO TO 90

CALL MULTI{VeX{1loLN) XV, ,NDyNP)
CALL MULT&L{BAXV,BAXV,NDyNPoN,yl)
CALL WYDER

CUTACLFILN) o TILN) s TP (LN s XVoBAXY ¢ BAXV ¢ WV 40y Q2 Gy GoeGo 2o NORDER)

P=pPe2ETIILN}

IF(NCRDER.LT.1) GO T0O 90

CALL PULTI{V,CXELoLN)sXVyNDyNP}
CALL MPULTLHI(BAXV,BAXV,NDyNPsNyl)
CALL MULT2{XV,0,29ND,NP)

CALL PULTZ2IBAXV QoWoeNCoNP)
PRC=PRO+2 .*TI(LN)*iwe¢Z}

CONT INUE

RETURN

END

SUBRCLYINE DERIVITIPXePXXPDIAGePXSAVo WD QsGoeGDoH ]}
IMPLICIV REAL*B{A-H,C-2)
COMMON/OPTICN/NPL NP2 NBE NB2 V1 4NV24NPO

360
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001

W#«n«'—'wﬁm&w}» P

39

49

84

8%

gge
89

COFPOCN/PARAN/RL ¢y NC o NP oNoNPD o NPML gND2 ¢ NPD2 o NPL1 o NO o NHy NAP
COMMON/SKRCHZ/PL10) 4REL1L0,10),S5110,10)
COMNON/CONSL/AIS:592)0AA15:5¢2)0BA(S542) Ul 10423 3VI10,2)CHEBELD])
COPPCAN/CONSZ2/78(10410)CE10e10),0(10,10)4ECLD,10),F{10,10)
DIVENSION PXU31),PXX(3]1,31},.,PDIAG(31),.PXSAVI3L)
CIMENSION W(l0)o0(1093)Qi00e3)19Gi1093e3)4G0{10e¢343)oH{1093,3)
CALL NMULTA(BA,C oG oNDyNPyN,2)

DC 49 Ml=lND

OC 39 Il=]1,NP

PIIL)=D(IL,FL)+QUTIL M}

Kil==NDeM]

BC 49 [1=]1,NP

Kil=K1¢ND

PXEKLI=TIS(PITILIeVIIL L)I*P{2)eVv (Nl ,2)%P{NPM])}
PRASAVIKL)=PX(K]1)

DC 80 Il=1,NP

DC 80 12=1,I11

FEIL 12)=0{ILl)sCiI),12)%0W(]2)

FUI2.11)=F{11,12})

CALL PULTY(BAF¢EsNP¢Nyl}

CALL PULTOI(BAE,EsNPeN,2)

OC 100 Ml=]l,NE

0C 99 M2=1,Mm1

OC 98 NFLAG=],2

DC 89 I1=1,NP

J2=NP

IF(MLLEQaM2) J2=11

OC 89 12=1,J42

IF(NFLAG.EQ.1} GO TDO 84
Z=STILe12)oGIIL M2, MLIRB{IL,12)4BU12,11)%G(I2,ML M2}
IF(E)eEQLI2) Z=74GLil1leMloM2)

GL TC a8

1=0.

DC 85 #3=],AD

L=LeH{ Il oW MLISH{12,M3,M2)

Z=H{IloM2 ML) RE(T2I1V+ELTL 02} HII2 ML M2)e2*F(I1,12)
IFIPL.EQM232=2+D1]1,12}

StIl.,12)=

IF{M].EQeM2) S{I2.11)=2

CCNTINUE



10T

N .

()

93

95
96
97
58

S99
1CC

o A Sy L P R E R A e L
* TR #*’ !:",ﬁ;..; SERNE LR - JURERRNNE T Ao P

BDC 93 Il=].NP

J2=NP

IFEIVMLEQaMZ) AND{TLoNE2) cANDJITL1.NELNPMLY) Jd2=11
8L 93 12=1,42

RUTLeI2)=S{I1o02)eV{I2:15%S(1L,2) ¢V{IZ2,23%S{11,NPM]L)
Kl==NCeM1

BC 97 Il=],NP

K1=K1¢ND

J2=NP

IFIML.EQ.VM2) J2=I11

K2=—-NC+M2

DO 3¢ [2=1,J42

K?- X2+¢ND

= IS{RITLHI2)4VIILs1)%R{2,[2)¢VII]l2)*R{NPMILIZ} )
fFtRFLAG.EQ.1) GO YO 95

KL=MINOI(K]1,K2}

Ki-=PAXO(K]l,K2}

PAX{KHKL)}=Z

GC 1C 96

PAXIK]K2)=]

PRX{K2yK1l)=Z

CONT INUE

IFUINFLAG.EQL]1 )} AND.(ML.EQ.M2))} PDIAGIK1}=PXXIK]1,K1}
CCNTINUE

IF{NC.EQ.2) GC YO 99

CONT INUE )

CONTINLE

CONTINUE

RETLRN

END

SUBRCLTINE EPHEM(DoN,V}

INPLICIT REAL*B{A-H,C-2)

REAL E+ANGL,AVLULELEM

COMMCNZELEMNT/ELEM(T)

CGMMOA/ESTUFF/ANGLAYCU

COMPON/NCENS/PI PI2,PIF,GRAV,TCONyVELCON,POWCON,PCUN
CIMENSION VU123 ,E{To1T)4F(T)

CATA CELTA /1l.E-14/

360

IN




DATA £ /
MoIBTLG909420562T7Ce4e12224274.835264701.340990,3.885480+-3065.0,
VeT7233320¢.00679309.059240591.332030+2.28652693.042010¢~3065.,90,
£1.CCCC00,.0167260,0.00000040.00000041.784643,1.748089y~3065.09
M1.52369]1940933680,.03228709¢8599577+5.8524859%4.516341,-3065.0,
J5.202803 04843509 .022782841.746105+.2387301+4.534309¢-3065.0,
$9.538843,.,05568204.043457141.977588+1.610319,%4.898639,-3065.0,
Ul9.18195,.0467209045.0134924%471.28798842.96724992.466237+-3065.0,
N30.057785.00857504.030957892.2923129772726243.786333,-3065.0,
P39.43871,4.25023609.2996713,1.91786643.91233493.170326¢=3065.0+
D03.4477004.623C0004¢342300092.425700+5.512300,5.512300, 5230.0,
11.€CCC00,0.0C€C0C0,0.CCO0C00,0.000000,0.000000+0.000000¢ 0000.0.
C2.767500, 00759000, .18512T70+1.40523042.6593009,.9140460, 0952.5+
$«1CCCC00,0.60C000,0.,000000,0.00000040.,000000,0.000000, 00C0.0,
X0+ CCCCO04yC.CCCCO0040.CC0000,0.C00000,40.00000040.000000, 0000.0,
E1.458100,9.223CCC04.189CC00¢5.3059C0,2.13050041.971400,~980C.0»
E2.2180004.84700009.2085700+5.832700+,2.79550092.795500, 4580.0,
H1724929009+967000092.83179741.012640,2.96287192.962871, 6439.0/

BC 1 i=1.7

i FEli=E{[sN)

s 'F(‘ANGLOSQ.O.).ANDO[AYOU.EQOI.’l GO ID 5
2 3 IF(IN.EQ.L1) JAND.{ANGL . NE.OL}) F{3)=ANGL/PI
[FIINEC.13).AND.{AYOU.NEL1.}) F{1)=AYOU ‘g"IF((NoNE»ll)«ANDo(ANGLeNEooe)) EPOK11l = D
5 CCNTINUE TF({N.EQ.11).AND. (ANGL.NE.O.)) F(7) = EPOK1l

[F(INJNEL 14} CR.IELEM{L).EQ.D.)) GO TO 6
CC & [=1.7

4 F{I)=ELEM{L)

& CONTINUE
AM=AMC{GRAV*{O-F(7)I/ITCON*FIL)}*%],.5)¢F{6)~-F{5},P12)
AE=AV
DC 1€C I=1,:25
B=AE-(AE-F{2)*SN{AE)-AM)/{l.~-F{2)%CN(AE)})
IF(AB(B8-AE).LT.DELTA} GO TO 200

1CC AE=8B

2CC AT=2.,%ATN2ISQU{1.¢F{2))*SN{AE/2.)oSQT(Ll.-F{2))*CNL{AEF2.,1))
P=Fi{li*x{l.-F{2)%%2)

R=P/7(l.+F{2)%CN{AT))

RY=GRAV*F {Z2)xSA{AT) /7{R=SQT{P))
A=GRAV*SQT(P)/R

L=FE5)-F(4)+AT




€0t

300

VILI=RE{CANIUISCNIFEQ) I =-SMNIUI*CNIF{3))*SNIF(&)))
VI2)=R*¥(CN(U)*SN{F {4} +SNI{UI*CN(F(3))2(N{F(4)))
V(3)=ReSNI{UISSNIF(3))
VIG)=RTEV(Lj-A®[SNIUI*CNIF{(&) ) +CNIUISCNIF (3} )eSNIF(&) 1))
VIS)=RT*V(2I-A*{SNIUISSN{F{4))-CN(UIERCNIF(3))*CNIF(4) )}
VIE)=RT®V {3 )+ A*(INIU}ISSNIF(3)))

GRAVR=GRAV%*%2/R¥*%3

DC 3CO M=],3

VIiMes)=-GRAVR*VI(M)

VIKeG ) =-GRAVR*® (VM3 ) -3, kV(M)*RT)

RETLAN

END

FUNCTION ETA(C)

I#PPLICIT REAL*B{A-H,0-2) 360 IN
REAL BH,0C

COMMCN/THRUST/BB,LLCO

ETA=BB/ (1. +{CC/C)*%2)

RETLRN

END

SUBRCUTINE INDCALINBDL ¢NBD2,NVLLI NVL2,NBFIX}

IMPLICITY REAL*8{A-H,0~2} 360 IN
CCVVCNFPARAM/NL ¢ NDoNP s NoNPDyNPML ,NO2,NPD2sNPD1oNO¢NHNAP
COWMPCAN/CPTICN/NPL NP2 NB]L 4NB2 ¢ NV NV2Z,NPO
COFFCNFINDEX/NLIG) ¢N2{E) yNCPIO) JNBLNIG) s KVI{3,2) e KA{3,2),NAL2),

CNPNB(2) s LNNB(2) +MMMISE ), MIM(H) oL M{E42),IM(6,2),KM(6,2)

NBL=ABDI

hNB2=NBDZ

IF({NBD]EQe1) AND.{NBD2.NE.1}) NB2=1
[F{INBC2.EQ.1 ) AND.{NBDI<NE.Y)) NBILI=1
Nvl=hvil

NV2=NVL2

IFINBRIX.AE.1} GO TO 15

NB1=2

NB2=2

[FINVLL.EQ. 1) NVi=2

IFINY 2.EC.D1) NV232




%01

15

2C

22

25

30

NAP=C

IFIINBEL.EC.1)a0R.INB2.EQ.1}) NAP=1

DC 20 iN=]1,NL
NBLN(LN) =1+ {LN/NLI=ILN/(NL*%2))
N1(LN]=]

NZUILN)=NPT

NCPELN)=ND2

DU 22 M=]1,ND2
MEMEINMIxMe [N/ INC*l))2{1-(ND/3))
BIv{NM}z=M={M/INC+L])®NC

DO 3C NB=1,2

LANBINB)={NB~1)*NL*+{2-Nl)

NMFNBINB)=AND2

IFUINBEQul e AND NV ECeO) e OR [NBoEGe2 AND.NVZ2.EQ.0)) NMNR(NB)=ND
NBS=3-2%Np

NYP=(NB—=1 JeNV2+(2-NB)2NVI
NBP={NB—L)*NBZ2+({2-NB)*NB1

NPCZ2P={NB—]1 )sNPC2¢(2-NB})*{ND2+1)

NVK={ {ND=2 ) ENVP*E2¢ (4-NC)ENVP+2END ) /2-{ 1-NBP ) *{ 1-NBP/2)
IFINB.EQel} NLI{L)=NPU2P-(ND2~-NVK)
IFINBLEQ.2) NZINL}=NPDZ2P¢{ND2-NVK)
NA(NB)}=NVP*{2-NVP}*(ND-1i+(1-NBP/2)

CC 25 [=1,3

KA(I«NB)=T¢NBP/2
KVIIsNB)=APDZP-NAS*(NAINB)+1-1¢ND*{1-NVP)®{1-NVP/2})
0L 30 M=1,NC2

LM{M NBI=Me{KE-LI*(NPLCL-NC2*{M/{NDel1) )]
IM{MNBI=1+{ tLM{M,NB)-MIM{M))}/ND}
KM(VMyNEB)=IM{F NB)*NPE{MIM{M}-]}

RETLRN

END

SUBRCUTINE KCPIR

CIPHE yNNNPHEMAX g PV o T oBOT o WMU o C o ALPHAW STy NSToWMUL ¢P3)

IMPLICIT REAL#*8(A-+,0-21)

DIFMEASICN PHE(301),5T(30}

CCMMON/NCONS/PI 4PI2+PIFoGRAV,TCUNJVELCON,PCWCON,PCON
CATA TAU,CELTAL,OELTA? /1.618034,.001,.00005/

RC=0,

360

IN



1028

10

15
2C

5C
60

70

80
90
95

P=laE20

RCZ=PHEMAX/ ({1 .¢TAU}

RC1=RC

P1=P

6C 15 1=1,20

WKZ=zPHEMAX=RLZ

CALL XRODOT{PHL NNNpBOT o WK 2 JPVYTEST oWMUL ST ¢NSTL,TEST)
C=PVY/(PVYITEST=VELCON)
WNU=ALPHAWSBOT*C$82 /(2 ., %PONCONST*ETA(C) )
P2=~wPUL(WFUCoALPHANWFUL)
IF(TESY.LELC. ) P2=1.E25

IF{P2-P) 10,20,20

RC1 =RC

Pl=P

RC=RC2

PxpP2

RC2=RC1+(TAU+1,)¥2(RC-RO1}

DC S9C I=1,20

RC3=RC1+{RC2-ROL)/TAL

WK3=PHEFAX-RC3

CALL KROOTV(PHE JNNNyBOT o WKI o PYTEST o WMUL ST NST,TEST)
C=PV/{(PVTEST*VELCON)
WRUzALPHARSBOTSCR82/ (2 ., *POWCON®TXETAI(CH)
PI==WFULIWFU,CALPHARW, WML }
IF(TEST.LE.Co) P3=1,E25

IFIP-P3) 60450,70

IFI{RC2.LT.RO1)} GC TO 70

RC2=R0O1

pe=P1

RC1=RC3

Pl=P3

GC TC 84

RC1=RE

Pl=pP
RC=RO3
P=P3

TFICABIPL-P) LY DELTAL) LANC.{AB{P2-P).LYT.DELTAL)) GO TU 95

CCNTINUE

IF({ABIPL=P) LT DELTAZ2) ANDL{AB(P2-P) . LT.DELTAZ)}) GO TO 99

A={RC-RO2I*PL1+{RCI1-RCI*P2+{RO2~-RUL }*P



20T

38

39

B={RC-ROZ)*{RCeROZ)*PL1+{RCI-RCI*[ROLI+RC)IEP2+
CIRCZ-RCL)I*{RC2+R0L ) *p

RC3=8/712.%4)

CChTIAUE

WK3=PHEMAX-RO3

CALL KRCCT{PHEJNNN¢BOT WK3oPVTEST o WMUL,SToNST,TEST)
C=PV/{PVYYESY*VELCON)
WMUSALPHARWRBOT*C$*2/ (2. *PUWCON®T*ETA(C) )
P3==WMLL{WMUsC o ALPHAW ,wMUL }

IFETEST.LT.0.) P3=1.€E25

IF{PI.LT.P} RETURN

FFERC3I.EC.RC) RETURN

RC3=RC

GC TC 98

END

SUBROUTYTINE KRCOT{PHE yNoeBZ yWKS,PVoWMLySTyNST,TEST)
IMPLICEIT REAL*8(A-H,0-2)
CIPENSICN PHEE30L),ST{30)
DT=1./FLT(N-1]}

BOT=¢2+07

nP0O=}{.

SC=C.

WKO=sPFRE( L )-WKS

NST=1

STili=0.

B=0s

r(WKQ.LT:0.) GO TO 7
STili=l.
NST=C
B=#2

WwKQ=B0OTE*NKU
OC 1C0O I=s24N
IFINST.6T.29) GO TO 120
CPHE=PHE{I)}=-PHE(I-1}
IF(B.EQ.0.) GC T 50
WM=w¥C-B0T

R EWMaLEeDe)  ANCL{OPHELGELG)) GO T 120
IFi{nM LE.C.) GL TC 20

360

IN




{01

-

10

20

5C

60

9¢C

95
1CQ
126

DL=ALNI{WM/WNGD )

WK=wK0-CPHE®DL

{FtmK) 20,10,10
$=SC~(DPHE+DL*{PHE(I-1)¢«DPHESWMO/BDT))
GC ¥C 9¢

NST=ASTel

Di=wWK(Q/DPHE

W=l ,E-20

IF(DL.CTa(~%6.0517)) WM=WMO*EX(DL)
X=(wlVO-wW)/BOT
STENST)=(FLT([-2)+X]®DY
S=SO-(DPHE*X+CL*{PHE(I-1)+DPHE*WM0/8DT})
WK=CPHE® [la—-X}

B=0.

GC TC 90

WK=nKQO+DPHKE

IF(eK) 95,95,60

NST=NST+]

X=] . ¢nKO/CPHF
STINSTI={FLY{(I-1}~-X}*DT
WM=WMO-BDT=X

IF(WF.LE.C.} GL TO 120
DL=ALN{WF/wV0)
S=SO-(DPHE*X+DL*(PHE( [ ) +DPHE®WM/BDTY } )
WK=-CPHE*CL

B=82

WMQ=wM

$0=%

WKO=h¥&

CONTINUE

WMlzwM

Pv=$

IFIBabEQeQo) TEST=(PHE(N)=WK)/HWM
IF(BRaGTaCe) TEST=PHEIN} /WM=-WK/BDT
IFiWN . LE.C.) FEST=-1.

RETLRN

END

SUBRCUTINE LSERCH{RCO,POPROO,ROPyPROLVNDERIV)




801

10

12

16

18

19

IMPLICEIT REAL*B{A-H,(C-Z)
DATA TAULCELTA /1.61803395,.017
RE=1.

RC1=R00

Pl=PC

PRC1=PRCO

PRCSAvVv=PRC1

RC2=RL

p2=p

PRCZ2=PRO

BC 1C I=1,5

IFI(PRLC2) S¢5412

RCL=RL?

P1=p2

PRC1=PROZ2
RC2=RC1+{RB=RC1)/2.

CALL DDERIVIRC2+P24PRC2,1)
CONTINUE

IF{P2.CT.PO) GC TC 45
RC=RCZ

P=P2

PRC=PROZ

GC ¥C 100

CCONTINUE

DC 20 [=1,20
RC=({RC2+RC1}/ 2.
Az(PRLCZ2/PRC1)*#2
IF({AGYTCELTA)AND{A . LTo(l/DELTA)})

CRE={RCLI*PRC2-RCZ2*PRCL1}/ (PROZ2-PRO1)

CALL DODERIVEIRC4P4PRCHL)
IF(PRO) 16,18,18

RC1=RC

P1=P

PRO1=PRO

GC TC 19

RELZ2=RC

p2=P

PROZ=PRI0
A=(PRC/PRLSAV)*=%?
IF(ALLTLDELTA)Y GU TGO 21

360 EN




60T

20
21
4C

45

&0

70

90
100

CCNTINUE

IF{PO-P) 40,40,100

RC2=R0

p2=p

RCI=RCO

Pl=P(
RC3sRO1+{RO2-ROLI*(TAU-L. ]
CALL COERIVIRC3I.P3I,PRO3,0}
BC 30 I=1,20
RC=RCI+(RC2-RC1I*(2.-TAU)
CALL ODERIVIRC.P4PRO,03
IFU(AB{Le~P/PLl) LT DELTA) AND. 1AB{1,-P/P2).LT.DELTA).AND.
C{P.LE.PO)) 6C YC 100
IFiP3.6T.Pl} GO TO 70
IF{P3-P) 60460,70

RC1=RC2

Pl=P2

RC2=RU

P2=F

6GC 1C 90

RO2=R0O3

P2=P3

RC3=RO

Pi=p

CONTINUE

CCNTINUE

RETURN

ENC

SUBROUTINE MCCPTR
CUPHE JANN s PHEMAX o PV o ToROI o WMU 4 C o ALPHANW s SToNST o WMUL )
IPPLICITY REAL®B{A-H,C-1}

DIMENSION PHE(301),ST{30)

CATA TAULLCELTAL,CELTAZ /1.6]18034,4.005¢.00001/

RZ =0,

P=1.E20

RC2=.1%TAL

RC1=RC

PL=P

360

IN




011

1¢

15
20

60

70

80

5C

95

98

89

0C 15 1=1,20

CALL KOPTRIPHE JANNJPHEMAX PV ToROZeWMU,Co ALPHANs SToNST,WMUL P21}
{F(P2=P) 10,2C420

RO1=R0O

Pi=P

RC=RCZ

P=p2 :

RC2=RC1+{TAL+1.}*{RO—-RO1)

DC 90 1=1,20

RCA=RC1+(RO2-RC1IFTAU

CALL KOPTR{PHE sNNNyPHEMAX o PV o ToRDI WML C o ALPHAN STy NST o WMUL ,P3)
IF(P-P3}60,60,70

RG2=R0O1

p2=pP1

RC1=RC3

Pl=P3

GC TC B8Q

RC1=RC

Pl=pP

RC=RC3

P=p3

IF((ABIPL=P) i T.DELTAL) LAND.IABIPZ2-P) .LT.DELTAL))} GO TO 95
CCNYINUE

IF(IABIPL-P)LT.DELTAZ) AND.(ABI{P2-PI LT .DELTAZ))} GC TO 99
A={RC-RU2I*PL1+{ROLI-RO)*PZ2+{ROZ=RUL ) *P

B={RC-RC2)* (RC4+RCZ2)*PL+(RCL1-ROI*(ROL+RO)SP2+

CIRCZ2-ROL1I*{RO2+ROL) *P

RCI=B/(2.%A)

CCATINUE

CALL KOPTR{PHE ¢NNNoPHEMAX 4PV o1 oRU3oWMU,yCo ALPHAW,ST oNSToWMUL,P3)
IFIP3.LY,.P) RETURN

IF(RC3I.EQ.RC) RETURN

RC3=RE

GC IC 98

END

SUBROUTINE MUCIFY(PX.DX DAL ,NORDER)
IMPLICIT REAL#B{A-H,C-2) 360 IN
COMPTUN/TINMEC/TT T{O) s TACUNMI T} 2TL(6),T2(6)YoT3(6)4TP{B]),TTP




TITT

1C
80

495

COFMIN/PARAM/NL yND NP NgNPDoNPMLyND2Z2yNPDZ2NPD Ly NOoNH, NAP
COFNMCA/ZINCEX/NLIG) ¢ N2IOGI o NCP {6 ) NBLN(B)oKVI{3,2)KATU3,2),NAL2),
CNMNB(Z2) ¢ LANBL2) o WMMIO) s MIMIE) oL M{6E22) o IM{E,2) e KMIBE2)
COMMON/BDYOU/VX{6e2) s VXAT G ¢34 2) s VXAALG,F,2)
COMMON/SKRCHZ2/XVA(L1O2302) o VXAL(Ge3,2) e VXL{6:2)DUM2{ 102}
CUMMON/OPTIONINPL JNP2 o NBL NBZ2 s NV1,NV2Z2,NPOD

CIMENSION PX(31:6)s3X{10s3,6),DALI3,2}

OC 5 “-‘-lghﬂ

DC & LN=1NL

DC 4 [=l.MAP

Kz{J=1)*NC+M

DI(I’F'LN,="pKIK'LN)

IFENVLI.NE.C) OX(2:My13=0.

[FTAY2.NELO) CXINPMLMyNL }=Q.,

0’!!.”,13300

DXENP M NLI=0.

IFENL-EC.Y) GC TO B8O

CC 1C LN=2,NL

00 1C M=],ND

DX(2:¥IN)=TILNI®DX{Z,M,LN)

DXENPPL oMo LN~ 1==DX{2oMeLNI*TELN=L}/TILN}

DXINP Mo N=1)=DX{1o¥yLN)

KAL=KA(L,1}

Ka2=KA{l,2)

OC 1CC NBP=1,2

NB=3-NBP

NAA=NAINB}

IFI{MNAALEQ.O) GC TC 100

NP=AMAB(NB)

LNsLANBINB)

NBL=ABLNILAN}

DU 45 M=],NAA

K=KA{M,NB)

L=Kv{VM,NB)

DALIK NB)==PX(LoLN}

CONT INUE

[IF{INAP.EC.]1)AND.INB.EQ.1)) DALI{KAl,1)=DAL(KAZ,2)

DC 98 M=] NV

pPr=ppRE{M]

Mi=FIMIM]}




ot
-
ho

93

S4

98
1€0

10 .

11

[=IF{F,NB)

Z1=C.

22=C.

BT 94 MPl=xl,NAR

Kl=KA{F]1 ,AB}
Z1=21+VXA{MM K] NBI®DAL (K14NB)
IFIKCRDERLEC.2) GC TC 94

=0,

CC 93 M2=],NAA

K2=KA{M2,AB)

K3=K1+3*{K2~-1)

L=l e¢VXAA[PNM ,KI NBI®DAL(K2,NB)
VXAL{MM,KisNB}=2
L2=22+DALIKLNBI®YXAL (MM K]1,NB)
CCNTIMUE

IFINCRDERLEQ.1} VWX1(MM ,NB}=Z2
XYAf1,MI NBLI=Z2
IFINCRDER.EC.2) Z2i=Z1+¥XLI{MMyzNB)
DXCEoMILLN)=Z1

CCNTINUE

RETLRN

END

SUBRCOUVINE MODLEG(T oML oSeLN)

EMPLICITY REAL*8{A-H,0-2) 360 IN
CIVENSION T16)

k=0,

DO 1C K=1,NL

LA=K

h=heTIK)

[F{SeLT.m) GO TO 11
CONTINUE
S=le=(W-S)}/VILN)
RETLRN

END

SUBRCUTINE MOPIR{PHE jANNPHEMAX PV, TyRO34C o ALPHAW 4 ST NSToWMUL}
IFPPLICLIY REAL¥*B{A-1,0-2)} 360 IN




€11

10

15
20

60

10

80

¢
95

98

DIFENSION PHE(301),ST{30)

DATA TAUCCELTAL,DELYA? /1.618034,.00%,.00001/
RE=0.

P=]l.E20

RG1=RU

PlsP

RCZ2=TAU/10.,

00 15 1=1,20

CALL ROOTRI{PHE sNNNPHEMAX yPY 3 T4RO2 ,CoALPHAW ST oNST o WMUL)
P2=~WPUL(RDZ2,CoALPHANW,WMUL)

[IF{P2-P) 10,2C»20

RC1=R0O

PI=pP

RC=RC2

P=p2

RC2=RC1¢(TAU<+l.}*(RO-ROL}

0C 90 1=!,20

RCI=RC1+{RC2-RCL)/TAU

CALL ROOTR{PHE NANJPHEMAX PV T RO34CoALPHAW ST NST WML )
PI==WNMULI(RD3,Co ALPHAW, WMUL )

IF{P-P3)} 60,60,70

RC2=R0O1

p2=P1

RC1=RC3

Pi=P3

6C IC 80

RC1=R(Q

PL=p

RC=RC?2

P=P3

IFCIARBIPL=P) LT .CELTAL) ANDL{AB{P2=-P).LT.DELTAL)} GO TO 95
CCNTINUE

CIFC(AB(PL=P ) LT.CELTAZ2} AND.{ABI(P2-P).LTL.DELTA2)} GO TO 99

Az{RC-RO2}*PL+(RCL-RC)*P2+{ROZ-ROL}*P
B={RC-RO2)%(RC+ROZ2}*P1+(ROI-RC)I*{RO1+«RO}* P2+

CI(RC2-RO1)#(RC2+ROL1}*P

RC3I=B/{2.%4)

CCNTINUE

CALL ROOTRIPHE ¢NANPHEMAX PV o T qROB 4L ALPHAW ST oNSToWMUL }
PI==WNUL{RO3I,Co ALPHAWyWMUL )

-




. 1iﬁa--,_é_:\‘d -

91T

99

IF{P3.LYT.P) RETURN
IFERC3I.EQ.RC}Y RETURN
RC3=RC

GC TC 98

END

SUBROLTINE MULTZ2({X,YoZsNDyNP)
IMPLICIY REAL#8{A-H,0-2)
CIMENSION X(L10e3),Y{10,3)
2=0.

DC I M=1,AD

CC 1 I=1.AP

Ld=l¢X1 ] M}XRY{I,V)

RETURMN

END

SUBROUTINE MULT3{V XY NDyNP)
IRPLICIT REAL®B(A-H,0-2)
CIMENSICN W{lG0e2)+X(i0,3),Y{10,3)
DO 5 M=]1,ND

Zl=X(2,M)

22=X{NP~1 V)

DO 3 1=LeNP

Zi=Z b eV{i,1}*X(T1,M)
22=22¢V([.2)%X{[s¥)

YL M) =X{[o¥)

Y{2,4}3=71

YINP-L,M}=22

RETLRN

END

SUBRCLTINE PULTL{AXs Yo NDyNPyNyL}
fFPLICIT REAL#*B(A-H,C-2Z)

EIMENSICN A{59542)eX{10s3)eY(1043),ULI5)},U2(5)

DL SG M=]1,ND
DC 49 [=1,N
K=NP+]-1]

360 IN

360 iN

360 IN




S11

Aol

75
79

99

49

LIGT=X{Kom)}=X{T,sM)
U201 i=X{K M)eX{1,y¥)
CC 99 I=1,4N

K=NP&¢]~-1

¥1=C.

v2=0.

DC 79 J=i.N :
IFIL.GYL1) GC 7C 75
ViaVi¢A(I.d,1)%UL. J)
V2=¥2+A(1.J,2)2U2(J)
GO TC 79
Vi=vieA{d,1,1)%UL(J)
V2=V2+A{Jds1e2)%U21J)
CCNTINUE
Y(is®)=V2—Vi
YI{KF)=V24V]

RETLRN

END

SUBRCUTINE MULTT{A+B2CeNeNS)

IMPLICIY REAL*B(A-H4C-Z) 360 IN
CIVMENSION A(S5:592)e¢B(5¢592)9C(54592):D1545,2]}
DE 2 I=],.A

¥=N

IF(NSL,EQ.2) M=]

BT 2 Jd=l,.¥

0C 2 K=1,2

£2=20,

CC 1 L=l.M

L=2+AE LI K)SBILyJ oK)

IFINSLECLZ2) DiasIeK)I=Z

CliedeK}=Z

DC 3 K=1,2

DC 3 [=1leA

EC 3 J=1leN

CllpJdoeK)sE{lgJeK])

RETLRN

END



911

SUBROUTINE MULTB(AL,A2,ByNP,NyNS)
IFPLICIT REAL#=B(A-H,0—-2) 360 IN
DIMENSION AL{5:5e2) 982(54552)8810,10)
DC 2 I=1,M

K=NP+1-1

p=p

CC 2 J=s1,¥

L=hNPe+l-)

BlloJi=Aliledel2}¢Adiled,sl)

BIKelL JI=A2({1 g 92} ¢A2{14dpl}
BiKeJ)=Al{lete2)=-AL{lsJdel}
BUloiL)=A2({1edel)—A2{(19Jdel)

IFI(NS.EQ.1) GC TO 2

BfJoI)=8(1,4)

BiLoK)=B(K.L)

BlJdeK)=B{KyJ}

BlLo13=B(l,L)

CCNTINUE

RETLRN

END

SUBROUTINE MULTS{AB.CoNP,NyNS)

IFPLICIT REAL*B{A-+,0-7} 360 IN
DIFEASION AL(595+2)9R2(545¢2)10A05¢5¢21¢8110,10),C(10,10)

DC 1 I=1,hN

K=NP¢]1~-1

CC 1 J=1,N

Li=NPei-J

AlELosJe1)=B0Js1)-B{J,X)

. Alflede2)=BlUdel)+BIUK])

A2l oJel =BiLK)—-BIL,I}
AZ2{143J:2)=BlLsK}+BREL,I)
CALL PULTT7{A,AL,ALoNysNS)
CALL NMULTTU{A,A2,824NeNS)
CALL MULTEBIALLAZ2,CsNPsNyNS)
RETLRN

EAC



L1t

-~

22
23

27

SUBRCLYINE PATCHI{PX PXXyPXA,PDG,NORCER,NOPT)

IFPLICIY REAL*8{A-H,0-Z) 3560 IN
COMMON/PARAMINL s NDoNP s Ny NPD o NPM1I o ND2 ¢ NPD2 ¢ NPD1 ¢ NG, NH o NAP
COFRMON/TIVEQ/TTyTIlO) o TACUMIT) o TL(G} o T2(6) s T3(O)sTPES),TTP
COPVMON/INCEX/NL (S gNZIO) g NCPIE) s NBLNIBO) 4 KVIE3,2),KA{3,2)eNA(2),
CNENBIZ2) LNNB{2) yMMMIE] MIMIGE) JLMiB92) o IMEG2) o KM{E,2)
COPNMON/BDYQ/VX{692) s VXALGB2342) ¢ VXAALE4TF42)
CCPPCN/OPTION/NPL ¢+NP2sNBL1  NBZ2NV1NVZ,NPO
COPPCON/SKRCHLI/ZSAVLII{30,3),54V2{3),DUMBI315)
COMMCN/SKRCHZ/XVAI30,2) s VEAL (G932 9o ¥WX1(6,2),0UM2(102]}
CIMENSICN PX{31:6)oPXX{3193106)ePXA{31,61},PDG{31,61}

0C 49 NB=1,2

NAA=hA(NB}

IFINAALEC.0) GC TU 49.

Nr=NFABEINE)

LN=LNNBI{NB)

CC 23 Ml=1,NAD

KilsKAai{¥] ,AB)

2=0,

CO 22 M=)l ,NM

FrapNp (M)

L=LPF{F ,NB)

2=Z4PX{LJLN)SVYXA{MM K] NB)

IFENCPT ECel) Z=Z+PXA{L LN}ISVXAL{MM,K]l,NB)
EF{INCPT.EQel) s ANDINF 0T a2) o AND (K1 aNE1))
CI=Z*PDGILJLNISYXALEMM KL NB)

CONT INUE

SAV2({PlL)=?

IFINCRDER,LT.2) GC TC 40

DO 29 Ml=]1,NAA

Kl=KA{MI,NB)

BC 25 [=1,NPC

2=0,

gC 27 yngNF

Mh=ppN (M)

K=MAXC{ILMIM,NBY)

L2MINCIIoLM{MyNB} ]}

232 ePXX (KLt R)EYXA{MM,KL1,NB)




29

37

ol
k)

4C

81T

45
46
49

SAV1(1l,M1)=2
CC 39 M1=]1,NAA
KL=KAi¥]i AB)
OC 3G M2=1,M1
K2=KA(M2, N8}
K3=Kl+3%{K2~})
=0,

DC 37 Mx],NM
Fh=ppMiM]
L=LM{F,NB)

IFCENCeECe3)cCRalINHECe3) o AND (K3 .NEWE)))

CLZ=2+PXILyLN)*VXAA{MM,K3yNB)
Zs2eSAVLI (L MLIRVXA(RM,KZ2,NB)
LI=MAXO(KVINM] ABR) KVI{NF2,NB})
L2=MINOCIKVIML.NB} KV{M2,NB} )
PXX{LLL2ebLN)=Z
CONTINUE
BC 46 Mi=]1,NAA
L=KV{VFL,NB}
PX{LLN})=SAV2I(F]l])
IF{NCRDER.LT.2) GO TG 46
NMPD=NPD-AWV
DC &5 [=1,NFPC
K=[+{2~NB }&NM
LI=MAXO(L 4K}

LZ2=FINO(L oK)
PXXILIL2sLN)=SAVLI{K,M])
CONT INUE

CONT INUE

IFINLLEQ.1} GC TC 100

CC 150 LN=2,NL

G=TiiN-1)

R=TI(LN)

IFINCRDER.LT2} GG YL 120
DC 116 J=1,NPD2
NCZ2Jd=NC2+4

DC 110 I=1,NC

NDIi=ANL+1E

NPDLI=NPL1l+]
NPUZ2I=NPC2+¢]




611

11¢
120

130
140
15¢C
icc

PXX{ND2JoNDI LN} =PXXIND2J,NDEsLN}*R
I=PXXINPDLIIJdetN—-1)

PXXC(NPDLT y JoLN=1)==PXX(NPC21oJ LN=1)%Q

PXXINPD2I ¢JolLN=-1) =2

CONTINUE

DC 14G I=1,NC

NPDLI=NPD1+1

NPD21=NPD2+1

NCI=ND¢1

ZaPX{NPOLEJLN=-1)#PX{I,LN)
PXINPDLILt=1)==PXI{NPO2I,LN~1)%Q¢PX{NDI LN}*R
PXINPD21,LN~1}=7

fF{NCRDER.LT.2) GC TC 140

00 130 J=1,1

NOJ=ND+J

NPDILJ=NPDL+J

NPB2J=NPD2+)

2=PXX{NPDLI yNPDLJLN=1}¢PXX{1oJo.LN]}

PXXINPDLI NPDIJ LN=1)=PXXINPD2] NPD2J,LN=1)%Q%%2
CePXXI{NDIsNDJ LN} & RE%2

PXX(NPD2I ,NPD2JLN-1)=2

Z=PXXINDI  JoLN)BR-PXXI{NPDLI,NPD2I,LN~-1)%Q
IFiJ.EQeI) GC TC 130

PXX{NPDLJoNPD2Z2E yLN=1)=PXX(NDJsI LN)*R=PXX{NPD1I ,NPD2J,LN~1}%Q
PXXINPDLI JNPD2J,LN-1)=2

CCNTINUE )

CONTINUE

CUNT INUE

EFINAPLEC.0) RETURN

LisKVilel)

L2=KV(1,2) :
PXCL2sNLI=PXIL2NL)#PX{LLoL)}

IF(NCRDER.LT.2}) RETURN
PXXTL2oL24NLI=PXX(IL2,L2oNLI+PXXILL L1o1)
IFENLEQel) PUXEL24L2,NLI=PXX{L2sL2:NLI42.*PXX{L2oL1y1}
DC 90 LN=1,NL

NCP2=N2(LN)

NCP1=N1(LN}

[PL=ACP2+1

I¥1=ACP1-1




0zt

10

80
9C

OC 7C JU=NCPL1 ACP2
IFENLGECLL) PXXIIPLadoINI=PXX{IPLlyJ e N}+PXX{dyIML1,LN)

IFEILNLGT ol ) cANDLILENLToNL) ) PXXH IPI'J.LN)gDQ
IFUANL.GToLl)aANDL (LNJEQal )} PXX{EPLyJoIN)=PXX{JsIMLLN}
CCNTINUE

IF{LN.EQ.1) GC TC 90

NCPL=NCP(LN)

IPMl=N2ILN-1)+1

€C 80 J=1.ANCPL

JLN=NCPLl-1+J

JLNMLIsSNZILN=1)=NCP{LN}+J

PEXX(IPML o JLNMLyLN-1)=PXX{IPML JLNML,LN-L])+PXX{IPL,JLN,LN)
CCANTINUE

CCNTINUE

RETURN

EMND

SUBRCLTINE PCERIVINORDER)

I¥PLICIT REAL*B8{A-H,0-=2)

COMMON/STATE/XT{3046) AL (342} 4P
CCVFON/BDYQAVX(622 )y VXALLIB32) o VXAA(D4,2)
COMPONIPXXPXIPX(3]) 461 oPXX{33931e6)oPXSAVIILe6)sPOIAGI3]1,6])
COCMNMUONIPARAMINL ¢yND NP yN¢NPD s NPM] ,ND2 4 NPD2 s NPD1 s NO s NHo NAP
COMPEN/TIMEQ/TTT(O)TACUMIT) o TLIB) o T206)sT3(6)TP{H)TTP
CCPFON/CLY/XVII0 16 g AVI3046) oWV (30,46}

COMPON/CONSL/A159542) 0AA1505,2)sBAI535:2))U{102)eVIL10,2}CHEB{IO}
COMMCN/SKRCHL/ZBAXV{30)0{30)4Q1(30)+sG(30)GDI{90) 4HI{IO) ,DUMLI[4&B)
CALL ALICGNIX AL WX VXA VXAA)

P=0Q.

DC S5 LN=1,NL

CALL PULTIIVeXTLaLN) XVILI+LN)yNDsNP)

CALL PULTAIBA XVl LN)sBAXVNDsNPoNyl1)}

C..LL WYDER
COTACUMILN) o TULN} o TPILN) o XV{LoLN) oBAXV,AVEILLN) s WVIL,LN)
CleQoGeGOsHPLNCRDER)

IFINCRDER.EQ.0) GO IC S
CALL CERIv
CUTBTUNY yPXTIL g LN} oPXX{1 ol o LN) g POIAGILoLN) o PXSAVIL, LN}y WVILeLND,

360 IN




) e } i " - i o .
ot N i - A < e et o AR e e c R . .. B T S . o -

CCoQeGeGDot)
5 PzPePLETI(LN)
RETLRN
END

FUNCTION PMAPIH])

IFPLICIT REAL®8(A-H,0-1) 360 IN
COMPCN/PARAM/NL NC NP NeNPDSNPML  ND2sNPD2yNPD14NDNHy NAP
COFPCN/OUTIXVII0,6) sAVI30:6) yWV{30,6)
COMMOUN/TIPEQ/TT oTiO) o TACUMIT} aT1U6) sT2{6)oT3(6)+TPL{BE)TTP
S=H

CALL MODLEGUToNL,SHsLN)

CALL POLEVLIWVILILN) 2GoSs1eNP,N,0O)

PEAP=] /%82

RETLRN

END

SUBROLTINE PCLEVLIYsGoSoND NPoNyNO)
INPLICIT REAL#*B{A~H,0-2) 360 IN
CIPENSION Y{10,3),HU10},6G(3)
Hi{l)=].
Hl2)=2.,85~].
I=2.%+12)
OC 1 [=3,AP

1 Hil)=2sH{TI-1)=-H{I-2)

IFENC.EQ.C) GC TO 3

Hill=Q,

w=H(2)

Hi{Z2)=z2.

CC 2 I=3.NP

X=H(])

HILsZ*H{T-1)-R{1-2}+4, %N

W=X

8C 1GC ¥=],AD

i=C.

CC 5 =10

KxhNPei-I

S L2+ (VY Ky NM)-Y{IqMIIBH{Z2%] )+ {Y{KyM)+Y{[ M} IxH{Z2%][=]1)

11

W R

P, oy e awea - N o -



(443

10

30

4C

GIVi=.5%7
RETLRA
END

SUBRCLTINE PUWER{R ToKPOsNGoPO,PL,P2)

IMPLICIY REAL*8(A-H,0-2)

REAL TILT,PLCSS

CCPMMCN/ARRAY/TILY ZPLCSS

COMMON/NCCNS /Py PL2sPIF,OGRAV,TCON,VELCONPORCON,PCON

CATA AlsA24A3,A4,A5 /o62705n305Q0‘10-0376Q?o10730’200021’
DATA RFIN,PPAX Fo6641.3967

FACTUR=ABI{SNITILTY/PIF) )*EX{-PLCSS*I}
IF{IR.LT.R¥MIN).OR.(NPO.EQ.C}) GO TOD 30

SR=1,./75QTIR)

PC={AL+SR¥{AZ+SRE[AT+SRE{AG+SR*{AS}]})))I/R%%2

IFINC.LT.1) GC TO 40O
Pla={2.,%8L+SRE{2,58A2¢SRE{ I kAT +SR*{3,5%845+SR%[ 4. *A5) )} )} /Re%3
P1=FACTOR=*¢1

IFINC.LT.2} GT TO 40
P2=l{EFAL+SRE(B.ISBAZ+SR*E{12.%¥AJ+SR*( 15, 79%A4+SR*{20.%A5) )} )] /R**4
P2=FACTCR®p?

GO TC 40

PO=PMAX

IFINPC.EC.U)} PO=l.,

Pi=C,

P2=Ca

CONTINUE

PO=FACTCR*PQ

RETURN

END

 SUBRCUTINE PXS{X0sDX1loXAeAVsWVePXePXAsPDGoTP,T3,NA)

IMPLICIT REAL®8(A-H,0-Z)
COMPCN/CONSL/7A(599502) 0 AA(5¢592) 9BAL59502)sU(10+2)eV(10,2),CHEBI10)
COMMUN/PARAM/NL gND o NP o Ny NPD ¢ NPML ¢ NDZ2 s NPD2 s NPDL ¢ NO s NH o NAP
COMMEN/SKRCHI/RE{LI0) yRZ(1014COLCL0)CELIL0)¢GOL10+3)9GLEL043),
CG2U1C+3)+CA110,3),CO{10+3)401(10+31,020104339AV1I{1063)eX1{10,3),
CPLULC,3),CO13),CL(3),CA(3)},DUML(5T])

360 IN

360 IN




(NA

19

38

CIFNENSION XULL10s3)oDXL{10+s3)eXA{10,3),AVILICe3)eWV{LDv3),
CPXE3L)PXA(3]1),PDGL3L1}

FNH2aFLTINK=-2)

CALL MULTI{V.LXLeX1yNDyNP)

CALL MULT4{BAXLosAVLyNDyNPyNol}

IFINALGTLC) CALL MULT3I{VsXA,XA,ND,NP)
EFENAGT.C} CALL MULTS{BAXA+GAJNDeNPeNel}

BC 39 [=1,NP

2=0,

BC 8 M=]yND

2=2+XQ (L yN)09%2

R2tl}=1.712

R1€1)=SQT{R2(1})

R2t1I=TPRR2(] )

Z01=0.

Z11=0C.

COA=C,

CC 19 ¥=],NC

CCtPFI=RLILI®XC(I M)

CL{MI=RYI{TISNL{T M)

CA(¥N}=0,

IFENA.GTLC) CAIM)I=RLI(1I®XALTI M)
CCA=COA+CCIMI*CAIM)

ZC1=200eLCiM)*LLEM)

Z11=2211+CLim)s%?

Cclili=201

CLitli=Z11

WO=wvilsl)

Wil=w¥{l,2)%COL(1)
WZ=mVITp2)%CLLET) oMV {lo3)%CO1C]) %22

BC 29 M=],ND

GCUI W)=m0®AV(]I, N}

AVLIEL M)=AVI( I o M)R2ETIX(CLEIMI=3 . %COL(T)*COIM))
Gl M)=Wl1®COLTI M} ewO*AVLIII M)

G2l W) =W2*GO( I 4 W) 42 . %Rl WORAVI(I, M) e W0
ClIA*RZIII*({S,oCOL(13#%2-CI1L{1)I*CO(M}=-2.5COL(I}*CLE{M}))
IFINA.EC.C) GAL(IM)=0,

IFINA.GT0) GA{I M)=WC*({GA{ I, M)+R2{TI)S{CAIM}-F,2COASCO[M)}) )¢
CCCA®WVI[22)8GC 1 4M)

CONT INUE




V44!

49

59

DC IOU [A=lg3
DC 49 [=1.0P
DC 49 M=]1,MND

IFITACEQ.L} U0{IeMI=GLILsM)+GO(] M)
IFCIALEC.Y) CLIT o M)=GCA(EM)}eG2(I M)¢GL(TsM)

IF{1A.EQ.2) OC{iIsM})=0o

IFCIAEC2) OL(TyMi=GLl{1oM)}eGO(T4M)

IFITA.EQ.3) CO(IaM)=CO(I,M}
IFIEIACEQL) CGL{EaMI=GLll M)
CONT FNUE

CALL MULTAT1AA,COo00sNDyNP,N,y1}
CALL MULT4{BA,CLl+CloNDoNPoN,y1)
DG 59 [=14AP

WC=WVilsl)

Wl=hvi{lo 2)%C0OL(1})

LC 59 H*leD
CO{LF)=HNCET0{]1,M)

CLUT oM)=wOSCl{14¥)

C20E M) =ulsCO{L M) ¢0LCT M)
CONTINVE

CALL PULTG(BA,C2.G2,NCoNPyN,y2)
DC 8C [=1,NP

80CC=C.

C2CC=0.

CCC1=0.

OCAv=0.

CQAV1=0.

Cl1Av=0.

DC 70 M=1,4,ND
COCM)=RL(TI*X0IT,N)
CliM)=RLEET)EXLITI,M)
OCtIoM)=RI{LISCO[ T M)
CltlM)=R1(I}*01(L,M)
C2(lMI=RL{E)02{I,M)
00CC=COCO0+CO{IyM}%CO(M)
02C0=C2C0+02{ 1 M) ®CO(M)
COCLI=C0CE+CO{I,M)}*CL{M)
COAV=COAVHCUL T PI®AV ([, ¥)
OCAYI=sO0AVI+0C{T,m)®AV]L{],M)
CLAV=ClAV+(O1(1,M)*AV{[,M)




AR PR L L e B S R S wn a el et e L
e T O e AL SRy o L TR R
P - SR ; N TotatES el
n‘ 7 1

[4+ CONTINUE
CCO==3,¢C0L{I)
CCO=3.*R2{1}#(5.*COL{1)*00C0O~02C0-NOCL)+
ChuVIiI3)®COLI{I)*COAV+WVI{142)%(00AVI+01AV)
CCLl==3,%R2{1)*COCOenvVII 2)*00AY
DO 79 M=} ,ND
19 PCLEJM)=G2{I ,M)+R2EL}${021T4MI+CO0*0O(L M) }+CCORCO(M)+CCLI%CLIM)
80 CCNTINLE
0C SS9 M=) ,ND
K==ND+M
OC 99 I=1,NP
KzKehD
ZaTINLPOLT o M) eV 138PD{2,M) ¢Vl 2V 8PDEINPME M} )
IFU{IACEQ.1) PXIK)=2
IFLIA.EQ.2) PXA(K)=Z
lF‘!‘oEQ.l’ PDGIK)=Z
99 CCNTINUE
IF(NALEQ.C) GC TO 200
IFI{IA.GTV.1)aAND.iNHLLT.3))} GO TO 200
1C0 CENTINUE
2CC RETLRN
END

|
N
L

SUBRCUTINE RECISI(!p&VsNLGNLP.NDQN?QN)
IMPLICIT RLCAL*8lA-H,0~2] 360 IN
CIMENSION X{30+8)¢XVIil0s3486),G(3)
COMPONITINEC/TT o TIO) o TACUMITI 2 TL 6 oT2(6) T3 6)eTP{6)TTP
COPMON/CONSLI/7AC5:502) sRAA1545:219BAI5:5¢2)sUl10e2) oV(10,2),CHEB(10O)
COPMON/NCONS/PIJPI2,PIF4GRAV,TCON,VELCON,PORWCONsPCON
k=0, ’
DO 2C LNP=],ALP
.00 13 I=14NP
SaWeTPILNPI*CHERIT)
CALL MOUDLEG{ToNLsSyLN)
CALL POLEVLIX(LoLN)¢GoySeNDeNP,N,O}
CC 13 M={,NT
13 EVII ¥, LNFI=G(¥)
2€C w=weTP{LNP)
TACUMEL}=C.




92T

3C

w Ay

DC 3C LNP=1.NLP

CALL MPULT3{U)XVIEIoLsLNP} oX{LLNP)NDoNP}
TILNP)=TPILNP)

TACLF{LNPel )=TACUNM{LNPI+T{LNP)
TICLNPI=1o/T(LNP)
TZELNP)=T1{LNP)*%x2
TIILNPI=TZILNP)*T1{LNP)
TPILNP}=(CRAV*T{LNP) } %52
NL=NLP

RETLRN

EAND

SUBRCLTINE RESCAL(N,SCALE}

I¥PLICLIT REAL®B8(A-H,0-2)
COMMON/PXXPX/PL{I0L) ,PHE(30L),TAU(301),YAUS{301},T(301),DUML(4819}
Suw=0,

Fil1}=0.

TAauS(1)=0.

Taui{l)=0.

FLTAMI=FLT{N-1)

DG 1 1=2¢0My2

TEIM=FLT{I-1)/FLTNMI

TEI#)=FLT{(T)/FLTNM]

TALSTI)=SLVM¢ (SH.%¥P([-1)+8.¢P([)-P{I+1}}/4,
SUM=SUM+ P(I-1)e4.%P([)eP(1+1])
TAUS(E+1)=Sum

J=2

DC & i=2,A

SsFLY(I-1)*SUM/FLTINM]

oL 2 K=l'h

L=Jek-]

IF(L.EQ.N) GC TC 3

[FISeLELTALSIL)) GC TO 3

CCNTINUE

J=L

TaUull)= THJ-1)e{{S-TAUSTI-1))/Z7(TAUSTII)-TAUSII-1) ) =(T(J)-T(J—-1))
SCALE=SUNM/FLT(3I%N=-3)

0L 5 I=1.A

FAUS{I)})=TALS{I)/SUM

360 IN




(et

30
&C

RETLRN
END

SUBRGUTINE RCTYIR{PHE ¢NAN PHEMAX PV T oWMU,C s ALPHAW ST NST o WMUIL)
IMPLICIT REAL*B(A-H,0-2)

BIMENSION PHET3UL ) ST{30)
COBMON/NCCONS/PI 4PI2.PIF GRAV,TCONVELCON,POWCON,PCON
DATA TAU,DELTA]Ll /71.618034,.001/

WJIV=PY/ IVELCON®C)

BCT=2.¢WMLSETA(C)*T*PLWCON/ (ALPHAW®(C®%2)
WKH=PHEMA X

WK=uKH

RJYPAX=0,

PH=C,

WKL =WKH/TAU

EC 3¢ [=1,20

CALL XROOT(PHE ANNsBOT smKL oy WJIVTST o WMUL STy NSTLTEST)
WIVMAX=AMX (WIVMAX o dVIST)

IFITEST LT .04} WIVTIST=1.E25

PL=2RJVISY

IFEUMJIVIST.GE.WJV}ORLUI.EQe20)) GO TO 40

WK=WKH

WKH=nKL

PH=P| .

WKL=WK+(TAU®L, ) *{ WKH-WK)

CONTINUE

DO S I=1+25

K= S {WKHewkL )

CALL KRCOT{FPHE NNNBOT o WK o WJIVTST s WMUL,SToNST,TEST)
WJYFAX=AMX{ R JVMAX s JVTST}

IFITEST.LT.0a) mIVTIST=1,.EZ2S5

IFIWJV=-WJIVTST) 2,3,3

WKL z=hK

PL=wJV¥TSY

6C TC 4

RKH=RK

IFIIWJVMAX L TanJV) o ANDL {PH.EC.wJIVTSTI) GO TO o6
Pr=wJVIST

IF(AB{L—~WJVIST/WIVI.LT.DELTAL) GO TO S0

360 IN




821

5C

ic

CONTINUE

WMUL=Llo~WJV/NWJVYMAX

RETURN

W= {PH-mJV)*aKiL~-{PL-WJV)*WKH)/{PrR-PL)

CALL KROOT{PHE gNNN,BOT o WK g WJIVIST o WMUL o SToNSTLTEST)
RETLURN

END

SUBRCUTINE SEARCH

IMPLICIT RtAL®B(A-HyL~Z) 360 IN
LCGEICAL CVRGL,CVRG2,CVRGL3,CVRGS

EXTERNAL CUERVIZCUERVZ

CCPPINICORNSL/A(5+502) 0AAL5,5021eB880545:2)9U(105,2),VvIil0e2},CHEBE103CC000120
COMPON/STATE/X{30,6) ¢AL(3,2).P

COMFON/OUT/XVI3090)9AVI30,6)9WV(30,6)
COMPON/PRXPX/PX{31+6) o PXX{31o3106)sPXSAVI3L,6).PDIAG(31,6)
CCMMONFCOEFC/CL(3) oCOEF (9} o NCCEF
COFMON/INECEX/NL(G) s N2(E) 4 NCP{ 6+ NBLN(O) o KVI392)sKA(3,2),NAL2),

CAPNBIZ2) JLANBIZ2) 4MPM{G) ,MIMIO) L M{62) o IM(E:2) 9 KM(6,2})

COMPCN/CHANGE/ZUXL{30,6) yUX2(30,6)DALL(3,2),DAL2{3,2)
COMMEN/PARAMINL yNDoNP o N o NPD 4o NPM]1 4ND2yNPD2 s NPD]1 o NO o NH o NAP
COPNOCN/OPTION/NPL NP2 NHLoNB2 NV NVZoNPO
COMMON/TINMEC/TToTUO) s TACUNMIT) o THIO) o T2{6)oT3{0)TP{6)VTP
CUMFCN/SKRCHZ/XVA(30s2) g VKALIG3+2)¥VX11642),DUM2{]02)
COMPEN/CVRG/CVRGL sCVRGZ2sCVRGIHZCVRGS
CCPPCN/ITER/IT NBFIX NRFIX

CCPNCNFDERI 2/NDERL 2

NDER12=0

CVRG3=,TRLE.

NCUEF =9

RCO=C.

CALL PDERJIVINC)

PC=p

NH=3

CONTINUE

I1F{ (ANCalECQCaZ) e AND L (NV] NEol 1o ANDW (NVZNESL))) NH=?2
TFEIALEC2) o ANC INHFIXGEQel )} NH=2

CALL PATCH{PX PXXPXSAYsPDIAG,2+0)

CALL SQRCCOT(PRX e NL o NI sNZoANLCPyNAPJNSUCC)




621

15

20

30

35

40

IFINSUCCLEC. 1} GO TO 30
IFEINC.€Qe2) cAND. (NH.EC.2)) STOP
DC 20 LN=1,0NL

DC 2C 1=1,NPC

PC 1% J=1,1
PAXX{TlsJoLNI=PXXE{JdeiosbLN)
PXUILLN)=PXSAV(E,LN)
PXX{I,1,LN}=PCIAGI T LN)

CCNTINUE

IF{NC.EQe2) NH=2

NC=2

GO TC 10

CCATINUE

DG 35 NB=1,2

DC 35 Kzl,3

DALL(K,NB}=0.

DAL2(K NB)=0.

D0 4C I=1,NPD

XV111113=00

XVAlly23=C.

BC 4C LN=1,NL

DX28 1,LN)=0,

CALL BAKSLBIPXX,PXoPXosNLoNLoN2,NCP,NAP)
CALL POCIFY(PXoDX1oDALYo1)

chlc

CALL COERV2(RGCP4PRO,0)
1FIP.LT.(1.001%P0)) GC TC 260
IFINC.EQ.3) GC TO 220

OC 180 LN=1,AL

NAA=Q

IFUILNCEQe 1o ANDNA(1}aGTo0)oUR- {LN-EQ.NL.ANDNAL{2}.GT0)) NAA=]

NBL=NBLNELN)

CaLL PXSEXVIL1oLN} oOXI{EoUNIoXVA{L/,NBL) AVILsUENIoWVI1eLN},
CPXI!-LNI.PKSAVEl LN) oPDTAGEL o LN) o TPILN) o TI(LN);NAA)

18C CONTINUE

CALL PATCEHIPXPXX¢PXSAV,PDIAGyL.1)
CALL BAKSLBIPXXoPX PX NLyNLsN2.NCP,NAP)
CALL FMOLIFYIPXsDX2,DAL2,23

220 CCONTINUE

iFth-EQ¢3! CVRG3I=.FALSE,

——

| mam—— Lk e it e+




0€T

;
b il

23C

25¢
255

26C

280

2%C

LQ 23C I=1,NCCEF
CCEF{l)=0.
CC 255 LN=l,AL

[F({LNECel e ANDoNA{ L) aGToa0) e ORG{LNEQaNL.ANDNAT2)GT0}IGO TC 255

CALL COEFF

CUXVILoLN) oOXY{ToUN) EX2{1sEN) s AVILoUN) o WV{1oULN),CO,TP{LN}}

DG 25C [=1 /NCCEF
COEF{I}=T3I(LN)*CO(T)+CCEFLI)

CCNTINUE

CALL COERVI(RCGC.PO4PRCOs1}

RC=,1

CALL CDERVI{(RC,PyPRO,IL)

CALL LSERCHIRCO+PO,PRCUSR0O4P4,PRO,DODERVL)
CALL CUERV2I(RC,P4PRGC,1)
[FiP.LT.(1.0C*PD)) GC TO 260

CaLL LSERCH{RCO:PO0¢PRECULRCyP,PRLyLCDERYZ)
CUNTIMLE

RC3=.5¢RO*%2

0C 280 LN=1,NL

DC 280 i=1,NPC
XEToLNY=X{1L yLN}+ROXDXLI (I oLN)+RCS*DX2{ I, LN}
CC 290 NB=1,2

DC 280 K=]1,3

ALIKyNB)=AL{K NB)+RO*DALLI{K,NB}+ROS*DAL2 (K,NB}
IF¢§ ‘N"FIXCEQ.I’.ANDO(NBFIXOEQOOJ) NHFIX=0
IF(‘RCQLr.tl}.Ahuo(NBFIXOEQ.Q)QAND.(NHQEQQE,) NHFIX=1
RETLRN

END

SUBRCUTINE SCRUOTLANL (N1 N2 NCP NAP,NSUCLC)
IMPLICIT REAL*BIA-H,0-2)

DIMENSIEN Al131:31,6)eNLE6)sN2{G)NCP(6)
NSUCC=0

OC 45 LN=1,NL

NCP3I=NLILAN)

NCPL=NCP3

NCP2=N2{LN)

NCP4&=NCP2 ¢NAP

IF{LNEQ.LY GC TC 9

360 IN




TeT

A RAS D) L e R IR, AW 5 T

B o~ O

10
20

30
35
40

NCPL=NCPILN)

NCPLl=NCP1 +NCPL

BC 8 J=1,MPL

JEl=Jj-1

JLNZRCPI~]¢J
JULNME=N2{LN=1)=NCPL+J
IF{NAPLEQ.O) GO TG 4
IP=NCP2+1}

IPMi=hN2(LN=-])}¢1
ALTIPoJLNSLN)=A[IPM]  JLNML1 EN—-11)
00 § I=Jj.NCPL

FLN=NCP3I—] ¢}
ILNPLI=NZILN=-1)=-NCPL+]

ACILN JINSLN)=A{ELNML, JLNML,LN=-1)
BC 7 I=NCP1,NCP2
Z=All,JLN,LN)

IF{J.EQ.Ll) GO TC 7

OC 6 K=]l,JM}

KLN=NCPI~] K

2=Z=A{] yBLNJLN)*A{JLNJKLNoLN)
AL s JLNLNI=Z*ATJIUN JLNLN)
CCNT INUE

DC &0 J=NCPL,NCP2

JPl=J¢l

JMl=j=1

2=A{JoeJdeLN}

IF({J.EQ.NCP3) GC TO 20

OC 10 X=NCP3,J M)
I=zL=A(JeKoLN)S%2

CCNTINUE

IF{Z.LE.O.} RETURN
AfJdyJeLNY}=1./75CT{2)
IF(JLEQ.NCP%L)Y GC TC 45

" DC 35 IxJP1.NCP4&

Z=Al14J.LN}
IF(J.EQ.NLP3) GC YC 35
BC 30 K=NLP3, UMl
I=2-A{ Lo KoLNI)*A{J KoL N)
AlT o JoLNI=2%A{JyJ4LN)
CUNTINUE




ZET

e

45

S0

18

CONT INUE

"FINAPLEG.0} GO TO 78
wP=R2Z2(NL)+]
Z=A{JP,JP4NL)

BC SC LN=leNL
NCP3I=NLILN)

IP=N2(LN)+1]

IF(LNLT.NL) NCP2=NZ2{LN)}-NCP{LN¢1)}
IFILNLEQ.NL) NCP2=NZ2{LN)
DC SC K=NCP3,ACP2
Z3Z=-A(IPKoLN)**2
IF{Z.LE.O<} REYURN
AlJPoJPaNL)=L./5C8T(2)
NSUCC=1

RETURN

EMD

SUBROUTINE STARTI{RNNNLPJNT)
IMPPLICIY REAL*B{A-H,C~-1)
REAL RAN

COFPON/BVL/CL :020HL o HZ2,VI(12),V2(12)
COFMON/QUT/ZXV (10934610 AVI30e6) oWV I{30e6)

COFMON/STATESX{10,;3.6)4AL{3,:,2),P

R N

b R

360 IN ; - 1

COMFON/PARAM/NL o NDoNP Ny NPDoNPMLyND2NPD2yNPD1,NOsNH, NAP
COMPON/TINMEC/TT o TUE )Y o TACUMIT)oTL{E) o T2(6)T3L6),TPIE),TTP
COFPPON/CONSLZALS 45920 0 BAT1595+2)0BAID:9¢2)eUI10+2),vil0,2),CHEB(10O}

COMMONINCONS/PLsPI24PIF GRAV,TCON,VELCON,POWCON,PCON

COMFCN/MAXNLG/MAXNL
FND=FLTINC~2])
IFINT.EQ.1} GC TO 4
CI=ATNZ2IVIE2),VIIL})
Q2=ATN2{VZ2i2)V2{l})
C=Q2-Ql+P[2
Q=AMDIC,PL2)
IFIRNNALTSDa) NR=RNAN-{QL/PI[2)-1.
Q=Q¢P[2%#FLT(NR)
RCI=svi(L]es2+y](2)%a2
RE2z2V2IL)%%24y2(2)%%2



EET

RI=sSCT{ROL+FND*V](3)%%2)
R2=SCTIROZ2+FNC*YZ2(3)%%2)

R=R2-R]

O1=ATN(VI(3)/SCT(ROL))
C2=ATN(V2(331/S5CT{RO2})

$=02~-C1

DR=AMX{R1 R2)7AMNIRL,R2}

RF=1.

IFIDR.GT.2,) RF=4/,/3,
IFEDR.GTo6e} RE=2,
lF‘A"N‘R!'RZ)OLT..33 RF=3.
NLP=l . ¢RF®ABIQI/PI
NLP=MINOINLP,MAXNL}

EFENLP.GT .33 NLP=NLP=-1]
IFINLP,GT.6) ANLP=aNLP-—-]

NL=NLP

TACUM{l)=C.

DC 5 LN=1.NL

IFINTL.EQeO) TILN)=TT/FLTINL}
IFINTLEQeLl) TILN}sTILNI®TT/TTP
TACUMILN+L)=TACUMILN}¢T{LN}
TICLR}=1/T{LN)

T2{LN)=TLI{LN)*%2
FI(LN}=TZ2ILN)*TL(LN)
TPILN)=(GRAV*T{LN) ) *%2
IFINT.EQ.1} RETURN
R1T=(Vi(1)*V1i&)evVL(2)*VLI{SI+FNDSVLII3)%Vi(6})/R]
R2T=IV2I{11*V2(%)+V2i2)%V2IS5)+FND*V2{3)*y2{6))/R2
CiT=(RI*V1{6)I-RLT*V]1{3}}/(R1%*RO1}
C2T=(R2*V2(6)-R2T*V2(I} I/ (RZ2SR02}
QIT=(vi{l)*vi(S)=-V1(23%V0Li&}}/ROIL
C2T=(v2(1)*V2(5)-y2(2)*V2{4})/RD2
IFIR.EQ.0,) R=.0000001
IFIC.EQ.C.) Q=.CC00001
IF(LL.EC.C.) C=.0000001
RIS=YT#*R1T/R

R2S=TI*R2T/R

CIS=TI*QL¥/Q

C2S=71T*Q27/¢

CilS=T1#0171/C




%eT

C25=17¢027/0
R1S=0.
R25=C,
DO 10 LN=]1,NL
CC 8 i=1.NP
S=ITACUMILN)*CHEBLI}*T(LN})I/TT
D=01¢STARTF{(C1S:,025,5)%0
[FINC.EC.2) C=0.
ExQL¢STARTF(Q1S5,Q02S+5)%Q
FaR1¢STARTFIR1S,R2S5,51%R
XVCIoLloLN)=F*CNI(E)ESCN{D)
XV{l,2¢LN)=FeSN(E}®CN(D)

8 X¥i{lo3,LN)=F*SN{D)

10 CONTINUE
DC 79 LN=],NL

19 CALL MULTIEUSXVIL 1 oLN) ) X{loloLN)sND,NP)
SR=R/AB{R)

Lilel}=DLI/TCCN
AL{L,2)=D2/TCCN
L{Z2s1)=ATNZ{SRE®VL(5]) SR®V](4))

AL(2,2)=ATNZ(SR®V2(5),SR*V2{4) ]
ALE3,1)=ATN(SREVL(6)/SQAT(VI{4)#%24V1(5)9%2))
ALE3,2) =ATNISRSV2{6)/SQTIV2{4)%%24V2(5)%%2))
IF(ND.EQ.2) AL{3,1}=0,

IF({ND.EQ.2) AL(3,2)=0.

RETLRN

END

FUNCTION STARTF(DZD1,S})
IFPLICIT REAL*B{A-H,0~2) 360 IN
IF{DZ+D1.6T.2.) GC TO 1
STARTF= S%{D2+¢5%{3,.-2.%07-01+5%(DZ+D1-2,.1))
RETURN
1 B=(2.,/{0I+C1)}/(1#S5QT{le—-(2.7(DZ+D1} )} )
STARTF= B#S*(CZ+S*(D1-D2}%,5!]
IF(SeGTala~B) STARTF=STARTF#,5%(5+8-1,)%%2%Dl*(]1.-B)/8
IFtS.LT-.8) GO VO 2
STARTF=STARTH+.5%B%{1.-B)*CZ

RETURN ////////

-




SET

2 STARTF=STARTI ¢.,585%D{s{].~B)*{2.-5/8)
RETLRN
END

SUBROUTINE TSHIFTI{X XVeNLoNLPyNDoyNP N}

IMPLICIT REAL*B{A-H,0-2) 360 IN
COMPON/TIPEQ/TT T{O) s TACUMITIoTL G o T2{H6},T3{H)TPILH),TTP
COFMONFCONSL/ALID 4592} 3 BAIS450219BAIS29¢2)sU(L10:2)e V10,23 CHEB(LO)
COMMON/PXXPX/PI301) PHEI30L),TAU(30L),DUML{5421)
CCMMPON/MAXNLG/MAXNL

DIPERSION X{3046) eXV{10,33,6):G(3)

DATA NPPLJEXPL-EXPZ F205=aT59—=a50/
IFINLLEQal-ANGC.NLP.EQ.1) RETURN
NLP=FINO{NLP,MAXNL)

DL S5C LN=1.NL

CALL MULTI(VeX{LoLN) o XV{1lsEoLN} NDoNP})

CALL MULTAGEAXVILogLoyULN) s XI{LeLN)eNDaNPoNsl}
NAN=NPPLE=NLP®]

FLINMI=FLT(NAN-1)

O8C 3 I[=]1.NNN

TS=TTRFLT{I-1)/FLTNM]

CALL MODLEGU(T4NL,TS,LN)

CALL POLEVLIX{1,LN) G TSeNDNPsN,O}

230,

BC 2 M=]1,ND

L=2+GiM)8¥2

IF{2.LEel) EXP=EXP]

IFIZ2.GT.1) EXP=EXP2

PlI)=Z%%EXP

CALL RESCAL(NNN,SCALE)

DE 5 LN=lyNLP

NPPLAI=NPPL*LN¢+]

TPELNI=TTSTAUINPPLNL)

TRPINLP)=TT

IFINLPLTL2) GC TU 900

OC & 122,NLP

NLP2I=NLP+2-1

NLPL1I=NLP+]1-|

TPINLP2I}=TPINLPZI)-TPINLPLI])




sC¢
$5C

8¢l

15

20

-

CALL REDISTEXosXVoNL NLP,NCyNP,N)
RETLRN
END

SUBRCUTINE VCALINP NBoNV HsToALVoVX VXAL,VXAA)
IMPLICIT REAL*B(A-H,0~-2)
CCPPFON/NCENS/PIsP12.PIF,GRAV4TCON,VELCON,POWCON,PCON
OIMENSION ALC3),¥X{6) JVXA[G23)oVXAA{S,33),V{12}
IFINB.NEL.2) CALL EPHEMITCONZ®ALI L) oNPoV}
HT=keT

ALIZ2)=AMD{ALIZ2),PL2)

CAL2=CNIAL(2))

SAL2=SN(AL(2))

CALI=CNIAL(3)}

SAL3=SN{AL(3))

VX{&4)=HT*CALZ2*CAL3

VEX(S5}=HT2S5AL2*CAL3

V{6 )=HTSSAL3

IFINV.NELL) GC TO 15

VEA(S4¢2)=~VX{S5}

VEA(S5,2)=yX{4&)

VXA(&,3)=—HT®CAL2%SAL3
VXAL(S5,3)==HT2SAL2*SALD

VXA(G 23 )=HT®CAL3 _
VEAA[44243)=-VXA(5,3}
VXAA(D,2,3)=VXA(4,3})
VXAA(4:3,2)=VXAA(&42,3)
VEARA(S,3,2)=VXAAIS42,3}

DC 20 M=],3

VX(NMIz=ViM} '
VERAIVPe3,3,3)=-YX(Me3

IF{M LT3} VXAA(Me3,2,2)=—yYX{Me1}
VXINGI)=VX(M+I )TV (Me)
VXA(Pli=ViM+3)

VXA(Fed Ll )j=TERYy(Meb)

VXKAALMa L, 1)=VIMe6)

VEAAIMe3 ,1,1)=T*ViMe9)

CONTIMNUF

RETURN

360 IN

s . - i n ot s — ki,
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END

SUBROUT INE VTHMDOE
CINCoRANGNPLLI o NPLZJNBCL o NBD2 yNVLLyNVL2sDALoDAZyHV ] HV 2o NPOWSNT )
IMPLICIT REAL*B8{A-H,0-2) 360 IN
REAL PRAT]1,PRATZ2,RRRIRRRZ2,VEL1,VELZ2,DD1,DD2

LCGICAL CVRGL.CVRG2,CVRG3,CVRG4

REAL RN,DAL yDA2 HY]Ll yHVZ2 RN oHHL yHE2 ¢BDY PV o PC 4BT o PMF
COMMUN/BDYP/BDY(3,4,2) ¢PVPL BT ,PMF
COMPON/STATE/X{104346)sAL{342),P
CUOMMON/BVYL/D]1 sD2oHE yHZ,VY(12),¥2(12)

COMFONZ INDEX/NLIGI ¢NZ2IO) ¢ NCPI{O) JNBLNIG) 4KV {392} s KA(3,2),NAI2},
CNPNBIZ2)oLNNBI2) s MMM{E) s MIMIG ) oL M{E,2) o IM(5:2) e KM{S,2)
COFFUN/PARAM/NL JND NP Ny NPD NPML ¢ND2,NPD2sNPDLs NDgNHe NAP
COMMON/OPTION/NPE NP2 o NBLoNB2 ¢ NVLE 4 NV2 o NPD
COPFMINFDUT/XYV{30:6) s AVI10,3,:,6)oWVI30C,6)
COPPUNFCONSL/B15:542)08A15:5:21sBA0S:592)3U(102)0e¥Wil1Ce2),CHEB(10)C0O000120
COMPONSTIMBEC/TT 2 T{6) g TACUM{T) 4 T1(6)T2(0)TI(6)TPIO),TTP
COMMONS/NCCNS/PIL4PI2,PIFyGRAV,TCON,VELCON,POWCONPCON
CCMPOA/INTOUT/RNNoNCC:NTT ITTHHLHH2
COMMUN/PANDR/VELL oPRATL s PRATZ2,RRR1yRRR2,VELZ2,DD1,0D2
COMMON/CVRG/CVRGL,CVRGZ2,CYRG3,CVRGS

CONPON/COUNT/NCOUNTNLP

COPMON/ITERFTIT JNBFIX o NHFIX

COMMON/MAXNLG /MAXNL

CIFENSION GL1{3),GNL(3}

DATA OCELTAL,DELTAZDELTANLCELTAP /.001,.,00015.01,.057

DATA NCONGNITY 70G,20074

NCOUNT=NCOUNT+]

CYRGL=.FALSE.

NF=C

IFINTL.EQ.1} NF=]

1TT=0

NPC=APCH

NCC =KC

RANN=RN

MIT=AT

Ci=0Al

C2=042

LET

A A B,




BET

NP1=NPLI

NP2=NPL2

Fil=kV]

kH2=Fv2

HLI=VELCON*HVI®FLT{2-NhVL1])
H2=VELCON*HV2*FLT{ 2-NVLZ)

NC=2

IF(MTLEC.1) NC=3

TIP=710

YI=(C2-D1}/YCCN

CALL EPHEMIDL.NPLl,V1)

CALL EPHEM{DZ,NP2,V¥2)

P5$=C.,

KP=10

NPNM]=NP-1

N=NP /2

[F{MCCNLEC.0) CALL CONSTINP,N}

NCCh=1

ND=NC

IFINCLEQC.3. AN NTLEQ.D) ND=2
IFINC.EQ.1) NE=.

CALL STARTIRANJALPSNT)

CONT INUE

NPO=NPENT

ND2=2%ND

NPD i =NPO~AND

NPC2=NPD-=-AND?

NBFI[X=1

NHF [ X=0

DELTA=DELTA]
IF{IABDL.LT.2)CRLINBCZ.LTL2)) DELTA=DELTAZ
DC 9% [T=1,NIT

ITT=0TT+1

IFINL.LT.3) NC=3

EF{INTY cEQal ) e AND I TaGloal ) e AND{TESTLT142} NBFIX=0
IFTINTT . EC. L) e ANDLITESToUToleld) NEFIX={
ITFUIMIT . EC.O)cAND.INL.LEL3) ) NRFIX=D
CALL INCCALINBLL ,NBC2NVLLNVLZ2,NBFIX]
CALL SEARCH




6E1

TEST=AB{{PS-P)/P}
PS=p
CVRG4=({TEST-LTLOELTAN)
CVRGL=( 1T oaGOT ol ) s AND o I TEST LTDELTA)ANDL(NBFIXeEQ.G)
IFENFLEQeC) CVRGLI={ TaGToal) o ANDITEST LT LDELTAP) JANDL INBFEX.EQ.O}
CVRGZ2={NOD.EQ.2)OR.INF.EQ.0Q)
IF{IT.EC.NIT) GC TG 940
IF{CVRG]l JAND.CVYRG2.ANDLCVYRG3) GG TO 100
IFENC.LTL3) NFT=0
NEFIX=]-MCDIIT,2)
[IFINCLEC.3) NEBFIX=0
IFU IToGTal) o AND.ICVRGS4.ORa{NL.LE-3)})} NO=3
99 CCNTINUE
1CC CCNTINUE
CALL PDERIVIOQ)
CaliL AVTEST{AV.T2+¢NLPyNLyNDNP)
IF({INFLECSL) o ANDINL.EQeNLP) ). OR.{NF.EQe2}) GO TO 925
IFCINL.EQoMFAXNMNL}LANDL{NF.EQ.1)) NF=2
IFINF.EQ.C} NF=1
CALL TSHIFTUX s XV,NLyNLP,ND,NP,N)
GC IC 15
IFIND.EQoNC.CRJND.EQa3) GC 1O 350
ND=h(C
0C 930 LN=1,AL
DO 930 1=1,NP
930 X{ls3,LN}=C.
GC TC 15
S4C CONTINUE
WRITE(6,1C09)
35C CCNrTINUE
Z1=C,
12=0.
R1=C.
R2=0
DO 975 M=1,ND
BOYIMoLlyli=X{1oMyl)
BEOYiIVNM 2,1 )=X{2,Mel)*TL(})
BDYEWM12)=X{NP,¥MyaNL)
BDYIN42¢2)==X{NPM]L M, NL)*T1 {NL)
BEYINM 3,1 0T2(11®AV(1.M,1)

o3
3.
(K.}
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975

580
G585

BDY(M,3,2)=T2 (ML) ®AVINP,M,NL)
RLI=RISX{L,¥,1) 852
RZ=zR2+¢XINPy, M NL }I®*?
GltWM)=X{2¥))/T(1l)~-v1(Me3)
GRLIPF)=—X{NPFML VM NL)/TINL)-VZ2IM+3)
ZE=214G1(N)*%2
£2=124GNL (K) %2

FRl=SCT(Z1)/VELLONA

CC! TOON®AL (1,1}

CC2=TCCN*AL (1,2}

IFENVILEQL2) AL{2¢1)=ATNZ2IAV(1s241)sAVILlalsl})
IFINV2.EQe2) ALI2:2)=ATNZ2{AVINP,2,NL) AVINP,14NL)})
IFT(AVL9ECa2) e ANC L (NCaEQe3})

21=5QT(21)/VELCON
22=5Qqr(z2) /VELCON
R1=3QT(R1)
R2=5qQT(R2)

Hl=21

H2=72

VELl=71

VEL2=72

RRR1=R1

RRR2=R2
PRAT1=1./WV(1,1)#**2
PRATZ2=1. /wv(wp NL)**2

CALU3,1)=ATN{AVIL y3o1}/SQTIAVIL,2,10%%24AV{1,1,1)%%2)]

IF{INV2.EC2)cANDENDECL3]))

CAL{32)=ATN(AVINP3,NL)/SQTIAVINP s 2,NL)**2+AV{NP, 1,NL)*%2})

FFINVI.EQ.O} AL{2,1)=ATAN2(GL(2).,C1(1))
IF{NV2.CQ.0) AL{2,2)=ATN2{GNL{2)GNLELY)
IFEIANVELEC.Q) e ANC L INDLECL3))
CALII L)=ATNIGL{3I)/SCT(GL L 1%%2¢GL{2)%%2})
IF{{NV2 ECu0) e ANC o {NDEGa3))
CALE42)=ATNIUGALI3)/SQUIGNLIL)®%24LNL{2)%%2))
CC 985 LN=14NL

CALL MULTI(VaX(hol s LN} XVEL, LAY NDoNP)

CALL MULTA{AGXVILI LN) JXVIEoLN} yNDeNP N1 )

C CALL NMULTSTAAVIL o1 sIN)JAVILolsLN) NOsNPyNgl)

CALL MULTATIA WVILEN)owVIL LN} gLleNPyNy1}
DL 98C M=],ND

CC QEC [=1,NP

Ay DloMo LNI=AVII ¥V ,LN)®T2{LN)

CUNTINLE

Ri=C.

RZ2=1.
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99¢C

1€C9

CALL POLEVL{AVILly1,1)sGleRIsNDsNPNyl)
CALL POLEVLIAV(1o1oNL)sGNLIRZ,NDyNPyN,1}
CC 990 M=],ND ‘
BOY(My4,1)=GLliMI®TL(L]) 1
BEY{(VMa%, 2)=CNLIM)*T](NL) 4
Py=p
NTT=MNT

RETURN A
FORMATI(//74X3GHFOLLOWING TRAJECTORY FAILED TO CONVERGE) _ : i
END © '

SUBRCLTINE VTCUT S |
IMPLICIT REAL*B(A-H,0~2) - 360 IN - . i
REAL TILT,PLOSS o ANGL ¢AYOU ELEMyRNN,HHL o HH2 S |
COFMCN/CCUNT/NCOUNT o NLP | -
COMNCN/BVL/CL +C2,HLloF2,VLI12),V2{12}

COPMON/TIMEQ/TTFi6) s TACUMIT) yTL(6),T2(63,T3{6),TP(6),TTP
COMMCN/PARAN/NL yND ¢ NP o NoNPC o NPML yND2 o NPD2yNPD1¢NO ¢ NH o NAP

COFPCN/CPTION/NPL NP2 NEL ,NB2 ¢4NV1,NV2,NPO

COPPON/INTOUT/RNNgNCC o NTT o 1 F T, HHL o HH2

COMMONZARRAY/TILT o PLOSS - |
COFMON/ESTUFF/ANGL » AYCU o
COMMCN/ELEMNT/ELEM{7) SRR
COMMON/STATE/X (1093463 4ALE3+2),P

COPFON/OUT/XVII0.6) s AVI30:6) yWV(30,6)

CCMPCNINCENS/PT P12 PIF GRAV o TCOUNVELCON, POWCUN, PCON

COMPON/SKRCH2/B{15) 4G(3),GT{3),CONESC(4¢2),0UML(L8L)

ALL11=TCON®AL(1,1) ¢
AL12=TCON*AL{1,2}

AL21=PIF®AL{2.1)} : 1
AL22=PIE*AL{2,2) 1
AL3L=PIF*AL{3,1)

AL32PIF*AL{3,2)

PS=PCON®P 1
NRITE(6,8C00)

WRITE(6,9C) ACCUNT

WRITE(6+92) NCCoRNNNPL NP2 ,NBL o NB2 sNVL oNV2 D1 902 s HHE s HHZ s NPOSNTT -
WRITE(6094) TILT+PLOSS s ANGL ¢ AYOU l
WRITE(6495) ELEWM




AR

WRITE(G,96) NL,ITT
WRITE(6,98) ALIl:HL,ALZ21,AL31,AL12,H2,AL22,AL32,PS
RRITE{(6,109}
Gl3}=0.
GT(3)=0.
CC 20 I=1,26
S=FLTilI-1)eNL#+25}/25.
LN=3
IF(LN.GTJAL) LN=NL
S=S=FLT(LA}
Y=TACUMILN) ¢S*T(LN)
BE1)=TCON=Y
CALL PCLEVLIWMVILLN)oZ:Sel s NPyN,0Q)
Bil2i=1l./2%%2
CALL POLEVLIXVILeLN}9GoS¢NDeNPsN,DO)
CALL POLEVLIXVIRoLN} oGTosSoNDsNPyNsl}
=0,
0C 15 M=1,3
BEM+l)=G(F)
BIMel21=GTI(NV)/TILN)
15 W=WeG(M)ex2
BU1531=5QT(w)}
B{lLl)=AMAP(Y,CCNESC+0,B{10)B8(8),8(9)yPHEL,PHEZ)
L=PIFSATNZIG{2),G11))
IF{I.EQ.1) GC TO 17
CC 1& K=1,45
IF{{Z-2SAY¥}.GY.180.) Z2=2—-360.
16 'F((Z"ZSAV’OLI."’IBO.) 232"‘360.
| ¥4 Bl6)=2
ZSAv=7
BUT)=PIF®ATIN[G(3}/7S5QT{GILI%%2+G(2)%%2}}
2C WRITE{(G6,1COI{BEI}yJ=1,15)
. RETLRNMN
SC FORMATIL/7/777950X4HCASELL15)
92 FORMAT{/IXISHCALL LIST INPUT,15X,
163HNC RN NP1 NP2 NB1 NBZ2 NV NVZ Di 02 H1 HZ NPO NT
272X 13 3F el ol 33516 9F8aloFTalel2Fbalsldpia)
94 FORPATI(/ZLX1I8HCCMMON BLOCK ENPUT 12X
126TILT PLOSS ANCY AYQUs 730X e FSalsFBa2eFTaleFTel)
35 FCRPAT(/1XLBHCCMMON BLOCK INPUT 912X 2X2HELs BX2HEZ9 BX2HE 3, 8X2HE4,




€91

CBAFES 2 8X2HEH 4 BX2ZHE T 9 /30K sFI10a%e5F 10 TeF 7.1

96 FCGRMAT{/LXIIHINTERNAL PARAMETERSoLIXo6HNL NIT,/31X,12,14)

g8 FCRPATIZLIXOHCLTPUT 424X,
124%C1 1 ALl BEL 88X, 30HD2 HZ At /2 BEZ JV,
2ICBR s F Tal ol GaloFBal sF Tl odXgFTaloFbaleFS8alsbFTaleFIa3)

ICQ FLR’A“F’QQ?!‘DFB.3!6F8.2!F8.3'8K'3Fd.3)

109 FORMATI/Z7/7AXGHTIMESXLIRXTXIHYIXIHRZTXIHREXSHTHETA4XIHPRHISXS4HCONE

CIXSHCLCOCKIX4HXZEE4XO6HMAG. A3X4HP/POLIZX2HXDEX2ZHYDEX2Z2HID/ 7}
BCCO FCRFMATIIHL,//)

END

FUNCTION RMLLI{wNMUCoALPHAW WNU])

IMPLICIY REAL*8(A-t 4C~2) 360 IN
REAL TANKS

COCMFEN/INERTS/TANKS

wWhUL=WMUL®{ | . ¢ TANKS ) =M~ TANKS

RETURN

END

SUBRCUTINE WYLER(TO TLoTP o XVeBAXV AV oWV sDoUeGeGDeHP,NUORDER}
INPLICIT REAL*B{A-H,L=-2)} 360 IN
CONMPUN/OPTION/NPL NP2 ,NB1 oANB2NV1sNV24NPD
COMMON/PARAMINL o NDoNP s NoNPD,NPM) 4 NDZ o NPD2yNPD Lo NG NH, NAP
COCMPON/COASEZ78154952) 2 BA{545,:2)eBAIS:52)U010,2),V(10,2),CHEBLLIO)
DIFEANSION XV{IC,3)¢BAXVII003)pAVE10,3),wVI1043)4RVIED)L,0E10:3),
CCILICe3)eGl009393)eGDIL0s343)eHIN10,3:2)

CIFEASICN RXVI3)IoRCIZ),RAVII)IRHVII),QQ(3)

OC 36 [=1.AP

TI=TC+CHEBI ) 2TL

2=z0.

D€ 8 M=],AT

8 TEFAS S AR XY SR LYY

Rvi{I)=3(T(2)

Rl=1s/7RVI{])

RI=TP*2i%%3

CALL POWERIRVIL) o TEoNDL,NURDE! ¢PCyP1,P2)
wvilol)=L./5CT (PO

IFINCRDERGT L) wyl[,2)=-PLleRV{I)/{2.%P0}




Lkt .

VAay

39

45

60

15

77

79

IFINCROERGTal) WVILI3)=—P2%¥RV{[})*%2/(2.%PC)

CenVil 2% (3 . %l ,2)-14)

DC 3G M=],4,ND

AVIT 0 i=zBAXVIT M)4RIXXY (I 4M)
QLM )=V (Tl )®AV{[,¥)

CALL PULTSLIAA,CoCoNDoNPyNyl)
CALL MULT2(QeCoPeNDyNP)
[FINCROERLLTLLE} GO TO 100

DC 80 I=li4sNP

Ri=1./RV{])

R3=FP*R ] %33

RCXy=0,

RCAV=0.

REHVS’-O.

OC 49 W=l ,NC
ClloMI=nVIIsLI®C(I M)
RXVI{M)zR]I®2XYV{[,M]}
RCIF)I=RLI&EL(IeM)
RAV(VMI=R1I2AV{I¥)

REVIM)=WV{] s 2)ERAV(M]I-3 ., kRIXRXV (M)

ROXV=ROUXVERC{M)ERXV (M)
RCAV=RCAV+RC{MIZ*RAV (M)
ROHV=ROHV+QIL M) ERHV{V)
IF(NORDER.LT.3} GC TO 60
CRC=R3*(WV(I,2)-3,)

CRXV¥=I *RI*XRCAXVEL{2,.5=wV(],2))+.5%RQAVXR¥(],3)

GUC=RCAV*RV(],2)-3.#R3I*RQXY
CC 79 Mi=],.NC

ClloMLE)=RI*CII ML )+RQFVERXYV(M])

FF{NCRDER.LT.2) GC TC 79
OC 75 M2=1,ND

GELoMLoM2)=ROTMLISHV{I 2 ) 2RXV (M2}

H{l oVl oM2)=RXVI(MZ ]} E®RHVIM])
HIiE ¥l oML)=H{I MLl ,M1}4+R3
IFINCRUER.LT.3) GO YO 79

CCUPMLI=CRU®RC (ML) +CRXVERXVIM])

DC 17 M2=],M]

GEIloMIoy¥2)=RXVIM]1)*QC (M2 )+RXV(M2)*QQ(M])

GCElo¥1,ML)=GL (1 ML, VM1 )&GLT
CCNIINUE

PR E—
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CCATINUE
CONTINUE
RETLRN
END

FUNCTION AB{X)

IFPLICIT REAL®*BIA-H,U-2)
AB=DABS(X)

AB=ABS({X)

RETURN

END

FUNCTION ALNIX)

IMPLICIT REAL*8(A-h,,C~Z)
ALN=LLOGIX)

ALN=ALTG(X)

RETURN

END

FUNCTICN AND(X,Y)}
INMPLICIT REAL#B{A-H,0-21}
APD=CNGD (X, Y}
AMD=ANODI(X,Y)

RETLRN

END

FUNCTICN AMNIX,Y)
IMPLICIT REAL®*B{A~H,(=-1)
AMN=CMINLI{X,Y])

AFN=AMINL (X,Y])

RETLRN

EnD

FUNCTION AMX{X,Y]
IPPLICEIT REAL#28{A-H,0-1)
AP X=CMAXL (X,Y)
AMXzAMAXL(X,Y)

RETLRN

END

FUNCTION ATN(X)

IPPLICIT REAL*®3(A-+,0-2)
ATN=CATANI(X)

ATN=ATAN(X)
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360
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RETLAN

END

FUNCTION ATN2EX,Y)
IMPLICIT REAL*8(A-H,0~2)
ATN2=DATANZ (X,¥)
ATN2=ATANZ[X,Y)

RETLRN

END

FUNCTION CN{X)

IMPLICIT REAL*B(A~H,0~2)
CN=CCUS (X )

CN=CCS(X)

RETLRN

END

FUNCTION EX(X)

IMPLICIT REAL$B({A~H,C~2)
EX=CEXP(X)

EX=EXPIX)

RETLRN

END

FUNCTION FLTIN)

IMPLICIT REAL®8(A~K,0-2)
FLT=DFLUAT(N)
FLT=FLOAT(N)

RETLRN

END

FUNCTION SN{X)

IMPLICIT REAL*8{A~H,0-1)
SA=CSIN(X)

ShN=SINEX)

RETURN

END

- FUNCTION SQTiX)

IPPLICET REAL*B8{A-H,(=-2)
SCT=DSCRT{GABS(X) )
SCT=SCRT{ABS{X})

RETLRN

ENE

BLCCKX DATA

IMPLICIY REAL*B(A-H,(C~-Z)
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REAL TILT,PLCSS+ANGLoAYOU.E,8B89D0yTANKS
CCPMCA/INERTS/TANKS

COCFMON/THRUSTZ7BB,CC

COMMONELEMNT/E(T)

CUFMFON/CCUAT/NCCUNT 4NLP

CUMPCA/MAXNLG/MAXNL

COMMUN/NCONS/PILoPI2,PIF GRAVTCON,VELCON, PCWCON,PCON
COFFCON/ARRAY/TILTPLGSS
COMPON/BDYQ/VX{602) s VXA(L18,2) s VXAA(54,2)
COMMON/ESTUFF /ANGL +AYCU

CATA NCOUNTNLP 7041/

DATA FPAXNL /767

DAYA P PI24,PIF GRAVoTCUNoVELCON,PDOWCON,PCON
C/3.1415926535898,6.2831853071796+57.295779513082,6.2831853071796,
£365:254.2104,431557.54.7121/

DATA VX VXA VXAA /156%0./

DATA TILT,PLCSS /7900047

DATA ANGL 2 AYOU /Qaelo/

CATA € /7%0./

DATA TANKS /C./

CATA BByCC /71.40.7

END

VAL

[T R R

Gra T M




gyl

OVERLAY A

INSERT CCACPoCLPTR,CTMUUE, CTOUTLETA,KOPTRyKROOT,MCOPTR, MOPTR
INSERT PMAPRCCTRVICUT s WMUL

OVERLAY A

INSERT ALIGN,AVTESY  BAKSUB.COEFF,CONST,DDERVLI)DDERVZ4DERIVEPHEM

INSERT INCCAL JLSERCH MUCIFY MULTZ2yMULT3oMULTAoMULTT,MULTBMULTY

INSERT PATCHoPDERIV,PXSoREDIST SEARCHSQROCT ,START (STARTF,,TSHIFT
INSERT VCAL,WYDER
EANTRY MAILMN

-




