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COMPUTATION OF STAT E VECTOR AND
TRANSITION MATRIX FOR TRAM

I. INTRODUCTION

1 .1 TRAM (Trajectory Reconstruction Analysis Method)

T RAM will be a system of subroutines produced for SAIITEC which , runn ing
under the control of a main program, wil l use telemetered inertial guidance
data and metric sensor data to estimate selected parameters of the missile,
the sensors , the earth and the atmosphere. These parameters will include ,
for exampl e, the position and velocity of the vehicle , coefficients of the
error models for the guidance system and for the metric sensors. Normally,
parameters of the earth and atmosphere w ’ll not be estimated. It will be
possible , however , to propagate the effect of errors of these, or any of
the parameters not being estimated, on those being estimated. TRAM will
be useful for many purposes , such as mission planning and special studies,
but it will be used mainly for metric sensor performance analysis and will
subsequently become a part of the Metric Integrated Processing System (MIPS).

1.2 The Estimation in TRAM

The parameters being estimated are called the state vector. The estimation
is an iterative process which takes place in two steps. The first is the
optima l estimation of the state vector and its covariance matrix at any
given time uSlfl (J al l the datd up to arid including that time . The second
step is to compute the optima l estimate of the state vector and Its covar~~nce

matrix at any time using all t~e data . The fit -st step is called filtering .

The second is called smoothi ng .

The fi lteri n g in TRAM will be done by the Carlson square root adaptation of

the extended Ka l man filtering algorithm [‘I]. The Kalman algori thm is applic.-
able to linear systems and in this application the equations are linearized

about a nominal state vector.

.~ an I 
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There w ill be two options for smoothing, dependent upon the segment of the
trajectory where the data Is ta ken from. In powered fl1 ght a fixed Interval
smoother will be used , and during free fall , the smoothing will be done by
retrograde integration. Figure 1 gives a functiona l flow of the fi l tering
and smoothing TRAM wil l  perform.

1.3 The Purpose of this Study

The calculations wi thin the dashed box In Figure 1 were studied in this
effort. The nominal state vector is computed by integrating the position
and vel ocity from one data time to the next. With the nominal state vector,
the transition matrix can be computed . The computation of the transition
matrix wil l be by numerical Integration also. Since the intervals between
data times are normally small (.1 sec or less), and the state vector and
transition matrix are needed at each data point, computation times would be
excessive. Because of this , more efficient algorithms were required. These
were devised and numerical experiments were made to test their execution
time and accuracy.

Therefore, the main purpose of this effort was to establish efficient algo-
rithms and subroutines that will compute (1) the state vectors and transition
matrices , (2) numerical derivatives and (3) numerical integrals that are
needed for TRAM.

2
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II CONCLUSIONS

2.1 The Three Areas 0f Study

Three problems were studied. One was the size of the Integration step
which would give adequate accuracy when integrating the equations of motions,
the transition matrix and its i nverse. Another was whether or not numer-
ica l , rather than analytic partials could be used in computing the transi-
tion matrix and its inverse. The third was whether or not Spline inter-
polating polynomials could be used to obtain values of position , velocity ,
the transition matri x and its inverse within the intervals of integration .
The following results for the free-fall segment of the trajectory are given .
They do not necessarily apply to powered flight or reentry.

2.2 The Conclusions Concerning Numerical Integration

Numerical integration formulas can be divided into two classes , one step
and mul ti step methods. The one step methods use only the Information at
the current time step to integrate to the next time step. Some algorithms
compute values of the variables being i ntegrated wi thin , or at the end of
the current interval being integrated over. Methods which are of this class
are the Euler method , the modified Euler method and the Runge-Kutta methods.
There are many Runge-Kutta methods differing because of the order of their
accuracy and because of the specific constants used in the algorithms . The
Euler method , is less accurate than the modified Euler which Is, In turn , less
accurate than any of the Runge-Kutta methods. However, the Euler method takes
less time than the modified Euler , which in turn , takes less time than any
of the Runge-Kutta methods.

The multi step methods are numerous. They use information at past steps to
integrate from the current step to the next. All of these methods, however ,
require that not only the function being Integrated but its derivates up to
the order of the algorithm be continuous. This is not the case in this

application , and therefore, these methods cannot be used .

4
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Results from numerical experimentation have determined that the fourth order
Runge-Kutta gives the best accuracy and computation time when compared with
the Euler and modified Euler methods. It has further been determined that
a step size of five (5) seconds may be used when integrating the equations
of motion , the transition matrix and its inverse. These results are valid
because, even though the Runge—Kutta takes more time per step than the
Euler or modified Euler methods ldke , the step size can be appreciably
l arger because of the i~~h y 1 t ~a t e ~ a e c L i rd~.y of the Runge-Kutta algorithm.
Another reason for the larger step size is that during free—fall , acceleration - j

is slowly varying. During poi~ red flight the acceleration is much greater, and
a smaller step size will be needed .

2.3 Conclusions Concern i ng Numerical Partial Differentation

The differential equations of rne .ior t need to be differentiated wi th respect
to position and veloc ity in order to obtain the transition matrix and its
inverse . This study has shown that these partial derivatives can be com-
puted numerically, rather than analytically, wi th a central difference
formula. The study was made by comparing the results of the numerical
differentiation with the analytic differentiation .

If the analytic differentiation is done without mathematical errors, and
the eva l uation of the formulas is iuii e with infinite precision , then the
values would be exact. However , ana l ytic partial differentiation normally

becomes very detailed ~flJ IUIk~ l~~~~~~ ierms are developed . As a result, chances
of error are high and very thorou~i checking is needed . Moreover , if there
are a large number of terms, round off errors can degrade the accuracy of
the computation .

Often , numerical partial different iation is simple to program compared with the

analytic approach . Otu e a subru~.tine to evaluate the function has been

developed , all that is requ i red to obtain the partial derivative with respect

to a given variab le Is to evalute the function for two different values of

the variable , leaving all the other variables the same; then , form a quotient
of the difference of the values of the function divided by the di fference
of the two values of the variable. Although this is easy to perform on a

5 
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computer, there are truncation and round off errors associated with this
method which the analytic appro~ :r~ does not have . The reduction of these
errors to an insignificant value was one of the goals which this study achieved .

There is another advantage to obtaining partial derivatives numerically and
that Is It is much more flexible. The acceleration calculations depend upon
the model of gravity acceleration, of course. There are many gravity models
and even the form of them can change . To write down the partial derivatives
of all of them would be a monumenta l task i ndeed. However, partials can
be obtained relatively simply by numerical differentiation .

2.4 Conclus ions on Using Spl i ne In terpolating Polynomials

The position , veloc i ty, transition matrix can be integrated accurately at

step sizes up to five (5) seconds during free-fall , but the values of these
quantities will be needed at every tenth second or at smaller intervals.
In this study it was determined that values at the finer mesh can be obtained
satisfactorily by interpolation with Spline polynomials.

Spli ne polynomials are constructed such that the function and a specified
number of its derivatives fit data at the end points of an interval. In
the case of the state vector , the position , velocity, and acceleration are
given at the end points . For each of the three variables this specifies

six conditions , and therefore , a quintic polynomial Is determined. For
the transition matrix and its Inverse , the function and its derivative are
given at the end points of the interval. This specifies four conditions,

and therefore, a cubic is determined .

This study has shown also that the velocities in the state vector can be

obtained satisfactorily at the finer mesh by evaluating the derivatives of
the Spline interpolating polynomials that have been derived for position .

2.5 Suninary of Results

The amount of computation time can be reduced appreciably by integrating
the state vector, the transition matrix and its inverse over a five second
interval and then obtaining these quantities at the finer intervals of the
data rate (0.1 second or less) by using Spline interpolating polynomials.

6
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It has been determined that the accuracy of these algorithms Is sufficient
for the estimation performed in TRAM.

It has been determined also that the partial derivatives needed to calculate
the transition matrix can be computed by numerical partial differentiation
with accuracy sufficient for TRAM. Computation of derivati ves numerically
will improve computation times and allow for greater flexibility .

Therefore, the purpose of this effort has been accomplished and algorithms
and subroutines have been devel oped that wil l compute, (1) the state vectors
and transition matrices, (2) partIal derivatives, and (3) the numerical
i ntegration needed for TRAM. 

~~~~~~
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1 11 MATHEMATICAL DESCRIPTION

3.1 The Mathematical Description of the Integration Algorithm

The differential equations of the motion of a vehicle are given by

p (t) v(t)

v(t) = a(p(t), v(t))
(3.1.1)

with the initial condition of

p(o) = p0
v (o)  = v0

where p(t) is the position at t, v(t) is the velocity at time t and
a(p(t), v(t)) is the acceleration. The acceleration has the form

a(p(t), v(t)) = ag(P(t)) + ar(p(t), v( t) )  + ad(v(t))
(3.1.2)

Where a
9 

is the gravitational term and is a function of position , ar is the
acceleration which would be sensed because the equations are in a rotating
coordinate system, and ad is the drag and lift term. In the case under
study free fall,

ad = 0.

The differential equations of the transition matrix are given by

Q( t) F( t)Q(t)
(3.1.3)

Q(O) = I

Q is a square matrix of order 6 and F is determined by differentiating equations
(3.1.1) with respect to position and velocity. F Is, therefore, equal to

F (aac
f
v~ aa(p~y)\ (3.1.4)

~ /
8
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where each partition of F Is a 3 x 3 matrix.

Both (3.1.1) and (3.1.3) are integrated by the same algorithm and, therefore,
the equations are written in general form

X(t) = f (x,t)

(3.1.5)
X(o) =

and the algorithm is applied to the general form.

The method used is the standard fourth order Runge-Kutta method [2]. It
is described as follows.

Let the values of the variables be given determined at time t~. Therefore,
is known. The values of the variables at time t~ .1 are then determined

by these equa tions.

= hf(X~ t~)

= hf(X~ + 
~~ 

t~ + h/2)

K3 = h f(X~~+ 1 /2K 21 t~~+ h /2)

K4 = hf(X~~+ 1(3. t~~+ h)

= + ~~ [K 1 + 21(2 + 21(3 + 1(4]

In the formulas above h is the step size and the function f is the right
hand side of the differential equations. X represents the unknown variables
being integrated.



- - ~—--- - .- - --— —--  .

~~

3.2 Al gorithms for Numerical Partials
I

From equation (3.1.4) it is seen that the partials of acceleration with
respect to position and velocity are needed. Equation (3.1.2) gives the
form of the acceleration, with ad = 0.

The gravity ar is the rotation term and has a very simple form which can
be differentiated analytically with ease.

The gravity term a
9 
may vary markedly in its form and the number of terms

it has. This leads to complicated analytic partials and, therefore, the
numerical approach was used. The equation can be derived simply from a
Taylor series expansion.

Let
p .

X + AX = X

X - AX = X
0 -l

2 3
f(X 1 ) = f(X0) + AXf ’(X0) + ~~~~~

. f ’ ’ (X~) + ~~ f’’’(~) (3.2.1)

where

X0 ~~~
<

2 3
f(X _ 1 ) = f(X0) - AXf ’ (X0) + 

~~

-

~~

-

~

- f’’(X0) 
— ~

.
~-f ’ ’’(~) (3.2.2)

where

X_ l I ~~~~~~~ X0

Subtracting the second equation from the first, we have

f(X1
) — f (X 1 ) 2AX f ’ (X0) + 

~5T [f’’’(n) + f’’’(~)] (3.2.3)

Therefore

f(X 1 ); f(X 1) 
• f ’(X0) + AX2 [f’”(~ ) + f ’ ”(~)] (3.2.4)

10
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Inis is the central u%1-Terence formula for the aerivatlon Of 1(A) at A0.
The truncation error Is given by the second term on the right hand side of
the equation. The trucatlon error is seen to be of order (~~)2 Therefore,
the formula used to compute the partlals Is

aA~(X ) 
= 

A~(X + A X)  - Ag(X_ AX) (3.2.4)
2AX

where the val ue of AX was determined to be five.

3.3 Spl i ne Interpolation

Spline interpolating polynomials are used to obtain values of the state
vector and the transition matrix wi thin the five second interval of inte-
gration . The state vector uses a quintic Spl ine, and the transition matrix
and its inverse uses a cubic Spline . The development that follows is
genera l and therefore , appl ies to both cases.

Suppose a function f(t) and its derivatives up to and including nth order
are gi ven over an interval ta < t < tb. Because of improvements in the
roun d of f errors , the interpolating polynomials are developed over the interval -
[0, 1].

Let

u = (t_t
a)/T

where

T = tb ta~
Define g(u) f(ta + uT) 0 u < 1

Then

g’(u) = I f’(t~ + uT)

g
h 1 ( ~~~) i2 f” (ta + uT)

g~~~(u ) = T~ f~~~(t~ + uT)

where the prime denotes differentiation with respect to the variable In the
parenthesis.

- 
- 

..
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Let the spline for g(u) on the interval [0, 1] be g (u); and f (t) be

defined as follows:

f(t) E g((t - ta)/T)

Then

f’(t) = 
1 g ’ ( ( t - ta )/T)

f~
’
~ (t) = —~- g ~~~((t  - ta )/T)

I

What is given is f(ta)i f ’ (t a)~~~~ f
(fl_1) (t a)g f(t b), f’(tb)....,

f(1~ 
~
(tb). From these the following is computed.

g(O) = f(ta)

g’(O) = Tf’(ta)

9
(n_l) (0) = T l f~~~~(t a)

g(1) = f(tb)

g’(l) = Tf’(tb)

g~~~~ ( 1) Tf l 1f~~~~ (t b)

From these it is possible to get the coefficients of the normalized Spl ine

on [0, 1]:

g(u) = A0 + A1u + ... + A2~~1 u
2”
~

by solving the system of linear equations

g(O) g(0) 
-.

g ’(O) gI(~)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- - ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- --—--~~~~~~~~~~~~~~~~ --~~~~~ -- -- - --



I
- ~(n_l)(~)

g(l) g(1)

= g’(l)

= 9
(n l)(l)

For the quintic Spline the system of equations would be

A0 
= g(0)

A1 = g’(O)

A2 =

A5 + A4 + A3 + A2 + A 1 + A0 = g(1)
5A5 + 4A4 + 3A 3 + 2A2 + A 1 = g ’(l)

20A5 + l2A4 + 6A3 + 2A2 g~( l )

The first three equations give the va l ues for A0, A1-, and A2. The values
for A5, A4 and A3 are determined by the last three equations. This, then ,
determines the Spline polynomial for position In the state vector. The
veloc i ty is determi ned by differen tiating this polynomial and dividing
the derivative by I. This would be done for each variable , x, y and z.

The equations for the transition matri x or Its inverse would be

A0 = g (O)

A 1 = g ’ (O)

A 3 + A 2 + A 1 + A0 
-
~ g ( l)

3A3 +2A 2 + A 1 = g ’(l)

These equations can be easily solved and the coefficients for the cubic
are thereby determined. A cubic Spline is needed for each of the 36
elements of the transition matrix and its inverse.

13
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Then i n general , f is the nth order Spline segment on [ta~ tb] approximating
f, where

f(t) = g(u)~ t - taU = T

V ( t) = h r  g ’ (u)
t - tau T

~
(n_l) (t) = ]

~
_ 1 ~(n-l)~~

T~ - 
taU

3.4 The Generalized Transition Matrix

The solution of the differential equation

X(t) F(t)X(t) + G (t)u(t)

X(t0) 
=

Is given by [3].

X(t) = 
0 (t, t0) [X0 + ft O(t0, a)G(a) u(a)da]

where l~ (t, t0) satisfies the differential equation

~ (t, t0) = F (t)~(t, t0), $ (t0, t0) =

Now 

$ (t, t0)$ 1 (t, t0) I

Therefore

and 
‘P (t, t0) ‘P 1 (t, t0) + $(t, t0)~~~(t, t0) 0

ê~ Ct , t0) — -$~~(t , t0)~(t , t0) $~~(t, t0) 

14
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$
1
(t, t0) — — $~~(t, t0)F( t)

$ 1(t0, t0) — I

Now let u(t) = 0, and let X0 be arbi trary.

Then

X(t) = $(t, t0)X 0
X(s) = $(s t0)X0

But also

X(s) = ‘P(s, t)x(t)

There fore

$(s, t0) = OCs , t)$(t, t0)

Now let s =

I = $ (ta, t)$(t, t0)

and so

$(t0, t) = ‘P~~(t , t0)

From the equation

• ‘P(s, t) = $(s, t0)$( t0, t)

It is c-lear that

G(s, t) = $(s, t0)$
1 (t , t0) (3.4.1)

SInce s and t are arbitrary , (3.4.1) is a way to calculate a transition
matrix from one arbitrary point to another.

15 . 1

L — - - •---_-.--—---——.— 



r 
- _ _  _ _ _

IV ~ SCR IPT I0N OF SUBROUTINES

4.1 The Capabilities of the Subroutines

With the mathematics set forth , it is now possible to describe how it was
implemented . There were two subroutines developed. INTCON integrates the
state vector and the transition matrix , and then calculates the coefficients
for the i nterpolating Spline polynomials. It uses the Runge-Kutta inte-
gration scheme, and when the transition matrix is integrated, the partial
derivatives in the F matrix , are calcula ted numerically. Moreover, it
computes the Spline polynomial coefficients as described in Section 3.4.

The second subroutine developed was INTERP. It calculates the inter-
polated values for the state vector and the transition matrix. The tran-
sition matrix is from one arbitrary point to another. The mathematics
of Sections 3.3 and 3.4 have been employed in the algorithms In this
subroutine. INTERP must be cal led after INTCON .

4.2 Subrou ti ne INTCON

The subroutine INTCON calls two subroutines INT and CON. INT performs the
integration and CON calculates the coefficients of the Spline polynomials.

4.3 Subroutine INTERP

The subroutine INTERP first calculates the interpolated values of the
state vector for an arbitrary time t1 . It then calcula tes the transi tion
from the last time t~_ 1 to the current t~. It does this by finding the
i nverse of the transition matrix from the beginning of the interval to
Then it finds by interpolation the transition matrix from the beginning
of the interval to t~ and multiples the two matrices together.

4.4 Other Subroutines

These two subroutines call others. Altogether there were fourteen subroutines
developed .

16 
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V. NUMERICAL VERIFICATION

5.) Verification of the Numerical Integration

The first steps taken to determine which of the one step methods would be
adequate were to run the three methods, the Euler met hod , the modified Euler
method and the Runge-Kutta method, over a large segment of the trajectory
and see if adequate answers could be obta i ned . Only the Runge-Kutta gave
answers which were accurate enough.

With the method of integration selected it was then possible to determin-
an optimum step size which would give the best accuracy . A step size of
one second and a step size of five seconds gave answers which agreed to more
than 0.001 foot in position and to 0.00001 foot per second in velocity when
integrated over an interval of 1500 seconds. Consequently, the five second
step size was chosen.

The magnitudes of the round off and transition errors caused by the numerical
integra tion are wel l below errors from other sources and therefore , will not
affect the estimation capability in TRAM. The total CPU time to integrate the
s tate vec tor , the transition matrix and its inverse 1500 seconds was two
minutes and 32 seconds. This is an acceptable execution t ime.

5.2 Verification of the Accuracy of the Numerical Partials

The trans ition matrix is Initialized to the identity matrix every five seconds
and then integrated for a five second span. To bound the error caused by the
use of the numerical part ials , this was done twice , once using analytic purtia~s

and once using numerical partlals , and the difference between the two transition
matrices was computed. This difference matrix is then multiplied by a vector
which has as Its elements the largest error which can occur at any step in
position and veloc ity. The product of the matrix times the vector gives

the max imum error that can occur at each step caused by the use of numerical

partia ls. If the resulting vector is multipled by the number of steps, a
bound for the total error due to numerical partials is obtained.

17
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In the error matrix which was obtained by subtracting the transition matrix

computed using analytic partials from the transition matrix using numerical
par tials no term was lar ger than ~~~~ This meant that the terms which propa-
gates position and velocity errors into position and the terms which propa-
gate position and velocity errors into velocity were all less than lO

_14
.

Fur ther , the maximum TRAM estimation error which can be made in position at
any step is less than 100 feet and in velocity it is one foot per second.
Since the data could be taken at one tenth second for 1500 seconds, their
would be 15000 steps. These numbers provide the following bounds for the
errors caused by the use of numerical partials.

Lip 10 14 102

~ 15000 x x

~1v l0 14 1

Clp  ~~. 
15.15 x 10~~ feet

Clv < 15.15 x l0~~ feet/sec

where is the error In position caused by the use of numerical partials
and C lv in the error in velocity caused by the use of numerical partials.
Clearly, these errors are insignificant.

5.3 Verification of Accuracy of Spl ine Interpolation

To determine what the accuracy of the Spline interpolation was, the trajectory
was integrated to 1 500 seconds. At the beginning , at mid trajectory and at
the end of the trajectory, Spline polynomials were fit over the five second
interval . The s ta te vec tor , the transition matrix and its inverse were
approximated when analytic and also when numerical partials were used.

The error in position In the state vector was always less than 1O 4 feet and
the error In velocity was less than lO~~ feet per second. In the transition
matrix , the term which propagates errors in position into position is tess
than lO~~, and the term which propagates velocity error into position is
less than ~~~ The term which propagates position error into velocity
was less than lO~~1 , and the term which propagates velocity error Into

18
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velocity was lO~~. Since position estimation errors are less than 100 feet
per step, and velocity estimation errors are less than one foot per step, and
there are 15000 steps, the error terms are bounde d by

10~~ lO~~ 102

x x l5000

L2v io
fl 1

where £2P and c2v are errors in position and velocity respectively which are
caused because of Spl ine interpolation.

Therefore

3 x  io 3 feet
£2 < 3 x io~~~ feet/sec.

• 5.4 Numerical Error Suninary

For the state vec tor, the two sources of error, one from numerical inte-
gration and the other from Spline interpolation cause the following total
error

< i o ~~~ + lO~ .001 1 feet

+ )O~~ 2 x lO~ feet/second

where and are position and velocity errors because of .umerical
approximation . Both of these errors are ins i~ rificant .

For the transition matr ix the following total error bounds are valid.

£pt ~~ Lip + c-2p = 2 x io 8 + 3 x 10~~ < 3.1 x lO~

Clv  + C 2v 
= 2 x lO

_8 
+ 3 x lO~~ 3.1 x 1O~~

19
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that the errors due to the numerical approximations discussed here will in
no way impair the estimation accuracy in TRAM and further, it may be con-
cluded that these algorithms w i ll greatly Improve the speed and flexibility
of the computation of the estimation.

20
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V I DOCUMENTAT ION OF SUBROUTI NES

6.1 GENERAL CO 44ENTS ON DOCUMENTATION

The documentation which follows is intended to be sufficient enough so that
the capabilities of these subroutines can be understood, used and modi f ied.
The function that the subroutine performs is stated first. This is followed
by a description of the inpu t and Outpu t variables . The restrictions, if any,
under which the subroutine must be used come next, and then a list of the
subroutines this subroutine calls is given . The documentation also includes
a l isting of the subroutine and a flow chart.

The main subroutines are INTCON and INTERP , but these call others which are
documented also.

21
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6.2 INTCON SUBROUTINE DESCRIPTION

FUNCTION: Integrates the state vector, the transition matrix and its inverse
over the interval of integration and then con~utes the coefficients
for the interpolating Spline polynomials. A quintic Spline is
determined for the state vector and a cubic Spl ine is determined

for the transition matrix and its inverse.

INPUT :

/VAR/
X Nine dimensional state vector containing position, velocity and

acceleration. Only position and velocity are needed as input to
INTCON.

T Time at the beginning of the interva l of Integration.

IS Start time of the trajectory

H Step size of the integration

ID Flag to indicate whether or not the inverse of the transition
matrix should be integrated.

— 
OUTPUT:

/VAR/
X Nine dimentional state vector which contains position , velocity

and acceleration integrated to the end of the interval

PHI 6x6 dimensional array containing elements of the transition
matrix at the end of the interval of integration

PHID 6x6 dimensional array containing the derivatives of PHI

PHIN 6x6 dimensional array containin g the elements of the inverse
of PHI

PHIND 6x6 dimensiona l array containing the derivatives of PHIN

PHIO 6x6 dimensiona l array containing the elements of the transition
matrix at the beginning of the interval of integration

PHIDO 6x6 dimensional array containing the derivatives of the elements
of PHIO

II

~~ 22
4

3

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _________ _ _ _  ~~~~~~~~~~~~~~~~~~~



~~~~~~~~-
- -

~~~
—- -•-

~~
1-  —

~~
- • - 

~~~~~~~~~~~~ 

PHINO 6x6 dimensional array containing the inverse of PHIO

PHINDO 6x6 dimensional array containing the derivatives of PHINO

XO 9 dImensional array containing the values of the state vector at
the beginning of the interval

XC 6x3 array containing the coefficients for the quintic Spline
for the state vector. The first i ndex the coefficients and the
second indicates the variable.

PHIC 4x6x6 array containing the coefficients for the cubic Splinc
for the transition matrix. The first index indicates the cod-
ficient and the last two indicate the element in the transition
matrix

PHINC 4 x 6 x 6 array containing the coefficients for the inverse of
PHI. The Indices are the same as for PHIC.

SUBROUTINES USED: FMATRX , INT , CON

23
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I N T C O N  F L O W C H A R T

IFT -TS IF I D — 1

INITIALIZE INITIALIZE
DIFFERENTIAL EQUATIONS PHIN, PHINO,

PHINDO. PHIND

1J11 miii
SET UP VALUES FOR CALCULATE

STATE VECTOR AT PHID & PHIDO
BEGINNING OF INTERVAL

‘ Ilf i _
INITIALIZE / CALL INT /
F MATRIX / INTEGRATE STATE VECTOR, /J TRANSITION MATRIX &

/ INVERSE FORWARD

luLl
I CALL CONINITIALIZE 1 CALCULATE SPLINE POLY-

OF / NOPUAL COEFFICIENTS FOR
PHI AND P1110 / STATE VECTOR TRANSITION

________________________ / MATRIX & INVERSE

RETURN

I-

I-,
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LEVEL 21. 7 ( JAN 73 ) OS/360 FORTRAN H UAT I

C0’4P I~ Eq OPTIONS — NAM~~~ U A I N , f l PT z 0 1 , L I N E C N T O , S j Z ~~~o OOo ~~,sou Mc E.EBc oI c .No LIs T ,No DEcs ( ,Loau ,No .Ap ,N0EDIT.Io ,w ox p Er
1cM 0002 Su~wOu!1P~E I~aCONISN 0003 I M P L I C I T  QE A L ’~~(A—P’ .O-1I SN 0004

I F 1 1O .b) ,P.I1OO(b,b) ,P~1Ir ) (6 .b) .PM INOO(b ,b ) , xo (9) ,(C (6 .3) ,
2 ~-~M I C ~~4. ô .6 ) , P. - l IP~C ( 4 , b , 6 p . I S . T , H , 1 D

I SN 000 i
ISM 0006 OIP’€NSION 0x~~6
ISH 0007 IF l T . W€ .1S)  00 TO S
ISN 0009 CALL D I F F O N( b ,T ,X , OX )
1511 0010 00 3 I~~L ,3
1si~ 00 11 3 z 1 I . b ) = DX U .3 )
ISN 0012 5 cONTINUE
1511 0013 00 10 1 1 .9
ISN OOl ’ . 10 XO (1~~~X (1)
ISN 0015 CA LL FMA TRXI ~~)
1511 0016 00 ~0 1 1.b
1511 0017 00 20 J 1.6
1511 0016 PMI( !, i ) z000
ISN 001i  IF (I.EQ.J) PPlI (I,J)~~~D0
1511 0021 Pl-.1011,J) Ph1U,J)
IS’l 0022 20 CONTINUE
1511 0023 lF ( I0.EO.O)  00 TO 19
1511 0025 00 22 Ir l ,6
ISN 0026 00 22 J=1,6 -

ISPI (.027 P NI N U,J )= P H I ( I , J )
1514 0028 PMI.~O( l .J ) p4f l ( I , J )
ISP-i 0029 22 CONTINUE
1511 0030 00 18 J 1.6
ISN 0031 00 18 1 1,6
1511 0032 PHINOO( I,J )=000
1511 0033 00 17 K=1. b
1511 003’. 17 PH IN0O( 1,J ) ~~— PH I~.ifl ( 1,~~)* F ( l ~,J ) .p N INoO( I,J )
ISN 0035 18 PHIr ~O 1 1.J =P.lLNU OU.J ,
1511 0036 19 CoP1T I~-n*
ISN 0037 C A l l O Pr4I lP$ ~$j , PMID)
1cM 0038 ~

‘
~~‘ 1= 1.6

1cM 0039 00 25 J~~1.6ISP- i 0040 25 P P I I O O ( f . J ) P .1 I 0 l 1, J )
1511 0041 CAL L INT X,OX,PMI.PhIO .PI1N,PI~INn.T,P-I,IO)!SN 0042 CA LL CON
ISM 0043 Rf TURN
ISN 0044 (110

‘OPTIONS IN EFFt CT ’  114ME HAIN .O PT O 1 . L I CNT~~6 Q . 5 I l L ~~u ( i0OPc ~
‘OPTIONS IN EFF~.CT. SOUR CE.E8COI C,NO LIST ,N0L )~ C p c . LOAO.NO M8P -’ .Nri (DlT,ID,NOX REF

• S T A T IS T IC S •  SOUPC( STATE M ENTS 43 .PROC,RA’p4 SIZE. $ 1132

‘ S T A T I S T I C S ~ NO O 1 A l - ~~ i~~f I C S  6ENE~~A TED -

~ J
•..... (ND OF COM P I LATION •~~•‘~~

• 67K BYTE S OF COPE NOT USED

-BEST AVMIABLE ~~~~~~~~~ 

. 
• 

I
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6.3 INTERP SUBROUTINE DESCRIPTION

FUNCTION: Interpolates the state vector to time TI using Spline polynomials,

obtains a transition matrix form TI-HS to IT by interpolation

INPUT:

TI Interpola tion time

HS Difference between last interpolation time and TI

/VAR/
I Time at the beginning of the interval

ID Flag to indicate how the inverse of the transition matrix
is to be computed

P1110 6x6 array containing transition matrix at the beginning of
the interva l

/151/
S 6x6 array containing elements of transition matrix from the

beginning of the interval to time of last Interpolation TI-HS

OUTPUT:

V 6 dimensional array containing state vector interpolated to
time TI

Q 6 x 6 array containing the transition matrix from time TI-HS
to time Tl

IT SI/

QI 6x6 array containing Inverse of transition matrix from beginning
of interval to TI-HS

S 6x6 array containing transition matrix to time TI

SUBROUTINES USED: PVXTRP, DMINV , INXTRP , FIXTR P, DGMPRD

1;
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I F 4 I~~~K P ’ F L O W C H A R T

/ 
CALL PVSTRP

INTERPOLATE STATE
VECTOR TO TIME TI

_ t
IF TI ~~T+ HS

Q -*-— P1110
S -~-— Q

I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~T~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IF I D — O
-l INTERPOLATE

COMPUTE S • QI ....,
~~~~~~~ ~ AT TI

FOR TI - HS

111 11
IF ID • 1

COMPUTE
INTERPOLATE ~~ - QI Q • S . QI

AT TI - HS

27
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6.4 INT SUBROUTINE DESCRIPTION

FUNCTION: Integrates state vector, trans i tion matrix and its Inverse from
T to T+H

INPUT:

X 9 dimension array state vector containing position , veloc i ty and
acceleration

PHI 6x6 array containing transition matrix at time I

PHIN 6x6 array containing i nverse of PHI at time I

ID Fl ag to indicate If inverse of transition matrix should be
integrated

H Step size of integration

OUTPUT:

PS 6x4 array conta ins four intermedi ate values of the state vector
used in the Runge-Kutta integration algori thm for integrating
the transition matrix and its inverse

X 9 dimensional array state vector containing position , velocity
and acceleration at T+H

PHI 6x6 array containing transition matrix at T+H

PHIN 6x6 array containing inverse of PHI at T+H

DX 6 dir~ensional array containing derivative of X at T+H

PHID 6x6 array containing derivative of PHI at T+H

SUBROUTINES USED : DIFFUN , INTQ , DPHI , DPHINV
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I NTEG RATE
STATE VECTOR FROM

I TO T + H

“Jil l
EVALUATE RHS OF

DIFFERENTIAL EQUATIONS
WITH NEW STATE VECTOR

I,
~~ 

CALL INTQ

/ INTEGRATE PHI FROM /
/ T T O T + H  /

f
/ CALL INTQ
/ INTEGRATE P11111 FROM
/ T T O T + H

30
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1S~! C O1 ~ 15 CQr ~(1NUE
ISN O O I V  CA LL OI FFU N ( ’ i , T , PV .O ’ f )
~5P-) 0020 CO 20 J~ 1.6I SP-I uO~~1 20 O(J):H.OY (J)
16 11 OO2~ 1)0 25 J I . 6
1 511 0023 ~5 J( J)r* (JI.QIJI*D (1)/600
16~ 002’. 30 CO~iT111UEIS i  002- CA l L 0 I V P ’~(~~. T ,* . D X )
I S )  O O 2 ~ ‘• U  31 1 : 1 .3

r .- 0Q~ 1 3 )  I )  . 5)  ~DJ 51.3)
1611 C,02t ~‘-i t INTD(PS.~- 1I.~’ r-L (,.T.H,A,OPe-I1)
1611 O0e9 1P - Ifl .EQ.’~ CA LL INTOIPS&P1IN.PP-iINO,T,r1.X, DPHINV )
1 511 00 3 1  W I- T URN
ISN 0032 END

• U P T I ) N”. IN FFP ~~C T ’  ‘lAM ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

•OPTIO’lS (N EFFECT’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘ST ATISTICS ’ SOUWCE STATEM FNTS = 31 ,Pplo(~pAM Silt

‘STATISTICS . ~‘iO O1A6~ flST1CS 6E’L~~4TE0

•*‘~~•• ~ P-)D 0F C 0 P I L A T I O N  •..... 75K ~YT 1S OF CORE NOT USED

BESI AV A11.AB~E CO~?i1 
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6.5 PVXTRP SUBROUTINE DESCRIPTION

FUNCTION: Interpolates state vector to time TE

INPUT:

TE Time at which the interpolating polynomial is to be evaluated .

/VAR/

XC 6x3 array containing the coefficients for the Spline interpolating
polynomial for the state vector. The first Indicates the coef-
ficient and the second indicates the variabl e being interpolated .

OUTPUT:

Y 6 dimentional array containing the interpolated values of position
of the state vector

ENTRY FIXTRP

FUNCTION: Interpolates values of transition matrix to time TE

INPUT:

TE Time at which interpolating polynomials are to be evaluated

/VAR/

PHIC 4x6x6 array containing coefficients of Spl ine polynomials. The
first index Indicates the coefficient and the last two Indicate
the variable

OUTPUT :

Q 6x6 array conta ining elements of transition matrix at time TE

ENTRY INXTRP

FUNCTION: Interpolates inverse of transition matrix to time TE

INPUT:

TE Time at which the interpolating polynomial is to evaluated

- 
~~~~~~~_ •~~~~~~~~~~~~~~~



/VAR/

PHINC 4x6x6 array containing coefficients of the Spline polynomials for
the inverse of the transition matrix. The first Index Indicates
the array and the last two indicates the element.

OUTPUT:

S 6x6 array containing the elements of the inverse of the transition
matr ix  for time TE



P V X T R P  F L O W C H A R T

COMPUTE

U —  (TE-T)/H

EVAL UATE SPLINE

AT U FOR X , V Z

EVALUATE DERIVATION S
OF SPLINE AND DIVIDE

BY H FOR V ELOCITY

1- 

- •
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E N T R Y  F I X T R P

U — (TE - 1)/H

• IIEI
EVAL UATE 6 X 6 SPLINES

FOR VA LUES OF
TRANSITIc~N MATR IX

_ _  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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E N T R Y  ! N X T R P

COMPUTE

U — (TE - 1)/H

u n
EVALUATE 6 X 6 SPLINE

POLYNOMIAL S
AT U FOR INVERSE OF

TRANSITION MATRI X
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LE V EL ~~j . ? 5 JAN 73 I 05/360 FORT RAN H 1)ATE -

COMPII.EQ OPT IuP-es — NAME : M N ,OPT :OI,LINECNT bO.SIIL=0000k.
S0U~ CE • ItiCO IC • NUt. 1ST ,P400ECK .LOAU ,P- eQ-~AP .1101 t)IT, ID ,NOXREF

ISP-d 000? Sti5’~ 0tJT INP- f r V X t .~P ( T t , Y )
C 5JN,~iII)Tj~~f PVXTW ” (TE.Y ) I-XT144 ’- ( A lt1) POSITION A u  VELOCITY TO TIME YE
C USIN Li A O*JIPITIC SPLINF fO~ I—U S IIIOP -4 AND ITS u~ ’ .1vAT1vI -. FOw vt’_ OCIYY .
C tpIF C o I - F F I C I E ’ i T S  VO W T ’- F Q iJ 1Nr1 ’~ SPL INE A PE CO -“ JT EC IN ~UWW OUT 1NE
C INTCO N. INTEPPOLA TLU POSITION ;-NO VLLOC ITY 4.~E STo~ tt ) Iii ~~.

1S-I u O O $ %MPLI C II PEAL’~N (A—H ,O—2 )
1611 0 0 04  C O M M O 1 1 / V AP / X ( 9 ) . P MI ( 6 . 6 ) . I D(6 ,~ . ) .P H 1 N( b , 6 I .~~HI N U ( 6 , bl .

1 P11Ofb.h),$ 1J5)O (6,bJg PhJI•0(6.6),PPI1NDO (b,6),XO (~,),4C (t,3).
2 1C~~~.~~.b ) , P M 1 NC I4 . 6 . e ) , 1S .T , P - i , I 1 )

1511 iiOoS DIMENSION 0(6,6)
Ic’~ t)006 LI~’LP4S1ON S(6.b)
Ic~ - J OO T O jME~J S1ON Y ( 6 )
1 SN (,0O~ t):(TF— T)/N
ISN 0009 h O  10 1:1,3
ISN 0010
ISN 0011 Y U =  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I ’ . ,1I

1 .u’xC (5 .1)  • X C ( b , I )
ISN 0012

1 •d)O’U’)~C(’.iJ ~~~C (5,1J1511 0013
1511 00)’ 10 CONTINUE
1511 0015 PETIJRN
ISP-I 00)6 ENTW ’r FIXT~ P (TE,Q)

C SJ~I~)UT!NF F I~~Ti~°(TE,Q) EXIMAPOLAT ES PHI TO lIMP - YE USING A CUBIC
C S~ L1P-4 . Ir-’t COEF F ICIENTS FOP THE C’JIJIC SPL INt. APE COMPUTED IN
C ~J’~P’ I)TINf I~~TCON. INTEPPOLATLU VALUE S OF PHI APE STORF() 111 0.

1511 0017 U=U F—T)/H
I SP-I 0018 L’O 15 f~~1,6
I Sil OOL V 1)0 LS j :t ,( s

1511 0020 IS icI ,J )=O o Ij u•PII ICII,I,J .U°I)’PHIC (2,I,J).U’5~p-5IC(3,I.J) .pIijC(4,1,J)
ISM O0~~1 ~E 1URN
1511 0022 t ?-d -~Y I NX T ’ - ’ P ( T E , S )

C sU~ w:)’ 1IN( IN X I — - ’lTt,S) FXT ’~AP OLAT 1S TP-4E INVEPSE OF PHI T~ TIME TE
C -JSl ’~I’ A CU~~IC SPLINE. T HE COCFFI C IENTS FoP THE CubiC SPLIP-IE ARE
C CO~ ’ U T L O  JW S1)b” OUIINF IPiTCON . 1NTE)~POI A TLO VMLUE$ OF PHI INVERSE AR E
C S T O ~~E 1~ s.1511 o02 3 U ( T E ~~T ) / N

ISH IJO2~ ~) ?~ 1:1.6
jç’-J 0025 DO 20 J ).6
1511 0026 20 ci)  ,J) 1)°t) ’LJ’.-’ rIIP-IC ( l , I  .J •U0U’PHIr,C (2.L .J) •I,’PHI’)C (3,I,J5 •

2 ~~~ T N C ( 4 . 1 , J )
ISM 0027 RETUR N
ISP-I 0028 END

‘OPT IONS 154 EF F ECT ’  NAME : M A ( N , 0 P T : O ( , L 1 C 11 T r bQ . E:~~j 0~~~.

‘UPT IONS IN EFFECT’ SOURC (.EHCoIC,NOLIST,NODt CK,LOA0 ,N -q
~’~ ,t •  ‘ ‘ ) ‘ T , J D , N O X R EF

‘ S T A T I S T I C S ’  SOURCE S TAT E M ENT S 27 ,PPOOPAU SIZ E. 1354

•~~TA T IS 11C S ’  NO D IAC .N OST I CS OENEQATED

“•“ E’- D OF CO M PI LATION ~~~~~~~~~~ 71K 8YTFS OF CODE P-sO T USED

8~.ST AVAftAB~E COPY -
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6.6 INTQ SUBROUTINE DESCRIPTION

FUNCTION: Integrates both the transition matrix and its inverse from
T to T+H. [The subroutine for evaluating the differential
equations is passed in via the calling list.]

INPUT:

PS 6x4 array containing the four intermediate values of the state
vector needed for the Runge-Kutta algorittwn

PHI 6x6 array containing transition matrix or inverse at time I
I Time at beginning of interval of integration

H Integration step size

X 9 dimensional state vector at time T+H

FQ Procedure which is called to evaluate the right hand side of the
differential equations

OUTPUT:

PHI 6x6 array containing the transition matrix of its inverse,
dependent upon the way subroutine is called , at T+H

PHID 6x6 array containing derivative of what is in PHI at time T+H

SUBROUTINES USED: IMATRX , FQ

i .5 -
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I N T Q  F L O W C H A R T

INTEGRATE PH! TO

TIME ~T + H

/ CALL FMA TR IX

/ EVAL UATE

/ 
F MATRIX AT x

/ CALL FQ 1/ COMPUTE ,
/ DERIVATIVE OF PHI /
/ 

A T T ~~ H

RETURN
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COPY 
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LEV EL 21. ? I JAN 73 ) 05/360 FORTRAN P-I DA TE

CO M PILE R OPTIONS — P- IA ME M A I 1 1 , O p T O 1 , L I N~~CP-J T 6 O , 5 I Z E . f l0OOK ,
cO uw C E , E8 C D I C , N O I I S T , No D F . C k. LOAD , NO MAP, w O E.OI T, ID ,NOXREF

I SP-I 0002 SUt~WOUTI P-E INT)(Pc ,PI-II,PHIU.T.I-i ,X.FU )
C SUHPOUTP-* INTO I~~TEGI~ATiS rT 1T ~itP T’~AEsS1 T ION MA T R I X  FROM T TO T.’ i .
c TMF COMPUTATION OF THE L )EcI vA r lVEs ic SUPPLILU BY AN EXT ERNAL
C P~~QC~. f ) ( jQ ~ AND IS 1)FSI(.NATEO IN PIE PARAM ETtR LIST A 5 FO . FS ARF THE
C FOuR VALUE S OF ~ Nt e OEU FOP THE PUNtj~ ~UTT A lP ,TE( ,PA IION ALc ,OPITPIM. THE

J C VALUE OF X AT lH~. INTE RvAL OF INTEuWAT ION IS 0€SIDNATED A 5 X .  IT IS
C USED TO EVA LUATE PrIID A FTE R THE. VA LUI OF PP-i l uT THE END OF T,1E.
C IN TE RVA L HAS bE EN COMPUTED.

i~~~ ooo IM PLICIT PEAL’a(A—PI.O—Z)
IcN 0004 U IHEN SION P h , ’).PH1 (6. ,PriIO (~,,6,S 6,b .o 6,6).UIb,6),y 6),

I C ( 3 ) . D ( W I , * ( 1 )
1511 0005 DAT A C /? ’ 0 .5 J0 . IDO/ ,D/ I D 0,2 .2 0 0 . 1 00/  - •
1511 0006 00 5 1:1,6
1611 000 7 00 5• ISN 0008 U (I ,J) PHI (I ,J )
1511 0009 5 S ( 1 , J ) P H I ( I . J )
ISP-I 0010 00 30 1*1 ,4
IS N 0033 IF (I.EO.1) GO TO 15
I SP-I 0013
1511 0014 DO 10 Ja1.b
1511 0015 00 10 1=3. 6
ISN 0016 10 Uu ,L =su ,u ,C (K~~QU,L)
TSN 0017 15 CONT IP -41 J (
1511 0018 00 16 J:1,b
1611 00l’~ I(~ Y (J) :PS (J,!)
1611 0020 CALL. FM A TP * (Y )
1611 0023 CALL F0(U ,Q)
IS P-i 0022 00 I? J:3.6
IS N 0023 00 17 1:1,6
15’) 0024 17 O (J,L) P-I’O(J,L)
1 5P-I 0025 00 25 J : I,6
I SP-i 0026 IJO 25 1:1,6
1611 0027 25 ~-~-4 1 (J .L ) PH I (J ,L ).fl(1)’Q(J ,L )/6O0
1511 0028 30 CON T IN UE
ISP-I 0029 CA LL FMA TRX(X)
ISP-i 0030 CA LL F0 PH1,P,11D )
1511 0031 RETURN
ISP-I 0032 €110

‘OPTIO NS IN EF FECT ’  NA ME M A i N , O P T : O 1 , L I N € C N T : 6 0 , S IZ E$ 0 0 0 0 K ,

‘OPTIONS IN EFFECT’ SOURCE .EP3CUIC,NOLIST,NOD€CIc.LOAD,NOMAP,N EI,IT,IO,NOXR(F

‘ST ATISTICS ’ SOURCE STATEMENTS 31 ,PRO (,RAs sin ‘ eooe

‘STATISTICS’ NO UI A C~P,.0STI CS 0ENL ’IuTEO

•“.‘ €110 OF coMp ILArION •••“ ~~~ BYTES OF CORE NOT USED
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6.7 DPHINV SUBROUTINE DESCRIPTION

FUNCTION: Computes derivative of the i nverse of the transition matrix

INPUT:

Q 6x6 array containing inverse of transition matrix

/FHIM/

F 6x6 array containing coefficients of differential equations ~or
inverse of transition matrix

OUTPUT:

DQ 6x6 array containing derivatives of the inverse of thc~ t.an .~~t h ~

ma ix

ENTRY DPH I

• FUNCT ION: Computes derivatives of transition matrix

INPUT:

Q 6x6 array containing transition matrix

/PHIM/

F 6x6 arra y containing coefficients of differential equations for
transition matrix

OUTPUT.

DQ 6x6 array containing derivativ es of transition matrix

41
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D P H I N V  F L O W C H A R T

COMPUTE

DERIVATIVE OF INVERS E
OF TRANS ITION MATRIX

E N T R Y  D P H J

COMPUTE

DERIVATIV E OF
TRANSIT ION MATRIX
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LEV EL ~ 1. 7 C JAN 73 ) 05/360 FORT , iA N I-I t A T E

C O MPIL ER OPT IONS — P- lAM E: M 4 1 N , O P T ( J 1 , L I C11T b O , 5 I Z L O,) OO I~ ,
S O U R C E , L t , C O I C , N O L I ST , P- t O U L C K , L O A D , N O * A A P ,N3 E O I T , i O , NO X W E F

ISP-I 000 2 S UH” OCIT INE O~ H I NV ( O , O 0 )
1 611 0003 IMP L ICIT R~ AL’dI4—lI,O—Z)
!SN 000..
1 511 0005 0I’ it ~iSION U Ib ,6 ) , 0 0 (6 ,6 )
ISP” 0006 1)0 10 1:1,6
ISP-I 0007 00 10 J:1.6
I S’-i 0008 UOCI,J):000
I sP-i 0009 Do 10 K:1,6
ISN 0010 10 O O C I . J ) : D O ( 1 . J ) — Q ( I , K ) ’ F ( K ,J )
1511 001 3  RETUR N
ISP-’ 0012 ENTRY ORb ! (0,00)
I SP-i 0013 00 20 1:1,6
1511 0014 L)() 20 J 1,6
I5~i 0 015 0 Q c I . J :000
ISP-I 0016 00 20 K :1.6
isii v017 20 DD(I, J) :Do (I,J) .F (I,K)’O(K,J)
I SP-I 0016 RETU RN
I SP-i 0019 END

‘OPT IONS IN EFF ECT ’  NAME: MA IN,OPT=OI ,LINtCNT=6O,S!l€ 0000,(,

‘-OPTIONS IP - , EFFECT’ SOURCE ,EBCD jC ,NOLI ST ,NOOLCP ’ ,LoM ) ,NoMap ,N r~~I)1T ,IQ,NOxwEF

‘STATIST ICS’ SOURCE STATEMENTS = Lb .PPOuRAM SIZE ~ $00

‘STAT ISTICS . NO DIAG N OSTICS GENE P - 1A TED

E r-iD OF COMP ILATION ,,,,
~~
, 79K bYTE S OF CORE NOT USED
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6.~ FMATRX SUBROUTINE DESCRIPTION

FU NCTION : Computes matrix which relates transition matrix and ~ts Inverseto their derivatives

INPUT:

X 9 dimensi onal array containing position, velocity and acceleration
OUTP UT :

r 6x6 dimen sional array containing matrix which relates transition
matrix arid its inverse to their derivatives ,

SUBROUTINES USED : GRVPAR , ROTPAR , DRGPAR

A

- -  ~~~~~~~~~~~~~~~~~~~~ ~~
- - c - . ~~~~~~~~ —
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F M A T R X  F L O W C H A R T

COMPUTE
PARTIAL OF VELOCiTY WRT

POSITION AND VELOCITY

IIIEI
CALL ROTPAR

ZERO VELOC ITY COMPUTE
PART OF F MATRIX ROTATION ACCELERATION

PARTIALS

CALL GRVPA R CALL DRGPAR
COMPUTE GRAVITY COMPUTE

ACCELERATIO N PARTIALS DRAG ACCELERAT ION
WRT POSITION PART IALS

RETURN

_______ I
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BESFAVA 1LA~~:: COPY -

LEV EL ~!.7 I JAN 13 3 OS/360 FORTRAN H QATE

COM PILER OPT~ ON5 — NAMES MAIN.OP TSOI ,LINFCNTK 6O ,SIZEZ0000%,
SOU PCE.Eh CDIC ,NOL IST .NOOECK ,LOAO ,NO ’AP,NOLDIT, 1O .NOXRLF

ISP-i 0002 SUCIM OU TINE FM A T P X ( A )
C T”IS SUbR OUTI NE COMPUTES THE F MA T R I X  USEU IN T-.E DIFFER(NIIAL
C EQUAT ION FOR PHI AND PHI INVE RS E . TIlL fl E R IV AT IV E 0, PHI IS EQUAL TO
C F TIME S PHI. THE OtM I V A T IV E  OF PHI INVERSE IS E ’UAL TO MINUS PHI
C 1NV F -~SE TIM E P1-13. THESE EQUATIONS AR E INTEGRAT ED TO OBTAIN PHI. F IS
C STORED I N THE vA R IAB LE F.

Ic N 0003 IM PLICIT PEAL ’b (A— PI.O—Z ) -

ISP-I 0004 COMMON/PHIM/F(6.6)
ISP-I 0005 D1’4EP-IS1ON
1511 0006 00 5 1=1.3
ISM 0007 00 S J~ I,6
ISP-I 0006 F (I.J ) 000
ISP-I 0009 IF(J.EQ .I.3) FCI,j ) :~~ 0
ISP-I (iOu S CONTINUE
ISP-I 0012 00 10 1:4.6
I SP-’ 0013 1)0 10 J l.6
1c M 0014 10 FCI, J )z000
1511 0015 CALL GRVPA P (M
ISP-I 0016 CALL QOTPAM
1511 0017 CALL OPGPAR (X)
15w 0018 NLTUQ P-I
ISN 0019 (P-ID

‘OPTI ONS IN EFFECT ’ NAME ’ MA IN ,OPT~ 01 ,L I11ECP4T 60 ,SIZEs0000K ,

‘OPTIONS !N EFFECT’ SOIJRCE.EB CUIC ,NOLIST ,NCOECV ,LOAU.NOMAP ,NOEOIT .I0.P1OXRU

‘ST A TISTICS ’ SOURCE STATEMENT S z lb ,PW OORAM SIZE • SOB

•ST AT IST ICS ’ NO DIAGNOSTICS GENERAT ED

•“.‘ END OF COMPILATIO N ‘•“ 79K BYTES OF COPE NOT USED
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6.9 DRGPAR SUBROUTINE DESCRIPTION

In this application this subroutine is a duniny subroutine . Drag is not
modeled in either the powered fli ght or free fall segments of the trajectory .
However , when the reentry portion of the trajectory is considered , these
p art ia ls  will have to be computed .

47
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COPY

LL’IEL ~?1. 7 I it.P~ 13 Os/3b0 FORTRAN H UATL

L~~~~1LL R OPTIONS — NA Mt : M A I M ,  l~~1 1 ,LIr’ E L r - iT=6D ,SIZE=~)OOOX ,
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1S~i ~00~ si’-~~iuT ~~~~ ~~~~~~ (xl

C Su~~~’aI T I : ~ L~~uPA-~ COM PUTES T’iL ~ A PT IAL S OF ACCE, E~~AT ION DUE TO DR AG( C •IT~-~ ~~E~~~~
-
~~~ C T  TO ~0StTIOM ArID ~ltLOCITY . THESE A~ E #DULu INTO IPIE MAT R IX

C F ,
ic ’~ ‘o0~ I M P L IC IT REML’Il(A—N,O— Z )

C :c \  - JU. CO~I~O’i/PHI~4/F(6.6)I s~ ~u 0 liI—’L’ -510N (9)

~ç i u O  5 r 1j 0
( l’~,•. 0 0 0 7  RETURNTç.  uQ0~ END

~~~ p 1 1m ~~~ i ’~ ~P - FF C1’ r~A ME : MA I’~1,OPT:01,LINLCNT=b0, SIZE :00UOK,

IS ~F P - k~C1’ SOUPCE,LbC1)IC,NOLIST,NUULCK,LOAD,NUMA P,N-~F UIT,ID.NOXP(F

SOU’~Ci- STA TEMtN TS = -, ,PP O&RAM SIZE ~ 238

MC) OIAC ,MOS1ICS GENE’iATEO

•.“. LsJ OF COM PILA TION “ . 79K bYT E S OF CORE NOT USEO
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6.10 ROTPAR SUBROUTINE DESCRIPTION

FUNCTION: Computes partials of acceleration due to the rotation of the
coordinate system with respect to position and veloc i ty

OUTPUT:

F Partials of rotational acceleration wi th respect to position
and velocity are added to 6x6 dimensiona l array contai ling F

SUBROUTINES USED: None

49
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R O T P A R  F L O W C H A R T

COMPUTE AND ADD TO F
PARTIALS OF

ROTATIONAL ACCELERATION
WITH RESPECT TO POSITION

111L11
COMPUTE AND ADD TO F

PARTIALS OF
ROTATIONAL ACCELERATION
WITH RESPECT TO VELOCITY
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COPN

L IV EL ~t.7 1 JAN 13 p O~ /3b O FORT~~AN P-I 
~J A T E

LOMP ILEIi OI.’TI OI,iS — NAM~~~ MA 1 N,OPr~~)I .LIP’JLCNT bO,SI/E nOOOK ,
- SO UW ( E, L t1COI C .N~ 1 15I, N0OEC F.L OAU .N0~.AP .NOEUIT , IU .NOXRE ~IS P -- 00u2 SU~ RQUTIriF I.OTl..AR

C SUHP’)UT IMI PO1PA -’ COMP UTES THE PA P T IA L S OF A~ C F L L R A T I0N l)UL TO THE
C ‘.‘JTft T J O ~I Of T h E  ~A QT H ~ ITh PESP tCT TO POSIT ION - N)) V E L O C I T Y .  IHISE ~‘.t1C AO( j ~~t) I N TO fPI€ M A I R IX .

~~~~

‘4 000i L ” PL IC IT  WEAL ’b(A—H,O—l)
I SP) 000’. COMM ON/PI-IIM/F(6.b)
ISM COOS D A T A  W/0.72911510—4/
J ç~J 00j ~, w2=w ’W
1 511 000?
I s~- 0008
Is~’ 0009 P - ( 4 ,5 =F 4 .5 ) .w .2 0 0
IS~4 00 10 F I S . 4 l = f 5. 4 e — -d ’~ OO
ISM 0011 RETURN
1cM 0012 - (P-ID

‘OPTIONS IN E F I-E CT . NA ME : M A IN , OP T = O I . L I N L CM f = 6 O , S I 7 ~~~0OOflK,

‘OPTIONS IN EFFECT ’ SOl I~ CE ,~~FiCD IC ,P-iOL IST .NODE CK .LOAO.NOMA’ .Nfl~~fl 1T ,IO ,P-1OXRLF

‘STATISTICS ’ SOUPC~ STAT EM ENTS ‘ 11 •PROUR *M SIZE ~90

‘STAT IST ICS’ SO D IAG N OSTICS 1~ENE RAT1D

END OF COMP ILATION ‘*‘ ‘ 79K t$’ vT ( 5  OF CORE NUT USED
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6.11 GRVPAR SUBROUTINE DESCRIPTION

FUNCTION: Computes partials of gravity acceleration with respect to position

INPUT:

X 9 dimensIonal state vector. Only position terms are used

/TIG/

IN Flag to indicate whether the partials are to be computed
numeri cally or analytically

OUTPUT:

F 6x6 array containing gravity partials

SUBROUTINES USED: EGRAV , FVPMAT
COMMENTS: GRV PAR must be cal led before ROTPAR or DRGPAR . IN = 0 gi ves

numerica’ partials. The analytic partial! and the gravity is
based upon the J and 0 model .
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COMPUTE I ANALYTIC PARTIALS
Ag( X + 5 )  

/ _ _ _ _ _ _
ax T

CALL EGRAV

COMPUTE F *—
Ag (X - 5) ax

F’ 
Ag~X+5~~Ag~X-5J ~~~~~~~~~~~~~~~~~~~N
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6.12 EGRA V SUBROUTINE DESCRIPTION

FUNCTION: Computes gravity acceleration using J and D model of gravity

INPUT:

V 9 dimensiona l array containing state vector. Only first 3
elements are used

OUTPUT:

GY 3 dimensiona l array containing acceleration for three variables

SUBROUTINES USED: None

COMMENTS: For descripton of gravity mathema tics see [4).
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BEST ~AVA1LABLE COPY
u:vrt. el . ’ ( JAN 13 ~ os/3bo FOaTRAN H 0671

COMPILED OPTIONS — PlANt : P-’*IN.flPT fl1 ,LI P1t CN Tr#i0.S11t :O0fl 0~ .

I SP-d u002 SIPI POUT IP- IF EC,$~AV (Y.GY)
ISP-I 0003 IMPLICIT REAL ’ I4  (A—H .O— Z)
1c M 0004 D IP -TEN SION Y (I ) .&Y (l)
1cM 0005 061* GM , Cu’-lO ,CONA ,CJCA S/1.40764685 016.

• 0.10279500 0—4. 20925672.6 00. 0.7 (1155219 012/
C,......,.,.Q,..,,,..ø,00.. ...., ,•••.,•.•••.•4.•.••••••,., .•.•4.,•. ...•. .

C COMPUTt THE ACCEL ERATION IN Et~~ DUE TO G PA VI T Y
C’ THIS SUbROUTINE 15 TAKE P-4 FROM A TRw REPORT UN lOT SIMULATLO u

C
IS’. 1)006 A COM A
ISM 0007 0 * CONO
ISM 0008 P2 ‘ 0.
ISP-I 0009 90 (0 1:1.3
(SN 0010 10 ~./ z P~’ •
Ic~ 00 11 ~4 = P2’(12
ISP -I 00 (2 /2P2 = Y(3)’Y(3)/R2
I S’-l 00 (3 *2 : ~~‘*ISM 0014 0*’. = D’A2’A~
ISP-I 0015 P-i : (GM,R2)’(L.DO ‘ (CJCAS/ R~ ).c1.DO — S.Dfl’72k2) •

(0.4285114300 - Z 2P 2 ’(b .uO — 9.U~’Z2K~ ) p
ISN 0016 *2 : DSORT (~I2)
ISP-I 0017 Gv (3) = — (Y (-fl/A2)’(PT • loM,w4) ’ 2.D0.CJCAS •

(1. 71M2857I 400 — ‘..D0’Z2W 2 ) ))
ISP-I 00(8 f ,Y(I ) — (P-4•Y (1)/62)
ISN 0019 G v 2  = —Ih”V( 2)/A2)
ISM 0020 ~ETU RN

• ISM OOcI tNt)

‘O PTIONS IN EFFECT’ P-IAM (z MA1N ,OPT :O1 ,LINECNT=bO ,SfZE .OOOO~ ,

•OPTIONS IN EFFEcT’ SOURCE.E8CoIC.NOLIST .NoOLCk.L0AO.NoMAP.bd’~1OIT ,1D.hoxREr

‘STATISTICS’ SOLJDCE STATEMENTS = ~ O .PPOi.~QAM SIZE a 814

‘STATISTICS . NO DIA( ,NOSTICS GENERAT ED

E IID OF COMP ILAT ION .‘... . 79~ 8YTFS OF COPE NOV USED

- 

51

I. ~- - - --- - — -~~~- ~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~- -~~ - - - ~~~~~~~~~~~~~~ -~~~~~~~~~~ 
- -  _ _ _ _ _



__________________________________________________________________ — -

6.13 DIFFUN SUBROUTINE DESCRIPTION

FUNCTION: Computes acceleration due to gravity and acceleration sensed
because of rotating coordinate. Computes velocity of body in
motion

INPUT:

N Number of differential equations (never used because It is
always 6)

I Time (not used)

Y 9 dimention array containing position, velocity and acceleration.
Only pos ition and velocity are used

OUTPUT:

DY 6 dImensional array containing gravity and rotation accelerations
and velocities.

SUBROUTINES USED: EGRAV ‘
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. DECT~A~lAt I A !)I t r
L)LJI t11I1Ii.h.. ~~~ ~~~~ • • •

LE VEL 21.7 I JAN 73 OS/3b0 FORTRAN Pt UAT L

COMPILER OPTIONS - NAM EX NA1N ,OPT*O( ,LINECNT=6O, SIZES0000X ,
SOUM CE.Eb CDIC ,NOLISI ,NOU€CK ,LOAO ,NOYAP ,NOEOIT ,IU ,NOXREE

ISP-4 0002 SuR~OUTI NE D !FFUN (N,T ,Y .OY )
C COMPUTE THE ACCELeRATION DUE TO GRAVITY iN £10 COORDINATES

IS’. 0003 IMPlICIT REAL’d (6—14.0—1)
ISM 0004 1)I~*MSION Y (1).DYI1).GY (3)C.....•

C’ w IS (A R T H’ S ANGULAR VE LOCITY IN PAOIANS/SLCONO •
c..•..•... ..... ....... ...... •.... ... .’..•... ’...•.......... ....,..’.....

ISP-I 0005 = 0.729211510-4
I SP-I 0006 wso = w’w
IS’. 0007 ~2 = 2.D0’W
(SN 0006 20 D Y II ) Y (4)
IS’. 0009 OY (2) Y (5)
ISP-I 0010 Ii ’r(3) ‘ Y (b)
IS’. 0011 C ALL 1&PAV (Y ,GY)
ISP-I 0012 = G Y I I )  • ‘.2’Y (S) • WSO ’Y (I)
T SP-I 00 (3 DY(S) = Gv (2) — u2’Y(4) • ~SQ•Y (2 )
(SN 0014 rl Y Ib a G Y ( 3 )
IS’ . 0015 RE T URN
IS’. 0016

•OPTIONS IN (rr(cT~ NAME MAIN,OPT*OI,LINECNT I,0,STZEa0000K,

‘OPTIONS IN EFFECT’ 5flUPC(,EbCDIC,NOLIST,NOD (C~ ,LO*D,NONAP,Nn(DIT,JD,NO~~E1

‘ STA T IST ICS ’  SDUPCt . STATE MENTS a )5 ,PROGRA M Sift ‘ 496

‘STAT I ST ICS ’  NO DIA GNOSTICS GENE4A T LD

‘•“ (NO OF COMPILATION ••“ 79i~ BYTES OF CORE NOT USED
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6.14 FVPMAT SUBROUTINE DLSCRLPT[ON

RJNCT ION: Compu tes part ials of gravity acceleration wi th respect to position

INPUT :

X 9 dimensional array containing position , veloc ity and acceleration .
Only position is used

OUTPUT:

F 3x3 array containing partials of gravity acceleration wi ’i~ respect
to position

~JBROUTINES USED: None

t IMMF.NTS: Partials are computed for J and U model of gravity
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LE VEL 21 .7 I JAN 73 ) 05/360 FORVIIAN H (PATE
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- SO UPC E.IRCOIC.NOL IS F,NOUF CK ,L OA O.Nth IAP ,NO EOIT. IO,N O* R€F

15’. 0002 SUHPOUT INE t V P 1 4 A T ( X , F )

- 
C’
C’ COMPUTE THE PA PTI AL S of ACC ELER A TION W I T H  RESPECT TO POSITION

• C.
C’ P 1 = P1 P. U./R” 2 , (1./II” 4) I / P1 ~ . Y , Z )
C.
C’ P2 = Pt Z ”2/ R ”2  I / P( X ,  V .  2) -

C.
c~ P3 = PC x/P. Y/P , Z/P) / P1 X , Y, 1)
C.
C’ P 4 = p ( ) 4 ) / PC X , ’)’ , Z )
C.

ISP-I 0003 IMP LICIT PEA L•8 (4 — 1 4 , 0 — 2 )
ISP-I 0004 PEAL ’B GM ,JA2
15’. 0005 DIME’-ISlON X ( I ) , P j ( 3 , 3 ) , P 2 ( 3 I , P 3 ( 3 , 3 ) ,p4 (3 ) ,E13 ,3)
I SP-I 0006 DATA CO’.fl/ u.10279500 0—4 /
IS’. 0007 DATA CJCA S/ 0 .711155219 012 /
ISP-I 0008 DATA W/ 0.72911510—4 /
15’. 0009 DATA GU/ 1.40164665 016 /
IS’. 0010 DATA A l 2O92~h72.6 00 /ISN 0011 EQUIVALE NCE ( CJC A S .JA2 ) , ( D . CO NO )
IS’. 0012 P2 = X ( 1 ’x ( I )  • X ( 2 ) ’ X ( 2 )  • X ( 3 ) ’ X ( 3 )
I SP-I 00 (3 P a USOPT (R2)

• IS’. 00 1’ P3 a Q~ P2
IS’. 0015 ~ 4 = P2’R2
IS’. 001 6 R3•R3
IS’. 0017 00 10 1~~~.3
tSP -I 0018 P1(1, 1 ) = X(l)/R
ISP-I (10 19 P 1 ( 2 , 1 )  = —2.0 0 ’X I)/ R4
15’. 0020 10 P 1 ( 3 , 1 )  — 4 . 0 0 ’ X C l ) / P G
ISP-I o0~~1 Z2 = x 3 ’ X 1 3 )
ISP-I 0022 P25)) = —2 .U0 °X(1)’Z2/P4
ISN 0023 P2 12 )  = — .u0 ’X ( 2) ’72/ R4
IS’. 0024 ~? (3p = 2 . O 0 • A ( 3 I • ( R 2  —

IS’. 0025 P3(1.1) = (P2 — X (1).X (I))/R3
15’. 0026 P3 (1,2) = — z C I ) ’ x 2 / R 3
15’. 0027 ~3u ,3 — X(l)’ X 53)/R 3
IS’. 0O~8 P3 (2 .1) = P3 (1.2)
ISP-I 0029 P3 (2.2) 4.~2 —

IS’. 0030 P3 ( 2 , 3 )  = —x (2 )°X 13 )1R3
ISP-I 0031 P313 ,1) = P3 (1.3)
16’. 0032 P3(3 ,2) a p312 ,3)
IS’. 0033 P3 (3 ,3 )  a (P2 — Z2)/R3
ISM 0034 72 = Z 2 / R 2
IS’. 0035 0*4 D’A’A’A’A
ISP-I 0036 ‘-4 IGMIP2)’ (%.L)O .(J*2/P-e2 )’11.O 0 — 5.u0 .22) • CUA4/R4)’

1 (0.4285714300 — Z 2’ ( b .U O  — 9.00*Z2)))
IS’. 0037 1)0 20 1=1.3
IS’. uO3~ P4(I) a (GM/R2)’( (JA?/P2)’ (— S .Dfl’P2(IJ) • JA2 ’ (I .OO — S.OO’Z2)

1 ‘P1(2 ,1) — (DA’.IP4)’(12’(—9.U0’P2 (IH • (6.00 - 9.00.72)
2 ‘P2(1)1 • O*4 ’ (O . ’e?~ b7 1 ’ .3DO — 12’16.DO — 9.00 .22))
3 •P 1 ( 3 , 1 ) )  • I-” P2’ PL(2 ,II

ISP-I 0039 20 CONTINUE
ISP-I 0040 07 • -(X(3)/~ )’(Pt • (GM/ R4 1’(2 .0O’JAZ • (0*4/112)
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I ‘(1.71428571 400 — 4.0O’Z2)))

IS’. 0041 00 30 Ial.3 -

IS’. U04~ F (I .I) = —~1’~ 3 (1 ,t ) — (X (1)/P)’P4 (1)
IS’. 0043 1(2.1) = —~i’°3(2,L) —

IS’. 0044 f( 3 ,l ) — (* (3)/P) ’ (P4(1) ‘ (GM/P4).1(0*4/P2) .(—4.DO .P211))
1 • U*’+*11. 7)4285fl’.oO — 4.D0’72)’PI(2,I))
2 • (,M’ 2 .000JA2 • (uA4/P2).(1.71428571400 — 4.OU’Z2 3
3 ‘P1 (3 ,1)) • CR’GZ/A(3)).P3 (3 ,1)

ISP-I 0045 30 CONTINUE
ISN 0046 ~5o a -

15’. 0047 RETURN
15’. 0048 END

‘OPTIONS IN E F F E C T ’  N AM I  M A IN ,O PT O I ,LINECN T 6O ,SI7E 0000K,

.QPT !ON5 IN EFFECT’ SOURCE,E5~CDIC,NOLIST,’.ODECIc,LOAO,NOM*P,NoEDIT,ID,NoxpEF

•STATISIIcS’ SOURCE STATEMENTS a 47 •PPOGRAM SIZE • 1854

‘ST ATISTICS ’ NO D IAGN OSTICS GENERATE D

•“ ... END OF C Q M PI LA TIO ’ .  ‘.“ .‘ 67K BYTES OF CODE NOT USED

‘STATISTICS ’ NO DIAGN OSTICS THIS STEP
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6.15 CON SUBROUTINE DESCRIPTION

FUNCTION: Computes constants for the Spline interpolating polynomials for
the position In the state vector and for the transition matrix
and Its Inverse

INPUT:

/VAR/

H Step size of integration

XO 9 dimensIonal array containing position and velocity at the
beginning of the interval

X 9 dImensional array containing position and velocity at the ~nd
of the interval

PHIO 6x6 dimensional array containing transition matrix at the
beginning of the interval

PHI 6x6 dimensional array containing transition matrix at the end
of the interval

PHIDO 6x6 dimensional array containing derivatives of PHIO

PHID 6x6 array containing derivati ves of PHI

PHINO 6x6 array containing the inverse of PHIO

PHINDO 6x6 array containing der ivati ves of PHINO

PHIN 6x6 array containing the derivatives of PHIN

PHIND 6x6 array containing the derivatives of PHIN

ID FLAG TO COMPUTE COEFFICIENTS FOR SPLINES FOR TRANSITION INV~RSE
OUTPUT:
/VAR/

XC 6x3 array containing coefficients for the quintic Splines for
position . The first Index indicates the polynomial coefficient
and the second Indicates the variable

PHIC 4x6x6 array containing coefficients for the cubic Splines for

• the transition matrix. The first Index Indicates the coeff1c1~nt

• and the second and third indices Indicates the matrix element.
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PHINC 4x6x6 array containing coefficients for the cubic Spl ines for the
inverse of the Transition matrix. The lndcies are the same for
RH IC

SUBROUTINES USED: None

S

.
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LEVEL 2).? ( JA’. 73 1 05/360 FOR TRAN H (IATt

COM PILER OPTIONS - N4M 1 MA IN.0 PT 01, L1 ’ .ECNT 60 ,SIZ E 0000K ,
- SOU 4C~~,Eh CL ) IC .NOL IST ,p IOD ECK ,LOAO ,N(,~.AP ,N O~ DIT , IU,NOx R(F

T S r -I 0002 SUP-i~ O IIT INE C3N
C TH IS 5IIn~ OU T (N~ COMPUTES T14( COEF FICIENT S PQP T~-4: SPL I PIE POLYNOM IALS
C USF () TO IP -JTfP P0LAT ~ TH~ POS. ~ VEL . THE T ,IANS ITION M A T R I X  AND iTS
C P’PV€R SE OVER T I-iL jNTE .~V AL Of I’.1t,HAT ION . Tsit. COEF FIC IENT S OF THE
C QUI N TIC SPu ME fQp Tii~. THI- tE POSITION COOPOIPIAN tS APE SOTP€0 IN THE
C VAQ IAI4 LE XC . THE CO~ F FI C I E P -~IT S EO .~ TIlE CUB IC SPL I NE S FOP THE
C TR.~P -JSI T 1ON M A T R I X  AND US INVER SE ARE STOiltO IN P~4IC AND PI41NC .

IS’. (1003 Z HPL IC IT PJ l~ A L * P4 ( A — H , O — Z )
ISN 0004 COMMON /VAP /P- (0I,PP-1I16 ,b ) ,PPllO (b.6),PHLN (b, 6),PHIND (6,6) .

1 PHIO (~~,6),P~-lII) O(~’~,6),PH(NO(6 ,b),PHINUO (o ,6).x0 (9),AC (6,3),
2 PPIIC (4,(,,b),PIINC (4,6,t,),TS ,T ,H,I0

15’. 0005 0I P-~EN S1ON Y(9),Y0 (9),OH1O (b,6),QHI(’O(6,6).GHI~.jO (6,6),QH~~NOO(6,~~)
ISP-I 0006 00 35 1 1.3
IS’. 0001 Ja l.3
ISP-I 0008 K l.6
IS’. 0009
IS P-I 0010 Y(J)=X (J)’H
Is’. 0011 Y (K )aX(K )*P$~ H
(SN 0012 YO(I) XO (I)
IS’. 00)3 YOI J ) XOIJ) ’ll
ISP-I 0014 35 YO (K)=XO(K •H’h
I SP-I 0015 00 40 1=1 ,6 

*IS’. 00kb 00 40 J1 .b
I SP-I 0017 (JIi IU (t ,J ) :P 1 10(I.J)*H
IS’. QOIB 1F 110. .t) QHIND (PlI.J)=PH !Nr)O (1 ,J) .H
ISP--I 0020 UHIOO (I ,JI :Pl100(I ,J)eP1
I SN 0021 IF(Ifl .EQ. I QHIP ,0(I ,J)=PIIINO(I ,J)*H
(SN 0023 ‘.0 CONTINUE
ISN 0024 00 45 1=1 ,3
is’. 0025 FL 1 Y (1 ) -Y O (I )—YO(I. 3)—VO (I•6)/200
IS’. 0026 EL2 Y (I’3 )— V O ( I ~~3)—YO I•6)
ISP-I 00 27 EL3 l Y { I . ~~~— Y O ( I4 6 ) ) / 2 O 0  V

15’. 0028 xC sl .J )=fs 3—i t)o ’E12 .600’fL 1
I SP-I 002V X C ( 2 , 1 ) = E1 2_ J D O .E 1 1_ ~~D O * X C ( 1 , I )

I sP-I 0030 )TC (3 .I):E l 1_ X C ( 1 , I )_ X C ( 2, I )  
V

IS’ . 003 1 X C ( ’ . I ) Y 0 ( I .6 ) /200
IS’. 0032 X C IS,I )=v0(1 .J)
IS M (~Q33 45 XC (6,I) Y0(I)
I SP-I (P034 1)0 50 I 1 ,b
I SP-I U03S 00 50 J=1 .b -
IS’. 0036 PPIIC (l,(.J) Q H I OI1 ,J ) .OP-IIOO(I,J) 2~ O.(Ppp~~(),J)_ppjjo((,J))
IS’. 0031 PP-4IC (2 .I.J)P1 (I,J)_ PIlIO (1.J )=QH(Otj( I,J)_p,4~ c~~~,~~,Jp
IS’. (1036 PHIC (3,I,J)~~ lP4JD0(1,J)
I SP-i 0039 Pp l IC (4,I ,J ) :~~t-4~ Q ( I , J )
IS’. (.040 IF(10 .EQ .0) C0 TO 49
IS’. 0042 PHfrC (1 ,(.J ) :Up 4 i~.4fl(l, J)•Opi l NflO(j,J)_ 2D0 .(PH1N (I.J) ..pp4INO() ,J))
IS’. u043
I S’. 0044 PHIN C (3,I.J) OHINOO (I.J)
IS” 0045 PNI’.C 4 ,I ,J)IPHI NO((,J)
IS’. 004b 49 CONT IPIUE
IS’. 0047 50 CONT INUE
Is’. 0048 RETURN
ISP-I 0049 END

‘OPTIONS IN EFFECT’ NAM E ’ MAIN ,Op TaOI ,LINECNTZ60 ,SIZEa0000K ,
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