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ABSTRACT:

Some interceptor missiles as presently formulated possess a programmed
thrust magnitude history with a gimbaled engine to provide steering. We
examine one such missile to determine whether performance can be improved
if we allow a variable thrust magnitude together with engine gimbaling to
provide control.

Two trajectory optimization programs were written to provide an initial
answer to this problem. Preliminary results indicate reductions in the time
to intercept by as much as thirty per-cent over that obtained by the pre-
sently used guidance scheme. With tuning of the programs it seems rea-
sonable to expect even greater improvements and further investigation seems
warranted.
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Introduction

Some interceptor type missiles as presently formulated possess
programmed thrust magnitude history with a gimbaled engine to provide
steering. The present guidance scheme used on these missiles determines
the steering control and hence the direction of the thrust vector. We
examine one such missile and answer the question as to whether perfor-
mance can be improved 1f we allow a variable thrust magnitude together
with thrust direction to be controlled by some guidance scheme.

In order to take the first step in answering this question, two
trajectory optimization programs were written. These were designed to
determine optimal histories of thrust magnitude and direction in order
to obtain minimum time to interception for our missile under given
scenarios. While the programs are not in a finely tuned state, neverthe-
less, preliminary results indicate reductions in the time to intercept
by as much as thirty per cent from that obtained by the present scheme.
With tuning of the programs it seems reasonable to expect even greater

improvements and further investigation seems warranted.

Model

The missile model used was two dimensional since all test trajectories
were flown in a horizontal plane.

Letting the indicated terms have the meaning specified in the

nomenclature, then the picture of the model is:
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Y axisg
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Figure 1

Missile Model



The differential equations for this model are(l) :

la) &1 -

1b) iz = TT-FA cos AT - FN E
Y yg 1

le) o= 3y

1d) §, = IT-FA sin AT - FN .
Y Yg 2

le) 95 = - TT
8050

where:ﬂ Ypr++esYg are called state variables since they define the state
of the missile and TT,AT are called control variables since they control
the state through the equations 1); ii) FA,FN are functions of the velocity
vector and the control angle AT.

The constraints for this problem are
2a) 0 < TT < 14400.0

TF

2b) [ TTdt < 38,500
0

in which 2a) is a thrust level constraint which says that our thrust must be
non-negative and is bounded above by 14400 1bs. and 2b) is a condition on the
amount of fuel used.

Our task is, given the initial conditions

3a) Y1 9 Y9 5 Yq 5 ¥, 5 Y
10 20 30 40 50

for the missile and

y ’ 9 » ¥ ’ 9
lTO lTO 3T0 3T0

for the target, then determine a history of TT, AT in time which

(l)Detailed equations are presented in the Appendix




yields a minimum for the time of intercept TF. Using the penalty method to
include the constraint of target impact in the cost function, our cost

function is then

2
6) ¢ = TF + UNI(y; = ¥, + Oy = 5071

Method of Solution

A, General Techniques Available

There are many ways to attack a problem of the type specified
above. For examples
a) the classical calculus of variations technique
b) gradient technique
¢) conjugate gradient technique
Of these a) is an indirect method, which seeks a trajectory which satisfies
certain necessary conditions rather than seeking to reduce the cost function
directly. This method depends upon the choice of the initial values of
a set of multipliers called adjoint variables which satisfy a certain system
of differential equations. This choice is often a highly sensitive one and
instability in attempting to converge to a solution trajectory can result.
Methods b) and c) are direct methods in that they directly seek to
minimize the cost function by seeking new trajectories with lower values
of cost function. All of these methods are based on generating a sequence
of trajectories which converges to the minimizing one. The gradient
technique works by linearizing the cost function at each trajectory of
the sequence developed and iterates to the next trajectory of the sequence

by changing the controls in the direction opposite to the gradient. The



conjugate gradient technique is a step more sophisticated than the gradient
technique in that it generates new trajectories in its sequence by effectively
expanding the cost function in a Taylor Series up through the second order,
thus obtaining a more accurate representation of thds function.

All of these methods together with a number of others were considered
for the problem at hand and because of greater sureness of convergence

the conjugate gradient method was selected.

B. Brief Description of the Conjugate Gradient Technique

This method is most easily described when discussing the problem

of minimizing a cost function which 1s a quadratic function of the N variables

XyseensX . Thus assume that we are given the problem selecting values of
XyseeesX in order to obtain a minimum of the quadratic function
5) c(X) =d+BX+1/2 XTGX

where: 1) X denotes the vector (xl,...,xn); 1i) d denotes a constant and B
denotes a constant vector; 1ii) G denotes the matrix of second partial

derivatives of c¢. Given a starting point XO the conjugate gradient method

computes a sequence of vectors H., Hl,..., along which the function c 1is

minimized. Thus starting at Xb the method computes a direction HO which

depends on the cost function c and the point XO and determines a value Xl

which is a minimum of ¢ in that direction. Next, a direction Hl is

computed at X, and c is minimized along that direction to produce the point

!

X2' The sequence continues in this manner and it can be shown that in the

absence of round-off, the method will converge to the minimum point in at

most N iterations (where N is the dimension of the vector X).



In general, as in our case, the cost function is not quadratic. The
procedure then is to approximate the cost function by the first three terms
if its Taylor Series at each iteration point so that it has the form of a
quadragic and to develop the directions Hi from those approximations as
outlined above for the quadratic case; Details of the conjugate gradient
method as originally developed by Hestenes for linear systems, are in [1]
and its application to general functions is explaineéd in [2]. Furthermore,
the technique of conjugate gradients works on more general functions than
functions of a finite number of variables and one may apply it with some
modification to functions of an infinite number of variables (see [3]).
Thus for a cost function which depepds upon an infinite number of variables
as our cost function which depends upon the vélue of TT and AT at each
time point, one may use this technique to seek out those values which

minimize it.

C. Application of the Conjugate Gradient Technique to Our Problem

In order to apply the conjugate gradient technique to our problem,
two computer programs were written.

The first of these programs was written using the conjugate gradient
technique for an infinite number of variables as referred to above. This
program is listed in the Appendix B and was never fully checked out due to
lack of time.

The second program was written using the conjugate gradient method
for functions of a finite number of variables as outlined above. Now as

previously stated, the cost function for our problem depends upon infinite



dimensional controls, namely the magnitude TT and direction AT of the thrust
vector at each time point. However in any computing machine procedure for
integrating the differential equations for our problem, only values of

the controls TT and AT at a finite number of time points are used. For
example, in the simplest type of integration scheme, 1f the time interval

is denoted by DT and to, tl, t2,...tj... are the time points of the

integration scheme then

y(t)) = y(ey) + y(ty) DT

6) y(t,) = y(ty) + §(t,)-DT
y(fjﬂ) = y(t;) + §(t,)*DT
y(TF) = y(TF-DT) + §(TF-DT)*DT

where y,y denote the state variable to be integrated and its derivative and
TF denotes the final time. In this scheme only the values of TT and AT at

the time points t, affect the trajectory. Thus our cost function which

i
depends upon y at the final time in turn also depends on the values of TT
and AT only at these time points.

Thus, the computer really réduces the infinite dimensional problem
to a finite dimensional one. Furthermore if we take this into account
in formulating our model then our numerical optimization scheme which must
abide by such shortcomings of the computer, will be surer 6f success.

This then is the technique used to adapt the finite dimensional
conjugate gradient method to our problem. The integration scheme selected

is the one used on already existing trajectory computer programs for the

missile under consideration and 1s as follows:




= 2
Y1 (E4) yp(ey) + £1(t))-DT + fz(tj).%

Vo (tyyy) = yp(ty) + £,(t,)-D1

- ¥9(ty4y) = F5(E) + £3CE,)-DT + f4(tj)g_T2

V5(tyyq) = y5(ty) + £5(t,)-DT

where we have denoted by £, 1 = 1,...,5 the right hand sides of 1). This

1
integration scheme essentially integrates the position components ¥ and ¥3
by using the first two derivatives of position, while integrating the
velocity components Yos Yy and the mass y5 by using only the first deri-
vatives of these quantities.

Besides computation of the cost function at each iteration point, the
conjugate gradient method requires us also to éompute the derivative of
the cost- function with respect to the control variables TT(ti), AT(ti).
By the chain rule for differentiation, this requires that we first
differentiate the cost with respect to the state variables at TF and then
differentiate the state variables at TF with respect to the controls at
the times tj. The former derivatives are easi}y formed, however the latter
derivatives are formed sequentially as follows; According to the inte-

gration scheme 7) forming the derivative of yi(i =1,...,5) at to with

respect to AT(to) and TT(to) yields

3y, (tg) 0y (tq)
————— S ———i—J—s =
8) PRT(c,) 0 ATI(r,) 0 1= 1,.00,5

10



Forming the derivative of Y4 at t1 with respect to AT(tl) and TT(tl) yields

: 9a) ay, (t1) oy, (t1)
=0

3AT(t,) OTT(t) =g 1=1,...55

and next, forming derivatives with respect to AT(to) yields

ay, (t)) 9y, (xy) 5 of, (t)) 8yj(t0) of, (ty)
= + + *DT
3AT(t,)  JAT(t,) 41 8yj(t0) 3AT(t ) * 3AT(ty)
f, (t,)
P s =
" Wrley) DT 1 = 2,4,5
9b) oy, (t) 3y, (¢y) \ > of (ty) 3y, (ty) \ of, (t5) oA

BAT(ty) ~ 9AT(ty) y21 (&) FAT(e)) ~ FAT(E)

N 5 8fi+l(t0) ayj (to) N 8fi+1(t0) ‘ E2

. y=1 ayj (to) 8AT(t0) 8AT(t0) 2
= M DT + Eijil(;o) o 2’22 i = 1 3

8AT(t0) BAT(tO) 2 2

where the last equalities in 9b) result from 9a) and where fi(tk) means the
function fi evaluated with arguments y(tk), AT(tk), TT(tk). Similar equations
hold for the derivatives with respect to TT(tl) and TT(tO). Continuing in
this fashion, then at time tk we form the derivatives of yi(tk) with respect
to TT and AT at all time points up through tk' Forming the derivatives

with respect to AT at all such times first we set, (as in 9) the derivative

with respect to AT(tk)

11




3yi(tk)

aAT(tk)

while for the derivative with respect to AT at the immediately preceeding
time point t

10a) =0 S USSR

k-1
L ayg () af ()
2AT(t, ) ~aAI(e,_) D0 1T hAS
k-1
7, (t
ay, () 3,k ;) R B, (k) .QI?
aAT(tk_l) AT(t, ;) DAT(t, ;) D i=1,3

and finally, for the derivative with respect to AT at all other preceeding
time points t 408 ™ Oylgeunk = 2

ayi(tk) Byi(tk_l) 5 afi(tk?l) Byj(tk_l)
BAT(t ) = AT (t ) j=1ayj(;k__l) QAT (t )

DT 41 = 2,4,5

1665 i) g (hey) 3 M) ()
2 BAT(t ) ~ JAT(t ) 3o (e ) AT
2 of,,  (t, ) oy, (k) 2
+ J 1+1 Y e-17 Y317 DT

3=1 3y, () AT(r) T 2

with similar equations holding for the derivative with respect to TIT at
all time points. It is recognized that all derivatives of the state y
required on the right hand side of 10) have already been formed at previous
steps in the process.

This procedure continues until we reach TF and thus obtain the

required derivatives of final state.

12



e 4

Since the cost function also depends upon TF, we are also required to
form the derivative of the cost with respect to TF, however this presents

no difficulty.

Results

in stating the results of using the above described computer program,
it is to be noted that there were severe time limitations on this initial
phase of the project so that only a minimal amount of time was left after
formulation, development and checkout of the basic computer program.
Consequently, the results presented herein are preliminary in the sense
that no ""tuning" (such as problem scaling) of the computer program to
this problem was done. Such tuning will produce better and often very
significantly better results than the basic program. Nevertheless, the
results that were obtained indicate significant savings in time over those
obtained from the presently used guidance scheme.

The basic missile target scenario that was used had the target at
20,000 feet initial range. Both missile and target had initial velocity
of 800 feet per second. The missile heading and target aspect were varied

as depicted by dashed lines in the figure below.

13
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Figure 2

Basic Missile-Target Scenario

The results of the conjugate gradient runs together with a comparison
to the results of the presently used guidance scheme' are presented in the
table which follows. In addition, plots of some of these comparison
trajectories are also presented. In each plot is indicated the time of
intercept with the target. Finally the values of the control variables

TT and AT at each time point t, are listed for each plot. The number of

]
such time points or equivalently the number of intervals in the integration
process is arbitrary and was generally selected to give roughly an interval

of .25 gec for the initial trajectory and time of flight which were used

to start the program for each case.

14
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History of Thrust Magnitude (1bs.) and

Direction (Radians)
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,History of Thrust Magnitude (1lbs.) and
Direction (Radians) at Each Time Point

Missile Heading -90°
Target Aspect 180°

ANGLE U
=1l e1646FHAR]IHRS590GE-05
14399.9999RN27N03%g
1439395992047 5/4
14305 99903060221 4
14395 59995807204
14369 99398080467
14399 99u985005&15
14399 9939K31124%5
14369.992541321562
143999939381 55864
14399999981 35297
14399.996942226893
1439999996270G991
1439999958334048
14399 29368416803
=1.566493161176776E~-05
=1 460274935475232E-05
-1357041556137291E-05
=1 «2568711824R6963E~-05
=11 59822829443353E~05
=10659421870431 55E-05
=9752657448003036E-06
-8.878238503914252Fk-06
-8+036430022016277E-06
=7 2274740929841 107E-06
=6¢£451607773021927E-06
~5.70906462979534ZE-06
=5.000091267843394E-06
=4 ..324942577990757E-06
=3683022571863313E-0¢
=3077043609R68248E-06
=2504£906864%0771787TE-06
-1.968061221118G17E-056
=1470174244710638E-0¢€
-1.0071278760532395-06
=5.79326339€06816E=-07
=1 871986448563937E-07
0 o]

[

21

SED

£e7232420N37484533
6647224226092 TS9TE-02
€ +3352R854336506435-02
6437690941 RKTIOE-02
6e797136202113957£~02
7e8415169752049555E-02
7 6221227008365 74%-02
7+700876366212141E-02
7 8265094832961 93k-02
Be01400452356 T484E-02
B8+2735758559235445-02
86328254731 382 48E-02
9.131522395380891E-02
9 8325925258 T4304E=02
¢ 10839582 74495448

796950183133419E~02
75950374196 7636E-02
7301455145550673E~02 -
7.06795697485307E-02.
6 878189976333292E-02
6719148077368842E-02

" 6+580201445930516E-02

6452315951794057£-02
6 «327434458444T1 BE=-0Q2
61979758741 75827E=-02
6.056412099550624E-02
5¢894892171735704E-02
5+.704890571965851k=-02
Se476B865053780264E-02
5+199917073215558E-02
4.869794646464365E~02
44444098055129932E-02
3.9256£571099527E-02
3.272654142216548E-02
2.62148710364417TE-02
1+.768514541362738E=-02
6+513313859402577E-03




History of Thrust Magnitude (1lbs.) and
Direction (Raidans) at Each Time Point

Missile Heading —45°

Target Aspect

TR T USED ANGLE.
=1 6335304070092 F=05
14399.902951#291 64
143958 .99995216¢494
14399.995995247651
14399.999952758¢83
1£43999994530R~50x
14399 .9909533H 534
14395.99995369842
14399.99995403657
14399.99995441 427
14399 .99995084948
14399292883 56G74
14399 99995569447
-14399¢999956770486
143999599957 74172
14399 .99995B9€665
14399.99006051725
14399.69356243091
14399.999964961 53
=3360690567644473E~05
=3.05501£23493994K8E~05
~2.7TA1RIIBE5680012E-05
=2.481337271253712F-05
=22123474210€2303725E-05
=1.G5R432548230329E-05
=1+716396195193501E-05
~1487597041217111E-05
=1 272317324197033E~05
=1 +070895599476627E-05
~8e837343332594K9cL~-086
=7+11313397&1ET21¢CE-00G
~He541C HURLPHLE628BE~06
~4+13072433062RG6LBE-06
=2 +B87462000E6722TE-06
=1 8220903209441 53E-0F

90°

USkED
LeCROLLE2Y2RGORL A~

«RBTGHVE TN
«3B3CRIOQUTIROLZER
«3801ES51 728943935
BT T1ITHTHLES SHOC L0
«3T7127562950F 1552
38611201 774721429
« 3462880481652 431
e 3346542023271V
«3239179702043436
«313520202045565¢
« 2036422105024 19
-20021&646609093.
-doSl?b/ll‘?”‘Qﬁ
«2T762476T770359699
«2673758108020489
«2583097067540104
2082000084648 0A T H
2384322272733 75

«2701896451633151
«270572892197725¥%
e2712:376G9031£3615
272172565092 5123
T BTCNSHTRL
«27485939275923527
«2767326745345042

Te278943092116 434

«281575712156000

28247057554868285
230 U05652865208%
«PURTTETIST020200
¢297945450815962¢
«30407367:19224990

«3113490206533355
« 320029205486 4544

=9..46727132607%03E~07 «3R00 4437549857585
=2¢764530322192%44LE-07 «3£43022349286022051
-0 +3500000000003638 — ~

22



History and Thrust

Magnitude (1bs.) and

Direction (Radians) at Each Time Point
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Target Aspect
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History of Thrust Magnitude (lbs.) and

Direction

Missile Heading -45°

Target Aspect
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Conclusicns and Recommendations

From the table, the general pattern is that the conjugate gradient
trajectorics have significantly shorter times to intercept for all cases
with the greatest improvement occurring for the longer duration trajectories
and the a\ - ge improvement being around 25%7. The general nature of the
conjugate gr ..lent trajectory is to burn at full throttle for as long as
possible. It should be noted here that these results represent local
minimums of the cost function 4) and not global minimums. There are other
local minimums which may be significantly better than the ones obtained.

"Tuning" of the computer program and more experimentation with our cost

' as a function of thrust

function, to determine its "hills and valleys,'
magnitude and direction history will enable us to achieve these.

The purpose of the initial phase of this project has been accomplished
in establishing the desirability of considering variable thrust engines in
conjunction with engine gimbling to provide trajectories with significantly
improved characteristics. Specifically, from these results the time to
intercept has been improved, but improvement in other characteristics such
as fuel used, can also be obtained. Furthermore, numerical results indicate
that an engine capable only of restarting in flight rather than a continuously
variable one achieves these improvements. (1)

It is noted here that this work establishes the presence of improved

trajectories over the ones presently being used. Such items as mechanization

of these trajectories into an actual missile have not been considered.

1

However, this type of control may not provide the global minimum

25




Suggestions

The following extensions of this work are suggested:

a)

b)

c)

d)

Tuning of the computer program (problem scaling)

Experimentation with additional cases and with the weighting factor
UN of the cost to determine the best value for reducing the time

to intercept

Modifying the program to consider minimizing the fuel used till
intercept or other trajectory parameters of interest

Modifying the computer program to include three dimensional

trajectories,

26



Appendix A

Conjugate Gradient Program

In Finite Dimensional Space

2



2 PON=LE P=rCISTON A1) CIN1)RAC202) 5

25 DIMENSION YOCS)HATCS00) 51 (501

2ef FXTERNAL FUNCT

3 COMMON/F v /IFLLF o4 4TI IY I T Y3 T Y TOLY3TOUNs YO
O DATACATCI)»i=153%)/

S TATACTTCIY» im0/

A VATA N FSToLT AT ToIFLs=s vl Y1 TRy A v TO Y2000 kv s, . :
T OIATECYIN (I 1=t a9) 7

7 FeS=eNNNY

S LO 10 I=1,(N=-2),0

1N 1N=CI+1) /¢

11 ARBCTII=TTCLNS

¢ A GRS D ER Y S

13 1 CONTINUE

14 ARGC NY=TF

15 CALL, PRACHCRUNC T oDl plipgb Vst e s, ivIslbase)
1A GRITE (15111) F

P2 111 FORMAT (1X,124¢I 40 CCST 19=5F19.8//1X511HMIN FTS Ak /)
171 DO 1415 IX=1,N

P71 URITE C1o1414) ARGCIX)
17612 18114 FORMATCIXsr 19 %)
Vel S) s hEONT T S

1 F NT.

L6 SUNLUTINE FUNCTONS ARG AL (=AY
DU T T TN v CmY e YO CEY SR 1B s YJL(S) s FY el (38Rl (8R)sYU(Ss2550),
YJIUCS,%550) )

ST 5 IGURLE PRECISION ARGON)

7« 1)IELF PRECISIOV Gi+81:CN)

ST «7 LDOTHsLE FRPICTIOTON val

C7 o7 POURLE BRECTISTION ANl @y Trl ot Lot us @ i

£7e¢ 10N PRECISION HH(20D2)

2791 COrimON/FRINT/ZHN AT A TR

20 Ce GET1IwG SLOSKD Fivda PARPTISLG OF MTNTE P rraki-vo

31 COYMON TATLCAT»SAT»MNIE1,ER,08,NE(

R0 GOY SCNZFMANYZ TFLOLE s NITYITHEBYRITYITOYRTO U sy

43 RFEAL N

236N DANGLHSE=NWN

22402 DO 101N T=2,N-1,2

472 o0 ANGMAG=TARS(ARGCII=HE(\ +1))

LA 04 TR IEYARJLive I Ji0SY GO TO 1010

£ e NS DANGARS=] N NGKAG

MAratve 1NN CONTINUF

8O0 D TEHY=N.0

2 D 10RO 1] 5 5=D 0

R0 T AG=LARSCARGCI) =HECVFT D))

436 TrADTTHAJ oL e DT TASNIIGY [ V7m0

20 TTRE =) PMAG

43412 1020 CONTI NUF

A7 o1 VI SELLAY VA iRy =y i an e n S s te e = L TTAPS s M aanl A= s i e

[ERE,CTF=",ARG(N)

bLh INDT=0

45 TPI=62821XD0

S MNI=NI+]

0y IND] =0

HE InlG=0

LG CS=1117e717=0DaCliri
TSN CCC=1734%00243% FEYP( =230 41)

=1 CT=ASGC ) /a1

K9 =C

S BC 10 I=1,5%

&4 YCIdI=Y0CID

X3 10 CONTI NUE

87 Cis

S C:e

59 C: BIG LOOP FOR INTFGe & 1IEb. (r I4trG. 28



€0 LO 15 I=155

1 DO 15 Jsts? ;

~2 YUCL»Jds1)=0.0

&3 IS CONTINUE

(X7} IF (IFL<EQ«0) GO TC 500
) C: !

~A C:

/7 C: SIMPLE INTEGRATIO.N

S Seny 0 1000 J=2,v41

(585 O S0 L=lsCd=1)

70 DO 520 1I=1,5

/" DP0520 K=1,2

72 YJIUCIHKL)=YUC(IsXsL)
73 520 CONTINUE

74 DO 530 L=1,5

75 YJICL)Y=YC(L)

76 530 CONTINUE

77 LAT=2*(J-1)

TR ITT=1IAT=]

79 TECARGCIATI «GF D001 GO TO S35
“0 ATJ1=ARG(IATI+TPI

Bl - GOTO 53H

“2 535 IFCAXGCIATY oLE«TF L) GO 10 5:7
) ATJ1 =ARGCIATY-TPI

we oo GOTC 53K

85 St ATJI=ARGCTINT)

EF RN PTJdI=naR3010 1)

<7 VMTJdl=d-1

R7 5 CALL FUCYC1ATJITTG) 5 4TIl 2 T 5 0 gtiais e )
2 10 540 I=1,5

29 YCII=YJ1CTDd+EK] €)%

%0 %40 CONTINUE

Q1 YCOII=YCI)+LF*FK1(2)*ET*DT/2 .0

92 Y(3)=Y(3I+LF*F L)1 () LT=XT /2 o0

92+5 CALL GRADIENT(YJ1,FK1,FYJlI»FUJL>TTUl)

93 DO 550 I=1,5

94 DO SS0 K=1,5

95 FYJICILKI=FYJL (1K) %D

9k 550 CONTINUEF

97 DO 553 I=1,5%

9K DO 553 K=1,2

O FOJYCT, O =l Ol ,m)w) 1
¥R X SRNITD

|2

Vi -

N G LODGE i@ ~ 4 FLL TATEGe Pa=lIAaLS
104 DO A0 A=1sd

108 S8R5 IFC etk «d) GOTH 70

174 DO S8F0 I=lsh

1Y BOEEN =1,

108 YUCI»L sJd)=0 e

1na 560 CONTT ik

110 GO 1O &ann

il w0 [FCros §5aCdm=12) Gl T oo
112 L0 %50 I=1,5%

1113 ['0 S5&0 L=1,2

114 YUCISLsC(J=-1))=FUJI (I
115 SH0 CONTINI®

116 TO SKS L=1,2
117 YUOC1LL>C(J=10)=YUCL Lo (J=1D)+LF*FUJI(E51L.I*DT /2 0
1128 YUC3,LoC(J=1))=YUC35Ls (J=-1I)+LF*F o1 (45L)%DT/2 .0
119 S85 CONTI NUE

120 GOTO 00
121 590 DO 595 I=1,5
122 DO 595 L=1,2 29

123 YUCTLLoKIY=YJIUCTL sk 04D =




124 DO 595 1J=1,5

125 . YUCI,LsK)= YU(I:L:K)+FYJ1(IaId)*YdlU(Id:L:K)
126 595 CONTINUE

127 DO 597 L=1,2

128 DO %97 I=1,5 a5

129 YUC1sLsK)=YUCL»LsK)+LF*FYJ1 (2, 1) %Y J1UCIsLs K)*DT /2 o0
130 YUC3,LsK)=YUC3,LsKY+LF*FYJ1 C4, ID*YJIUCI,LsK)*DT /2«0
1131 597 CONTINUE

132 600 CONTINUE : ‘

133 1000 CONTINUE T Tk d
134 C: SETTING UP TARGET COORD. : '
135 © Y1T=Y1TO+DY!T*ARG(N) - .13 B

136 "7 Y3T=Y3TO+DY3T*ARG(N) oy

137 VAL=ARG(N) +UN¥C((YC(1)=Y1TI**2+(Y(3)=Y3T)**2)

137«1 DISTAN=CYC1)=Y1TI**2+4CY(3)=Y3T)%*2
137+2 DISPLAY"DISTAN=",DISTAN

138 C:

129 C: .
3140 C: CONMPUTE PARTIAL OF COST WeReTs 1F

141 GRQD(G)=1-0+2-O*Uﬂ#(0¥(1)-Y1T)*(FK](13-[71T)+(§(?)-331)“(Fh](f)

EVETY &

142 C: FORMING PARTIALS OF COSR WeReTe U

143 ° TCTY1=2.0%xUN*C(YC(1)=-Y]IT)

144 CTY3=2«0%UN*C(Y(3)=-Y3T)

148 DO 620 K=1s(\N-2),2

Jar KK=(H+1)/2

V47 SRADCKI=CTY1*YUC1 51 sKKI+CTYI*YUCZ51 2 KK)
Lan GRAD(K+1)=CTY1*YUCLs2,KA)+CTY3*YUC( 3525 KK)
146G £20 ‘CONTINUE

180 Gt

151 (03]

152 C: PRINT COST, G VICLATIONS, BAD TAT VQL”ES
153 WRITE (1,777) VAL, INDG, IND]

152 717 FORMAT(lXaAHVAL—aF19 8:5x:5HINDG-118:5X:5HIVDI-:IR)
155 (0]

156 oF ]

157 (051 COMPUTE/FUEL USED

158 FS=0.0

1546 DO 630 I=1,(N=-2),2 )

160 FS=FS+ARG(I)»*DT

161 630 CONTINUE

162 WRITE (1,888) FS

163 KER FORMAT(1X»10HFUEL USED=,F19.8)
164 G2

165 C:

1F6 C: COMPUTE THRUST VIOLATIONS anND MAX,MIN VALUES

167 TTMAX=14400.0D0 ’

168 TTMIN=0.0DO

19 DO 680 I=1,C(N=2),2

170 IFCARGCID) «GT«TTMIN) GO TO €60

171 TTHMI N=ARG( 1)

172 INDT=INDT+]

173 GO TO 680

174 660 IFC(ARGCI) LT«TTMA¥) GO TO 6AKO

175 TTMAX=ARGC(I)

176 INDT=INLCT+1

177 680 CONTINUE

178 C: PRINT NUMBER OF THRUST VIOLATIONS AND MAX,MIN VALUES
179 WRITF €1,9999) INDT,TTMAX, TTMIN

180 9999 FORMAT(1X»28HNUMBER OF THRUST VIOLATIOVS—:I?:/:IX:
GHTTMAX=sF 1985 /51 Xs6HTTMIN=3F19.8)

182«4 1212 CONTINUE ) !

183 2222 FORMAT (1X,4HVAL=F19.8,3X//1%510HYUCI»151)=)
BF19¢8/1%s2F 19«8 /1 X 10HYUCI 25 1)=53F 19871 %5219 «R/1X510HYUCI51,2
3F198/1X52F19.8) 30



124 2323 FORMAT (11X, 100YUCLI,153)=500 10 o0 /A X520 15 eR/1X5 10HILC(Ls223)=)
BF19eR/1 N5 2P 16 eR/Z1 X5 100YUCT»252)=53kF 195 /1V 50 r 19 eX//1 %51 1HGAT VALIJES /)
125 GRITH(1,84844h) CTYLsCTY32 (Y CIds T=10) 5y v, 2T

18 Lann FORMATCIX,SHOTY 1 =0k 1S «Hu b il " 4=k 1 e /N nry Cf )z,

AP )1 G /I1Xs2F1QeR/ 1Y IRV Y Tk Vet g ny 5 A 0 sty WY Gk )
1¢9 00 EFETURN
18& END

P21 SUHEQUTI 8k FUCYSAT>TToMTo T N 15T N Ga0Y)
P22 DIFARNSION Y(5)H»R(5),DY(S)
223 COMUCN TATH>CAT»SATI>M s Ml an 5008001
COe TR (FCI)sIm]08)/0 (G R ed erd btnym (v, 0008 B, =0 JOF 18/
“85 RFAL ~n
207 PI=3e14]15%9
208 \ MS=Y(2)k*kZ +Y(L)xD
TBE G RO ETCUMS )
A0 NS =0 #YP e
231 vN=Ur/CS
CR2 TAU=ATANS(Y(4) Y (2))
233 IF(TANHRF«NN)Y GO TO 2110
234 TAU=TAU+2 0%P1
248 2110 CONTINUR
BRF TET=140-AT
PRT O6R=O6SSCTAT)
2R TE(RRL.OTLRPIY GOTO 2
DRO b= 0w
“/.0 Q10 8
201 3 ALP = 240 % [ = -

e R S L N =1,
Crpey HRCTRRFE LT Y)Y 500 $hat
§ TR (e
g iTOe 128
a5 10 AT I=T 40+
Zo0 12 Tr(TAT oCr o0 e e M T au# e w1 ) 1200 U
'y Tl AT el . F o=t ) 30300 1!

LR REI=R1N0HT)

40 P ==C0S(AT)
260 GOTC £0

251 15 #1==SINCAT)
252 FO=CO0SCAT)

e |
e e FORMING CA AND CN FUNCTILIUAS
£ ee 210 CCA=NC283kCOSCP e 71 L%010)

AT T oI U AR W OT o JF YR VS [ s WS Rt Y ¢ S5 B UNPPIS R IEPR AT DI AL
DEE COMNS=C o020 =N k] «Q0=F2 o 1 GUFLLEFC] o045 a0 40 - 401 «0=aBRORFGLY #(
]« =l SEOXLELT) YD)

SV 3L NHAYINY a0+ e S i e ST )

0.0 FN=CN*OS
SR FA=UARCS

ChRL TFC(FN/ZYCR) sLF o1 38400) 0T - -

OAS JADG=I NG+

o4 -3 CAT=COSCAT)

DAT SAT=SINCAT)

SRR DY(1)=Y(2)

CAD TYC2I=((TT=-FAI=CAT=—1 w=F1)/7 (%)

cn TY(RY=Y (L)

T D= (TT=-FAY*¥SAT=F yk:d /Y ()

Toe TYCS)=-TT/R050.0

O BETURN

277 WNL

oy SIRPECRTIN: GREATEDF T8 Tir, e Y o Tsmiisid

R PIEMFEISTON YOS)HDEY(H,9), O8I (hsl)s] V(0D
X T 2ot Sk A RCA TRt A MR T P sl ’ : 1

SN 1 ATA Bl /314l 5%/

DY HEAL vuYLae NYd, 31




288 IF C(TAT GEs 040 AND» TAT +LE. P1) GOTO 3
23 Ik (VAT eLFe =PIl «0He TAT okle 2.0%21) GOTH 235
294 F1AT=CAT
D8 WwuQT=UhT
P96 ALPTON==1 .0
Q7 GCY0 20
“a 35 ALPTAU=]1 0
PGG F)1AT==-CAT
AN F2AT==SAT
3n1 4N ALPAl==ALPTAU
N2 DEY-=08CRE NEY(2)
03 OSYL=QSCR2 Nk ()
A0S Lo S=(Y(2IRAD  +V(ad)FknD)
05 WHMaTaRT (L) -
O TS =G0 SRS
AGT CTali=Y(2) /M
ANe CTAN=Y (A /Y
309 ALPYP==ALS 1A (L) /o =
YN S T sALPTAIRYC3) /v el
CR IR EERU TS SA N KA VA O
A [ il S 2

g SING DESVATIVES OF 1Y we oTe [ tigge
21¢ fV:l. “CT87)
Bl T (v'-tt-—I) &8 T 47
IR AL mS
[ BEY B L L4
IO L L] SR WNkpP ] =Al
RO 62 GUANM«92H3IXCOS(2 e 57140 1LP)
WS TOL=DeCREG+CTAXAN T V1 CN o4+ o] kst W) iy = oY 203
[

LU r e (e =02 g AL T (] e QG e i *ALTP R (] e Q= o FAS/ AL T R(] o Q=] HEN &I

II)INR GBI -
324 SN=CCN¥ANT YL Ce R0+ b % U 1 GO0V ai™ ¥, )
3FE Cofi #==2.38T031 %S N2 571 AERLDIRGETH] () oBEH 0 e | 3HE ol o BT =100l
TLF O JF (MMeLFele159) GO 10 £%
37 CLavii==s]170%CCA
32rR GO L0 47
1/9 405 CAaMM=.124C00
AN LY UL L et e TR =N ek N st T e AALEF RGN oA SR AL S0 -
Ore o GRAPLREFOT.P*¥ALP*ALP)
2] CNALP=CCNALF*AMI VI (3 +, bH*xv110095—0-074*MN)
232 JF(¥NeLFel «275) UD 10 &&
333 CN/AN==NeNTL*xCC N
232 G0 TO 4G
I35 48 ) y=e55 #CCN

R N R AT R T S N EoL- TRV PR I SRR TSRS T U ISP SRl (L AN T SRR L
NG Y5 CY Gt e i S S RS

F'U ! (R TR T RN o e e sl IR A a1 —CUE e NRCATHO N N e )
"“,/') HOCI= 0 S OO TRENEE R VSO D 250 5R )

:7r i € et Yz (Y T )

C/s2)=C0=CCAALPHC T +H0 L F b)) sh S =08 T ASATHONY N> 1 7
YXMNYDIKRDC=(CAXSATH+C VRER )>”‘V“)/ D)
L0 TrY(a,0)=CC=(CLLLF+S0T+C LEA#ER)*ALF T 4= (CAMNFSAT+O NNy .2

NYZ)Y*NS=(CA*SAT+C VkES )JPC’/)/i( »)
U1 TFYCas5)==DY(AY/1(5)

140
342

40 TEYCL51)=040
345 TEY(1,2) 0

RNE FF{(];S)—0.0
347 TEYC1,4)=0.0
R0 PEYC158)=0e)
49 DFY(2,1)=0."
ANN TiEY (P ,3)=N 0
261 DRI )=0e0

)
152 PRy (352)=0e0 S



383 DEY(35,2)=Ne0

=7 TEZ2C<52)=1 0

355 TEY(3,5)=0e0

=6 DEYCL,1)=060

39 NEYCa,A)=0 400

IFR NrY(521)=0.0

253 TEY(552)=0.0

REN NEY(R,) =00

6] TRY(3,4)=040

A2 TR =) =060

3623 TFUCP,0I=(=(CAALH*CAT +CALPREY YL 4 T=0 vxb 10T+ 04
SATI*OQS/Y(S) .
364 PRI L4, &) =0 =(CALLF #3NTHO WAL #ew dURLIA =0 % 0L T-Ca*x0aT 3808 /a1 (
RAALN eSS 1 FUC2,52)=DFII(L ) =T 450 T/Y(CH)
RE/eb TPUCL,2I=RFUCL,PI+TTXCAT/Y ()
3A5 DFUIC(121)=N.0

AARE DEUC1,2)=0e"

RET LRFJCR1)=060

e Wi %S )=NeN

349 DFIG (3,5)=0.0

ATV N {25121 s/ )

~o

S A S (T [ I MO (R I G T SRt i
(U I & wd
& 2
374 END
L0 ’ SUFROUTINE Vi3 Cpr NG Ty e sl sijart kg cLEy 1T Tkr o)
{1881 PIMENSTON XOOD

471 W08 ()IEET R PERERCISTION e (w0 2)

28i] ) DIFENSTON GCND

MY 2 T WETON HOW) :

7210 U URLF CHRCTISTON XaGoitmmy ot wpd o0 s b X s EY OLLF»OLIGs S NS LAy
QLFALTALES, T 75k DNLTY

605 a1 COYYON/PRINT ZkH AN 8, Tri

A% s TESHLAY "Gl T e DL e 5 e 2

£ CAall FINCT(Ns%Kst G

AP e T4 EReE TER

an s KOU T =0

s f W=

T Ni =4l

anty 1 1D a3 [I=1s 1
2000t A0 WT=-00NT+]
LG OL Tk =¢

s1n GRS =0 o0

SN R =Y,y

13 S RM=GARYFGCII RGO ’
Vin IF(GNRMY A6 2252
/'y 0 TOIRCT )Y =1 ) gstsf
18 10 s J=1sN

4y ¢ 5 HCI)==-GCJ)

ViR | [l [ O <

o O SRR e VAN T

419 LO 7 dJ=1,

450 7 HCII=AMRDAXH(JI)-G(.)
401 2 T y=0eL0

b HAEL =0 W TN

45 100 W G=Ne

1940 H=J+
S ekt BeAY=I0)

P2y DR VEHNRK LA S (00D
JIIANSI EV IR EES S Rt S G » KU CH G

P Sl ot W T P ) o]

G ST et O Gogh G

% Sk ‘4 CONTIN'F
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VoA 10y S8 cm ] e iy
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43¢ 12 aLpnsnear
7 14 ¥X=FY
43¢ DX=DY
476 DO 15 I=1,4
uLn 15 XCI)=XCI)+AYBDA*H (1)
A00 oS DISPLAY 'O DR=", LDF NN = 7 =0t
AN ABB 1 TEPLAY "THRIST USEL', "ONGLE USE)
LUO o F 1Y KON Tl=1, J=2,0
Aty T DESHAE wOTIT Vet FT T+ )

T T I s I 4 W o AV L
s CAll rUwT1CHsY sk st3)
ant oty vz )
£ Fieh '
= adect U :
10 17n T=1,1
L45 16 EY=DY+GCI)*HCI)

VAratd J (T Y)YV Ts oty

VR TR (EY=F )1 #a00, 00

nee 1% AMADA=ANMATA+A4) FO

Y ALFO =AMETA

1800 IFCENT *AYSETO=] «DINY1 L1751
s 10 TER=G

ZE RFTIIF

A 20} Jxide

I =) J € et ol A, ,..';:'Jl,-,;,
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LEC RNy R4 J=Y s o

NHE) =N+,

a3 o6 YCI) =K
LEG o8 VIR AY UL Taamvaliak st e s
463 Cail, FUNCTCusY ¥ 501)
46311 IFTR=]ED

LEd o8 TWC(TERYLTs06, 07
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N4z AL sy +=Z ) XANEDA/ (LY +E o L0k =0)
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475 OF X(II=XII+Ci=ALFAaY £
L7005 VISELAY VOLIe =" 500 DR s v e = o
471 CaLL FOONCTCO NS Y s 5(3)

LTY el Do iz n

I ] IFCr=0X)2950G,230

473 20 IFC(rF=FY)I3%s 3315750
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Appendix B
Conjugate Gradient Program

In Infinite Dimensional Space
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1 C: THIS PROG“AY DCES CONJe GRAI'e FUr v ISSLE TRAJ.

PISENSION TTC(BL1)SATC(ELILELI(BI) s ER(BLIISB(E)Y (D) LANMCE)>TAT(XL)
2CR1ILTUCRLILCACRLISCICRLIISCATCNLI D) SATCELISYS(RI Dot (il )b 4CH1),
LAMOS) LY (S)HSHATC(E1) 5 HT(81)sS1CH1)S2CRIDLTTIC(HIISATIC(RIDSYI2(AL)
6 DIMENSION YL4C(R1)Y1(S)sYO(S) s th i ORI 11 CHIIS R i)t 010 P )y
CALC(R1ILCATIC(BIISSATIC(ARIIYLIB(RIIs DL ) pr i (X1 )t 1 &CF Y YSATLCRL)
TTLCALYLELLC(8I) b FLECRII L TATLCRII s VI CEY )y 70,2021 ) 5 0AL 1)

7 DIMENSION CNLC(R1DILCATLOAII L SATLOEN IS YLACH 1) s b () )50l o0 1

8 DATA ITHMAY, ITGYAX, S T/

COTATA NCCs NC 1,023 NCRy NC s NCHs WA 05 WUmaMCEaNC1D5NC1] /e300 K],
ReBLRE1GT,R0eFANITZI =20 63820 T Y5l e 1 3E2HGL5 =« 1 ZR2TH2V 215 «SCTRL4L409,
~e122861 7151 e3576E30s =1 e 1 DAL T s «F3RAY RN T = o (- 153/

10 DATA (TTC(I)sT=15%1)/

“ W

11 1A TA (ATCIdsi=)ts 1)y
115 DATH ATCI)»1=1%525)/.

1% DaTA CXYOCTYs (=Y.
L3 Dedt §eiRiie ki) S G s o) v/

14 DATH (B3CI)sT1=108)/0 053 e} 81 B0, =R el i tshel Bt Rs=6.28218/7
15 DATA CCOsCCIC02LEHESLCHCR 1A T0 Y00~ CCLI0sCCI L/ eROR LA,
2e83737T15=11eQFRLP1251 ] eQGEALL L 5 =2 « TERYLCRs o2 HKELEC, o TLE 700 L s
eARAANFH AR, = 25RINEAN, N TI1T6LI N5 =i 1 2C6CALA D01 TR203X6NH/

1A PI=Re14189

17 2 ITG=1

1% IND)=r

19 INDG=N

=0 ITL=0

21

28

23 Cs COMPUTF INITIAL GRAUIFNT AL TU-Y

24 RO 4 1=1s55

S YC(I)=7rDC(I)

2 4 CONTINUF

27 CS=111777=40 4P %H

2R REC=«1730% dQORPARKENT(~a 35/ /13

a% VT R /HEC o

IC )y 30 =) s 8

2l WA TR GEY))

32 YL(4TI=YCL)

B2 e Wistimr( ) &40 Y (L )n%2 o)

33 Vil=SQrnT(vmS)

34 Q5=QSC*UMS

35 MN=Vi“/CS

6 TAU=SATANZ (YCa)s (5D

37 TATC(HLT)=TAN=AT(NT)

3% AR=ARS(TATI(MTI)

39 IF(AB.GT.FI) GOTO 3

40 ALP=AR

241 GOTO 5 .
49 3 ALP = 20 % =1 = AR 37
4% B DO T=1 4

il TRCTRTOHT ) «ER e wC 1)) GRS B
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50

Sl

52

53

54

a5

p6 |
57
Sl
S9
&0
1
e
7!
1‘15
~6
67
6K

6%
0
71
72
77
T4
ik
T
N
7E
7
R0
&1
o
83
B4
g#5
R6
g7
zg
B9
90N
G
92
93
94
95
QA
Oy
G
160
1078
102
103
104
104
1INk
107

s Bt
_110

AR OES YM B R
10y (3T =0 00 1 s

PRI FCATY wleilari- 1D BUTY ¥%
Q% “ Pt T 3t 00 Jown

E2(¥TY==COSCATCAT))

GOTO 20

15 EXMT)I==SINCAT(MT))
Fe(MTI=COSCATI(MT))

C: FORMING CA AND CN FUNCTIONS
20 ALP2=ALP*ALD

ALP3I=ALPoxALP

ALBPA=AL DR AL S

ALPS=AL AL S

7 e T 4
BENR ey o3
Com 3
5
Cl=CCO+CCI»aLp+CC LD #0040l 23+C 0L AL TL+CCEXRALPS

Ce= CC6+CC7*1N+CLR*INP+CC9*VN3+CC10EN14+0J11*1\5
CA(MT) =C1%C?

=NCO+NCLHALF+NC2#ALP2+NC3*ALP3+NCA4*ALP L+ NCS5*ALFS
N? 0C(+JC7*qQ+0C“*HJ#+NC9*Pﬂ2+‘CIO*M¢b+v”11 s
CNC&TI==N1 %32

SFa=CNCMT)I *0S

FA=CACMT) *0S

IFCE0/YC5) eLE13530) GO0 =2

ThE= N+

2R CATMTI=COSCATCYTI)

COFCi7Y)=0T JCaT(TY)

YHCE Y=Y 0H)

P ey i)

P CHI=(C D07 = A sCaTCET)-FNEELC(NTIIZY(S)
F2(MTI=DY(2)

NYC3)=rCa)d

DYCLY=CCTTCATI =Fady=San ¢ 17)=FNREE (R 1)I/ZY (L)
Fa(r1)=DYC4)

DYCS)I==TTCHT) /EQ50 0

IF (... «F¥QeB1) GOTO 30

C: SIMPLE INTEGRATION
YC1)=YC1)+(DYCL)+DY(2I*DT /2 «0)*I T
Y(2)=Y(2)+NY(2)*DT

YCRI=Y(3)+(DYCII+DY (L) DT /2« )% T b
YC4I=YCa)+Dr(a)=<DT

Y(8)=v (D) +DY(5)*DT

30 CONTINUF

C: SETTING TARGET COORD.
YIT=Y1TO+DYL T TF
TIT=Y33Q+DLITH LY

s COST EXP~ESRION
CT=TRF+UNHCCY (1) =711y o G+ (Y(3)=Y3T)* %L «0)

C: SET Y AND DY VALUES FO« Ul CubBUayTaN

Yik=701)

Y3W=y703)

Y1 =1701)

IERFsINICE)

LR s TR V9 Vg i o S | )t i Yy i

32 WRITE (1,501) ITGs T ynls gt yLaCh
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111 501 FORMATC(AHITG=518sSHINDI =5 IKs SHIMIG=»[Hs//s4H1T L= 160 ACOST=sr13
112

113

114 CtFORMING LAMBDALHT»HATLCTTF

11= C2 DE<IVATIVE OF COST WeReTe FINAL TIME

P14 000 = 1e0 + 20 #UNECC(YLIF=Y]ITY) % (TYLF=DYIT) + (Y3F=Y3T)X(LY3F~-
DY3THI

117

11K

119 C: SETTING FINAL VALJES OF LAMIADA

1200 LAC1 Y= 260 #1TN% (YI1F=Y1T)

121 LAM(2)=0.0

122 LAMC3I)=P O0%UNX(Y3F=-Y3T)

173 LAY (/1) =NC

1- 7 LAM(5)=0.0

125

10/

197 G LOOF FOR GETTIWNG GHALIENT aiD LaripA

1“8 DT=TF/&0.0

129 DO AN ¥T=%1,1)

JR0 G FOde FOF OGETTING LFHIVATIVES termel s STATE

131 7F (TATCNTY eGFe 00 «ANDe TATC(HMTY oLEe 1) HUvO 19
PR2 JF (ve7CinT) eLEe =PI «0ite TAT(ETY <0« 20%P1)Y 070 35
133 E1AT=CAT(NMT?

134 F2AT=SATCYT)

1398 ALPIA T==1 o0

13/ GOtL 20

147 35 Al-1aii=t e«

120 2 10v==CAT(MT)

136 ®AT==-S4T(MUT)

140 4C ALPAT=-ALPTAU

141 QSY2=0C5C%20%Y20LT)

VA2 QSYA=05C*2 «NXY4(MT)

143 UMS=CYS(MNTIX*%2 0 +Y AT I®RXE o)

] L :Sﬁ?-"'(.‘v.&,S)

145 Q8=C=C*VUS

146 CTAU=Y2(MT)Y /UM

147 STAU=YL(VTY /UM

1oy aL2Y2=-2 L0TADFCTATRS T Yy aCe ') / (20 #YeditT))
149 ALPY4=ALPTAUXCTAU*X%2/Y2(NT)

180 Mive=C1e’1/Cs ;

151 MNYrs= S76UL/CS

159

153

Jeaal e FURMT € P eRvaTIivs de DY [ enele 2T2T.
18+ vz CHE My )

150 [F (AkeleTei 3 ) Wi 4

157 ALP=AR

18% GO T as

15€ 43 ALS=20%P1=-AR
160 44 ALF2=ALY*AL:
161 ALP3=aLr2¥ALD
162 ALPA=ALP3HALD

1 NS S=AL S AESLD
R T T T
17 I3 25

i "
|

167 ¥NS=MNa*MN

168 ClALP=CC1+2.0%CCR*ALY+3 «NHFCCTFALPL+L « )3 UL *ALPI+5.0%CCH5xALP L
169 C2MAN=CCT+2.0%CCHXMN+3 «0*CCORMN2+ L4+ ORCCLOFL1IZ+E«ORCTY 15500004
170 NIALP=NC1+42«0%NC2*ALP+3 «0*NC3*ALP2+4 0% NC4*ALF3+50%NCS*ALP L
171 NPUI=NCT7+2e0%NCEXM N+ e OFNCOKMNE+4 s O*NCLOXMNI+5eO#NC1 1 (L0 L
172 C1=CC0+CC1 *ALP+CC2*ALVY2+CCRFLLIR+CCLHAL O+ TU S+ALL -

175 C2=CCA+CCT*MN+CCH M NP+CCURMNI+CO 1IN F La+Cu 1 XMNS

1724 N1=NCO+NC1*ALP+NC2*ALP2+NC3*ALP3+NCL*ALP4+JCH*ALY S . 39
175 N2=NCH+NCT*MN+NCAKINO2+NCOHINI+FNC1O*MNL+NC T ] *¥MAdS




176 CAALP=C2*C1ALP
171 CAMN=C1#C2iN
17% CNALP=NZ%N1ALP
179 CNMN=N1*N2@N
180 F2Y2=((=-(CAALP*CAT(MT)+CNALP*r1 (MT) ) *ALPY2~(CAN TxCAT(MTI+CNMN*EL (MT)
YRMNYSIHNS=(CACHTI*CATIMTIHCNE LTIl COTIIROS YOI /YS(NT)
181 FEYO=C(=(CALL 2CATCETIHCNCLI F4F 1 (o TIIVALPY4=(CAMNKCAT(NTY +C N N*E1 C4T)
YAMNY ) %AQS=(CACMTI*CATCYMTI+CNCMTIXEL CMTII*QSYA) /YSCHT)
165 FRYS==F2(MT)/YS(¥T)
143 FaY2=((-C(CAALP*SAT(MTI+CNALPHE2 (M T I *ALFYS =(CAY 3 CaT (v T +C NA$%58 (0 T)
YRUNYE) *US=C(CAIMTI *SATIUTI+CN(MTI*EL (1) I#GSYE) /v = (T )
184 Fay4=((=(CAALPKSATIMT) +CNALP* 1= ( AT ) #4LEYZ =CCAN N4SAT (M TY+0 Y %80 ¢ 1)
IEMNY LI *OS=(CACMTI*SATCHMTI+CNI(NTI*EL CATIIROSY L) /Y SCT) -
1688 FPAYR==F2 (LT )Y/YNC007)
186
187 ;
182 Ct FORMING D.E. FO2 LANBILA
1#9 DLAMC1)=0.0
190 DLAMC2)Y=LAMC1)+LAM(2)*F2Y2+LAN(4)*FLYD
191 DLAM(C2)=0.0
192 NLAMOAI=LA(2)%FRY4+LANMC3) +LANCA) *F LY 4t
193 DLAMCS)= LAMC2) % F2YS5 + LawmCa) % Fays
194
165
196 C: DERIVATIVES OF 1Y WeiteTe 'THinlA
197 F2T=10/YSCMT)
198 F4T=1.0/Y5C4T)
190 FhTa==1 oN/5M5N &)
20 FRAT=C=(Canld DA CHr Y+0 Jal, 20t 02007 2l U=0 I THIRETAT+CACATIENAT0m )
YRQS/YSCT) _
201 FAAT=C=CCAAL T SSATOAT Y0 Ol b 20 r) 3 Vit 2 =0y )4 e A= 8 idats 160 1)
YROR /Y ST 8
o0;
onn
A G GETTUAG LNSTANTA v CUS ‘GRET TENT
205 HT(MT)= LAM(2) # F2T +LAMC4) * F4T + LANHCS) 5 FST
206 HAT(MT)= LAM(2) *F2AT + LAMC4) * F4AT
207 IF (MT«EQ+1) GO TO 60
208
209
210 C: SIMPLE INTFGRATION
211 LAM(2) = LAM(2) + DLAM(2)Y x DI
212 LANCLY = 1A e) + LDLaves) % CT
213 LAM(S) = LAGCSY + DLAM(S) * DT
214 60 CONTIWUE
215 '
o1¢ .
S17 Ct. . SETTING UF INITIAL TTRrATION &LOW Skoe Ul 1 Ixwslicy
S18 IF CITGeNmeld CC 10O N
219 S3=0.0
22N BETA=0.N =
D11 RD=0.0
292 DO 65 MT=1,R1
223 S1(MT)=0.0
L0044 S2(MTI=0.0
P05 65 CONTT U
a7
#e8 Gt SIMPLE INTEGRATEON FOu Euw
229 70 BN=0.0Q
230 DO 72 J= 1,80
231 BN= BN + (HAT(J JY*HATC(J I+HTC(J I*HT(J ))*DT
2392 72 CONTINUE
233 BRN= BN + CTTF * CTTF
234 IFC(ITG«FQe1) GO 10 74 40
_235 BETA=EN/BD



20760710 76
227 74 DO 75 J=1,K1
238 TTL(I=TT(D
239 4TLC.I)=AT(J)
con FLICDI=FRT DD
Cal w20 D=0
SL2 L CYETHTCD . ]
¢4 TLECUY=Y2(d)
240 YLoCI)=Y4( )
245 CAL(I)=CACD)
S46 CNLOI)=CNCJ)
247 CATL(IIY=CAT(Y)D
248 SATL(JY=SAT(J)
49 YL(‘)(LJ)=Y5(J)
2890 FLeOH=sFe oD
SR r L0 DR
S s CONTINUE
253 DYL1F=TY1F
54 NYL3F=DY3F
Sh ITNTLL=T1 MDY
ISTCRNR SRVAR TS § BE~ N BRI ¢
“7 TFL=TF
258 CTL=CT
259 YLIF=Y1F
260 YL3F=Y3F
261 76 1T=1
L 7 TRCL et el ) GOTO HO
P67 STri#=STEPO -
2ha S3=-CUTE 4+ LETA =53
2¢5 1TL.=0
GRS STNPL=0 e
267 DO 79 J=1,81
262 S1CND==HTC(J)+3TA%51(J)
o VIR G 1 = S 22 T MRS W T R o b TR G
A } CONTEINUE
271 GOTO RS
272 80 IF (IT.NE.ITMAX) GO TO 8KS
P73 wRITFC1,600) IT>ITMAX»ITG»STEELLCHL,
274 /00 FORMAT (4X1T= »18,6HITMAX=01R,2:-1TG=s IXsOHSTEPL=0F19e&,45CTL =
2F12.9)
275 GOTO 147
276 &5 Iwk1=0
277 FS=0.0
278 TF1=TFL+STEP*S3
279 DO 95 J=1,81
PO TTUICDD=TTL( DD +5TRP%S1 (D)
281 ATI(II=ATL(I+STEP*¥S2(J)
282 IFCATI(J)GE«0.0)GOTO Ke
2HA ATIO(I)=ATI(I)+2 0*P 1
CEL 20D vy :
Sl G TECATICU)Y sLE 2« 0%PIYGO TO #7
PrA LTI =0TICT) =2 NP
28 wf IFC(TT1C(J) eLE«14400.0)G0TO &9
288 TT1(J)=1440040
289 INDT=INI T+1
290 ARTO 99
Col Fn TFCTTI ) eGH e e DGO )
25 PGS0 e
297 INDT=INDT+I1
294 91 FS=FS+TTI1(J)*DT
295 95 CONTINUE
296 IF (FS.LE«38500.0)G0 TO 9*¢
297 DO 97 J1=1,81 41
298 TT1(J1)=38500.0/FS*T1CJ1)
269 97 CONTINUE
300 WRITEC1,700) ITG,IT




301
3Ne
108
L2
305
306
307
30H
ang
310

oLl

z1P
{3
314
315
316
2D
318
319
320
321
320

323,

za
3248
326
327
30K
o4
JRN
331
“wap
333
334
335
336
337
338
339
340
341
342
343
- R4db
345
34¢
a7
S48

Gy
e

350
2ot
152
3153
354
855
56
ARTY
’25;.‘
359
30
ICRER |
362
363
364
365

TN FORMATCEHTOO fiJs AriCh FIU s OHL, Unbus a4k 110z 1838 1T=0 4D

v TITEGRATE STEPPED TRAJECTONY
98 PO 105 J=1,5

Y1C¢Jd)=YOC(J) .

105 CONTINUE
CS=111777=-40+92%H
NEC=0e1734% e N0243%EXP( =334/
PT1=TF1/80.0 ’
INDG=0

INDI=0

DC115 J=1,R]1

Y12CJ)=Y1(2)

Y14CJd)=Y1C4)
UMS=2Y1(2)%%2 0+Y1 (4)%%% 0
UM=SQRT(UMS)

QS5=QSC*VYMs

MN=UM/CS
TAU=ATAN2C(Y1(4)5Y1(2))
TAT1ICI)=TA=ATI (J)
AH=ARSCTET) CJ))
IFCARGTPIXGOTO 117

ALP=AR

GUTO 120

117 ALP=2 Q%P =A7

120 DO 125 I=1,5
IFCTATI (D) «ENHRCIIIGROTO 130
18 CONT Y NI

130y 1L =INDL+1
IFRCTATICI) «CGF N eNaANDN«TANYCJY oLk oD T ) GOV 12K
IFCTATICJ) sLE=PI) GOTO 135
F11C¢Jd)=SINCATIC))
F12C(J)==C0S(aT1CJ))

GOTO 140

135 E11¢(J)==STJCATLC D))
E12CJ)=COSCATIC(J))

C: FORMIAG CA1 AdD CN1 ¢ N1 iod-
140 ALP2=ALP*ALP
ALP3=ALP2*ALF

LLP4=ALP3*ALP

ALPS=ALP4*ALF

MN2=MN*MN

MN3 =V N2 R MN

MNa=MN3 kM

MNS=MN LGN

C11=CCO+CC1*aALP+CCL*ALPR2+CC3*ALP3+CCAL*¥ALP4+CCS+ALPS

C12=CCA+CC Y N+LCT Wt Ciim N2 4+CC Y e J4+CC 1 1 *iF [N
Calead=C1) =0 ]

N11=NCO+NC1*ALP+NCO*AL =+ C3*ALP3+NCL*ALFL+NCB*ALF &

MIP=NCOA+NC T+ 0 B L SXNCURR VRHN LoF NC1O+NC T 1 kM N5
CN1(JI)=N11%u417

FN=CNI1 (J)*05 ‘

FAa=0A1 (JI)%0S

LRCEFN/ZYL(S) eilite 1749360)) COTYO 114

INDG=INDG +] '
113CATICH=COSC211 ()

SaTICII=ST40ATY L))

Y15CJ)=Y1(5)

NYIC1Y=Y1(2)
NE2I=((TTIC(JI=FAI*CATI (I =Fu=xE11CJID/Y1CE)
F12(J)=DY1(2)

rYr1(3i)=y1dc4)

DY1(4)=CC(TT1C(J) = FAY % SATIC(J) = FN * E12(J)) / Y1(53)

F14CJ)=DY1 (4)

42



. 366 DY1(5)==TTi1(J) / B050.0

367 IF(J «EQ. 81) GOTO 115

68

369

370 C: SIMPLE INTEGRATION

371 Y1C1)=Y1C1)+(DY1C1)+DYI1(2)*DT1/2.0)*DTI
372 Y1(2O)=Y1(2)+DY1(2)*LT]

373 YIC3)=Y1(3)+(DY1(3X)+DYL1C4I*DT1 /2 «0)%LT1
374 YIC4)=Y1C(4)+DY1C4)%DT1 .

375 Y1(5)= Y1(5)+DY1(5)¥%DTI

I7€ 115 CONTI oiir,

77 :

378 C: SETTING TARGET CCORDNI NATHS

P Y1ITI=Y)TO+DY1T*TF)

310 Y3T1=Y3TO+DY3T*TF

Ar) G

Y CR

S (v CONMBTVER RGAES S0 B GV )

AL TS TER O+ TR o O LC1 Y =aFmA skl el 2 O CZ)S AT Jaade o ¥
il STy Yy U CL T INT Ty TuT Y oFSH»1aRGaCTI

386 200 FORMAT (4HITG=s18>3HIT=,1K,S5HINDT=5 18, SHIND =1/ //s 20C =,
F10e#,SHINTIG=5I18,4HCT1=5F19 &)

387 IF(CT1 +GE. CTL)> GOTO 130

388 DO 125 Jl=1,81
389 TTL(JII=TT1(J1)
397 ATL(J1)=AT1(J1)
291 ELICJ1)=E11¢J1)
392 FL2(¢(J1)=F12(J1)
293 TATLC(JII=TATIC(J1)
394 YL2(J1)=Y12(J1)
395 YL4C(J1)=Y14CJ1)
396 CAL(J1Y=CAL1(J1)
397 CNLC(J1)Y=CW1(J1)
368 CATLCIII=CATI(J1)
399 SaTL(w1)Y=SAT1C(J1)
400 Yi.SCJ1)Y=Y)SC(J1)
40t FL2C(J1Y=F12(CJ1)
a2 FLACJII=FY ACJY)
N2 158 CONTINUF

404 INT 1 =INDIQ

&4Ns TNPCL=INDC

L0A TWL=1F]
an? CTL=CTI1

408 STEDI =STEP

409 YLIF=Y1(1)

410 YL3F=Y1(3)

411 DYLIF=DY1(1)

712 TYL3F=DY1(3)

413 ITL=IT
414 GOTO 140

415 130 STEP=STEP/P <0
£16 IF(STEP «LTe STEPM) GOTO 145

417 140 IT=IT+1

418 GOTO 77

419 145 WRITEC15,900)STEP»STEPM, ITL,CTL,ITG»STEPL
420 900 FORMAT(SHSTEP=»F19¢8,A{STEPM=sF19eR8,2HITL=s185//s4HCTL=sF19 .8,
4HITG=5 IR, SHSTEPL=5F19.8)
491 147 IF(CTL.EQCT) GOTO 2000

J22 B0 150 Jl=1s81

423 TTC(J1)=TTL(J1)

424 ATC(J1)Y=ATL(J1)

425 Y2(J1)Y=YL2(J1)

426 Ya(J1)d=YL4a(Jl)

427 E1¢J1)Y=EL1(J1) 43
/92 ESC(J1)=EL2CJ1)

£29 TAT(J1I=TATL(J1)




430 CACJ1)=CAL(J1)

2431 CNCJ1)Y=CNLC(J1)

432 CAT(J1)Y=CATL(JY)

433 SATC(J1Y=SATLC(J1)

434 YS5(J1)I)=YLSC(J1)

435 F2(J1)=FLZ2(J1)

436 F4CS1I)=FL4CJIL)

437 150 CONTINUE

438 TF=TFL

439 BD=BY

440 CT=CTL

441 INDIsSINDIL

442 INDG=INDGL

443 YiF=YLIF

L4446 Y3F=YL3F

445 DYV F=DVLIF

446 DY3F=DYL3F

447 IFCITG«GT«ITHAXIGOTO 2100

L4H8 ITG=1TG+1

AQQ YIT=Y1TO+D'Y1 T*TFL

450 Y3T=Y3TO+DY3T*TFL

451 GOTC 3-

452 2000 WRITEC(1,902)ITG :
453 G602 FORMAT(EHNO IMP»6HROUVEME,AHNT FPOS»AHSIBLE s6HFROM Go
AHRANIENSHT IN TsbHHHIS DI 6HRLECTIOs 6HNs s 6HITG= »18)
454 C: (NO IMPROVEMENT POSSIBLE FROM GRADIENT IN THIS DIRECTIOW)
455 GOTO 5000 :

456 2100 WRITE(1,903)

457 903 FORMAT(GHITG=IT,AHGMAX )

458 5000 STOP

459 END

44
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