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I. INTRODUCTION

The purpose of this report is to describe a six degree of
freedom missile trajectory program in sufficient detail for the user to
be able to run the program and/or make modifications to fit his specific
needs. This program utilizes a nouroUtug missile coordinate system
to speed up run time when high (greater than 15 cps) roll rates occur.
Several options are available øuch as directional control force , fold- 

S

• out fins, and print-out of steady-state angles and velocity angular

F ~. errors at boost burn out.

The program is in modular form. All variables to be integrated
are stored in an array. A subroutine, DE SUB, consists of the twelve
simultaneous differential equations describing the behavior of these
variables. A general RIJNGE-KUTIA subroutine is utilized to integrate
this set of equations. This report includes a listing of these equa-
tions, programdescription and flow charts, def initions of all symbols
used, and a complete program listing.

II. PROGRAM DESCRIPTION

A. Equations of Motion

This program was written to simulate the following
equations of motion to describe a free rocket trajectory from ignition
to impact.
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x — uCOS (QE + 9) + wSIN (QE + 9) COS4’ - vSIN i~i

— uCOS (QE + 9) SINifr + wSIN (QE + 9) SIN~ + VCOS*

~- wcOS ( Q E + 9 ) - u S IN ( Q E + 9 )
U
9 — q

~c.’ r/cO$ ( Q E + e )

If a constant roll rate or a programed roll rate is to be i,~~le-
mented, this can be done by setting p —Oand~~~ ~~~~~ This is noted
in the program listing. In post flight analysis, frequently roll history
can be acquired from telemetry data. This can be stored in tabular data

• in A in and utilized in the preceding manner,

These equations were converted to Fortran code by using the Fortran
names listed in Table 1. These equations are calculated in the follow-
ing coordinate systems : -

Missile coordinate system.

Earth coordinate system .

-~~~
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B. Program Outline

Solving the equations of motion requires current values
of necessary atmospheric, aerodynamic, and missile physical character-
istic data, The program is set up to read these data in by way of
NAMELIST. This is one of the easiest methods of inputting data. An
example of a data card for a constant is

x—75 .,

This is done with no regard for format except that only coluana
2 through 72 may be used. If x is an array of five numbers , it is
read as:

x (1) — 6.,  4., 1., 17., 0.,

This can be continued onto the next card is necessary. AU. Fortran
names used in the program are defined in Table 2. Program inputs are
listed in Table 3.

Next, all variables to be integrated as a funtion of time are
stored in an array , VAR.TE. VAR.TB (1) is time. The remainder of the
array is ordered consistent with the order of the corresponding differ-
ential equations in DESUB.

The current values of atmospheric data are now calculated using
the following equations:

C — C0 [ 11(1 - z/2085553l .5)]
2

A — -z/(l - z/ 2085553l,5)

If A ~ 36098.2388 ,

T — T
0 
+ (-0.00356616 A)

(S P — P0 (T/T0)0
~~

6336540O 
-

p — 28.966P/497l9.6257T

V5 — /24O~3.O75 T

1f A >  36089.2388,

T — 389.9878

P — 472.6765 e °~~~°°°’4~~0 (A-36089.2388)S
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p — 28,966 P/ 19390047.44

V5 — 968.075 -
S

where G — gravity

S 
T — temperature
-P — atmospheric pressure

p = atmospheric density
V 9 — speed of sound,

I The subscript 0 denotes the value of each of these variables at sea
I level.

Next , the wind components are transformed from the earth to
missile coordinate system. These values are used to calculate missile
total velocity and angles of attack,

Current values of missile physical characteristics and aerodynamic
data are now calculated, The subroutine XINT is utilized for this
purpose. This is simply a linear interpolation routine with one inde- S

pendent variable. Logic is employed in this section to determine if
the missile is in boost or coast phase and whether fins have been
unfolded.

Now the fourth—order RUNCE-KUTTA subroutine, SOLVDE/SSIMDE* is called.
The integration t ime step, DELT, is an input to this subroutine. A rule
to follow in determining the Size of the time step is not to allow any
angle to change more than 70 to 8 during one step. This does not
include the roll angle unless a thrust misalignment case is being run.

I The variable DELMIN is the miniimim the program will allow DELT to be
changed to. This is done in SOLVDE/SSIMDE. DELMIN can be set to the
same size as 1~~LT. Other inputs to this routine are VARTh, the table
of variables to be integrated; WWW , the dununy working array; 1C and

S N, the number of variables to be integrated. DESUB, the routine con-
taining all the differential equations to be solved, is also required
as an input argument. SOLVDE/SSIMDE is a two-purpose routine for
integration. It has the capability of solving one nth order differ-
ential equation or n first order siusiltaneous differential equations.

S 

After returning from the integration subroutine, several variables
S are calculated for output and printed if it is time for printing. If
S the missile altitude has become positive (below sea level) or if maxinsun

*S.].l.ra William R., SOLVDE/SSIMDE, Directorate for Managemen t
Information Systems, US Army Missile Comand.
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— simulation time has been reached , the program searches for the next
case of data. Otherwise, it loops back to calculate atmospheric data
and hence back through the program. Program output is defined in
Table 4.

C. Subroutine DESUB
This subroutine contains all differential equations to be

solved in the order that the variables are stored in VARIB in the main
program. The subroutine inputs are V which corresponds to VARTB in MAIN,and J, the number of differential equations. A computed CO TO ss a
function of J controls the flow through the routine. For example, if
J = 1, the first differential equation is solved and control is returned
to the integration routine. The output is F which is the calculated
value of the differential equation for the current value of J. Following
is an example of a simple ~ESUB for solvJ~ng three simultaneous differen-tial equations, V(l) ~ x, V(2) — y, and V(3) — z.

SUBROUTINE DESUB (V, F, J)
CONMON X ,Y,Z
DIMENSION V(4)
GO TO (10, 20, 30), j

10 F = X
RETURN

20 F Y
RETURN

30 F = Z
RETURN
END

/ 5
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TABLE 1. FORTRAN NAMES

Fortran Name Symbol

VARTB (1) t ime
VARTB (2) v
VARTB (3)

VABTB (4) -~

VARTB (5) r
VARTB (6) q
VART~ (7) x
VARTB (8) y
VARTB (9) z

VARTE (10) e
VARTB (11)
VARTB (12) p

VARTB (13)
XT T
P p

S S
CD C

D
in

• GRAV g

QE QE
CNA

WV w
V

WU w
U

WW w
w

~tm
k

DX d
SL l~
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Table 1. (Concluded)

Fortran Name Symbol

- TL 1
T

cIA 1
C

ROLLI I

XI Iy
CLD C S
DCANT 5

C
CLP CIp
CLO C10
PSPIN

/
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TABLE 2. SYMBOLS

Fortran Name Definition

TEMPO Temperature at sea lt~vel
PRSSO A tmospheric pressure at sea level

S 

GRAVO Gravity at sea level

Flight path angle, pitch

IC Initial condition for RUNGE-KUTTA routine
VARTB Table of variables to be integrated

TT Current value of time

Wo Initial velocity component of missile
in pitch plane

U Initial velocity component of missile
along the longitudinal axis

Vo Initial velocity component of missile
in yaw plane

RD Initial yaw rate of missile
QO Initial pitch rate of missile
PROLL Initial roll rate of missile

XE Initial range of missile in earth
coordinate system

‘1 Initial lateral displacement
in ear th coordinate system

Z Initial vertical displacement
in ear th coordinate system

‘fliETO Initial pitch angle

PSIO Initial yaw angle
PHIIN Initial roll angle
WTIN Initial missile total weight

WT Current missile weight
XXTIN Time of first print out
XXT Time of next print out

KELL Index indicating whether missile
is on launcher

GRAV Current value of gravity

10
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TABLE 2, (Continued)

Fortran Name Definition

TEMP Current value temperature

PRSS Current value of atmospheric pressure

P Current value of atmospheric density

ON Current value of speed of sound
WY Boost phase lateral wind component

WYl Coast phase lateral wind component

WX Boost phase head wind component
WX1 Coast phase head wind component
WU Component of head wind along

longitudinal missile axis

I’JW Component of head wind along vertical
axis in missile coordinate system

VTOT Total missile velocity

ALP Angle of attack in vertical plane

S ALPHA Total angle of attack

UN Current Mach number 
S

ALTFT Current altitude (positive up)

XT Current missile thrust
T Time table , independent variable for

thrust table

A Thrust table, f(T)
PSPIN Roll acceleration due to spin motor
ITA Time table, independent variable for

PSPIN table

AR. PSPIN table, f (TLA)

TTh Time table, independent variable for
ASPIN table (Note both ASPIN and
PSPIN will not be used in same
simulation)

AX ASPIN table, f(TTA)
ASPIN Constant or progransasd roll, rate
CLP Roll damping coefficient

-
- 
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TABLE 2. (Continued)

Fortran Name Definition

UG Mach number table , independent
variable for CLP table

AO GLP table, f (UG)
CLD Roll moment coefficient due to

fin deflection

Mach number table, independent
variable for CLD table

AP CLD table, f (UH)
XK Control force for system with

direction control

Time table, independent
variable for XK table

AL XK table , f(TTB)

Pitch damping coefficient

IJE Mach number table, independent
variable for ~~~ table

AN CMQ table, f(UE )
CNA Normal force coefficient
UB Mach number table, independent

variable for ~NA table

AG CNA table , f (UB) , power on
GLO Rol]. moment coefficient due to

wraparound fin effect

UI Mach number table, independent
variable for CLO table

AS CLO table , f(UI)

BNLM Reynolds number per body length
times Mach number

ZAL Altitude table , independent
variable for RNLM table

AU RNLM table, f(ZAL)
BL Missile body length (ft)

BLOD Missile length divided by diameter
____________________________ 

( lid )
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TABLE 2. (Continued)

Fortran Name Def inition

RN Reynolds number

CDF Coefficient of drag due to skin
friction

TB Boost burn time

SPIMP Specific impulse

TIMP Total impulse

TPROP Total propellant weight

DELT Time integration step

XII Initial transverse moment of inertia

XIB Final transverse moment of inertia
TTO Initial t ime for table values
XI Current value of transverse moment

of inertia

ml Initial thrust lever arm

‘ELF Final thrust lever arm

‘EL Current value of thrust lever arm

CLAI Initial value of control lever arm
CIA Current value of control lever arm
ROLL]. Current value of roll moment of inertia

ROLLA Initial value of roll moment of inertia

EOLLB Final value of roll moment of inertia
SL Static margin

UA Mach number table, independent
variable for SL table

Al SL table, power on, f (UA )
CD Drag coefficient

S UC Mach number table independent
variable for CD table, power on

S 
AR CD table, power on, f (UC)
UA Mach number table , independent

variable for SL table, power off
AJ SL table, power off , f(UA)

13
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TABLE 2. (Continued) 
S

Fortran Name Definition

IJD Mach number table, independent
variable for CD table , power off S

AM CD table , power off , f(UD)

UJ Mach number table, independent
variable for CNA table, power off

AT CNA table, power off, f (UJ)
Di Missile mass

TFLD Time of fin folding

DELMIN Minimum time integration step

AX Velocity along the x-axis in the
earth coordinate system

A ! Velocity along the y-axis in the
earth coordinate system

Az Velocity along the z-axis in the
earth coordinate system

DRAG Total missile drag

ACC Total missile acceleration

Steady-state pitch angle after burn out
PSITS Steady-state yaw angle after burn out
lEO Index indicating whether to print

out angular errors af ter burn
ZERR Pitch angular error at burn out
YERR Yaw angular error at burn out
XX Number of time-steps per print out

ThAX Maximum time - simulation stops after
this time

LOS Index indicating last case of data
QE Quadrant elevation
S Missile reference area

DTh Thrust misalignment angle

P1110 Initial thrust misalignment direction
S DX Missile diameter

14
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TABLE 2. (Continued

Fortran Name Def inition

ELL Effective .auncher length
DCANT Fin cant a’.gle

PCD Percent elfective drag coefficient-
utilized i~t error budgets

J Variable number to be integrated

V Table of variables to be integrated.-
peculiar- to subroutines DESUB and SOLVDE

W ,WWW Working arrays for integration routine

N Number of differential equations
XX Array of independent variables for

interpolation purposes
Array of dependent variables for
interpolation purposes

X Current value of independent variable

Y Current value of dependent variable

TIME Current value of time

U Component of missile velocity along
longitudinal axis

V Component of missile velocity in
yaw plane

W Component of missile velocity in
pitch plane

TEET Pitch angle
PSIO Yaw angle

PHI Roll angle

Q Missile pitch rate
R Missile yaw rate

ACC Missile acceleration

VZ Velocity along the s-axis in the
earth coordinate system

VY Velocity along the y-axis in the
earth coordinate systes

CNAI Constant valu, of ~M before finsare unfolded

15
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TABLE 2. (Concluded)

Fortran Name Def inition

SLI Constant value of SL before fins
are unfolded

VARTB (1) Current value of time

VARTB (2) Current value of W missile velocity
component

VARTB (3) Current value of U missile velocity
component

VARTB (4) Current value of V missile velocity
component

VARTB (5) Current value of B., missile yaw rate
VARTB (6) Current value of Q, missile pitch rate
VARTE (7) Current value of missile range

VARTE (8) Current value of missile lateral
displacement

VARTB (9) Current value of missile altitude

VARTB (10) Current value of missile pitch angle S

VARTE (11) Current value of missile yaw angle

VARTB (12) Current value of missile roll rate
VARTB (13) Current value of missile roll angle

t

16
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TABLE 3 • PROGRAM CONSTANT INPUTS

Fortran N ame Definition Units

TBETO Initial pitch angle rad

PSIO Initial yaw angle rad

PHIIN Initial roll angle rad

WTIN Initial missile total weight lb

TT Current value of time sec

WO Initial velocity component of missile ft/sec
in pitch plane

U Initial velocity component of missile ft/sec
along the longitudinal axis

VO Initial velocity component of missile ft/sec
in yaw plane

RO Initial yaw rate of missile rad/sec

QO Initial pitch rate of missile rad/sec

PROLL Initial roll rate of missile rad/sec

XR Initial range of missile in earth ft
coordinate system

y Initial lateral displacement in ft
earth coordinate system

Z Initial vertical displacement in ft
earth coordinate system

XX Number of time-steps per print out —

XXTIN Time of first print out sec

TDiP Total impulse lb-sec

TPROP Total propellant weight lb
DELT Time integration step sec
XII Initial transverse moment of inertia slug-ft2

XIB Final transverse moment of inertia slug-ft2

TTO Initial time for table values sec

‘ELI Initial thrust lever arm cal
TLF Final thrust lever arm cal
WY Boost phase lateral wind component ft/sec
WY1 Coast phase lateral wind component ft/sac

St
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TABLE 3. (Continued)

Fortran Name Definition Units

WX Boost phase head wind component ft/ sec
WX1 Coast phase head wind component ft/sec

TFLD Time of fin folding sec

DELMIN MInimum time integration step sec

ROLLA Initial value of roll moment of inertia slug-ft
2

ROLLB Final value of roll moment of inertia slug-ft
2

CIA]. Initial value of control lever arm cal

TB Boost burn time sec
lEO Index indicating whether to print 0 - no print

out angular errors after burn 1 - extra
print

EL Missile body length ft

ThAX Maximum time - simulation stops after sec
this time

LCS Index indicating last case of dacii last
1—last case

QE Quadrant elevation rad
S Missile reference area ft 2

DTh Thrust misalignment angle rad 4
pub Initial thrust misalignment direction rad
DX Missile diameter ft
ELL Effective launcher length ft

DCANT Fin cant angle rad

PCD Percent affective drag coeffieient
utilized in error budgets —

CN&Z Constant value of CNA before fins / rad
are unfolded 4

SLI Constant value of SL before fins cal
are unfolded

S
- 18
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TABLE 3. (Continued)

Fortran Name Definition Units

T Time table, independent variable for sec
thrust table

A Thrust table , f(T) lb
Time table , independent variable for sec
PSPIN table

AR PSPIN table, f(TTA ) rad/sec2

‘ETA Time table, independant variable for ASPIN sec
table (Both ASPIN and PSPIN-will not be used
in same simulation.)

AX ASPIN table, f(TTA ) rad/sec
UA Mach number table independent variable

for SL table, power off

AJ SL table, power off, f (UA) cal

UD Mach number table, independent —

variable for CD table, power off S

AM CD table, power off, .f(UD) —

UJ Mach number table , independent variable
for CNA table, power off —

AT CNA table, power off, f(UJ) /rad
UC Mach number table, independent variable —

for CD table, power on

AH CD table, power on, f(UC) —

UI Mach number table, independent variable —

for CLO table

AS CLO table, f(UI) —

UG Mach number table, independent variable —

for CLP table
I ’ AO CLP table , f(UG) rad

UB Mach number table , independent variable
for CNA table —

AG CNA table, f(UB) , power on red
UE Mach number table, ind.pendsnt variable —

for G1~ table

I
-
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TABLE 3. (Concluded)

Fortran Name Definit ion Units

AN ~MQ table, f (UE) Jrad

TTh Time table, independent variable sec
for XX table S

AL XX table, f(TTB) lb
UR Mach number table, independent var iable —

for CLD table

AP GLD table, f (UR) /rad

UA. Mach number table, independent variable —

for SL table

Al SL table, power on, f (UA) cal
ZAL Altitude table independent variable ft

for RNLN table
AU RNLM table, f(ZAL) /ft

~A

4 ;‘--

- 

~
k

s 5

P 20

~4. 5

- ‘ - 5  5 5 5  ~~~~~~~~~~~~~~~ —



w~
_  ~~ 55-

~

—,-,- - - - 
-5-

S 

I

TABLE 4 • PROGRAM OUTPUT

Fort ran Nane Definition Units

TIME Current value of t ime sec
U Component of missile velocity along ft/sec

longitudinal axis

S - V Component of missile velocity in ft/sec
- yaw plane
W Component of missile velocity in ft/sec

pitch plane
THET Pitch angle rad
PSIO Yaw angle rad
PHI Roll angle rad
Q Missile pitch rate rad/sec
R Missile yaw rate rad/sec
ACC Missile acceleration ft/ sec2

VZ Velocity along the z-axia in the ft/sec
earth coordinate system

VY Velocity along the y-axis in ft/sec
earth coordinate system

THETS Steady-state pitch angle after burn out rad

PSITS Steady-state yaw angle after burn out red

XR Range of missile in earth coordinate system ft
XX Control force for system with directional lb

control
THRUST Missile current thrust lb
WY Lateral wind velocity component ft/ sec
ZE Pitch angular error at burn out rad
YE Yaw angular error at burn out red
XDOT Velocity along the x—axis in the earth ft/sec

coordinate system

‘ERA Missile flight path angle deg
ALP Missile angle of attack in the vertical red

plane

21

__________________________ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ -



_ _ _ _ _ _ _ _ _  ~TiTi~~Iii ~
- — S

_;• .~~~~~~~•5 •’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~_ S _~

D. Flow Char t

PROGRAM MAIN

ioo[ PROGRAM IN PUTS 

. 

-

STORE VARIABLES TO 
-

L 
BE INT EGRAT ED IN VARTB

4 CALCULATE ATMOSPHERIC 
—

DATA

I —

CALCULATE WIND COMPONENTS
TOTAL VELOCITY, ANGLES OF

[_________________________

CALCULAT E AERODYNAMIC 1
DATA AND MISSILE PHYSICAL
CHARACTERISTICS S

CALL UINDI

~ YES-I-i 
~ xx PRINT OUTPUT

NO

OP y
POSITIV FINAL PRINT

NO

IF IF YES
$ LCS—O 100

NO NO

END

22
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E. Flow Chart

SUBROUTINE DESUB

PROGRAM INPUTS

S IF YES
s-i CALCULATE w RETURN

NO

IF YES
J -2  CALCULAT E u RETURN

NO

IF YES
J 3  CALCULATE v RETURN

N -

IF YES
J~~4 CALCULATE r RETURN

NO

IF YES
J- 5 CALCULATE q RETURN

} NO

IF YES
J -6  CALCULATE X RETURN

NO

I IF YES
J 7  CALCULATE y RETURN

NO

IF YES
J 8 CALCULATE z RETURN

NO 

23
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F. Flow Chart

DESUB CONTINUED

NO 

YES 
CALCULATE O RETURN

<
~
>

YES 
CALCULATE~~~~~~ RETURN

NO

IF YES 
CALCULATE~ RETU RN

S 

NO

J —1 2 
YES 

CALCULATE~~ RETURN

NO

END S 
-

/
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HI. PROGRAM LISTING

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
D I M € N SI O N  V MPT~. & ( g j ) . w i , ( J )
D I M ~~N S1O r ~ 1(4 ) . 4 ) . UA ( I3 ) . M I ( 1 3) , IJ ~~t 13) .~ 6( 13),LsC(bI.øHU,).

COi w Or. C .RAv ,’-~~.p . S . C t e A , A ’ , £ T , 1 ) T ’,~ $f ,P~~IQ,X K ,CI), w V ,SL , M 1,DZ.CMW
CQMVO~ TL.CL~~.~~OLL~ 

, ,
~~LL. LL,W ~~,wtj, P1P~,CLp,CLV 4~CANT,pVOT

C OMMON PCi~.4SP 1~ ,f LO
T€~~~4L ~~SU~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~3TT~’ .*L,UO,AM ,(ft , *~v ,D~ L MAli ,~ OLL~~, Jr!O.~ X,LC5.OCANT.UG.AO .UP4.AP.
4U A . A ~~,Wy1 ,W *L , P C O , & K , U I  ,*s,UJ,AT.19O,Z.~L ,AU,M L ,C NA1,51I

PLODEbI. loX
LCS O

C AT *~OS t ’H&I C (e*~* £1TP $PO S18.6$b
~~SSO~21 16.217
Ge AVu~ 32,174O4
Rfz6~~AVO *. 1631b~ 3

100 I4EAD (S.N*wA)
W*~ITf (~~,Lu97)

1097 FOoW*T( 114) )

~~‘ITE~~t.NAI4A)
C I P 4 T I A L  C ONLITIONS

T~~ T*x(~E.57.5
IC z O

V aRT 8 ( 1)~~UV uWT ~ (4) ~ V (~VAk T~ Ib) ~~~Q
V* RJB I6)~~( O

V 1 ~~I.~)=Y

Va~~TM( llIaf ’SIO
V*RTP I 1?)~~’POLL
v*PT~~(13)zPH11~.
• T iWY I ~w
A*T~~ *1 IN

C w OSPp~~.~IC 0*1* C~OLCLL~.DJ~4 I O*3 . VA~ T H(9 ) ,2 I I5~ 53, .S
1) •/r* ’ ) 

~~‘2

LP (a LT— l 6 , Is9.~~~aM) aS,4~~.’..
4’, 11w *T~ W PO.I~~.~~t ,1~ $6ft ,•kl T )  S

P2 .~~~6 •PI S~~ / (407) .6#~~7.TIMP)

‘~~~ TO —‘0
4’, rr ~~..’g11~c .q.s7u

7p • ,7~~5~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
sc ii ~O ’47. ’” . 

S

—v •V~~W Y
U

C AP lH~;)YP.4*MIC L’U C*LCUL.~T rr ~

*1~zW~~’C(~S( V* kTr l ( J O )  .*IF )

25
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S

w~aN*~ SIN ( V A W t l I I ~~).u1 )
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
ALP x( VA~ T$(2)~~w W ) / VTO1
ALP$ &aSQRT ((VAMT8 (e)— ~ 1)* ) • ( V A M I + S d 4 ) — w V )~~~~

)/ V TUT
UMaVIOI ION
AL T~ T*—VART N (9)
CA LL *1sT (T,A.TT.*T)
CALL X1N T (TT * , *— .T 1.l~S,’I .)
CALL * IP .T (TTA.*$, T T .o ~SPI~.)
CALl. X IsTiUG.aQ.uN,CLP)
Ca~LL XINT(UH.*P.Il1.CLC)
CALL *1N1(TT~~,~ L .T T.AI’ )
CALL XINT (u€.AA.44N. CMO)
CAL L *INT(U$.*G.UM.C~t a)
CALL XIN T (U I ,A S , U M. C L O )
CALL XINT (ZAL .AU,* LT FT.kl L )
RN.*tELM UN~~~&.
CDçs.29A•NLOOsU.0392—.1 I*UM..~ O3S* ø* ?)/(i-

~1’* .?)
IE flT .6T.Te~) 10 JO 1~~IC I’+’VSJCAL C~,APA C 1E.~ISTICS UUCATtC

6 SPIMP.TINP/TPPOP
wT00T—*T FSPIMP
•Ja~ T—~ TO0T~ DfLT

A1.*I 1.e8P~ TT
St’T. lTI5—TLI ) /(10—1 TO)
1La1LI-.ReT~TT
CLA *85 (CIA I—IL )
ROLLI kOLLA. ( (11 T101 IT*’—T IU) )~ (ROLLP—RVLLA )
CALL *INT (UA,*J .UM,~L)
CALL *INT WC.A. .t(N.CU)
GO TO S

101 CALL *INT ltJA,A ,j,lJM .~ L)
C*LL *INT ~~~~~~~~~~~~~~~
CALL *INT(UJ.*T.UN.CNA)

S *s.~ TFAQAVco.CD.co,
IF(n.6T-.TrL o)b~ TO 1
Ch*aCwAI

~L.SLI
7 COWl INUE

C 1P~Tf Gi~ATION SUNPOIITI if 
S

W (V*W1~ (I3) .r,I.e.2032 ) VA 1~Tr ( I ! ) RVA DT I ( 13 —4S42$ 32 5

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - S

CaLL SSTM t 1VA.~1R.~ WW.O ELT.OELMIN.I ? .IC.OESt ’$)
TT.VA~ 1~~~I)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4
•CuS(VA. iT9C11))~~~VA .~ 1b(l,)*SI~~~~(V *W 1 * i U I) )

Ay aV*W 1q(4 ) .V*WTt4 (3 ) S I ’ (V ~ ’1I ’ ( 11) )
5

_S

TsETA .*TAP~( ( *l)/ *) S7.~
UwA (~*.b~P~ SeCO~ (V* .~T$(3)~~~?)
ACCa(A 1—DwA ( ) #*P -

IF (TT.L T.T$lGO TQ /01)
C s TEA DY STAT E ANG L€~ 

-: S S -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -4 • -~~~

1 (V*NT~ (2) W? )W~*S U**C~~ /I4.**M V *PT4(~~) SL ) S
.

Iv 1N4S).AI/(fl*.*M VAP1~~(3) L*COS (0E))~~(vM PIM(4 )~~~~)*F S* 3**C 4~/
?(4..*M*vA ~ T 3).SL COS (1~€ )) 

S

~
200 IF(I si~.$iO.G)G0 10 241 

— -
C *t.GULAI4 tR$OfrS AT ‘1OQ~ T ,~%~rIh OUT g •

~
V,sVMTR(?) .cOS (v*MT~~(1~~) )~~VA 0T~~(3)*cT N(VAøTh (Io)) C

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- —  S
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1

Z~ k~~ VZ /VTOT
VT UT

IF (TT ,bE.XZT 1 w I~JT€l4 ,1O~$)v 2 ,V v.Z EpR.y€~~2u1 IF ( IT— *AT )A l,90.91)
90 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~Wk JT€ (A.1tU1 )vA~ TH(J~,).v*h~€ (p),Aj,vA5T~~(c) 

5 -•

wi~ITE 6.) 2)vA~Tl~IIl ) .vA”tr (4) .AY,VAPTs~(M)

~kI1€ I6.1~~ 3)V*cT~~(13 ,V t’ l6).V*~ltb4(5) ,URAGwN ITE (6,1C9~ )XT .~ Y,1’~.AC t

WM IT ! (6.1(96)
IO900FOkP AT (8s TIMF Z •t14.1.2~.ee’U’ ~~~~~~~~~~~~~~ .fl4.7.ZA,

17) M$SS~ eEIA .7)
IO9IOFONW*T (8$ THETa ~~~~~~~~~~~~~~ .EJ4.1,2*,e~,alz •[14.7.E*.

lip’?. .t14 .7)
10921WU5*’AT(8$ PSIOs .E14.7,2~.Ap’Va ,k14,7,2L,4N1Y2 .Ei4.7.2*-~1714Y. •t14 .7)
10930F09P51(e$ psi. •€ )4 .7,1A.,IiCa ,(14.1,2Z.OWR-a .E14.7.2*.

1? p ORAG. .E14 .7)
1095 FOQW*T ION T’iAtI5Tz.t i4.7.2~ .4p,ay. •EI4.7,2X.M~X~. ,Ej 4 .1.2A.4IIACCS.

11 14.7)
1096 FORNAT IIN )
1095 FOPNA1 ISH V2~ • 4.7,~ *,44lV Ys •~~-4.1e~ *,*W~f ,E14.7.2~ ,4+4Y€~ e

1~ L4.7)
Is~

g FORNAT (ew THETS. .E14.7.2X.4wPTSs,f 14.1)
1100 V OSNATION *001* •t14 .7e2Ac 4$T~A*•E14 .7,2X.4NALP*.E34.7)

*AT.**T.X*•0€L1
91 CONT INUE -

C PkOGNAM STOPS 0$~. NEGATIVE ALTITUOE 00 VAR TJVF
II IV*RTP(9) .~iT. I0.)GO TO 3o~.
11 (TT —T ( A*)4.300.IuO

300 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~w wIT E (6.1O91)V*’~Tø ( IC) .vAwT ~ (?,,az.v*p~q (çp
•I IT Eth .1e92 VIMTa I I) .v aw,e (4) .Ay .VAQT N($)

ITt (6.1 3) VA~ T~~( 13) V*P Tt~ f ,VA ~ITs 151
w1.JTE (6.109b)*T.wY.Z,~.AU

S W~ 111~t6. 9*)VZ.v’v.Z~0k.YI~ o
C LAST SET OP USIA cIGs*LL~u bY LCS* I

301 IF (LCS.EO.~ )60 TO 10~CaLL LA1T
t % O
SUPNOHT Y’* OVSo$~ (V.P...))
C0,*O*. G~Aw.a(.p,s.css*.*~. PT .UT~~,Pt~i , MI0.*I~,CD,WV.IL , *I.DA.CNQ
CONSOPI TI .CLA..IOLL I .APHI .tLL ,~LLL.~w,wu.PSPft..CLp,cLD,oC~ 4T ,plJeT
COWPOIs PCD.&SPII .CLO
Ul-NENSION V (13 )
IF(V(7).GT.ELL )IIFLL*?
‘Ju 10 (I9.29.30.4o.SU.b ~.70,~ U,Q o. IO~ .l1, . I2O),J

IU F.O
f GO TO (l2.1I). ’~FLL

11 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- -

12 ‘~r TL’Iffi
20 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~(~4 TO (P2.21). ~t LL
2 1

2c “ T II#t .
Jo ~~~

-~~ Ci. ~O (32 .i l ) , ’ ¼ fl.L
3)

I (~~T•fl Ta*Ct~S (V ( 13).,Jsi IO).* I~.~~~)) ) ) ,* M
I~~ Itli w

&,u Iv (42.a.II.Kfl. L
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41 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I •5~~(DX*a2)*P.b*V (,)’ .V (3)’ .
2 C$fl/ (2..*1.( ~~1..x T*CT4’ .C~~~(V ( I3 ) . P I4 Iu ) * TL S DX —% . ’flR*CL** RK*
3V(11))/xI.~ OLLI .v(12)~~v (’~),~ 1

42 R€Tui~P
- 5 0 F 0  -

GO TO (5?.b1 ) . ’~~LL
51 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ )—
I (.5•P•5eWX*’.?~~ v .~~’
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~3XJ-—ROLLI*V (IZ)e v (~~)/*1

52 RETURN
60 F.V (3)~~COS (V (1O).CiJ.VI ’)’S1,~(V(I U).Of )~~COS (V (!l))—V (4)’SIN (VU1) )

i4t lUk1J
70 V~0

GO TO (72.71).,(ELL
71 f aV(3)~ COS (V ( 1O) .  )•s (v ( 1~ )).v (P) ’S~PIV( ) ( f l .Q~).~ IPq( V (  L I ) ) .

IV(4 ) ’ COS (V ( l I ) )
72 RETURN -

RO F.V (2 )4 COS(V ( IO) .Qt )—VI 3 )* S1s (VU0 ) .~)F)
RETURN

90 F-.Q
GO TI (9Z.’~1).P~FLL

91 Fzv (6)
92 RETURN

100 P.O
60 TO 1102-,1C ,1).KFLL

101 F~ V(5) lCO5 (VUO ) .Qt )
102 ê(ETURf4
liv ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1DCANT/ (2. •NOLiJ ).P~PIN. .b*0 SSOR*CLO*V (~ )‘~?FêiOLL I

V.0. • -
~~ S

PUOl.) 1 ..~~~~~~~ ~~~~s ~ m c*~~s ir ~~~ ~~LJ.

120 F.V(12) IS WI ~~~~STSA1T Ot P~~~~
F.ASP)h ~Pf TURN
thO
SUWNOUTIWE SOLVC€ (V.w.OEL.t’tLNIN.N.IC.DFSUR) SVOL0000

C SVUEO OI O
C GIVEN A PI N lii OP~€R o IcF(i.CNTI*L EQUATION SvLiEoO2o
C O(N)Y/DR(WI P(A,V,y( .~~ p,...,Y(I#— l1p) w’*RE P DENOTES PRIME SV~*D03O
C SVDEUI’.O
C I V VA~ I*~Lt TAtsL~ It. SVUE uO~ (,C VII) z A
C ‘,(~~) Y ~,VU€ OO7~C W(3) ‘V PRIN€ SVu t -jo~~
C VI’.) = ‘V 1.0 (-WIME SVU JO’A1)
C ......... ... •. ...... . SVUE OI O3
C V ( W • ) )  ‘V ( c — I )  I~wIMt ‘,Vu€(.,1~~,C U(.~a•~~) z i ’ ( P )Y/ I ) * ( N)  (‘POti RFTUPPI SvUt,)1~~C ~ w wo;1 !...G AR.~’ .Y . ~ UIFFFr~~NT AI ’PAy “ UST Pt LSEt’ FO’~ SVUEGLJ ~C L*CPs DIPFL~ EI-ST EQUATION OR SYSTE M OF EQUAT IONS HEING SVUEO)4~C p VAL UATt.U. T~W UIMENS!QN MUST RE *1 LEAST w ( 3 ) .  SVut O)bn
C 3 ‘JEt. cTEP 5~ j~ FOi. JNUEPt~iOENT VA RIABLE. AN 1NCREASIU(~— SVULvJt ,,.j
C DEl FASI PiG ~A .’1A€ ’ LE STEP Sit E (P’ ) IS USFU INTLONALLY SVOtO)7~C Ip~ Tst MO uT INF. W ETUW N TO THE CALL INA IN4OGPAP’ W ILL SVUEO)d~ 

-
~~~C +~E A T V(1)•L.i I • - SVOLOIV(,

C 4 DELMIN uIp~I”U,~ VAL uE To P~E USED FOW (N) W HEN DECREASI NG SVUt 0?OE’
C It-iF r ’~T E C R A I I oP~ INCMEMFNT. SVULIj 2Ij
C S P. 4(fl’JQ 4p P-E (

~ ‘AT1UI~- TO .c  ~OLV~ fl.
S A IC I)SFD I- Or Ii~Tt~~I~aL CO” TROL . TpIS VAkIAsL E wesT Ni ~~~~~~~C ~fT Et)UML TO 7FKO FOR THE FIRST IP~Tf (,Q*T)OA STEP . SVUti~ 24 S

~~~~1C a r tFF r i~Et~T V& ,- i L* ,41t ~4t~~5T wE ti~t fl FOk i~~C~ uIVF€~.LtIi SVDLOPSO
C ~ .UAT1OI~ (.‘1 SY STfM OF FQUA T LOP.S .‘~~IN( EVA LUAT ED. uO SVDt02.c
C NOT lISP A L IT ~~ ML S IM~F IC ic r0’~TIr-.ua LL.y (‘sl*P4GFI1. SVUEOPVO

- 28
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C 7 uESU~ NAME OF kOuID-.t CUNTATNIN4i IP4E UM~AIIUP-i TO NE SOt.VLD.SVbLO2bO
C T~F tiuNt. USi L) Iii T I-€  (ALLIM , 1’P1)(45$ MUST RE 0EFI~~ t) AIVUEU?00
C Jr-i A EKT ERP.AL STA TEMENT TN li- it. CA LL Zt G PROGMA$. SVUE(e3OQ
C SV.UEO3i3
C SUpIROUTINE SSJl iDE(V,W,D€L.n ~ LPIN,N,IC.OESupl ) SNI~~O3gg
C SVD~V33O
C GIVEN THE FiRST uRO€ i~ sYS TEr-& OF DIFFFREPJITAL EQUATIONS SWU€ 0340
C OY 1/ DA • FI(* ,Y1, . .. ,YN) SVUEO3~ O 5

C D’V2/DA F’IX.Yl. ....YN) SVOEO3oC
S C ..... ... -................ SVDEO37~C DYN/DX = FP.,(X.Y I...~ ,YN) SVOES360

C
C 1 V VA~ IAB LL TA$Lc 1€, SVU€0400
C V U) . SVO~u4It,
C V ( )  • ‘VI SVDE342~.

— C V ( 3 )  ye - 5VUE~434
C ........... SVDEOAAC

S C V (~ .I) • ‘V i i  SVU€u.~~0
C SVD€O46O
C 2 w SAME AS 2 .(P4OVE. SVDEO4?o
C 3 Li€L SAVE AS 3 ARUV E . SVUEO44O
C 4 DELNIN SAME AS 4 abOVE.
-C S N NUPOEN Of S1MII TANEGtJS LOUATIOH$ TO HE SOLVED. S~~ EO5UO
C V-i IC SAME MS 6 ANOVE. SVUEV5IO
C 7 UESIJ~ SAVE AS 7 AWOVE. SVDEOSZI
C SVOEOS3Q S

C Tsit. VARIARLE S C AP~0 VS IN THIS PROGQAa MUST GE DIMENSIONED SVDEO5’,9 S

C AT LEAST C(4, ’l) aND VS~t.2). . SVOE555O
C 13- ARRIL 69 SV~~I%6~ 

S

C RALPH SELLERS SVDEOS7O
C SVDE~OSdO
C D4UP.LE PRECISiON V.W,0EL ,u~LM 1N,C,V5,TSTO p.NØ4~j .~Ilp) SVOEOS9O

55 C SVOE4~ 0O
L*TEM P4AL IIESUP SVD(O61O

S DIMENSION V (I).M(I).C(4.IS).VS (l7) SVDEOIZO
C SVDEOI.39

1SVS • 0 5 SVUE9540
E e l  • P,.I SV~~06SO
NP? a NPL.1 SVDEO6aO
hilt • NP? SV *IJITO
60 TO 3 SVUE e6AI
LNTI Y ~SI~ D€
JSYS • I SVOEO TOI

a N.l S~~ES7iS
Nl~2 • NP1.i SVOIU7?O S
AlIT • NPI SVREIY3

C COaPUIt ~T4R FOD THIS INT !GwSTIOP. STLP 5V0E4740
3 TST uP a V I I )  • ~EL SVULO7SO 4

C C$&CR POR FJ~ ST T iM E 1’.T* ~O&’TlHE SVDLOT6O
10 J FI J C .GT. U) GO TO 2., SVutl7lO

C PI.~ST uH F IN
1.1 ‘ * oIL 6V0E0790 

S 

-5P4 • 0 svot.ess
W ( P )  • SVOLvR 1~ 

-
~~~

(‘.~ T( 60 SvU€IRZS
5 C l’PST*.’ T Ii IPPUT UEL P’~~~5 CHANOPI) 

~ViICIli(s (1 (,:EL • ‘it . w 2))  hO TO 
~~ 5~5(~~4

1 a dli)  S

~ — •  - 5 ( J )
C T EST PO D OUt dLINb H• i~ C~’EASe TEST AS NUNPER OF IIALVINIS $vOUI7i
s. J- i C~Ei’St S. SVUEOPSI.~U I’ (Ic .LT. Lu~~(N’ i .L)) 60 10 60 SVI*009IL • 1 SV~~S9lS
C b . ~RLc~ PS SV~~.9I.

-
‘ 

~~~
- !u ’ / s ? . J ~ P’ SVOESS1OI P (V ( I ) . H2  •GT. Tc IOP) GA TO 60 S~~t~~ 3o
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1F ($ ’2 •LE. DEL ) ‘JO 10 ‘3 SV ’J EOc .(•
80 TO 60 5 SVUt i~9~~

53 I, W H? SVDtU9Du
C INCREASE C01 4TEP SVUEO97L

60 IC a IC • I SVt)E09.i~i 
S

C - INTE6RAT USIN( R—k SVUEO9V. ,
C SAVE V TARLE VMLUES IN VS Ar DMY

105 00 lOG IaI.NTOI SVut1JL ~106 VSII )  V II I  SVUEi O2ci
C F IPST PA SS THPU ,.—K (Ulit-UTAT IOps SV UEII iJv

110 DO 11W J.1.N SVUt IU’.&i
iF ( ISYS .NE. 0) GO TO II~ 5VL,Eltj~,uIF(J .1.0. N ) GO TO ~~~~ SVDtI 0(-O
F • V(J .2) SVUt IOIO
60 TO 119 SVUL1 O~ 3

115 CALL DESUI(V.f...j ) SVOE1OVO
119 C(1.J ) • F • H SVUEIIO(

C SECOND AND THIRD PASS IPRU f r A  C4( CLJLAT ION SvUEj li.,
120 Vi i )  • VSII) • ..5*Pi SVUE11~~o

00 150 1.2.3 SVOE1j 3~j00 130 Ja2.NPI SVIJt 11~.(130 Vt.)) • VSIJ) • .SACII— 1.J— 1) SVUt1i sO
00 140 J.1.N SVOEI16O
If lISTS sHE-. Ii ~O TO iic SVUEI17o
IFI.) .10. N ) (IC TO 135 SVDE11H..*
F • VI.).?) SVDE119ij
ho 10 140 SVUEI200

135 CM.J. OLIUIIV.f.J) S 
- SVOE12IU

— 140 CI I. . ) )  a F • N 5VU11210
iSA CONTINUE S001123e

IP(.S.$ .LT. ()!LMIN ) GO TO 160 5V011240
C TEST FOR HAl. VIta l Is SVuL12,0

00 153 J.1.N SVOFI?bO
IMPI • (C(2.J )— C(3.J ) ) / (CU,J)—C(2 ,J))  5V0f i27f
It I*IS(TNPI) .61. .015) s0 10 iSS SVuL12$o

1S3 CONTINUE SVUEI2 Wu
GO TO ill SV UEI3OC

C- $AL~~ H SVO€1310
155 H a .SAI ’ SvOtl32e

NH a NH.) SVO EI33Cs
IC • I SVOt.13N0
00 157 Jal.NTOT SVUE L~ SO

157 VI J) • VS (J) SVOEI3NEI
60 TO 110 SVUt13To

C FOURTH PASS TI-iwU P—Il CALCIJLATIOII SVDEI3bU
lAo VI I )  • YSU) . H SVU L13V~DO 161 J.2.P.PL SVut14v ~161 VI.)) • VS(J ) • C(1,J—1 ) 5V0t.144A

CO i7u Ja1.N SV&IL14?O
• 1FIISTS .NL. 0) 60 10 1i5

IFI.) .LQ. N P 00 10 I6~ • SVOEIA4O
P $ VI.).?) SVUt114~t.
HO 10 170 SVU€146A

165 CALL UISUEIIV.F..j) SVU€ )47C

~~ C(4 .J) • F • $4 SVUEIAI-ic)
C UPL AT E V TØPL, SV.)E1490

00 lAO J.1 .I. SVuEISo ~lAo V(J.I).VS (J.l).(CU .J) • ?..iJ~’(C(?.J).c(’.J)) • C(4.J))/ 6.000 SVUE1’J1I~C TEST P0k END OP iPtt ( w atlAP. STEP - Sv OEIS2u
200 IFIV ( l) • M~2.0 .0(. TS1Q~ ) ~O TO 220 SVOf 1530

( 0  TO ‘.0 SVUE*S40
C £‘~0 Of PEfl ts IsPf U lNTEbs$1I OP. SVOt l’~~)220 V U)  • TSTOR SVOI-I%0

1F (IS’Vs •wt . 0$ 60 TO ~a4 SVOtiSlu
CALL LstSUN(V ,V(t~P?). 1)

99W CONTIRUE 
— SVUE)SW ...
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W ( l )  a H SVDE1600k II?) a DiL SVUE16IO0(3) a NH SVI*16~ Ot C Sv0t163oRETURN 
SVUE 1640END - 50011650SURROUTINE X INT (Xx ,YY ,A , y )

DIMENS i ON XX(15).YY(15) -

t 1—1
5 IF ( * , L T . X X ( J . l ) ) G O  TO 10S JaI .i

GO TO S
10 YaYy (I) .((A~xx(I, )#(*X(!.1)— AA(Ip) 

~• ( ‘V ’V (~
• % ) — yy ( l )pRETURN

END -
0000000000000000000000
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