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I.  Introduction
Many mechanical systems can be modeled in state space format as the
constant coefficient linear matrix differential equation:
X = Ax + Bu (1)
y = Cx + Du (2)

where x = n-yector of state variables
u = m-vector of control variables
y = p-vector of output variables.
In a typical mechanical system, one would be able to measure many, but perhaps
not all, of the state variables x. An estimate x of the complete state might
be obtained through a Luenberger observer or Kalman filter. The control
system design task then consists of finding an algebraic or dynamic control
law u(x, vy, t) which yields the control signal based on measurable quantities.
This study is concerned with evaluation of alternative computational
procedures for obtaining the feedback control law. It is desired to find
computational methods which
1)  involve only a small number of free parameters (i.e. two or

three) to be specified by the designer so that minimal user

interaction or "cut and try" iteration is required, and

ra
—

yield robust control, i.e. the controller is insensitive to
small changes in the A and B matrices and performs satisfactorily
when the mechanical system is operating away from the nominal
design point.

The methods evaluated in this study assume that *he full s.ate is
measurable, and find a constant m x n feedback matrix K with

u = Kx. (3)
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The three methods evaluated are:

1} the standard linear quadratic regulator (LQR) design method], where

one minimizes the performance index

J = % S: (xTQx + uTRu)dt
with Q positive semi-definite and R positive definite matrices of
appropriate dimension.

2) minimization of the norm of the feedback matrix, ||K|] via nonlinear
programming subject to the constraint that the closed-loop eigen-
values be in a specified domain in the complex plane.

3) maximize the angles between the closed-loop eigenvectors (or,
equivalently, make corresponding left and right eigenvectors as
nearly colinear as possible) in combination with minimizing |!K{!
also via nonlinear programming subject to the closed-loop eigen-
value constraint in 2.

These three methods are called the LQR, min K and robust controller design
methods, respectively.

The specific function minimization technique used for design methods 2)
and 3) is a modification of Powell's conjugate gradient method requiring no
gradient information.2 Admittedly, this is not the current state-of-the-art
in nonlinear program:ing, but the method is simple and reliable. and adequate
for this preliminary study.

The domain of the complex plane chosen for closed-loop eigenvalue place-
ment in methods 2 and 3 is illustrated in Figure 1. The domain is Lounded
on the right by the maximum real part of eigenvalues, REMAX, and on the left
by the minimum real part of eigenvalues, REMIN. The top and bottom boundaries

are specified by the maximum ratio of imaginary and real parts of complex

D T T W W Gumrpw, eowv = [ S PP T S Sy DU Lo . i S




Im (1)

TAN ¥ = RTOMAX

v N
~N
N Re (1)
7~
lﬁ,favorable closed-1oop -
aigenvalue domain -~
REMAX

REMIN

Figure 1 The domain in complex plane specified by parameters
REMIN, REMAX and RTOMAX.
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eigenvalues, RTOMAX. The closed-loop eigenvalues are those of the matrix
A=A+ BK (4)
specified as
\(R) = {15 Ays weny xn}
Thus the eigenvalue domain can be specified mathematically as

REMIN < Re (1,) S REMAX (5)

Im (Ai)
———’ < RTOMAX (6)
Re (Ai)

This choice of eigenvalue domain in the complex plane is based on the

for all i=1, 2, ..., n.

spectral structure of linear systems3’4. That is, given any arbitrary control
function u(t), the time response of system (1) is
- t e
x(t) = et x(0) + S PET) u(z)ds. (7)
0

The matrix exponential can be decomposed as

A n At
eAt = 3 o | ViwiH

i=]
where v, and W are the right- and left-eigenvectors of the A matrix, i.e.
Iy = H3 . H
A V.i .\iv.i, w.‘* A \]'Wi . (8)
The eigenvalue problem (8) can be written in matrix form as
A = MJIQ (9)
where J = diag (k], P TIRERY An)
M= [v1 Vo e an
]
W
1
H
W
2
-1
Q=M " = .
H
K

In general the eigenvalues will be distinct and stable for the closed-loop

system.




Assume that r of the eigenvalues are real and stable, i.e.
Ai‘-ai<0’ia1’ 25 52y P
and that 2¢ eigenvalues are complex and stable, so that there are c complex

conjugate pairs

Ar\-f.j :-@j'*‘-ls‘.j, "‘(13.(0
Ar+c+j = AY"*'J' = . x5 " ‘iﬁj, i=1,2, vuiy o

Then the matrix exponential can be written as

~

roo. & .
M= v e it + S e ¥ (cos(at)F; + sin(s
& " VAN

where Ei’ Fi and Gi are the appropriate real projection matrices formed from

jt)Gj) (10)

the dyad product of right- and left-eigenvectors.
As seen from (7) and (1¢;, the rate of decay of the response x(t) of the

closed-loop system is characterized by the time constant

1 1 1 1 }
T:max{m R e e T . ('H)
a]’ 3’ % %,

A larger time constant t means slower system response, and v is kept from

becoming large by the right-hand eigenvalue boundary RENAX, i.e.

: . "1
Re (Ai) < REMAX implies t < wemmy - (12)
Note that REMAX will always be negative for a stable design. The choice of
REMAX is governed by (12) to achieve a desired or specified closed-loop time
constant t.

The effect of the eigenvalue ratio

Im (Ai)

Re (ki)

< RTOMAX

on transient response is well known for the standard damped harmonic oscillator

equation

X + (ngn) X + an x = 0.

10




That is, as shown in Figure 1, RTOMAX and ; are related by the angle
o = TAN"V(RTOMAX)  cos™1(z).

In order to have well damped non-oscillatory mocion in each mode correspond-
ing to a complex closed-loop eigenvalue, one can choose 5 > .71 or y < 45°
which implies RTOMAX £ 1.

The left-hand boundary REMIN of the eigenvalue domain is added only to
form a closed domain. In general, sending closed-loop eigenvalues far to
the Teft in the complex plane requires large entries in the feedback matrix K,
which is prevented by minimizing |{K|{. However, there is no penalty in terms
of system stability or transient response if closed-loop eigenvalues have
large negative real part.

As stated above, the third or "robust" design method was chosen to yield
a closed-loop system whose eigenvalues are insensitive to small changes in the
A and B matrices. The relationship between orthogonality of closed-loop
eigenvectors and the sensitivity of closed-loop eigenvalues js described in

the next chapter.

1
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II. Eigenvalue Robustness Through Eigenvector Orthogonality
As previously described (9), the closed-loop system is assumed to

have distinct eigenvalues A oves xn} where
A+ BK = A x MM

J = diag (Al, ...,An)
and corresponding (right) eigenvectors
M= [V1V2"'Vn]‘

We assume that the closed-loop system matrix A s perturbed as
AtE (12)

due to small changes in A and B, and assess the effects of the perturbations

E on the eigenvalues {A], veey kn} using first-order perturbation theory.5
Let a and v represent a particular eigenvalue/eigenvector pair (possibly

complex) with the eigenvector normalized so that
Hvi] = (/2 =4

We will proceed to find approximations to an eigenvalue \' and eigenvector

v' of the perturbed system

(A+E)v'=a'y (13) |

that are near » and v. Since E is small, i.e.
HIEHL = 0(g), O0<e << ]

the differences 3'~x and v'~v will also be small, i.e.

A o= A=y, quj = 0(e)<<] (14)

v'i - v =aq, [la]] = 0(z)<<1, (15)

If v' is alsc normalized as v'Hv' = 1, then q will be orthogonal to v, i.e.

qu = 0.

In order to obtain expressions for . and q, let U be any n x (n-1} dimen- |
sional matrix such that [vU] is n x n and unitary, i.e. j
ool vy = 1, ]
12 :
. ?
)
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so v is orthogonal to each column of U. The perturbation vector q can then be
written as a Tinear combination of the columns of U, i.e.

q = Up.

The final results

At =l < LEN [W™1] + [EHZ [juear - ofRu) =Tl

A=Al < el W]+ &8 (1T - Rt (16)
and
L A T 1) LT
vt - v] Sell(a1 - Utaw) Ty (17)
are derived in Appendix E . As equation (16) indicates, fc: small perturba-
tions E the length of the left eigenvector w; corresponding to eigenvalue
Ay provides a measure of the sensitivity of A; to variations in A + BK. Since

3

the left eigenvectors provide a reciprocal basis” for the right eigenvectors,

it follows that

H -
||W1 Vill =1.
The angle 8 between vectors Wi anc v, measured by
6. = cos”! 'y (18)
1 (wini)l/z (viHvi)]/z

also provides a measure of the length of W and the sensitivity of Ay to
perturbations E. Small angies 8; will indicate that W is small, and there-
fore the eigenvalue A is "robust".

The second result, equation (17), indicates that the sensitivity of
eigenvector v is proportional to the distance between eigenvalue A4 and the
rest »f the eigenvalue spectrum of A. Note that UHAU has the same eigenvalue
as A less Ass i.e.

vUPAUY = gAY - g

In order for eigenvector v. to be insensitive to variations in A, we want

i

13
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the eigenvalue spectrum A{A} to be well separated in the complex plane, i.e.
no two eigenvalues A,, A5 should be closely spaced, or |Ai -Ajl should be
maximized for alli # j.

14



III. Design Problems
The system matrices used for this design study are fourth order with
two and three control variables, and represent linearized lateral plane
aircraft dynamics. The state variables are
(roll rate (rad/sec) ~
roll angle (rad)

yaw rate (rad/sec)

| sideslip angle (rad)_

[aileron (rad) 7

u = | rudder (rad)

| Yaw control* (rad)

*for Hall a/c only.

The first example is taken from Montgomery and Hatch8 (1969) and represents
the lateral dynamics of an early version of the Space Shuttle. The system

and control matrices are:

-0.367984 0.0 -0.032279 26.18750
1.0 0.0 0.267949 0.0
-0.024209 0.0 -0.110395 4,4A294
-0.258819 0.017835 -0.965926 -0.091072
L -
r- -
-7.67183 2.06549
0.0 0.0
B =
1.96959 -2.33843
0.0 0.0

The second example models the lateral dynamics of a T-33 trainer and is

described in Hal1® (1971). The yaw control is achieved through asymmetric

deflection of drag petals mounted on wing tip tanks.

15
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[_3.18 0.0
1.0 0.0
-0.06 0.0

0.022 0.0644

-14.4 1.5
0.0 0.0
0.0  -2.59
0.0 0.037

0.63

0.0
-0.27
-0.988

1.0
0.0
-0.96
0.0

-10.6
0.0
4.18

-0.151



IV. Programs NEWSOM and LINEAR

As described in Chapter I, a matrix K is computed to feedback the full

state to the control variables as

u = Kx. (19)
This chapter describes the program NEWSOM and the algorithm used for the
minimum K and robust controller design methods.

The basic purpose of the program NEWSOM (1isted in Appendix A) is tc
minimize an unconstrained function of several variables with inequality con-
straints imposed as penalty terms added to the cost function. The multivariable
function is minimized using the Powell conjugate gradient nonlinear programming
method (Zangwill, 1967) implemented in subroutine POWELL. A key part of the
nonlinear program is the line search algorithm, performed by subroutine MINPT.
The 1ine search is performed with a combination of outward stepping with
doubling of successive step sizes, inward stepping using the golden section

search routine, and parabolic curve fit.

The independent variables over which POWELL searches are the nm elements
of the K matrix. The cost function is defined as the sum of five scalar

terms f each with a weighting factor Wl |

5
f(x) = 2 WLf.(x) (20)
i=]
The scalar functions are defined as
mo o, 1/2
fi(x) = 1.5;‘ xi] = 11K} (21)
< 2
fo(x) = 2, max(0, REMIN - Re(1;))
i=]
4 2
f3(x) = Y, max(0, Re(Ai) - REMAX)
Rt

n
fo(x) = 2 max(0, abs(Im(x;)/Re(1;)) - RTOMAX)?
i=1

17
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where {Ai} are the eigenvalues of the closed loop system A = A + BK. The
three terms fz(x), f3(x), f4(x) constrain the closed-loop eigenvalues to
remain in the domain I of the complex plane illustrcied in Figure 1. The
fifth scalar function provides a measure of eigenvector orthogonality.
Note that the eigenvector angles ¢ij defined here differ from the angle
ap introduced in Chapter II. As b5 goes to 90° for all i # jJ, 45 goes to

Zero.

bys o
1J (V.iHV.')'l/ (V HV)1/2

. - an° 10] 1/10
¢1j 90°)

M:

fe(x)

The power of ten on each term and the tenth root on the summation are employed
to achieve equal penalization of small angles ¢ij'

The flowchart of program NEWSOM is presented in Figure 2. As shown, the
program contains integer flags to control the execution of multiple cases
(with a separate namelist block for each case) and the amount of printed out-
put. The program input variables are defined in comment cards at the beginning
of the program.

The key program inputs are the initial values of the independent vari-
ables (the elements of K) and the weighting terms wTl, ..., wT5. To generate
a minimum K control law, the program is run with wT5 = 0 and all other weights
chosen to place closed-loop eigenvalues in or near the region r. To generate
a robust control law, the program is run with primary weight on the term
f5(x) and very little or no weight on the f](x) term.

The second program, LINEAR, was used to compute the LQR controiler gains

for both aircraft. The complete program 1isting is presented in Appendix B.

This program was not written specifically for this research project, but was

19
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Figure 2 Flowchart of program NEWSOM

read namelist NSOMIN from file

ICONT 2 1 stop

®

subroutine RANDS computes random
numbers -1 < x(j) £ 1, j=1, ...nm

A

NEWSOM INPUT <
YES
ISKIP 21 >
7
NO
if IPRINT 2 3, then print out
namelist NSOMIN
if x(1) = -1, then randomize the >
elements of the initial K matrix, .
K= [x(j)] K
if IPRINT 2 1, then print out
A and B8 matrices
N 4
compute cost function with initial >
K and print out cost terms, eigen- |
values and angles between eigen- N
vectors
' 4
minimize the function f(x) of the >
nm elements of K. P

f(t) = WTT = f1(x) + WT2 * fa(x)
+ WT3 = f3(x) + WT4 * fa(x)
+ WT5 * fz(x)

function COSTF computes cost
function. If IPRINT 2 5,

print partial output;i1f IPRINT 2
8, print complete output

)

subroutine POWELL minimizes an
unconstrained multivariable function,
call subroutines:

COSTF
RANDIN
MINPT
COSTD
MINPAR




T e 7% ™

Figure 2 (cont.) Flowchart of program NEWSOM

compute cost function with final
K, and print out all info.

A Y

,

if I0UT 2 1, then output namelist
NSOMIN on file NEWSOM DATA

function COSTF




previously developed by an AOE department graduate student, Mr. Mark Hreha.
Flowcharts, input variable definitions and descriptions of the algorithms

were not available for LINEAR, but the code is based on a report by Sandell

and Athans (1974).
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V. Results of programs NEWSOM and LINEAR
For each of the two design problems, i.e. for the Hall and Montgomery
aircraft models 1isted in Chapter III, three minimum K controllers, three
robust controllers and three LQR controllers were computed. The three
different controllers for the minimum K and robust cases we obtained by
specifying different values of the time constant t (or equivalenlty REMAX = :%),
namely = = 1, .5 and .25 sec. Table 1 presents the input data for these cases.
The values of the weights wTl, ..., WT5 were chosen to provide a good tradeoff
between the placement of closed-loop eigenvalues in the I domain (controlled
by wT2, wT3 and wT4), and minimization of ||K|| (controlled by wT1) or maximiza-
tion of robustness (controlled wT5). The LQR controllers were generated with
the performance index weighting matrices Q and R, also listed in Table 1.
The set of three LQR controllers for each aircraft were obtained by varying
the control weighting matrix in the performance index as
R=»l
with »~ =100., 1., and .04,
The resulting output K matrices from programs NEWSOM and LINEAR for
the Montgomery and Hall aircraft are listed in Tables 2 and 3, respectively.
The corresponding closed-loop eigenvalues and angles ¢1j between eigenvectors
are presented in Tables 4 and 5 following Chapter VII.
Once the eighteen feedback cases were generated, they were evaluated
by comparing trajectory time histories, and by comparing the sensitivity of
closed-loop eigenvalues to perturbations in the A and B matrices. These

evaluations are presented in the nexi four chapters.

22
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MIN K
1"0

i
]

0.5

3
il

0.25

rd
n

ROBUST

+=1.0

= 0.5

3
L

¢ = 0.25

LQR
s = 100

]

.04

i

Table 2

.4941162E-1
.1928029E-1

.7022794E-1
.0164034E -1

.2836323E0
.1967741E-1

.5132E~1
.85575E~1

.4359E-1
.8107E-1

.0368E0
.599E-1

. 306E-1
. 784E-1

.2588E0
.7087E-1

L17E0
.9375E-2

Gain Matrices for Montgomery Aircraft

K MATRIX
.0535228E-1 1.6827383E0
.0296771E-2 3.6583920E0
.5196051E~1 2.3499689E0
.7018290E-2 4.0587797E0
.5040188E-1 1.3259439E0

.5637993E1 4,4778533E0
K MATRIX
.2589E-2 1.60285E0
. 92548E-1 3.46768E0
.764E~1 2.07949E0
.44E-1 3.5064E0
.27027E0 2.05683E0
L22E-1 3.81589E0
K MATRIX
.0918E-1 -6.9998E-1
.913E-2 4.8287E-1
.0046E0 -3.068E-1
.53E-2 1.0189ED
.8719E0 1.06E-1
.1309E0 5.0654E0
24

-2.3151433E-1

-4,

-7

-7

7954880E~-2

. 1856604£0
.8925018E-1

.2358761E0
.5113544E0

.393E-1
_60

0737E-1

A1E-1
-4,

32244E-1

.43469E-1
.2096E-1

.6222E0
.4068E0

.9393EQ
.734E0

.2623E0
.5309E0

e e i



Table 3 Gain Matrices for Hall Aircraft

MIN K

-3.97326E~2
= 1.0 -4,35985E~3
1.99877€E-2

2.46900€~2
T= Oo 5 "1 . 39400E"3
-1.16600E~2

3.56954E-1
= 0.25 -3.94971E-2
-1.27874E-2

ROBUST

.48900E-2
.51900E-1
.63300E0

™ — W

T =1.0

3.81900E-2
T = 0.5 -1.62450E-3
-1.25480E-2

. 99740E~1
.09131E-1
. 94400E0

i
11

0.25

wwH

LQR

.51300E-2
.74G00E-3
.79800E-3

» = 100

w4

8.65300E-1
.75770E-2
7.83300E-3

"
—

]
()

4.83410E0
0.04 -4,26400E-1
2.78700E-2

K MATRIX
1.20207E~2 2,16118E-1
-9.44925E-1 -3.66113E-3
2.55934E0 4.75163E0
2.40550E-1 -3.01650E~1
3.84000€-2 2.29900E-2
-4, 38000E~2 4.14500€0
1.45003E0 ~1.29224E0
2.40516E~1 2.69001E0
~-8.76188E-1 3.61001E0
K MATRIX
1.37833E-1 2.17500E-1
~9.33000E-1 2.,64400E-3
2.53500E0 5.53060E0
4.13300E-1 ~2.75920E~1
3.86788E-2 2.53255E-2
-4.43500E-2 4,15544E0
1.46229E0 1.12387E-1
-9.32129€E-1 -1.13726E-3
-5.79063E0 5.97918E0
K MA™SIX
9.16000E-2 5.69790E-2
2.22000E-2 9.24200E-2
1.16790E-2 3.63300E-2
9.95860E-1 1.17500E-1
-5.85950E-2 9.39890E-1
1.62460E-2 3.51480E-1
4.98000E0 4.18090€-1
-5.01500E-1 4.74800E0
1.23700E-2 1.76390E0
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~9.48512E-1
~5,47779E~1
~5.14107€-1

~1,46550E~1
1.14765E~2
-3.11300E-1

~-4.19082E0
-1.24536E1
1.41500E1

-9.67330E-1
-6.96500E-1
-5.25889E-1

-1.22950€E-1
7.23800E-3
~-3.05500E~1

~1.04167E0
~-2,05667E0
-1.36633E0

-7.54000E~2
-2,08000E~-2
~-8.92500E-3

-5,55190E-1
-2.79920E-1
-1.00000E-~1

-7.36140E-1
~3.15300E0
-8.60260E-1
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VI Proaram INTODE

This FORTRAN program integrates ordinary differential equations and is
used to give the time trajectory of multivariable linear systems. It also
provides information on the eigenvalue stability of the linzar system. The

equations describing the system dynamics and the feedback law should be in

the form
X = Ax + Bu
u = Kx

where x is the n x 1 state vector
u is the m x 1 control vector
A is the n x n system matrix
B is the n x m control matrix
K is the m x n feedback matrix.
The program integrates the differential equations using the Runge-

Kutta 4th order method. In this method for a given differential equation

dy .
GX f (x!-Y) ]
We have yi,q = v g (kg * 2Ky + 2Ky + Kj)
wheve k] = yf ‘“i’ yi) )
ko = i (x5 + gu Y5 * §l)
k
- S | _2)
k3"'hf\ni+2) y.i +2)

kg = hf oty + hy 7y k)

and h is the step size.

The results of che program INTODE are available as a trajectory table
and two sets of plots, one using the printer and the other using the
versatec plotter. The program also computeé the eigenvalues, eigenvectors

and the angles between the eigenvectors Tor the closed loop system.
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Figure 3 is a basic flowchart of the program INTODE. Input data to
the program is given 'n the form of a namelist, A number of integer
variables have been included in the program to provide flexibility in
program execution, Multiple cases can be run by appropriately setting the
index ICONT and including multiple cases in the namelist. The amount of
printriat is controlled by the index IPRINT while the index IPLOT controls
the generation of plots. A complete listing of the program is given in
Appendix C. A 1ist of variables forming the namelist and their notations
is included in the program Tisting.

The program was used to generate time trajectories for the lateral
dynamics of the Hall and Montgomery aircrafts. The state and control vari-
ables in the model used are

p - roll rate

¢ - roll angle \ .
r - yaw rate state variables

B - sidesiip angle

3a - aileron deflection

Sr - rudder deflection

>control variables

sp - yaw control(using
asymmetric deflection
of drag petals)

The yaw control is present only on the Hall aircraft. Chapter III gives the
A and B matrices for these models.

In this study we are comparing the performance of three types of con-

trollers. These are the Min K controller, Robust controller and LQR controlier.

For each type of controller we have considered three cases and so there are
a total of nine cases per aircraft. As mentioned earlier, the Min K and

robust feedback matrices were generated using the program NEWSON. The LQR
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Figure 3

—>» Read namelist |

Determine
a) No. of print columns
b) No. of curves on plot
¢) No. of integration/plot/
print steps.

initialize state,control and
auxiliary variables,

Compute eigenvalues,eiaen-
vectors and angles between
the eigenvecrors. Print,

I

Integrate ODEs using Runge-
Kutta fourth order method.

| Print trajectory table. |

yes
any plottin
equired’

ves

Flowchart for program INTODE

Plot using printer
and/or versatec
plotter,

another
case?



matrices were generated using the program LINEAR. Tables 3 and 2 give these

feedback matrices for the Hall and Montgomery aircrafts respectively.
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VII Results from Program INTCDE

First we discuss the results obtained for the Hall aircraft. The time
trajectories obtained with the program INTODE are presented in figures 4,

5 and 6. In these plots the time trajectories of bank angle, yaw angle,
aileron deflection, rudder deflection and yaw control deflection are given
for the nine control matrices described above. The plots have the angular
variables in radians vs time in seconds. Initial conditions for these
plots have yaw and bank angle equal to 0.1 radians and all the other vari-
ables equal to zero. Some of the main features of the results are given in
table 4. The desired time response should have the following features:
(a) the response should settle to the steady state value in minimum time
(b) the response should have minimum overshoot

(c) the response should require minimum control effort,

Cases 1, 2 and 3 correspond to the min K controller. Comparing these
three cases, we see that the second case (for t = 0.5, where t = -1/REMAX)
gives the best response. Time required to settle to the steady state value
is about same for all the three cases but the overshoots are minimum for

Tudt, is the Jeast for the

case 2. Also the control effort, given by .[u
. = 0.5 case. Clearly the third case gives the worst time response.
The three cases which give the time trajectories for Robust controller

are cases 4, 5 and 6. The time response for cases 4 and 5 are virtually

identical to those for cases 1 and 2 respectively. Here too, for tr = 0.5
(case 5) we get the best response, requiring minimum control effort and
having least overshoots.

The remaining three cases are for the LQR controller. We notice that
case 7 (» = 100, where o is defined on page?2) requires the minimum control
affort but has a settling time much larger than for the other two cases.

The best compromise is offered by case 8 (p = 1).
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Figure 6
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Comparison of cases 2, 5 and 8 provides some information on the relative
performance of the three types of controllers considered in this study. The
response for case 8 is significantly superior than the response for cases
2 and 5, which are nearly identical. Thus the LQR controller (with, = 1)
provides the best time response for the Hall aircraft. Another interesting
observation is that moving the eigenvalues further to the left does not
always improve the time response. As 1t (or ») decreases, the eigenvalues

in general move further to the left. When we go from v = 1 (or p = 100)

L

to v = 0.5 {or » = 1) the time response improves but when v (or p) is fur-
ther reduced to 0.25 (or 0.04) the response deteriorates.

Figures 7, 8 and 9 give the time trajectories obtained for the Mont-
gomery aircraft. Each plot corresponds to a specific case and contains the
time response of bank angle, yaw angle, aileron deflection and rudder
deflection. Initial conditions were same as for the Hall aircraft, i.e.,
bank and yaw angles are taken as 0.1 radians while all other variables are
equal to zero. These plots have the variables in radians vs time in seconds.
Table 5 presents the main features of the results.

Using the criterion mentioned earlier, we may infer that of the three
cases of Min K controller case 3 (v = 0.25) gives the best time response,
but this requires a very large maximum rudder deflection (-1.715 radians).
As this is not practically possible, this case is discarded. Comparing the
other two cases, we notice that the second case requires slightly more con-
trol effort but it has a much smaller settling time. Hence of these three
cases, the best compromise is offered by case 2 (t = 0.5).

Comparison of the results for Robust controller shows that cases 5
{z=0.5) and 6 (: = 0.25) give nearly identical response. Case 6 requires
slightly lower maximum control deflections and overall ccntrol effort, where

as case 5 has a slightly smaller settling time. If we compare the overall
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state deviation (given by xT x dt) we find that case 6 gives z lower value,
So we may choose case 6 as the one giving the best response among the three
cases of Robust controller.

For the LQR controller, we notice that as . decreases the time required
to reach steady state also decreases but the total control effort and maximui
control deflections increase. For case 9 (. = 0.04) an unacceptably large
aileron deflection is required (1.213 radians). Case 7 (» = 100) requires
a large settling time and has a large overshoot in the bank angle response.
So case 8 (» = 1) has a better time response than cases 7 and 9.

O0f the three cases 2, 6 and 8, case 8 requires the minimum control
effort and also has the minimum settling time, hence case 8 gives the best
time response. So for the Montgomery aircraft, the best response is given
by LQR controlier with » = 1.0, rdere too moving the eigenvalues further
to the left (i.e., making the real part more negative) does not necessarily

mean a better time response.

{ T
Figure 10 gives the plots of the control effort, !u'u dt. versus state
error ij X dt for both the aircraft. As shown, the LQR controller yields

jowest control effort and state error. This is to be expected since the LQR

i3 by definition the one which minimizes these integrals.
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Figure 10 Integral Control Effort VS State Deviation
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VIII Program PERTB

This program was written to compare the robustness of the three types
of controllers considered here. The robustness of a controller is measured
in terms of the insensitivity of the closed locop eigenvalues to variations
or uncertainties in the A and B matrices, the more insensitive the closed
loop eigenvalues, the more robust the controller.

The elements of the A and B matrices are perturbed around their specified
value by the help of random numbers.
i.e. PA (I,d) = (1 + Rand x P) A (I,J)
where Rand is a random number between-! and 1

P is a fraction giving the maximum perturbation and PA is the
perturbed A matrix.
Similarly PB (I,d) = (1 + Rand x P} B (I,J)
The closed loop eigenvalues of this perturbed system are calculated. This
constitutes a single sample. The program also calculates and stores REMAX,
REMIN and RTOMAX,
where

REMAX is Max (Real part of eigenvalues for a particular sample)

REMIN is Min (Real part of eigenvalues for a particular sample)

RTOMAX is Max (Ratio of imaginary to real parts of eigenvalues for

a particular sample)

The percentage change in REMAX, REMIN and RTOMAX from the unperturbed
values are then calcuiated. The program repeats this for a large number
of samples, typically 1000. Statistics on REMAX, REMIN and RTCMAX and their
percentage changes are calculated and printed. The program calculates the
maximum, minimum, mean and standard deviation and presents the variation

in the form of tabular histogram.
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The variation in the eigenvalues due to perturbations in the matrices
A and B can be presented very elegantly as a scatter diagram on the complex
plane. The unperturbed eigenvalues are circled so as to indicate the amount
of scatter in the eigenvaiues due to perturbations. Such a pictorial re-

presentation provides qualitative information on the robustness of the

system. It is a very helpful tool in comparing the robustness of different

controllers,
Figure 11 gives the flow chart for the program PERTB and complete list-

ing is given in Appendix D . Data is given as the namelist PERT and

details of the variables forming the namelist are included in the program
Tisting. As in program INTODE indices ICONT, IPRINT and IPLOT provide
flexibility in program execution. Sample program input files are included

with the program 1istings in the appendixes C and D.
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l Figure 11 Flowchart for program PERTS
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IX Results from Program PERTB

In this section we compare the robustness of the controllers. This
is done by observing the scatter of the eigenvalues due to perturbations
in matrices A and B. For each case a thousand samples, each with 10% per-
turbations of the elements of the matrices A and B, were taken.

Figures 12 to 16 give the scatter diagrams of the eigenvalues. Tables
and 6 present the statistics obtained on REMAX, REMIN and RTOMAX. In the
scatter diagrams, the unperturbed eigenvalues have been circled. This
helps in estimating the amount of scatter due to the perturbations. Second-
1y, a number of perturbed eigenvalues are real and so are plotted on the
real axis. As such, it is difficult to get an idea about their distribu-
tion along the real axis. So for the figures, we attach a small randomly
generated imaginary part to real eigenvalues obtained after perturbation.
These eigenvalues now form a narrow band around the real axis. The density
of the band at any location gives an idea of the number of perturbed eigen-
values on the real axis at that location.

We first discuss the rasults obtained for Hall aircraft. On studying
the plots we notice that for both Min k and Robust controllers, as : decreases,
the scatter of the eigenvalues obtained after perturbations first decreases
slightly and then increases. This decrease is more apparent for Min k con-
troller. The Robust controller gives near identical scatter for both ™ = 1.0
and T = 0.5. For any particular value of v, the Robust controller gives a
Tittle less scatter than the Min k controller.

As shown by the scatter diagrams, perturbations on A and B matrices
produce very little change in the eigenvalues of the LQR controller. So
the LGQR controller is much more robust than the Min k and Robust controllers.
It should be noted that one unperturbed eigenvalue for < = 1.0 and two

unperturbed eigenvalues for 2 = 0.04 are not shown on their respective

16



ITMAG INARY (LAHDM

IMRGINARY (LAKDA)

HALL AIRCRAFT CLOSED LOaP
10126 PN

3.000

2,000

1,000

b=3

~1.000

-2,000

-3,000

10721780

te

~10.000

) 1 i
-8,000 ~-§,000 -4,000

REAL (LAMOR)

HALL AIRCRAFT CLCSED LOOP EIGENVAL JE PERTURBATIANS

3,000

2,500

1,000

o

-1,000

-2.300

-3.000

to/24/80

10128

PN

-2,000 0.

P=,1

{MIN K)TRU= C.S

[ ISRV N |

-i0.300

+ t

~3.3090 -3,300 -4, 000

AEAL ({LAMOA}

47

-2.300

2.



- B S v -

Figure 13

HALL AIACRAFT

CLOSED Laop EI{GENVALUE PERTURBATIONS P=.1 (MIN K) TAU= g.25
10/21/80 10031y
3.000 a.
2,000 _
l.ooo dan
CETSRA
g L
Q N DA
g TR
S S
= 0. —— N - -
% L)
T-l000 ol
-2.%00
-3.000 : ; , ; —
-10,000 ~8.000 ~8,000 ~4,000 -2.200 o,
REAL (LAHDR)
m"'\_.__q_

HALL AIRCRAFT

CL3SED Lagp EIGENVQLUE PERTURSRTIUNS P=,1 :HUBUST)TRU=!.U
10721780 10,32 ey
3.000 ____ 4,
~y gt -";.‘&:
I .ve. o,
i e N
2,000 _’ .
1.co0 .}i i
g | ] '
g : |
g9 ‘ : —
g , Sy ’
= P
3 .
T H %‘ ’
x : RS «
-1.300 - e u
! |
-2, 300 N !
1 A !
g ':‘—-:x.«.. % ‘k:\ ;
-0 i -
~19, 300 -3.300 -3, 200 -4,200 -2.228 2.
IEAL {LANOA)

48




o ... e

Figure 14

HALL A[RACARAFT CLOSED LOCP E[GENVALUE PERTURBATIONS P=,! [RCBUST)TAU= .5
10721780 10:3¢  PH

3.000 5,
2,000 oot .
1.000 - K
&
Q
x .
< .§§
= 0, J.:’m———-—————
g X
= Y
It ]
< ¥
z
-1.300

-2,000 E

-3.300

1 4

-10.300 -8.900 -5,000 -4.000 -2.000 Q.

REAL (LAMDR}

HALL RIRCARFT CLJSED LOOP EIGENVALUE PERTURBATIONS P=, ! (RQBUST) TAU=],2S
10721780 10:35 PN

3,900 _ 5.
2,000
1.000 e
= .
[=]
S .
o<
=
- 2, "y =
= oS am————r - .
<
3 i .
e~ 1 a
= ! . -
-1,300 4 . SRS :
[N LS. ":'. !
PR AR
, - :k3g~ l
2,900 LT St l
00 1
i |
H |
3,200 ‘
-13.300 -8,300 -5,300 -4.300 2,300 3.
REAL \LAKORS

49




HALL RIRCAAFT CLJOSED LQOCP EIGENVALUE PERTURBRTIONS P=,l {L2R),RHC= 100
10/21/80  10:37  PM
3,000 7.
2,000
1,000 .
a
:
o
» 0, sunafuass.
g
=
@
£
~-1,000 .
-2.000
-3.000 o . . . "
-19,000 -8,000 -8,000 -4,000 -2,000
REAL (LAMDA)
HALL AIRCRAFT CLJSED LJOP EIGENVALUE PERTURBATIONS P=,! (LJR),8H0= i,
10/21/80 10138 AN
3,000 3,
2,900
1,000
g
£
=9, -
= *
g
g
=
T-t000 4
-2.300 _f h ‘
i
|
-3.300 :
-12,206 -3.230 -5.200 -4.300 -2.300

Figure 15

RERL LAMOR}

50

aQ



.

T TR

{HAGLNART LLAKGAL

HALL
alﬂoo

2,000

1,000

-1.c00

-2.300

-3.300

Figure 16

AIRCRAFT CLOSED LOGP EIGENVALUE PERTURBATIONS P=,l (LOR),RHO=
1V21/80  10:39 PN
13 4 4
-10.200 -8.300 -6.300 -4.300 -2.300 b
REAL ILANDA)

51

0.0u
9

VN



| 1o
tL o
9c 0

vio
oL o
60°0

tL-o
| vL°o
8L°0

€0°L €L°0
€0°L €L°0
€8°9 [8°G

¥'0 00
06’0 ¥9°0
G68°0 09°0

ve'’o 0°0

9%°0 0°0

9€'0 0°0

uesy  ULK

XVHOLY
ue sdL3siiels

0e°1
0E°1
£8°L

08°0
AR |
Lo

Lv°0
9,70
SL°0

Xey

G0t 95°¢/- 69°6L-
oo LLPL- 92791
02'0 8v'e- S8°E-

08°C LE°G- VETL-
eF'0  29v°2- 6S°E-
€2°0 00°€- 197t~

88°0 GG°/[- 6576~
6€°0 8E"Z- EG°E-
€y°0 9.°2- G6°E-
U uesy  ULW

NIW3Y
uo SJ13S1ILIS

31jedddty LleH 40

6€°689~
G¢ EL-
LL°e-

e€L°€E-
6°1-
|} A

8E°G-

68" 1-
6L"L-

X2}

XYWOLY

pue

25

0°0 10°L- t0°L-
20°0 8670~ 20°L-
10°0  1£°0- bE0-
82°0 €26~ EL'b-
[1'0 08°L- el'z-
210 oll- 6b°L-
9€°0  02°€- O0E"b-
91°0 0L°l- §0°2-
2270 20°L-  wLoL-
O ueoy  uw

XK

uo S31351103S

96°0-
76°0-
8¢°0-

80°¢-
9¢°L-
8L°0-

AN
GeL-
65°0-

xey

NINIY “XVkIY U0 SOLISLIEIS

¥0°0

001

G20
S0
0°1

G¢'0
S0
0°1L

Jaajaueded

9 3ajlqel

e

1t

U

1}

i

o

o

01

1snqoy

A Uty

431 1043U0)




<

plots as their real parts are less than-10.

Figures 17 to 21 contain the scatter diagrams for the nine cases of
the Montgomery aircraft. For both Min k and Robust controllers, the scatter
of the perturbed eigenvalues continuously increases as r decreases from
1.0 to 0.5 to 0.25. For any one of the three values of r, both Min k and
Robust controllers give nearly the same amourt of scatter.

The scatter obtained for the LQR controller decreases as - decreases

from 100 to 1 and then to 0.04. The scatter obtained for the LQR control-

ler is significantly less than that obtained for Min k and Rcbust controllers.
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X. cConclusions and Recommendations

Based on the results of this preliminary study, it is concluded that:

1)

Searching directly on the nm elements of the K matrix using non-
iinear programming with penalty terms to impose the closed-loop
eigenvalue constraints

A(A+BK) =T
is a feasible, but not highly attractive method of control system
design. Feedback gain matrices obtained by this method do not
appear to have any advantages over LQR controllers, at least for
these design examples. The LQR controllers seem to be naturally
more +~obust than those obtained from direct pole placement.
The hoped for increase in system robustness through orthogonalizing
closed-loop eigenvalues was not verified in this study. As shown
in Chapter II and Appendix E, there is a proven mathematical
relationship between eigenvector orthogonality and eigenvalue
sensitivity, but this relationship was not c¢learly demonstrated

for these design examples.

In this continuing research effort to find new and better methods for

robust control system design, it is recommended to proceed in the following

directions:

1)

ro
~—

Consider improving robustness anly for the class of LQR controllers.

Perhaps this can be best achieved by searching directly on the
diagonal elements of the Q and R matrices via nonlinear programming
to maximize orthogonality of closed-loop eigenvectors.

Test the controller design methods on a wider variety of mechanical
systems to evaluate controller characteristics. Certain classes

of problems (such as linearized aircraft equations of motion)
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may have unique system and control matrix eigenstructures which
do not provide a sufficiently general test of the design methods.
Other prototype design examples which could be considered include:
a) wing flutter suppression in high-speed aircraft

b) throttie control of multivariable turbofan engines

c) mathematical examples containing random system and control

matrices to establish general mathematical properties.
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DG00I OOO0O0OO000

b
R(G IF(IPRINT.GF.1)CALL WRTMAT(A,NyNeas'a ')

Appendix A NEWSOM Computer Program ‘

[LF NEWSUM FORTRAN

JULY 22, 1980

REAL*8 DSFED

CNOMMON/ADATA/NeMyAl444)98(443),X(12)
COMMON/BDATA/NVARS yREMIN yREMAX ) RTOMAX y WT Ly WT2sWT3 3 WT 44 WTS
COUMMON/IPRINT/IPRINT

COMMON/NNOUY/NQODEV

COMMUN/TSEED/ISEED

NAMEL {ST/NSOMIN/N My FPSy MAXFN s NLOOPS ¢NSRCHyNODEV, IPRINT, ICONT , IQUT
L yREMIN REMAXoRTOMAXy WTLyWT2yWT3yWT 4y WTS,ISKIP,ABsX
NAMELIST/NSMOUT/N My Ay By X

[NPUTS
N=DIMENSION OF THE STATE
M=DIMFNSION OF CONTROL
FPS=CUNVERGENCE YOLERANCF OF THE PNWELL ITERATION
NLOOPS=MAX NO OF POWELL ITERATION LOOPS
NSRCH=MAX NO OF POINTS ON A LINE SEARCH
NODEV=SPECIFTES THF OUTPUT DEVICE(6=TERMINAL,8=FILE NEWSOM OUTPUTQ
I[PRINT=CONTROLS THE AMOUNT OF PRINTOUT. L=NORMAL PRINTOUT
[CONT=1,70 CONTINUE AFTER THIS CASE
=0,770 STOP AFTER THIS CASE

[DUT=1,TO WRITE NAMELIST BLOCK IN OQUTPUT

JNOT Tu DO THIS
WTleooWTS =WFIGHTS USEN IN COST FUNCTION
REYIN=LEFT BOUNDARY OF E-VALUE DOMAIN
REMAX=RIGHT BOUNDARY OF E-VALUE DOMAIN
RTAIMAX=MAXIMUM RATIO IM(LAMDA)/RF(LAMDA)
A=N*N SYSTEM MATRIX
B=NxM CONTROL MATRIX
X=MxN INITIAL FEEN BACK MATRIX

IATA NCASE/O0/

CALU *RRSET(208,256,-1,1)

[SEFD = 566387

READ (3, NSOMIN)

NCASE = NCASE + 1

[F{ISKIP.GF.1.AND.ICONT.LE.Q)STOP

IFT(ISKIP.GE.LIGO TO S5

WRITE(NODEV, LOO)INCASE

FORMAT(/ /" ®Xxkkkkkkdks PROGRAM NEwSOM okkkR Kk kR E CASE‘,I3)
CALL DATIME(IMyIDyIYsIH, IMNyAP, "NEWSOM ',NODEV)

[SEED = [H*x100 + IMN
[F{IPRINT.GF.3)ARITF{NCNEV,NSOMIN)
NVARS = N*M
[F{X{1).NE.—~1.)GD TO 3
CALL RANDS(ISEED NVARS,X)
ARITE(NCDFY ,LJL)ISERD (X{I),yI=1,NVARS)
FORMAT(/y' GGURS CALLED WITH [SEED =',120,
1 /9" RAND NOS ='3y10F 7%y /s (LL1X410F74%))

27 5 I = 1yNVARS
X{I) = 2.&X(I) - 1,

02
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Appendix A NEWSOM Computer Program

[F{TPRINT GELL)CALL WRTMAT(RB¢NyMysy'8B ")
[PRINT = JPRINT + 8

FMIN = COSTF{X)

IPRINT = [PRINT ~ 8

CALL POWELL(NVARS,;X¢FMIN)EPS,IPRINT ,MAXFN¢NLOOPS, NSRCH)
[PRINT = IPRINT + 8

FMIN = COSTF(X)

[PRINT = IPRINT - 38
IF(IDUT.GE.L)WRITE(TNSMOUT)

IF{ICONT.GF1)GO TO &

STOP

END

FUNCTION COSTF(X)

DIMENSION X{L)4DL(545)9D2(545)9D3(5,6)+D4(5)

CIMPLEX EIG(5)+EVECIS5,5)
COMMON/ANATA/NyMyA(494)9Blay3) o XX(12)
COMMON/BDATA/NVARSyREMINyREMAXy RTOMAX yWTL yWT2 4y WTI o WTAyWT5
COMMON/IPRINT/IPRINT

COMMON/NCOST/NCOST

COMMON/NNOUT/NODEV

COMMON/ETGDAT/ER{S)EI(5)

MCGOST = NCOST + 1

FL = J.

FI = 0.

F3 = 0.

F‘i} = Q.

£S5 = ).

00 10 I=1,NVARS
FL = F1 + X({[)%%2
F1 = WTL*SQRT{F1)

CALL MULT(BeXsDLleNeMyNy4o4MyS)
CALL MATADD(A,DL,DLyNeNp4%,5,5)

ND 12 I = 1N
a0 12 J = 14N
DLCTd) = XD *A(T,J)/X(J)

IF{IPRINT.LF.8)GD TO 15

CALL WRTMAT(XsMyNyMy 'FEEDRBACK?')

CALL WRTMAT(DL¢NeNySy*A+A%XK ')

[JOR =1

CALL EIGRF{NDLyNsyS»IJOBIEISEVEC,5,0241ER)
[FITFR.GTLO)IWRITE(NODEV,170)IER

FORMAT (/' ERRLCR IN EIGRF IN COSTF IER =1,13)
DO 30 I=1,4N

ER(1) REAL{EIG(I))

FI(T) ATMAG(EIG(I))

[F{FR(TVLTREMINIF2 = F?2 + WU2*®(ER(I)—-REMIN)**2
[IF{ER{I)OTREMAXIFY = F3 + AT3*[ER(I)-REMAX)*%?
RATIO = ABS(EI(I}/ER(I))

IFIRATIN.ST.RTNMMAXIFS4 = Fo + WT4%(RATIU-RTOMAX) *%2

"

TEMP = ],

0N 20 J = 14N

21(Jy 1) = RFAL(EVEC{J,I))
2all,J) = 0.

IFIST(I) eLTDa)DL{JeI) = VIMAGIEVEC(J,I))

G
(93]
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Appendix A NEWSOM Computer Program

IF{I«EQeJ)D2(I,1) = 1.
20 TEMP = TEMP + DLliJ,I)¥%2
30 ND&(I) = SARTI(TEHYP)

0N 38 I = 24N

L=1-1
N0 36 J = 1,11
TEMP = 0,

DO 34 K = 1,N
4 TEMP = TEMP + DLIK,[)*DLl(KyJ)

ARG = TEMP/(D4(1)*N4(J))

D3{ied) = 57.295R3%ACOSTAMINL(ABS(ARG)y14))
36 FS = F5 + (90.-D3(1,J))**10

[F{IPRINT.GELS)

IWRITEINODEV 104} (T 9yJyD3(LpJd)yd=1,11)
104 FORMAT (/950" ANG g[le®'yt,I1," =*,F7.2))
38 CONT INUE

F5 = WTS®(FS5%%x,1)

[F{IPRINT.LTS5)GO TO 60

[NGT = 0

CALL LEQT2F(UL NyNy5S,02,IDGT D3, i}

[FIIFR.GT.OIWRITE(NQDEY,105)ITER
195 FARMAT (/' FRROR IN LEQT2F IN COus .+ [ER =7,16)

DIN = 0.

. 2‘1' = 00

FFR = Q.

0 50 1

e 50 J

TEMP = Q.

DO 45 K = 14N
45 TEMP = TEMP + J1(I,+K)%*D2(KeJ)

IF{IFQoJ)TEMP = TEMP - 1.

FRR = FRR + TEMPx%x2
DIN = DIN & DL{T,J)%%2
50 ND2N = 22N + D2(,J)*%x2
FRR = SAQART(FRR)
JIN = SQRT(NLN)
N2N = SAPT(D2N)
60 F = Fl + F2 + F3 + F4 + F5
COSTF = F

[F{TPRINT.LT.5)RETURN
WRITF{NODEV,106)ERR,NIN,D2N

106  FORMAT(/,' IN COSTF  ERR, DIN, D2N =',IP3E12.4)
ARITE(NIDEV, LOB)REMIN,REMAX,RTOMAX

108  FORMAT(/,' REMIN =',G10.3,' REMAX =',Gl0.3,' RTOMAX =',510.3)
WRITE(NODEV 4 LOT)WTLyWT2,WT3,dT4,HT5

LOT  FORMAT(/¢' WTLyAT2,WT3,WTaydTS =7,5512,5)
WRITE(NONEVLI1)FLF2,F34F4,F5,F

101 FORMAT(' FLyF24F34F4,F5,FTIT =4,6512.4)
wRITE(NODEV4102)(ER{ L), [=1,N)

107  FORMAT(/,' REAL FIS5 =',5512.4)
ARITE(MODEV,LO3)(EI(L),yI=1,N)

173 FORMAT(' [MAG EIG ='35612.4)
COSTE = F
RETURN
END

e o



Appendix A NEWSOM Computer Program

c
C ke kxR kR Kk SUBROUTINE DATIME 2R KKK & KR KK
C
SUBROUTINE DATIME(IMO,IDAY, IYR, IHOURS s IMINy AMPM,PNAME,NODEV)
REAL*8 PNAMF
NDATA AM/Y AMY/,PM/Y PMe/
CALL DATE(IMO,IDAY,IYR)
CALL STIME(ITIME)
XHOURS = FLOAY(ITIME)/10000.
AMPM = AM
[F{XHNURS.GE.12. )AMPM = PM
[F(XHOURS.GE. 13, ) XHOURS = XHOURS - 12.
[HOURS = XHOURS
5 XMIN = (XHOURS - THUURS)*60.
IMIN = XMIN
IFINODEV.GT<O)WRITE(NODEV, LOO)PNAME, [MO, IDAY, IYR, IHOURS, IMIN , AM PM
120 FORMAT(/' TIME IN "4A8," IS 2,A2,'/%4A2,% /" A245%X, 12,428,
1 12¢3X,A4)

RETURN
END
c
C % e 3k 2 e e kK ok SUBROUTINE RANDS ok ok ok ok % ok
G
SURRTUTINE RANDS{IXyNyZ)
DIMENSION Z2(1)
DATA M/1048576/,FM/1048576./,1A/1027/
DN 10 I = 1,N
[X = MOD(ITA*[X,M)
FX = IX
19 Z(I) = FX/FM
RETURN
FND
C FILF POWELL FORTRAN
¢

SUBROUTINE POWELL(N¢XyFyEPSyIPRINT,MAXFNyNLOOPS,NSRCH)
DIMFNSION X(1),DIST(26),INDX(25)
COMMON/POWEL/NN,D(26,26)9P(26426) yNPCOL (NDCOL
COMMON/ILEED/ISEERD
COMMON/NUTPUT/INFO
COMMON/NCOST/NCOST
COMMON/IMINPT/LIT,ITO,ITIITP,1GO,NONU
CCMMON/NNOUT/NODEY
NATA DETMIN/.OL1/
LIMIT = NLOGPS
LIMS = NSRCH
CALL TIMFON
INFO = IPRINT

NCOST = 0
NONU = 0

"Moo= N

IT =1

NL = N + 1

M2 = le5%N

F = COSTF({X)

Fl = F
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FOLD = F

IF(INFO.GE.l)HRITE(NODEVo103)N1LIMITfL[MSyEPScFu(X(l)vl*laAO

FORMAT(/' POWELL ITERATION?,
/! N)LI“IT'L[MS"13I39.1 EPS=",Gl2.4,
/' F =V 4Gl4.T,
/Y X=t,5F14,4,/(3Xy5F1l4.4))
IF(INFOLGELL)ARITE(NODEV, 104)
FORMAT(® IT IS LIT ITO ITI ITP IGO NONU NCOST®,2X,'C05,!
*DISTY, 10Xy *ERRY)
INITIALIZE SEARCH DIRECTIONS
DO 1L I=1,N
P{Isy1l) = X(1)
DIST(I) = 1.

DIST(NL) = l.

NIT = 1

DET = 1.

DG 10 I=1,N

DO 5 J=14N

D(JyI) = 0.

D(I,I) = 1.

Gn YO 15
WRITE(NODEV,105)1,DET,DMAX ALF
FORMAT(* ON1 REJ I1,DET,DMAX,ALF=¢,13,1P3El4.T)
SEARCH IN N DIRECTTONS

AMAX = 0.

RANDOMIZE THE ORDER NF CHOOSING THE N SEARCH DIRECTIONS

CALL RANINDI{N, INDX)
IF(IPRINT.GF,3)WRITE(NONEV, 10T) ISFED(INDX(I)I=1,N)
FORMAT (' ISEED,INDX =',111,2513)

I

00 20 I1=1,N

= INDX(II)
NPCDL = I
NOCOL = I

CALL MINPT({DISTI(I),FyEPS,LIMS)
[IF{INFN.GF.2)

LARITE(MNDIFY 4100 L, LIT,ITO,ITI,ITP, GO, NONU,NCOSTyFoDIST(I)

FORMAT(LXy15,514,15,16,2G13.6)

IF{INFC.GE.2)NONU = O

IF{ABS(DIST(I))LE.DMAXIGO TO 18
DMAX = ABS(DIST(I))

IS =1

DO 20 J=1.N

PlJyII+1) = PUJ,IT) + DISTUI)*D(Jy1)
FIND NEW SEARCH DIRECTINN

ALF = J.

DO 30 J=1l,N

DOJeNL) = P(JyNL) = P(Jyl)

ALF = ALF + D(J,N1)*%2

ALF = SQRT{ALF)

[FIAMLF.EQ.0.)6G7] TO 90

NORMALIZE NFW SEARCH NIRFCTION
DO 40 J=14N

2(JyNL) = D(JsNLI/ALF

F3 = F2

F2 = Fl1

66
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Fl1 = F
NPCJIL = N1
NDICOL = N}
LIMS = 2%MSRCH
CALL MINPTIDISTINL)FyEPSLIMS)
LIMS = NSRCH
ERR = AMINL (ABS((F=F3)/F)yABS(F))
DN 50 J=1,,N
PlJdsl) = P{JyNL) + DIST(NL)*D(JyN1)
50 X{J) = P(J,s1)
[F(INFD.GE. 1)
IWRITE(NONEV s LOL)IT, ISy LITyITOsITI L ITPyIGDSNONULNCOSToFyDISTINYG),
1 ERR
101 FORMAT(LX 129139514, 1541643G13.0)
IF{INFO.GFLINONU = 0
IF(INFGGE4)WRITF(NODEY, LO2) (X(K) K==L N}
112 FORMAT(Y X ='4LlPS5E13.6,(3%y5E15.6))
IF{ERRWLESEPS«AND.ITLGE.2)G0 TO 90
[F{IT.GF.LIMIT)IGO TO 99
IF(NCASTLGE.MAXFN)IGO TO 90
IT = I7T + 1
IF(NITLOF.N2)GO TO 2
NIT = NIT + )
= CARCK TN SEE IF THE NEW SEARCH AIQECTINN SHAULD RE USEN
NETN = NET*NMAX/ALF
IF{DETNLLT.OETMINIGE TO 12
DU 60 J=1,N
60 N{J,yIS) = DIJyNL)
DIST(IIS) = DISTINL)
DET = DETN
GG TO 15
9n CONT INUE
CALL TIMECK(NTIME)
TIME = NTIME/100.
ARITE(NODDEV 106 ) ITyNCOST FOLD W FyTIMEL{X(I),I=L,N)
106 FORMAT (/¢ SEARCH COMPLETE AFTER',[3,!' [TERATIONS AND¢, 15,
LY FUNCTION CALLS.*,/* INITIAL COST =',1PEl4.7,"y, FINAL COST .7,
1 EL4.Ty TIME = ¢,0PF10a54/7" X =4 1PYEL14aT+/(4XsSEL4T))
RETURN
END

SUBROUTINE COSTO(DIST,COST,DMIN,CMIN)
COMMON/POWEL/NND(26426)+P(26426)4NPCOL,NDCOL
COMMON/IMINPT/LIT,,ITO,1TY,ITP, IGO,NONU
COMMON/QUTPUT/INFO

COMMDN/NNCUT/NODEY
OIMENSTIIN X(25)

n 1D I=1WNN
10 X(I) P{I,NPCOL) + OIST*D(I,NDCOL)
CIST COSTF(X)

[FICOST.GF.CMIN)IGO TC 20

CMIN = COST

DMIN = DIST

?9 [FINFPGOF4)wRITE(NINEV,100)IGN,DIST,COST,DMIN,CVIN
182 FORMAT (' IG0=',I1,' DIST=',3512.3,' COST="',G1l4.7,

[ ]
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Appendix A MNEWSOM Computer Program

t DMIN='4G10.39" CMIN=',Gl4.7)
RETURN
END

SUBROUTINE MINPT{OMINeCMIN,EPS,LIMIT)
COMMON/IMINPT/ LY, ITOWITI,1TP,IGONANU
COMMON/NNOUT/NODEV
COMMON/IPRINT/IPRINT
DATA BIG,DTAU/1.E10,.1180339886/
NATA DISTUN/1.E~6/,VBIG/1.E20/
D = DYIN
JLERD = 0.
CMIN = VDIG
[GO = 3
CALL COSTD(LLFRO,C,oDMIN,CMIN)
cn =¢C
IF(ABS(D).LTLOISTMNID = DISTMN
DELTA = ABS(D)/2.
D2 = 0.
2 =¢C
SIDE = SIGN(l.,0)

IT = MO. OF POINTS IN LINE SEARCH

[TP = NO. OF PARABOLIC FITS
[T = NO. OF QUTWARD STEPS
[TI = NN, OF TINWARD STEPS

IGO0 = 0 FOR EXIT ON OUTWARD SEARCH
1 FOR EXIT ON INWARD SEARCH
2 FCR FXIT ON PARABOLIC SEARCH

[T =0
[re
Imo
(R

itonn

0
0
0

3FGIN THF OUTWARD SEARCH

IGN = 0
21 = -8I6
N3 =

ClL
C3

bot B | B 11
-
-
N
(@]

G

¢

CHANGE THE DIRECTION OF THE OUTWARD SEARCH

IF{D.6T.ND2)G0 TO 12

o1 0
Cl C
U TO 14
D3 =D
c3 =¢C

IF{N1.6T.~-31G.AND.N3.LT.RIGIGN TO 35
SIDE = ~-SIDE
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TAKE AN OQUTWARD STEP

NOO

0 ITO = 1ITO + 1
IF({IT.GT.L)DELTA = DELTA%2,
D = D2 ¢ SIDE*DELTA
IF{IPRINTGE4)IWRITE(NODEV,100)D1,D2,034C14C2,4C3
100 FORMAT(/ 93Xy "Dl 911Xy 'D2' 1 1Xe"D3%,11X,*'CLl?,1LX,'C2%,11X,?C3',
l /91Xy 6G13,6)
CALL COSTD(D,C,DMIN,CMIN)
[FIIT.GE.LIMIT)RETURN
IT=1IT + 1
IF(C.GT.C2)GD TO 10
[F(N2.5T.DIG0O TO 16
Dl = D2
Cl =
GO T0 18
16 D3 D2
C3 C2
18 02 D
c2
GO

wohoun

—
Q
O
N
o

THIS COMPLETES THE OUTWARD SEARCH, NGOW DO INWARD SEARCH

HNYD O

5 IGO = 1
GO TO 45
0 [F(MOD(IT—IPLAST+3))45,45,50

DO PARABCLIC FIT

SO0 0 S

5 IGC = 2
DTEST = .7T*ABS(D1-D3)
CALL MINPAR{DL,U2,4D3,C1,C24yC3,CO¢EPSyICONVDMIN,CMIN)
[TP = ITP + 1
IT = 1IT + 1
IF(IT.OELLIMIT)RETURN
IF({ICONV.EQ.2)RETURN
IF{ABS(D1-ND3) . LE.OTESTIGD TO 45

GIVE UP ON PARABOLIC SEARCH AND GO TO INWARD GCLDEN SECTION SEARCH

OO0

IPLAST = IT
D2 = {ND3+D1)/2. — SIDE*DTAU*(D3-D1)
IGO =1
IF{IPRINT.GE.4)WRITE(NODEV,101)DL,D3,CL,C3
101 FORMAT(/ 43Xy "D1"y24X,'03",11X,"'Cl',24X,°C3',
1 /91Y9Gl3.6913X92G13.6913X4G1l3.6)
CALL COTin(D2,C2,0MIN,CHIN)
[IF{C2.uT.AMINLI(C1,C3))NGNU = NONU + 1
[F{C2.GT,AMINL(CL,C3)ANDLIPRINTLGE.4)

! WRITE(NODEV,102)D1,02,03,C1,C2,C3
1e2 FORMAT(/4' CAUTION...FUNCTION [S NOT UNIMODAL. ©D1-3, Cl-3 =',
1 /11X46G1l0.3)

L
c TAKE AN INWARD STEP
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59 N = (D3+DL) /2. + SIDE*DTAU¥*(D3-DIL)
IF{IPRINT.GE«4)WRITE{(NODEY,100)DL,02,034C1,C2,C3
CALL COSTD(DyCoDMIN,CMIN)
[F{C.OTLAMINL(CL,C3)INONUY = NONU + 1
TF(C DT «AMINLACLC3) dANDLIPRINT.GE.4)
1l NRITE(NODEV,103)DL,D2,03,0,C1,C2,C3,C
1073 FORMAT(/+"' CAUTION. «.FUNCTION IS NOT UNIMODAL. D1-3,7D, !
1 v'Cl";vC =';/.1X.8(‘;10-3)
[TI = ITI + 1
FRR = AMINL(ARS(C),ABS({C-C2)/C2}))
IF{EKRLELEPS.AND.CLTLCNIRETURN
IF(IT.GE.LIMITIRETURN
IT = I7T + 1
SINE = SIGN(1.,(C2~C)*SIDE)}
DT = D
CT = C
IF{(C.6T.C2)G0 TO 60
N2
C2
n
Ce = C
6i) IF{SIDE.GT.0.)G0 TO 62
03 = 07
¢3 = CT
GO TO 40
62 al = 0T
ClL = CT
30 TO 40
END

()
—
t M ouou

SUBROUTINE MINPARIX1 ¢ X2¢X34FL F2,F3,FUEP,ICONV,DMIN,CMIN)
COMMON/NNCUT/NQODEV
COMMON/TPRINT/IPRINT

[CONV = 0
Al = X2 - X3
A2 = X3 - X1
A3 = X1 - X2

DEN = FL¥*AL + F2%A2 + F3%A3}
TE(DEN.EQ.O0.)RETURN

Bl = X2%¥2 — X3%%x2
37 = X3*¥k2 ~ X1¥x2
33 = X1%%k2 = X2%%2
X4 = S«(FL*BL+F2*B2+F3%xB3) /DEN

[F{X4eLFaX1laORaX4.GE.X3IRETURN
[F(TPRINT.SF.AIWRITE(NODEV, LOQ)IXL o X2y X3, FL,yFO F %
100 FURMAT(/¢3Xe"DL 11X, "'02% yLLXs ' D3 511X CLY L} ¥ 020,11X,1C3",
1 /v1Xy6Gl3.0)
CALL CUSTO(X44F4,0MIN,CMIN)
[FIF4.CTLAMINLIFL,F3)INONU = NONU + 1
[F{F4.GT.AMINL(FL,F3)ANDLIPRINT.GELG)

1 WRITE(NODEV,101)X1 X2y X3¢ X4y FLiF2,F3,F4
121 FORMAT(/4' CAUTION«..FUNCTION IS NOT UNIMODAL. Dl-44Cl=4 =!,
l /1 1X48G10.3)

ER = AMINL(ABS(F4),ABS{{F4—-F2)/F?)}
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Appendix A NEWSOM Computer Program

[F{FReLE«EP.ANDF4.LT.FQ)ICONV = 2
[F{FA=F2)10,410,12
XT = X2
FT = F2
X2 = X&
F2 = F4
[F(X4=XT) 14,414,416
X3 = XT
F3 = FT
RETURN
X1l = XY
Fl = FT
RETURN
TF{X4=X2)18,418,20
X1l = X4
Fl1 = F4
RETUKN
X3 = X&
F3 = F4
RETURN
FND

SHBRAOUTINE RANINNIN, INDX)

DIMENSION INDX(L),IND(25),RAND(25)

REAL*¥ DSCED

COMMON/ISFED/ISFEN

COMMON/NNOUT/NCDEV

PO 10 [=1,N

INDCT) = 1

WRITE(NODEV,100) [SFED, Ny DSCED

RGRMAT (/' IN RANDIN, ISFED,N,DSEED ='y112,14,1P014.6)

CALL RANDS(USEEDyN,RAND)

WRITFINODEV LOLIN,DSEED, (RAND(I)¢I=14N)

FORMAT (/4% AFTER GGUBS IS CALLED, NyDSEED =*,14¢1PD1%.6,
/¢! RAND =',10F8.5)

D0 KR=2yN

[ =N+ 2 -K

RT = 1
[T = TFIX{RI®RAND(I)) + L
IT = MAXO(1,MINO(I,II))

INDX{T) = INDUIT)
[FITT.FR.TIIGOD TO 20
[ry = re + 1

D0 18 J=I11,41

IND(J=-1) = IND(J)

CONT INUE

INDX(1) = INDIL)
RETURN

£ND

FILF WRTMAT FORTRAN Al

8/8719
FILE NF UTILITY SUBRQUTINES TO SUPPNDRYT VIZE FORTRAN Al

WRTMAT = GENERAL MATRIX JQUTPUT SUBROUTINE

7

4
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SUBROUTINE WRTMATLA,NyM, [A,ANAME)
DIMENSION A([A,l)
COMMON/NNOUT/NPRINT
REAL ¥8 ANAMF
WRITE(NPRINT, 100)ANAME N, M
100 FORMAT (/" MATRIX *,A5,¢3X,*(*'y13,' RUNS Xy I3,' COLS)")
[F(M.LE.10)60 TO 15

00 10 [=1,N j

10 WRITE(NPRINT(101)(A{I,J)yJ=1,M) |

| 191 FORMAT(/,(1PLOEL3.5)) |
RETURN |

L5 DO 20 I=1,N
20 WRITEINPRINT,102)(A(YoJ) s d=1,M)
L02 FIIRMAT(LP10F13.5)

RETURN

END

TRANSP — TRANSPOSES A MATRIX

[aEelel

NIMENSION A(NA,1)
COMMON/NNOUT/NOUT
M = MAXO(NL,N2)

x [F{M.GT.NALOR.M.LE.O)GD TO 90 |
' ML = Me] |
! D0 10 I=1,M1 1
1 =1 + 1 |
DC 10 J=11,M |
TEMP = A(IL,J) 1
AT ,J)
19 AlJd, 1) |
RETURN |
p Q0 WRITF{NOUT,100)NL,N2,NA 1
i
1

|
J
|
| SUBROUTINE TRANSP(A,N1,N2,NA) }
1

A{J,I)
TEMP

i H

170 FORMAT (' #*%x ERROR IN TRANSP *¥x¥ N1,N2,NA =',3[4%)
RETURN
END

: C MULT - MATRIX MULTIPLICATION

SUBROUTINE MULT(AsByCyNyLyMyNAZNB,NC)
DIMENSION A(NA.L)4R(NByL),CINC,1)
ODUBLE PRECISION TEMP
COMMON/NNOUT/NQUT
IF{N.GT.MINO(NASJNC) .NOR.L.GT.NB)GO TO 90
N0 20 I=1,N
‘ 70 20 J=1,\
290 10 K=1,L |
10 TEMP = TEMP + DBLE(A(I,K))®IBLE(B(K,J)) |
20 ClI,J) = TEMP |
RETURN |
90 WRITE(NOUT, LOD)NsNA¢NC,L NB i
100 FORMAT (' *%¥x ERROR IN MULT ¥%x% N,NA,NC,L,NB=?,515)
RETURN
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END
MSHIFT —~ TRANSFERES VECTORS AND MATRICES

SURROUTINE MSHIFT(A,BsNyMeNA,NB)
DIMENSTION A(NAsL)  B(NB,1)
COMMON/NNOUT/NOUTY
[FINSGT.MIMOINAYNRB))IGO TO 90

DN 10 I=1,N

NO 10 J=1,M

BlIyJd) = A(I,J)

RETURN

ARITE(NOUT, 100IN,NA,NB

FORMAT{* *x%kx ERROR IN MSHIFT #%%x NyNA,NB=',315)
RETURN

END

MATADD - MATRIX ADDITION

SUBROUTINE MATADD(A¢ByCoNyMyNAZNB4NC)
DIMENSION A(NA,1),yB(NBy1)sC(NCyl)
CNMMON/NNGQUT/NOUT
[FINJGT.MINQI(NA,NB,NC))SO TO 90

NN 10 I=leN

NO 10 J=1.M

ClIvd) = A(L,J) + BlI,J)

RETURN

WRITE(NOUT,100)NsNA,NByNC

FNRMAT(* *xx ERROR IN MATADD **% N,NASNB,NC=',415)
RFTURN

END

MATSUR — MATRIX SUBTRACTION

SUBROUTINE MATSUB(A+B,CyNeMyNAJNB,NC)
DIMENSION A(NA¢1)B(NBy1),CINCy1)
COMMON/NNOUT/NOUT
[F(N.OTLMINOINAZNB,NC)IGD TO SO

DU 10 I=1¢N

N0 1Y J=14¢M

ClIsd) = A(Il4d) = 3U1,J)

RETURN

WRITE(NNUT, 1Q0 )N, NA;NB ¢ NC

FORMAT(* *#%x ERROR IN MATSUB ¥*** N,NA,NB,NC=*,415)
RETURN

END

SWAP — INTERCHANGES TWO VARABLES

SUBROUT INE SWAP(A,B)
C A

A )

8 C

RETURN

EMD
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MSMULT — MATRIX*SCALAR MULTIPLICATION
SUBROUTINE MSMULT(SyA,NysMyNA)
DIMENSION A{NA,1l)
NN 10 I=1yN
NO 10 J=1.M

0 A(Ie¢Jd) = S*A(L,J)
RETURN
END
ZERO — FILLS A MATRIX WITH ZEROS
SUBROUTINE ZERO(A,N,MyNA)
DIMENSION A(NA,1)
N 10 I=1,N
DI 10 J=1,M

0 A(lsJ) = 0.
RETURN
END
IMAT - LOADS AN ARRAY WITH THE IDENTITY MATRIX
SUBRNOUTINE IMAT{A,NyNA)
DIMFNSION A(NA,1)
DO 10 I=14N
N0 5 J=1,N
All.J) = 0.

0 A(T,I) = 1.
RETURN
END
ANORM - CALCULATES THE RSS NORM OF A MATRIX
FUNCTION ANORM{A,NL1yN2,NA)
DIMENSION A{NA,1)
COMMON/NNOUT/NOUT
[FIN1.GT.NA)GO TO 90
ANQRM = 0.
DO 10 I=1,N1
NO 10 J=1,N2

0 ANOR™M = ANORM + A(I,J)*%2
ANORM = SQRT(ANORM)
RETURN

0 WRITE(NOUT,100)N,HMNA

q0 FIRMAT (' **%x ERROR IN ANORM *xx NyNA =1,215)
RETURN

FILE NEWSOM INPUT
JULY 22, 1980
ANSOMIN
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N = 4, M= 2,
EPS = l.E-T,
MAXFN = 5000,
NLOOPS = 40,
NSRCH = 12,
NONFV = 6,
[PRINT = 1,
ICONT = 1,
ICUT = 0,
le = oOl' WTZ == lOO.. HT3 = 5000' NT4 = 100.'
WTH = 204,
REMIN = ~20.9 REMAX = =1,y RTOMAX = .5,
A= -0.3567984y Loy -0.024209, 0.258819, 3%0Q., 0.017335, ~0.032279,
04267949y —0.110395, =0.965926y 26.1575y Oey 4¢46294, -0.091072
B = =T6718% 0.9 1.96959, Oy 2.06549, 0.y =2.33843, 5%0.,
X =e18941=06337.3595.01327+2.36644.141%,~12313,.6683,
X = o1494,-.4193,.1054,.0203,1.6827,
395581“.23151‘-047951
X = 26481y —.4288, 1054, —.2476, 1.6827,
3J.0%8y —. 730686, -.04789,
GEND
ENSOMIN
REMAX = =-2.,
LEND
ENSOMIN
REMAY = —4,.,
8END
ENSOMIN
M = 3
V= =3.18, ley =0.06, 2.022,3%0., 0.04h44, De63y Doy =027, -0.998,
—10.6. O-y 4-18, ‘OolSly

2

B = _1404' 3*0-' 1-5' 00' -20591 000379 2*0;' ‘3-96' 0.'
X=_3023E“8"3-SE‘8,3-43E—8'1¢735“[0'.45'“.8&y~l081—1.76'10.7,78)—509
X = =30976-29~4.56F341.99F~2,14202E=2,~.9449,

Jef88934.21612,-3.6611E=3,4.7516,=.94351,
~eH4TT3y=a514%1,

X = =.33498, 15196, —-2.6329, 1378, —.93295,
3.915%' ¢2175' 2.6445E‘3v Sd5306' “-q673p
=« b98h, =-.5259,

REMAX = =1.,

&END
SENSOMIN

RE“AX = "2-'

EFND
ENSOMIN
REMAX
[CONT

&END

0

-
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FILE LINEAR FORTRAN

REAL A(10,10),B(10,10),C(13,10)yQ(10,10),R(10,10)
REAL K(10410),6(10,10),ACL(10,10),R1(10,10)+XC(10),UE(10)

REAL Al(10,10),B8L1010,10),URFF(10)
COMMON/ INOU/KIN,KOUT
COMMON/MAINL/NDIM,OUML(10,190)
COMMON/MAIN2/NUM2(10,10)
COMMON/PLOT/SCALEARRAY(10L,11)
KIN=13

KOUT=4

NDIM=10

N=4

M=73

[R=4

CALL MATIO(N,NyA,4)

CALL EQUATE(NyNyAl,A)

CALL MATIO(N,My8,4)

CALL FQUATE{N,M,21,8)

CALL MATIOQ(IRyNyCv4)

CALL MATIO(N,N,Q,4)

CALL MATID(MyM4R,4)

CALL CON{N,M,A,ByNCS)

CALL OBS(Ny,NyAyCyNCS)

CALL REG(NyMyAgyByRsQyKyGyACL)
CALL VECTIOIN,XC:4)

CALL VECTIO(M,UE,4)

CALL VECTIO(M,UREF,4)

CALL MATIO(MyNyG,4)

CALL LTRACK(ALyN,BLyMyGyXC,UE)
STOP

END

SUBROUTINE REG

SUBROQUTINE REGINsMeAyByRyQy XyGoACL)
DJIMENSION A(L),B8(L),R(1),Q(L)sX{L)eGIL)sACLIL)
DIMENSION RR(30),RI(30])
COMMON/MAINL/NDIM,DUML( 1)
COMMON/MAINZ2/DUM2( 1)
CIMMON/INDU/KIN,KOUT

[FINDIM.LT.N) WRITE(KQOUT,1000)
[F(NDIM.LT.M) WRITE(KQUT,1000)
[FINDIM.LT.N) CALL EXIT
[F(NDIM.LT.M) CALL EXIT
FORMAY(/,16H DIMENSION ERRNOR,/)
CALL MEIGVIN,ARR:RI)
WRITE(KOUT,200)
WRITFIKOUT,300)(RRUT)yRI{I) I=1yN)
CALL EQUATE(M,M,DUML,R)

CALL SGMINVIM,M4,DUM1,DUM2,MR,D)

CALL MAT4(N,%,0U42,8,3G)

CALL MRIC(N,A,5,Q9X,ACL)

CALL EQUATE(M,M,DUML,R)

~.4
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CALL GMINV(MyM¢DUML,DUMZ2,4R,D)

CALL MAT6(MyM,NyDUM2,B,DUML)

CALL MMUL(DUMLpXyMyNyNyG)

WRITE(KOUT,60)

CALL MATIGI(NyNsX,3)

WRITE(KOQUT,70)

CALL MATIN(NyNy¢ACLy3)

CALL MEIGV(NsACLRR,RI)

WRITE(KOUT,400)

WRITE(KDUT,300) (RRUT),RI(I) ¢I=L¢N)
WRITE(KQUT,,930)

CALL MATIO(MyN:G,3)

FORMAT(//419H RICATTI SOLJTION K,/)
FORMAT(//,31H OPTIMAL CLOSED LOCP MATRIX ACL+/)
FORMAT(//422H OPTIMAL GAIN MATRIX G,/)
FORMAT(/,22H OPEN LOOP EIGENVALUES./)
FNRMAT(13H REAL PART = ,E10.3,13H IMAG PARYT = ,E10.3)
FORMAT(/427TH CLOSEN LOOP FIGENVALUES = /)
RETURN

END

SURROUTINE MRIC

SURRNUT INF MRIC{NyAySeQe XeZ}
JIMENSION ACL) pSCEL)yQUL) o X({L)oZ(1),TR(3I),TIMES(3)
COMMON/MAINL/NDIMyF(L)
COMMON/ INAQU/XKINGKQUT
NOIM1=NDIM+1

TIMES(L1)=.5

TIMES(2)=2.0

TIMES(3)=4.0

NN=N*NDIM
Tl==.STALOGIXNORM{N,Q)+.,029201)
[F(TlelTe=10)}T1l==1,0/T1
IF(ABS(T1)eiTelanN)T1l=1.0
T2=1e®N/ {1l #XNORM{N,A) ) *T1
T1=T2

KEY=0

KEY=KEY+1

ND 1S I=1,N

DO 1S5 J=1,NNyNDIM

X{J)=-S(J)

CALL INTEG(NsAsXyZy-T1)

CALL FACTOR({NyZyF¢MR)
S0SSIALE UNCONTROLLABILITY [F MRWNEGN
IF(MR.EQ.~1) CALL MATIC(MNMsN,Z,y3)
IF(MR.EQ.-1) CALL EXIT

CALL SMIMVIN NyFoZyMR,)

CALL MAT2(NeNoZyZe¢X)

A+SX [S STABLE

TOL=1.E-5

ADV=TIL*] . E~-7

NN=NXNNIM

NM1=N-1

DN 19 I=1,yN

77
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TR{I)==1,2

CINT INUE

TALL=TOL/10.

MAXI T=30+N

0 40 IT=1,MAXIT

CALL MMUL(SsXeNyNyN,F)

CALL MMUL(X;F«NyNyN,Z)

DO 20 I=1,NNyNDIM

[1=]1+NM]

DG 20 J=T1,11

X{J)=A{JY=-FlJ)

ZLJ)=200)+Q(M)

CALL MLINEQIN,X,ZyX,TOLL)

L=0

Cl=9.0

[I=1

JC 25 I=1N
TF{ABSIXITII)=TRIL))LT{ADV+TOL*X{II))) L=L+1
TRIY )=X{11)

[T=1{I+NDIM]

Cl=CLleTR{1)
[F{ARS({Cl}.GT.1.E20) GO TO 50
[F{L.MEsN) GO TO 40

CALL SMINVINGNgZFyMR,0)

CALL MMUL({SyXyNeNyNyZ)
WRITE(KOUT ,,27)IT
FORMAT(L7HORICCATI SOLN IN 4I2,11H ITERATIJNS)
DC 30 I=1,NNyNDIVM

[T=1+NML

D0 30 J=I1,11

2(Ji=a(J)-2(J)
IF(MR.NENIWRITE(KOUT,35)MR
FORMAT (26HORICCATI SOLM IS PSD--RANKI3)
RFETURN

CIONT INUF

WRITE(KNUT ,45)4AXIT,T1

FORMAT (26HORICCATI NON-CONVERGENT INI2,LlLH ITERATIONS,Ll2H
1 T=F1J.5)

GO TO 60

WRITE(KOUT,55)11IT,T1

FNRMAT (29HORICCAT! BLOW JP AT [TERATIONIZ2,12H
[FIKEY.EQ.4)CALL EXIT

TLl=T2*TIMES(XEY)

WRITF(KOUT,65)T1

FORMAT(14HORESET WITH T=F10.5)

50 TO 5

END

SUSRIJUTINE MLINEQ

SUBROUTINFE MLINEQ(NsA,CyX,TOL)

SOLVES A'X+XA+C=0

A AND X CAN 8F [N SAME LOCATION IF DESIRED
ANSWFR RETURNED IN C AND X

DIMENSION A(1),C(L)eX({L)RR(30),RT(30)

78

INTTTAL

INITIAL T=F10.5)




!

15
20

18
21

25
30

15

49
50

60

65
70
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COMMON/MAINL/NDIM,F(L)
COMMON/MAINZ2/Y(1)
CAMMNON/INQU/KIN,KOUT
NDIMLI=NDIM+]

NDT=.5

DT1=0.

NN=N®NDIM

DO 5 TI=1,NN,NDIYL
DTL=DTL1+ABS(A(II))
NDT1=0T1/N
[F(DTLaGTe4.0) DT=DT*4.,0/DT1
[I=1]

NN 20 I=1,N

DO 15 JJ=1,NN,NDIM
Y{(JJ)=DT*A({JJ)
Y(IT)=Y(II)=-.5
II=IT+#NDIM1

CALL GMINV(NyNyY FoyMR,y1)
CALL EQUATE{N.N,Y,A)
TF(MR.EQ.N) K0 TN 21
IT=0

DO 18 I=1yNN,NDIML
Cll)=1.E25

G0 TO 95

CALL MMUL(C,FyNyNyN¢X)
INITIALIZATION OF X,F
i=1

03 40 T1=1,MN,NDIM
J=11

IF(l1.EQ.1) GO TO 30
N 25 JJd=1,I1,NDIM
clay=Ccltyd)

J=J+1

10=J

20 35 JJ=TT,NNyNDIM
CUI)=DTEN0T(NGF(II),X{JJ))
J=J+1

FOID)=F{IN)+1.0

[=1+]

ADV=TOL¥*]1.E~-7

ne 90 IT=1,30

NEZ=0

SIZE=9.0

CALL MMULI(C,FyNgNyNyX)
[=1

I1=1

J=1

GO TN 70

J=11

20 A5 §J=1411,NDIM
ClJ=CLJdd)

J=Jd+1

1D0=J

OT1=ClJ)

NO 75 JJ=TTI,NNyNDIM
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Appendix B LINEAR Computer Program

ClJ)=ClJU)+DOT(N,F{IIL yX(JJ)}
J=J+l

J=J~1

npn 80 JJd=T11,J

X(JJ)=F{JJ)
IF(ABS(C(IN)~DT1)elLT(ADV+TOLXABS(CI(ID)))) NEZ=NEZ+1
I=1+1

Tf=II+NDIM

SIZE=SIZE+DT1

IF{I<LE.N) GO TQ 60
IF(NEZ.Fl N) GO TO 150
IF{ABS(SIZE).S5TaleF25) 50 TO 95
CALL MMUL(Xy Xy NyNyN,F)

CONTINUE

WRITE(KOUT,100)IT

FORMAT(33HOLIN EQN ALGORITHM NDN—CONVERGENT;I3,10HITERATIDNS>

ARITE(KOUT,110)

FORMAT (35H0A MATRIX EIGENVALUES..REAL IMAJ)
CALL MEIGVINsY,RR,RI)
WRITE(KOUT 1200 (RRIT)4yRI(I)I=1,N)
FORMAT(18Xy1P2E1l2.3)

COMNTINUE

CALL FRQUATE(NyN,X,C)

RETURN

END

SUBRDUTINE INTEG

SUBROUTINE INTEG(NsAyCyS,T)
S=INTEGRAL EAXC*EA' FROM 0 TO T
C IS DESTROYED

DIMENSION A(1),C(1)syS{L1),COEF(LS)
COMMON/MAINL/NDIMeX(1)
NDTML=NDIM+1

NN=N=®=NDIM

NM1=N-1

NT=13

MTY1=NT-1

IND=0

ANDRM=XNDRM (N, A)

DT=T

IF (ANORM#*ABS(DT).LE.O0.5) GN TO 10
DT=DT/2.

IND=IND+]

GN TOQ 5

DO 15 I=1,NNyNDIM

J=I+NM]

00 15 JJd=1,J

S{JI)=DT=C{JJ)

T1=DT*%2/2,

DO 25 [T=3,17T

CALL MMUL{A3Cy)NyNygNyX)

o0 20 I=1,N

IT={[-11%NDIM

20 20 JJ=1,NN,NDIM

80
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I[I=[I+1]
ClJII=(X{JJ)I+X(ITI))%*T1
S(JJ)=S{JJy+C(JJ)
TL=DT/FLOAT(IT)
IF{IND.EQ.DQ) GN YO 100
COEFINT)=1.0

N 30 I=1,NTM]

[I=NT~1
CAFF(IT)=NT*COEF(II+1)/FLOATI(I)
DO 40 I=14NN)NDIM

[[=]

JxI+Nv1

00 15 Jd=1,J
X{(JJ)=A(JJ)*COEF(1)
X(ID)=X(I1)+COFF(2)
[I=]14+NDIM1

DO 55 L=3,NT

CALL MMUL{AyXyNeNoNsC)
[[=]

T1=COEF(L)

NN 55 I=1,NNyNDIM
J=T+NM1

27 50 JJd=1,J
X{JJ)=C(JJ)
X{II)=X(I1)+T1l
[I=I1+NDIMI1
X=EXP(A¥DT)

L=0

L=L+i

CALL ™MMUL({XsSyNyMyN,yC)
=1

NG 90 I=1,N

J=1I1

IF (I.EQ.L) GO TO 75
0 70 JJ=T,11,NDIM
S{JJ)=std)

J=J+ 1l

N0 35 JJd=1.,N

KK=JJ

20 80 K=IvNN'MDIM
SUJ)=S{J)+C{K)*X{KK)
KK=KK+NDIM

J=J+ND M

77 87 JJ=1,NNyMNDI Y
ClJJ)=X{JJ)

IT=1T1+NDIM
IF{L.EQ.IND) 30 TO 1090
CALL MMUL(C,sCoNeNyNyX)
30 T 60

CIOMTINUE

RETURN

ENO

SUSROUTINE GMINV
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SUBROUTINE GMINVINRyNCy2A Uy MR \MT)
DIAFNSION A{1l),U{(1),S(30)
COMMON/MAINL/NDIM
COMMON/INOU/KIN,KCUT
NDIM1=NDIM+]

TOL=1.E~14

ADV=L.E-24

MP=NC

NRML=NR-1

TOLL=0.

JJ=1

N0 10 J=1yNC
S{J)=DOT{NRyA(JI)yA(IJ))
IF(SI1J)GT . TOLL)TOLL=S(J)
JJ=JJ+NDIM

TNLL=ADV*TOLL

ADV=TOL L

Jd=1

DO 100 J=1,NC

FAC=S(J)

JMi=J=-1

JRM=J J+NRM]

JCM=JJ+ M1

30 20 I=JJd,JCM

J(I)=0.

U(JCM)=1.0

IF{JJEQ. 1) GO TO 54

KK=1

N0 30 K=1l,JM1
IF{S(K).EQe.l.0Q) GO TO 30
TEMP==DOT(NRyA(JJ) yA{KK]))
CALL VADDIK,TEMP,U(JJ)yU(KK)
KK=KK+NDIM

NC 50 L=1,2

KK=1

DO 50 K=1,JM1
IF(S(K)<ER.O0.) GO TO 50
TEMP==DOT(NRyA{JJ) yA(KK))
CALL VADD(NR,ZTEMP, A{JJ) s A(KK))
CALL VADD(KTEMP,U(JJ) yUIKK))
KK=KK+NDIM
TOLL=TCL*FAC+ADV
FAC=DODTI(NR,A(JJ) sA(JI))
IF(FAC.GT.TOLL) GO TO 790
N 55 [=JJ,yJRM

A(l)=0,.

S(J)=0.

KK=1

DD 65 K=1,JM1
IF(S(K).EQ.0.) GO TN 65
TEMP==DOT(K,U{KK},U{JJ))
CALL VAND(NR,TEMP,A{JJ) JA(KK]})
KK=KKX+ND M
CAC=DCT(JyJldd)yUlLJI))
MR=MR~1
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G0 10 75
70 S{J)=1.0
KK=1

N0 72 K=1y,JM1
IF(S(K).EQels) GO TO 72
TEMP==DOT(NRyAlJJ) yA(KK) )
CALL VADDIK,TEMP+U(JJ)yU(KK]))
72 KK=KK+NDIM
75 FAC=1./SQRT(FAC)
D0 80 I[=JJyJRM
80 A(I)=A(I)*FAC
DO 85 I=JJ,yJCM
85 UlI)=Ull)*FAC
100 JJ=JJ+ANDIM
IF{MR.EQ«NR<ORMRLEQ.NC) GO TO 120
ITF(MT.NEJOIWRITE(KOUT,1LQ)INRyNCoMR
110 FORMAT(I391HX,1298H M: RANK,I2)
120 NEND=NC*®NDIM
JJ=1
N0 135 J=14NC
DO 125 I=1,NR
[i=1-J
StI)=0.
NO 125 KK=JJyNEND,NDIM
125 S{I)=S{UT)I+A{II+KKj®UIKK)

II=J
NO 130 I=1,NR
utin=sr)

130 II=II+NDIM
135 JJ=JJ+NDIM1
RETURN

END

SUBROUTINE FACTOR

SUBROUTINE FACTOR(NysAySeMR)
A=S¥%S

DIMENSION A{l),5(1)
COMMON/MAINL/NDIM
COMMON/ INOU/KINyKOUT
NDIM1=NDIM+1]

M=

NN=N¥NDIM

TOL=1.E~7

TOL1=0.

00 1 I=1,NN¢NDIML
R=A3S{A(I))

1 IF(RaGTTOLL)TOLL1=R
TOLL=TCL1*1.E~12
[I=1
DC 50 I=1,N
IMl=1-1
N0 5 JJI=T,NNyNDIM

5 S({JJ)=0.

[D=1T+1M1

83
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R=A(IN)~DOT(IML,S(II),
IF{ABS{R).LT(TOL*A(ID
IF (R) 15,50,420

MR=~]
WRITF(KOUT,1000)
FORMAT (3THOTRIED TO FACTOR AN INOEFINITE MATRIX)
RETURN

S({ID)=SQRT(R)

MR=MR+1

IF {1.EQ«N) RETURN

L=T[+NDIM

N0 25 JJ=LsNNeNDIM

1J=JJ+ M1
S(IJ)=(ALIJ)-DOT(IML,S{IT),4S(JJ)))/SLID)
II=1I1+NDIM

RETURN

END

S(Ir))
)+TOLL1)) GO TO 50

SUBROUTINE MEIGV

SUBROQUTINE MEIGVIN,AsRR,HRI)
DIMENSION A({1),RR{L)RI(L3,C(31),TEMP(30)
COMMON/MAINL/NDIM, X(1)
NOIMLI=NDIM+1
NMN=N%NDIM

DO 1 I=1,N

NO 1 J=1NN,NDIM
X(4Y=A(J)
CiN+1)=1.0

L=1

Cl=0,0

DO 10 I=1,NNyNDIM]
Cl=Cl1-X(1I)
Cl=CLl/FLOAT(L)
[=N+1-L

CiI)=Cl

DO 15 I=1,NNyNDIMIL
X{I)=X{(I)+C1l
[F(L.FQaNY GO TN 50
D0 40 I=1,N

Jd=1

D0 1% J=1 4yNNyNDIM
"1=0a,

KK=J=1

D0 25 K=T4NNyNDT M
KK=KK+1
CLl=Cl+X(K)*A{KK)
TEMP{JJ)=Cl

JJd=JJ+1

JJd=1

D3 40 J=1,NN,NDIM
X(Ji=TEMP(JJ)
Jd=JJd+1

L=L+1

GO 10 5
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50 CALL POLRT(CyN4RR,RI)
RETURN
END

SUBRNOUTINE POLRT

SUBROUTINE POLRT(AyNyU,V)
DETERMINES THE ROOTS OF AY N-TH ORDER POYNOMIAL
X¥&N + A(N)*X**(N-1) + ... + A(1l) = O
WHERE: U(N) WILL CONTAIN THE ROOT REAL PARTS
V(N) WILL CONTAIN ROOT IMAGINARY PARTS
A(N) WilL BE DESTLIYED DURING COMPUTATION
DIMENSION A(L),U(l)V(1)
1 NR = N
10 [IF (NR=2) 61,7141l
11 tF (A(1)) 20,12,20
12 U(NR) = 0.0
VINR) = 0.0

NR = NR~-1
CALL VECTEQ{NR,A{2},A(1))
GO TO 10
20 EMIN = 1.
TOL = .1
V4 = 1.0
P = 0.
Q= 0.
R = 0.0

30 UINR) = A{(NR) - P
UINR=-1) = A(NR-1) - P*U(NR) - Q
VINR) = U(NR) - P
V{NR-1}) = U(NR-1}) = P*V{NR) - Q
I
35 y ~ (P*U(TI+1) + Q*xU(I+2))
) = (PRV(I+1) + Q%V(I[+2}}
-1
I.6T.0) GO TQ 135
A{2)) 42.41,42
u(z2)sa(l)
0 T9 43
utz2rs/atc(a
AMAXT(ARS{E)y 1. 0E-6)*AMAXL(ABS{U(L)/A(1))¢1.0E=6)
[F (E.LE.1l.E-12) GO 7O 70
[F (E.GE.EMIN)} GO 1O 44
THIS FDORCES FMIN TO HCLD STEADY FOR 5 ITERATIONS

1}

51

42

U
v
[

IF {
40 IF {
F
E

43} F

ion

EMIN = E
TOL = FMIN®D.7
GO YO 45

THIS WILL ALLOW AN ERROR X*EMIN ONLY AFTER N ITERATIOINS
WHERE X = {l.1)%%N

44 IF (E.LT.TOL) GO TN 70
45 TBAR = V(2) - ul2)

IF (NR.GT.3) V&4 = VI(4)

D = V(3)*%2 — C3AR*V4

IF (D) 47,46,47
46 P = P - 2,9

85
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N*(Q+1.0)
50

[}

O
—

47

+

(J{2)*V(3) - U(Ll)*Ve)/D

+ (~UL2)*CRAR + U(l1)*V{3))/D
= A(NR' + R

= U(NR)} + R

50

-—

W= 2l
~ R
Z~ =D V0

it

55 + R*U(I+1)

-1
A(T)
Ulr) + Rxv(I+1)

o~ —
—

-t

F (I.GT.0) GO TO 55
ABSIU(CL)7A(L))

IF {F.LE.l.E-12) GO TU 60
IF (E.GE.EMIN) GO TO 56

M r e I Cr<CODVOD

EMIN = E
TOL = EMIN*0.7
GO TO 57

56 [IF (F.LT.TOL) GO TO 60
57 IF (V(2).NE.O) GO TO 58
R = R+1l.
GO TD 59
58 R =R = U(1)/VI(2)
59 TOL = TOL*l.l
GO TO 30
STORF A SINGLE REAL ROOT
60 CALL VECTEQ(NR-1,U(2),A)
GN TO 62
61 R = -A(1)
62 U{NR) =R
VINR) = 0,0
NR = NR-1
GN TO 80
STORE A PAIR OF RQOQTS
70 CALL VECTEQ(NR-2,U(3),A)

GO TO 72

71 P = A(2)
Q = A(l)

72 P = (~0.5)%P
D = P*P - Q

IF (D) 75,78,78
75 UINR) = P
U(NR-1) = P

V(NR)} = =SQRT(~D)
V(NR—-1) = =V(NR)
GO 10 79

73 VINR) = 0.0
VI(NR-1) = 0.0
D = ABS(P}) + SQRT(D)
I[F (P.LT40.0) D = —D
U{NR)} =D

U(NR-1) = Q/D

79 NR = NR-2

80 IF (NR.GT.0) GO TO 10
RETURN
END

66
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SUBROUTINE FQUATE

SUBROUTINE EQUATE(NR,NC,yA,B)
DIMENSION A(L1),8(1)
COMMON/MAINL/NDIM
NN=NC*NDIM

NR1=NR-1

DO 1 J=1,NN,NDIM
IT=J+NR1

DO 1 TJ=J.ll
A(TIJI=B(IJ)

CONT INUE

RETURN

END

SURROUTINF MAT4

SUBROUTINE MAT4(NLyN2,XeYyZ)
Z=YXY"' X=X' IS N2XN2y Y IS NLIXN2, Z IS NLIXN1
DIMENSION X{1),Y(1l),2(1)
COMMON/MAINL/NOIM

CALL MMULIY Xy NLyN2yN2,2)
NN2=N2&NDIM

DN 5 I=1,N1

IML=1-1

[I=IML3NDIM

JJ=I+11

DN 3 J=I,N1

TEMP=0,

KK=J

DO 1 K=T1,NN2,NDIM
TEMP=TEMP+Y (K )*Z(KK)
KK=KK+NDIM

Z(JJ)=TEMP

JU=JJ+NDIM

JJ=1

K=[I+1

KK=IT+[M]

DO 5 J=K KK

Z(JJI=21J)

JJ=JJ+NDIM

CONTINUE

RETURN

FND

e v i S

SUBROUTINE MAT6

SUBROUTINE MATO(NLyN2yN3¢XyY,2)
DIMENSION X(1},Y(L1),Z(1)
COMPUTE Z=XY' WHEN X IS N1XN2, Y [S N3XN2y Z IS NLXN3
COMMCN/MAINLI/NDIM
00 2 I=1,N1
D0 2 J=1,N3
TM=(0.
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DO 1 K=1,N2
TM=TM+X(I+({K-1)*NDIM)*Y(J+(K=L)*NDIM)
Z(I+(J-1)*NDIM)=TM

RETURN

END

SUBROUTINE MMUL

SUBROUT INE MMUL( Xy YeNLyN2yN3,2)
DIMENSION X(1),Y(1)s2(1)
COMMON/MAINL/NDIM
NEND3=NDIM*N3
NEND2=NDIM*N2

00 1 I=1,N1

NO 1 J=I,NEND3,NDIM
TM=0.

K=1

KK=J-1

KK=KK+1

TM=TM+X{(K) *Y(KK)
K=K+NDIM

IF(K.LE.NEND2) GO TG 5
Z{J)=TM

RETURN

D)

SUSRQUTINE MATIO

SUBROUT INFE MATIOINR¢NCys X, I10)
DIMENSION X(1)
COMMON/MAINL/NDIM

CIYMMON/ INOU/KIN,KOUT
JEND=NC*®NDIM

[F(I0.EQ«4) GO TO 40
IF(I0.EQ.3)G0 TO 20
CIONTINUE

INPUT

DG 10 I=1,4NR
READ(KING1000)(X(IJ) 9y IJ=T4JEND,NDIM)
CONTINUE

[F{I0.EQ.1)RETURN

nUTPUT

3N 30 TI=14NR

WRITE(KOUT »100L){X{TJ)yTU=ToJENDNDIM)
COINTINUE

57 TO 50

TITLE

READ(KEIN,1002)
WRITE(KJQUT,1003)
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WRITE(KOQUT,1002)
WRITE(KOUT ¢1004)
GO TO 5
50 CIONTINUE
1000 FORMAT{8E10.0)
1001 FORMAT(1X,1Pl0EL13.4)
1002 FORMAT(1X,79H
c )
1003 FORMATI(/7/)
1004 FORMAT(/)
RETURN
END
FUNCTION DOT(NRyA,B)
DIMENSION A{1),B(1)
0D0T=0.
DO 1 I=14NR
1L NOT=NOT+A(T)*B(])
RETURN
END

SUBROUTINE VADD

SUBROUTINE VADD(N,ClsA,B)
DIMENSION A(1),8(1)
06 1 I=1N
L ACD)=A(TI)+CL%B(I)
RETURN -
END
FUNCTION XNNRM({NyA)
COMPUTES AN APPROXIMATION TO NORM OF A-- NOT A BOUND

NDIMENSION A1)
COMMON/MAINL/NDINM
NDIYM1=NDIM+1
NN=N*NDTM
Cl=0.
TR=A(1)
IF(N.EQ2.1) GO TGO 20
I=2
NO 10 II=NDIML,NNyNDIM
J=1I1
DO 5 JJ=sIs11,NDIM
Cl=Cl+ABS{A(J)*A(JJ))

5 J=J+l
TR=TR+A(J)

10 I=1+1
TR=TR/FLOATI(N)
D0 15 {I=1,NN,NDIML

15 Cl=Cl+(A(IT)~TR)*x*2

20 XNORM=A3S(TR)+SQRTI(CIL)
RETURN
END

SUBRDUTINE “ATZ2

SUBRQUTINE MAT2(NLN2eXyY,s2)
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Z=XY? Xy Y=NL%N2,Z=21"

Z AND Y CAN BE EQUIVALENT
DIMENSION X(L1),Y(1},2(1)
COMMON/MAINL/NDIM
NDIML=NDIM+1

NN2=N2*NDIM

11=1

Do LN I=1,N1
[J=I1

DO 5 J=I,N1

ZEIJ)=DOT2(NN2,X(I),YI{J))
5 TJ=TJ+NDIM
J=11
[J=J
3 [J=1J~NDIM
[F(IJ.LT.I) GO TO 10O
J=J=-1
{1d)=204)
63 T0 3
10 TI=II+NDIMIL
RETURN
END
FUNCTION DOT2(NNyA,B)
DIMENSION A{11),6(1)
COMMON/MAINL/NDIM
00T2=0
00 1 I=1,NNyNDIM
00T2=NOT2+A(1)*B8(1)
1 CONTINUE
RETURN
END

SURRJQUTINE REGSIM

SJRARDUTINE REGSTI“(NyMyIRyACLyG,CyXOyDT4NS¢NP)
DIMENSION ACLI{1)+G(1),C(1)yXJ(1)
COMMON/MAINL/NDIM,DUMLII(L)
COMMIN/INOU/KIN,KOUT
TF(NDIMJLT.N) WRITE(KOUT,1000)
[F(NDIM.LT.M) WRITE(KGCUT,1000)
[F(NDIM.LT.IR) WRITE(KOUT,1000)
[FINDIM.LT.N) CALL EXIT
[F(NDIM.,LT.M) CALL EXIT
[FINDIM.LT.IR) CALL EXIT

L2900 FORMAT(/,16H DJIMEMNSION ERRDR,/)
LOGICAL CONTY
CINT=.TRUE.
CALL LNSIM2{NsIR,ACLyCyX0sDTNSyNP,M4G,CONT)
RETURN
END

SUBROUTINE LNSIM2

SUBROUTINE LNSIM2(NyRyAsCsXO0sDTyNSTEPSyNPRPLyM,G,CONT)
NIMENSION A(1),C(1),X0C1),G(1L)
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DIMENSTON X(30),Y(30),INDEX{30),NSYM(L1),U(30)
INTEGER RyRP1L

LOGICAL CONT

COMMON/INOU/KIN,KQUT
COMYON/PLOT/SCALE 4ARRAY( 1)
COMMNN/MATNL/NDIM,DUML{ 1)
COMMON/MAIN2/FA(L)

LOSICAL PRINT,PLOT

[F(CONT) CALL MSCALE(M¢yN¢Gy—1e0,G)
RP1=R+1

NR=NSTEPS+1

NC=R+1

IF{CONT) NC=NC+M

PLOT=.TRUE.

PRINT=,TRUE.

IF{NPRPLLLT.0) PRINT=.FALSE.
[F(NPRPL.FQ.0) PLOT=.FALSF.
IF(NPRPL.EQe.O) GO TO 1
TF(NSTEPS.GT.( 50%SCALE)) WRITE(KOUY,2000)
IF{NSTEPS.GT.{ 50*SCALE)) CALL EXIT
FORMAT(/12H SCALE ERROR,/)

CALL MEXP(N,A,DT,EA)

T=‘ L

CALL VMMUL{R,yNyC¢XO0,Y)

IF{CONT) CALL VMMUL(MyN,G+X0,U)
[F(.NNT.PRINT) GO TO 5
[F{.NOT.CONT) WRITE(KOQUT,B80)
IF(CONT) WRITE(KOUT,85)
WRITE{KOUT,90)

IF(CONT) WRITE(KOUT,95)
WRITE(KOUT,100) T
WRITE(KIUT,LOS5)(Y(I)yI=1¢R)
TF(CONT) WRITE{(KOUT,103) (U(I),I=1,M)
[F(.NOT.PLOT) GO TO 9

ARRAY(1)=T

DO 6 J=2,RP1
ARRAY(L+(J-1)%NR)=Y(J~-1)
[F(.NDT.CONT) GO TO 9

DO 7 J=1,M

ARRAY 1+ (R+J)*NR}=U(J)

NO 60 K=1,NSTEPS

CALL VMMUL(N,N¢EAXO,yX)

Call VECTEQIN,XyX0O)

CALL VMMULL IR N,C,X0,Y)

T=K*NT

IF(CANT) CALL VMMUL({MyN.G,X,U)

[F{ .NOTL.PRINT) GO TO 54
WRITE(KOUT,100) T
WRITE(KOUT,1235){Y(1),y[=1,R)
IF(CONT) WRITE(KOUT,105)(UCI),1=1,M4)
[F{.NCT.PLOT) G0 TC 60

20 S8 J=2:RP1
ARRAY{L+K+(J-11&NR) =Y (=1}
ARRAY (1 +K ) =K*"T

[F{.NOT.CONT) GO TO 6C
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DO 59 J=1,M

ARRAY( 1L+K+{R+J)ENR)=U(J)

CONTINUE

IF{CONT) CALL MSCALE(MyMyS¢=1e0,G)
IF{.NGT.PLOT) GO YO 120

NSYM(l)=13

MVAR=1

NHOR Z=50%SCALE+L

NGRIDH=5%SCALE

NSNRT=0

DN 65 I=1,4R

INDEX(1l)=1I

WRITE(KOUT,110) !

CALL PRNPLT{NRyNC NVARyARRAY; INDEX,NHORZ NGRIDHsNSORT,NSYHM)
IF{.NOT.CONT) GO TO 120

NSYM(L}=12

DO 70 [=1,M

INDEX(1)=R+I

WRITE(KOUT,L15) !

CALL PRNPLT(NRyNCyNVAR,yARRAY INDEXyNHORZ yNGRIDH,NSORT,NSYM)
FORMAT(/,28H SIMULATION OF LINEAR SYSTEM,/)
FORMAT(/,31H SIMULATION OF LIMEAR REGULATOR,/)
FORMAT(11H NUTPUT Y)

FORYMAT(12H CONTROL U

FIRMAT(/ 4y5H T = 4FS5424/)
FORMAT{1X,0P10El13.4)

FORMAT(1HL»/ ¢3LXy1HY, 12,124 VERSUS TIME)
FORMAT{LHL /¢31XyLHU,12¢12H VERSUS TIME)
CONT INUF

RETURN

END '

SUBROUTINE MEXP

SUBROUTINE MEXP(N,AeT,EA)
DIMENSION A(Ll),EA(L),C(30),D(3L),E(30)
COMMON/MAINLI/NDIMX(1)
NDIMLI=NDIM+1

NN=NNTV*N

NM1=N-1

IF(NGT.1l) GO T3 5
EA(L)=EXP(T*A(1))

RETURN

A=1.0

20 10 I=1NNyNDIM
[L=T+\NM]

00 10 J=I,IL

EA(J)=A )

C1=XNORM(N,A)

IND=0

L=1

Ti=T
[F(ABS(T1I*Cl).LE.3.0) GJ T2 20
T1l=Tl/2.

IND=IND+1
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GN T0 1%

C2=0.

D0 25 I=1,NN,NDINM]
C2=C2-EA(])
C2=C2/FLOATI(L)
C(L)=C2

D(L+1)=0.

IT=N+]1-L

E(II)=NW

=1

00 35 I=1,NNy\NDIM
IL=1[+NM1

DO 30 J=I,IL
X(J)=FA(J)
X(LL)=X{I1I)+C2
[I=11+NDIML
IF(L.EQ.N) GO TO 40
CALL MMUL{X, Ay N¢NyNyEA)
W=WkTL1/FLOAT(L)
L=L+]

GO TO 20

CONTINUE

CAN CHECK X:0 FOR ACCURACY
J=N+25

DO 50 L=NyJ

D 45 K=1,N

NIK)={D(K+1)-WRC(K) }*TL/FLOATIL)

E(K)=E(K)+D(K)
W=D1(1)

[[=1

DO A0 I=14NN,NDIM
TL=1+NM1

DO 55 J=1,IL
EALJY=E(L1)*A(J)
EA(LIVN=BA(II)+E(2)
TI=II1¢NDIML
IF{N.FQR.2) GO T3 85
D0 80 L=3,N

CALL MMUL{EAyAyNyNyNyX)
11=1

C2=E{(L)

DO 75 I=1,MN,NDIM
TL=1+NM1

DO 70 J=I1,1L
EA(J)=X(J)
EALII)=EA(TIT)+C2
I1T=11+NDIM]

CONT INUE
IF{IND.EQ.0) RETURN
NO 150 L=1,IND

DO 90 [=1,NNyNDIL"
IL=1+#NM]

A0 90 J=1,1L
X{J)=FA{J)

CALL MMUL{ Xy XeNsNyNyEA)

93




OO0

50

55

69

65
70

75
80

90
190

105
110

Appendix B LINEAR Computer Program

RETURN
END

SUBROUTINE PRNPLT

SURBROUT INE PRNPLT(NRvNC,NVARcARRAYvlNDEXoVHCRZvNGRIDH'NSORTvIVSYrO
DIMFNSION ARRAY(L1),INDFX(1),KAXIS(LOL),NSYM(1),YLABEL(1L)

INTEGER CHAR(L1S5)

COMMION/INOU/KINyKQUT

NATA CHAR(1),CHAR{2),CHAR(3),CHAR{4),CHAR(S),

*CHAR(6)yCHAR(7)yCHAR(8),CHAR(9) ,CHAR(L10O) yCHAR(11),
*CHAR(12) yCHAR{13),CHAR{14)sCHAR(15)/1H1y1H2,1H3,41H4,
*¥1HS5,y1H6y LHT y 1HB8 ¢ 1H9y LHXy LHE g iHUy LHYy LHRy LH /

DAYA ISTAR,IPER,IDASHyIBLANK/LH¥*,y1lHeylH~y1H /
XMIN=ARRAY( 1)

XMAX=ARRAY{MR)

[F{NSORT.EQ.2) G50 TD 190

NN 5 I=14NR

IFCXMINSGT LARRAY(I)) XMIN=ARRAY(I)
[F{XMAX.LT<ARRAY ()} XMAX=ARRAY(I)
YVWAX=ARRAY (1+INDEX(1)*NR)

YMIN=YMAX

DO S0 Jd=1 ;NVAR

DO 50 I=1,NR

1J=T+INDEX(J)*NR
IFIYMINGGTLARRAY(IJ)) YMIN=ARRAY(IJ)
IFIYMAX.LT.ARRAY(T1J)) YMAX=ARRAYI{IJ)
IF(ABS(YMAX~YMIN) .GE.1.0E~20) GO TO 55
YMAX=YMAX+1l.

YMIN=YMIN=-L1.

CALL RNDOFF(YMAX,YMUIN]
YLABEL(L)=YMIN

YLABEL{6)=YMAX

DO & I=2,5
YLABRFL(E)=({I=-1)*{YMAX=YMIN)/5.0+YMIN
WRITE(KQUT 4500) (YLABELI({L),I=1,46)
IF{NGRIDH.GE- L) GO TO 65
LINEPR=NHORZ/S5

50 TO 70

LINEPR=NGRIDH

KLINE=1

LINE=1

STEPX=(XMAX=-XMIN) /{NHORZ-1)

STEPY=( YMAX-YMIN)}/50.

N0 220 IND=1,ANR
KSTEP={ARRAY({IND)=-XMIN)/STEPX+1.5
[F(LINE-KLINE) 140,80:80
XLABFL=STEPX*(KLINE—-1) +XMIN
ITF{(NGRIDH.EN.O) AND{LINELNELL)) GO TO 130
20 99 [=2,51

KAXIS({I)=1INASH

N0 110 I=1,51,10

KAXIS{T)=I7¥AR

IF{KSTEP-LINE) 183,110,125

090 122 J=1-NVAR
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K= ([ ARRAY (IND#[NDEX(J)*NR)=YMIN)/STEPY+1.5
KAXIS(K)=CHAR(NSYM(J))

ARITE(XOUT,600) XLABEL» (KAXIS(I)yI=1,51)
KLINE=KLINE+LIMEPR

53 TO 200

0N 135 I=2,51

KAXISU{I)=IBLANK

KAXISI{1)=IPER

60 TO 105

N0 150 I=2,51

KAXIS(I)=IRLANK

KAXIS({1)=1PER

IF{NGRIDH.FQ.0) GO TC 165

DO 160 I=11451,10

KAXIS(1)=[PER

IF(KSTEP—~LINE) 170,4170,190

00 180 J=1,NVAR

K={ARRAY ( IND+INDEX(J)*¥NR)=YMIN)/STEPY+1.5
KAXIS (K)=CHAR(NSYM(J))
SRITE(KOUT y 790} (KAXIS(I),I=1,51)
LINE=LINE+]

[F(LINE-NHORZ~1) 210,210,230
IF{KSTEP=LINE) 220475,75

CONTINUE

RETURN

FCAMAT(/7+9X46(1PELD.2))
"ORMAT(LPEL13.24y2Xy51A1)

FORMAT(15Xs51A1)

RETURN

END

SUBROQUTINF MSCALE

SUBROUTINE MSTALE(NLyN2,y4+X,B)
DIMFNSION A(l),B(1L)
COMMON/MAINL/NDIM
JEND=N2%NDIM

NN 10 I=1,N1

N0 10 IJ=1,JEND,NDIM
B(IJ)=X*A(1J)

RETURN

END

SUBROUTINE VMMUL

SJURROUT INE VMMUL (N1 ,N2yX9Yy2)
DIMENSIGN X{1),Y(1l),Z(1)
COMMON/MAINL/NDIM

00 10 I=1,N1

Z(ry=o.

D0 LD u=1,N2
Z(D)=Z{I)+X(L+(J-L)*NDIM) *Y (J)
RETURN

END
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SUARQUT INE VECTEN

SUBROUTINE VECTEQINyX,Y)
DIMENSION X{L)yY(1)

20 L0 I=1,N

Y{I)=X(1)

RETURN

END

SURROUTINE RNDOFF

SUBRQUTINF RNNQFF(NMAX,NMIN)
COMMON/ THNOU/KIN,KQUT
RANGE=DMAX~DMIN

J==1

K=0

IF(RANGE.LE.2.) J=1

DO 10 I=1,25

IF{{RANGE«GT«24)sANN. (RANGE.LE.20.)) GO TO 20

K=K+J
RANGE=RANGE*1U.*%xJ
WRITE(KNUT, 100)
CALL EXIT
T=DMIN*10,%*K
[F(OMIN.LT.O0) GO TO 30
N=T
DUMIN=N*10.%%(~K)
GO TO 40

N=T

T1l=N

[F{T1l.GTaT) N=N-1
IMIN=N¥]1J . % ¥{-K)
T=DMAX¥10.%%K
[F(DYAX.GT.0} GG TO 50
N=T
IMAX=N*10.%%(~K)
30 TJ 60

N=T

Tl=N

[F{TLleLTaT) N=N+1
IMAX=N*10,**(~K)
CONT INUE

FORMAT({/,1X,32HNUMBERS CUT OF RANGE FOR PLOTTER,/)

RETURN
FND

SURRAQUTINE 08S

SUBROUT INF G3S(N,IRyA,C,NOS)
DIMENSIGN A(l1),C(1)
COMMON/INQU/XIN,KOUT
COMMON/MAINL/NDIM

TE(NDIM.LT.N) WRITE(KCUT, 1030)
[FINDIM.LT.IR) WRITE(KOUT,1200)

TFINDIMLLTLN) CALL EXIT




laRxERl

1000

10

4]
30
40
50

Appendix B LINEAR Computer Program

IF(NDIM.LT.IR) CALL EXIT

FORMAT(/,16H DIMENSION ERRORys/)

CALL TRANS1(NyA,A)

CALL TRANS3({IRyNyC,C)

CALL CONT(NyIR,AyC,NOS)

IF{NOS.LT.N) GO TO 10

WRITE(KOUT,20)

GND TO 50

WRITE(KOUT,30])

WRITE(KOUT,40) NOS
FORMAT(/,10X,20HSYSTEM 1S OBSERVABLE,/)
FORMAT{/,10X,22HSYSTEM IS UNOBRSERVABLE,/)
FORMAT(15X, 30HNUMBER OF OBSERVABLE STATES =
CALL TRANSL1(NjyA,A)

CALL TRANS3(N,IR,C,C)

RETURN

END

SUBROUTINE TRANS1

SUBROUTINF TRANSL(N:A,AT)

SETS AT= ATRANSPOSE A AND AT CAN BE EQUIVALENT,

DIMENSION A(Ll),AT(1)
COMMON/MAINL/NDIM
NDIM1I=NDIM+1
NN=N*NDIM

DO 1 I=1,NNyNDIM1
lJy=1

00 1 JI=I,NNyNDIM
TEMP=A(T1J]
AT(TJ)=ALJI)
AT(JI)=TEMP
[d=[J+1

CONTINUE

RETURN

END

SUBROUTINE TRAMS3

SUBRNUTINE TRANS3{NRyNCsA,AT)

2124/)

BOTH ARE SQUARE

SETS AT= TRANSPOSE OF A , A AND AT CAN BE EQUIVALENT

DIMENSION A(1),AT(1)
COMMDON/MAINL/NDIM
MNDIM1=NDIi+1
NRL=NR-1

NC1=NC~-1
[IF(NR.GELNCY N=NC
NN=N*NDIM

N 1 I=1,NN,NDIML
1J=1I

DA 1 JI=T1,NN,NDIV
TEMP=A(TJ)
AT(IJ)I=A0JI)
AT(JI)=TEMP
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IJ=1J+1

CONT INUE

IF(NR-NC) 542,43

RETURN

DO 4 I=NC,NR1

D0 & J=1,NC

A(J+ IT*ND IM)=A(T FL+{J=1)%NDIY)
RETURN

DO 6 I=14¢NR

DO 6 J=NRyNC1
A(J+HL+(I-1)*NDIM)=A(1+J*NDIM)
RETURN

ENO

SUBROUTINE CONT

SUBROUT INE CONT(NyMsA,B+NCS?
NIMFNSION A(Ll),8(1)
COMMON/MAINL/NDIM,DUML(1)
CALL EQUATE(N,MsDUM1,8)
INDEX=1

IR=M
CALL ORTHNM(DUMLyN,IR,0)
NCS=1IR

IF (TR.EQ.N) RETURN

IRLAST = 0

INDEX = TINDEX+1

ML = IRLAST+1

IRLAST = [R

MULTIPLY COLUMNS *M1' THRGUGH 'IRLAST' 3Y

K1=(ML=11*NDIM+1
K2=IR*NDIM+1
ML = MINO(IRLAST#L-M1,4N~IR)

Computer Program

CALL MMUL{A,DUMLEKL) NyNyML,DUMLI(K2))

ML = M1+ML
[HOLD = IR
IR = TR+ML

CALL ORTHNM(DUML,N, IR, IRHOLD)
NCS=1IR

IF {(IR.EQ.N) RETURN

[F (M1-TRLAST) 31,31,50

IF (IR-TIRLAST) 60460,30
INDEX = O

RETURN

END

SURRQUT INE ORTHNM

SUBROUT INE ORTHNM(A,NRyNC,NNCO)

JIMENSION A(1)
COMMON/MAINL/NDIM

COLUMN ORTHO-NORMALIZATION ROUTINE (GRAM-SCHMIDT ALGORITHM)

NR IS THE COLUMN LENGTH
NC IS THE NUMBER OF COLUMNS

NNCD IS THE ~UMBER OF ORTHONGCRMAL COLUMNS AT CALL TImeg
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AND: NC wILL BE REDUCED IF LINEARLY ODEPENDANT COLUMNS OCCUR.

NNC=NNCO

IT =1

IF (NNC) 5,21,5

IF {NC-NNC) 50,50,10
ILIM=NDIM%®NNC

[T = ILIM + 1

DU 20 K=1,2
DO 20 I=1,ILIM,NDIM
W==DOT(NR,A(I)yA(II))

CALL WADG{A(II)oA(I)oA(TLI) o WyNR)

CONTINUE
W=DOT{M2A,ACIT),ALIT1))
IF (W - 1.0E-12) 30,40,40
I[F (NG=NNC=1} 33,33,35
NC = NNC
RETURN
[={NT-1)*NDIM+1
CALL VECTEQ(NR,JA(I), A(II))
NC=NC-]
GO TO 4
W = 1.0/SQRT(W)
CALL MSCALE(NRyL,ALTII)eWyA(IT))
NNC=NNC+1
GN 10 5
RETURN
END

SUBROUTINE WADD

SUBROUTINE WADD(A,ByCoWyN)
DIMENSION A(Ll),B(1},C(1)
00 10 I=1sN
COI)=A(T)+W*B(I)

RETURN

END

SURROUTINE VFCTIO
SUBRDUTINE VECTIO(N,X,I10)
DIMENSION X{1)
CIMMON/INGQU/KIN,KOUT
IF(I0.EQ.4) GO 1O 40
[F(ID.EN.3) GO TO 20
CONTINUE

INPUT

RTAD(KIN,1000)(X{I),,I=14N)
[IF{I0.EQsLl)RETURN

qUTPUTY

ARITE(KOUT,, 1IN0 (X(1),1=1,N)
GO 7O 50

99



[a i aie!

OO

2k Ee]

ey

40

50

Appendix B LINEAR Computer Program

TITLE

READ(KIN,1002)
ARITE(KOUT,1003)
WRITE(KOUT,1002)
WRITE(KOUT,1004)
GO YO S5
CONTINUE

1000 FORMAT(8EL0.0)

1001
1002

FORMAT(LX,1PL0EL3.4)
FORMAT(1X,79H

1003 FORMAT(//)
1004 FNRMAY(/)

1000

10

20
30
49

RETURN
END

SUBROUTINE CON

SURROUTINE CON(NsMyA4B,NCS)

JIMENSION A(1l),B(1)

COMMON/INDU/KINGKOUT

COMMON/MAINL/NDIM

IFINDIMaLT M) WRITE(ROUT 41000}
[FINDIMeLT M) WRITE(ROUT,1000)
ITFINNDIM.LTN) CALL EXIT

ITF(NDIM.LT.M) CALL EXIT

FORMAT(/,16H DIMENSION ERROR,/)

CALL CONT{N,MyAsByNCS)

TFINCS.LT.N) GO YO 10

WRITE(KOUT,20)

RETURN

WRITE(KOUT,30)

WRITE(KQUT,40) NCS
FORMAT(/,10X,22HSYSTEM IS CONTROLLABLE,/)
FORMAT (/4 LOXy24HSYSTEM [S UNCONTROLLABLE,/)

FORMAT (15X, 32HMUMBER OF CONTROLLABLE STATES =

REYURN
END

SUBRQUTINE TRANS2

SUBROUTINE TRANS2(NR¢yNCyA,AT)
AT=ATRANSPOSE, A IS NR X NC
DIMENSION A(Ll),AT(1)
COMMON/MAINL/NDIM

NN=NC*NDIM

[1=1

D0 6 I=1,NR

JJd=11

70 5 J=1NN,NDIM

AT(JJ)I=A(J)

5 Jd=JJd+1

II=11+«NDIM
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CONTINUE
RETURN
END

SUBROUTINE EIGVAL

SUBRQUTINE EIGVAL(N,A)

DIMENSION A{1),R8R(30)4RI(30)
COMMON/MAINL/NDIM
COMMON/INOU/KIN,KOUT

[F{NDIMJLYT.N) WRITE(KOUT,1C00)
[F(NDIM.LTLN) CALL EXIT
FORMAT(/416H DIMENSION ERROR,/)
CALL MEIGV(NyAyRRyRI)
WRITE{KOUT,100)

WRITE(KOUT,200) (RR{T)4RI(I) oI=1,N)
FORMAT(/,y19H MATRIX EIGENVALUES./)
FORMAT (13H REAL PART = ,E10.3,13H IMAG PART = ,E10.3)
RETURN

END

SUSROUTINE VMAT2

SUBRUOUTINE VMAT2(N1,N2,N3,A4yByCyD,E)
DIMENSION A{(L),8(1),C{1L),D(L)4E(L)
COMMNN/MAINL/NDIM

NG 30 I=1,N1

TEMP=Q.

DD 10 J=1,4N2
TEMO>=TEMP+A({I+(J-1)*NDIM)*8(J)

NO 20 J=1,N3
TEMP=TEMP+C(I+(J-=1)*NDIM)I*D(J)
F(I)=TEMP

RETURN

END

SURROUTINE MATS

SUBROUTINE MATS{NL,N2yN3,XsY,Z)
DIMENSION X(1).Y(1),2(1)
COMPUTE Z=X'Y WHERE X IS NLXN2,Y IS N1XN3,Z IS N2XN3
COMMON/MATNL/NDIM

DO 2 I=14N2

DO 2 J=1,N3

™ = 0.

[T=(I~1)*NDIM

JJ=0J=-1)%NDIVM

N0 1 K=1,N1
TM=TM+X{ T [+K) XY (K+JJ)
Z(I+JJ)=TM

RETURN

END

SUBRQUTINE MAT3A
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Appendix B LINEAR Computer Program

SUBROUTINE MAT3A(NLyN2¢XeYeZ)
Z=X'YX Y=Y' IS N2XN2 X* IS NL1XN2
DIMENSION X{(1)oY(1)o2(1)
COMMON/MAINL/NDIM
NDIM1=NDIM+1

NN1=N1®*NOIM

CALL MMULU(Y,X¢N2yN2yN1,2)
1=0

DO 10 II=14,NNL,NDIM
J=I1+1

[Jd=Jd-1

NN 5 JJ=1T1,NN1,NOIM
ZOJ)=DOTIN2,,X(I1),2(Jd))
J=J+1

I[=1+1

JJ=1

20 10 J=11,1J

214)=2(JJ)

JJ=JJI+NDIM

RETURN

END

SURROUTINE LINSIM

SURROQUTINE LINSIM(N,IRyAyCyXO0yNT4NS,NP)
DIMENSION A(L)oC(L)yXO{1),G(1)
COMMON/MAINL/NDIM,DUMLI(])

COMMON/ INOU/KIN(CQUT

[F{NDIMJ.LT.N) WRITE(KOUT,1000)
TF(NDIM.LT.IR) WRITE(KOUT,1000)
[FINDIMGLT.N) CALL EXIT

IF(NDIM.LT.IR) CALL EXIT

FORMAT(/,16H DIMENSION ERPOR,/)

LOGICAL CONT

CONT=,FALSE.

M=1

CALL LNSTM2(N,IRyAyCyXI DTy NSyNPyM,G,CONT)
RETURN

END

SUBROUTINE EQCOST

SURRAUTINE EQCOST(N,MyAy3,RyS,N(AEQ,QEQ)
DIMENSION *(1)4B{1)4yR{L1)ySLL),yR(1)
DIMENSION AEQ(L),QEGQ(L)
COMMON/INCU/XKIN,XKOUT
COMMON/MAINL/NDIM,DUML(L)
COMMON/MAIN2/DUM2Z2( 1)

1FINDIMLLT.N) WRITE(KQUT,1C00)
ITFINNIMLLT M) WRITE(KOUT,1000)
IF(NDIM.LT.N) CALL EXIT
[F{NDIM LT M) CALL EXIT
FORMAT(/,16H DIMENSION FRROR,/)
CALL EQUATE({M,4;DUM2,R)

CALL SMINV{Y,4,DUMZ,0UMLyMR,J)
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Appendix B LINEAR Computer Program

TFIMR.EQ.M) GO T 10

WRITE(KOQUT 100) MR

CALL EXIT

CALL MAT4(N,M,DUM1l,S,DUM2)

DO 20 I=1,N

00 20 J=1,N
QEQUI+(J=1)*NDIM)=Q(I+(J=L)«NDIM)~DUM2(I+(J=1)*NDIM)
CALL HMATO6(MyMyNyDUML, S,DUM2)

CALL MMUL(8,DUM2,NyM,N,0OUM1)

DO 30 I=1,N

DN 30 J=1:N

AEQIIHES 1) »=ANIMAI=A(T+(J=L)ENDIM)-DUML(T+{J~1)XNDIM)
FORMAT(/,25H ERPOR MATRIX R HAS RANK ,12,12H LESS THAN M)
RETURN

END

SUBROUTINE TITLE
COMMON/ INNU/KINyKJUT
READIKIN, 1002)
WRITE(KOUT,1003)
WRITE(KOUT,1002)
WRITE{KQUT,1004)

1002 FORMAT({1X,79H

1003 FNRMAT(//)
1004 FORMAT(/)

RETURN
END
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Hppendix ¢ INTODE Computer Program

FILE INTODEL FORTRAN Al
PROGRAM TO INTEGRATE GENERAL ODE*S

THIS VERSION WAS USED FSPECIALLY TO GENERATE TRAJECTORIES FOR
THF LANGLEY/NFWSOM CONTRACT SUMMER 1980

DIMENSION XX{2010)yYY(2010) ¢yNPYS(LO) XYL (&)
DIMFMSION NXPLUL10) ¢y NXPR(LO) ¢XO(12),X1(12)
DIMENSION X({12),F(10)¢XNAMES(10),XLBLSI5,10)
DIMENSION CNAMES(10),XPLBL{10),YPLBL(LO),TITL(20) NCINOX({10)
NATA ISTART/1/

DATA XYL/OO 15-0""1001-/

NATA WIDTHyRPEIGHT yTICKL/ Te9¢549.08/

NATA NXPR/1¢2¢3¢1495¢5%0/¢yNXPL/1y2¢3,7%0/

DATA NSTEPS,NPLOT,NPRINT/3%1/

COMMON/CASE/NCASE

COMMON/NNOUT /NONEV
COMMON/MAT/Al4y4) ¢B(49y3) e XKU3a4) g NXyNUJNINT,NTOT

NAMELIST/INTODE/XI, TMAX o IPRINT ) TPRINT DT sA¢B ) XKyNXyNUJNINT,NTOT,

L NXPR,IPLAT, TPLOT ¢NONDEV ) ICONT yNXPLyWIDTH,HEIGHT o TICKL ¢
1 NCHARS )NLINES,XNAMES ¢ XLBLS ¢ XPLBL¢NXCyYPLBLyNYCy TITL NTTL

INPUT VARTABLES IN NAMELIST:

XT{ ) = INITIAL VALUES FOR STATE VARIABLES
TMAX = MAXIMUM (FINAL) INTEGRATION TIME
[PRINT = INDEX TO DETERMINE THE AMOUNT CF PRINTOUT

ly NORMAL QUTPUT

Oy MINIMUM OUTPUT

2y EXTRA QUTPUT
TPRINT = TIME [NCREMENT FOR TRAJECTORY PRINTOUT IN TABLE
O7 = INTEGRATION STEP SIZE, SHOULD BE A WHOLE DIVISOR

OF TPRINT AND TPLOT

Al ) NX BY NX SYSTEM MATRIX
80 4 ) NX 8Y NU CONTROL MATRIX
XK{ ¢ ) = NU BY NX FEEDBACK MATRIX
NX = NO. OF STATE VARIABLES
NU = NO. OF CONTROL VARITABLES
NINT = NUMBFR OF VARTABLES TO BE INTEGRATED IN RKINT
NTOT = TOTAL NUMBER OF STATE, CONTROL AND AUXILLARY VARTABLES
NXPR( ) = ARRAY OF INDICES OF VARTABLES IN TRAJECTORY TABLE

[PLOT = INDEX THAT CONTROLS THE GENFRATION OF PLOTS
2y N PLOTTER OUTPUT
1, GENERATE PRINTER PLOT ONLY
2, GENERATE BOTH PRINTER PLOT AND VERSATEC PLOT
TPLOT = TIME INCREMENT FOR STORING PUINTS FOR PLQTTER
NODEV = UNIT NUMBER OF OQUTPUY DEVICEs NOMINALLY 6
ICONT = [INNEX TO CONTINUE OR STOP MULTIPLE CASE RUNS
Jy STOP AFTER THIS CASE
1y CONTINUE TO NEXT CASE
NXPL( ) = ARRAY CF INDICES OF VARIABLES TO BF PLQOTTED
WIOTH = wIDTH OF VERSATEC PLOT IN INCHES

HETGHT = HEIGHT JF VERSATEC PLOT IN [NCHES
TICKL = LENGTH OF TICK MARKS AND HEIGHT OF CHARACTERS (INCHES)
[F NEGATIVE, PLACE TICK MARKS ON INWARD SIDE OF AXIS
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Appendix C INTODE Computer Program

[F POSITIVE, PLACE TICK MARKS ON OUTSIDE OF AXIS
NCHARS = NO. OF CHARACTYERS PER LINE IN PRINTOUT (WIDTH)
NLINES = NOo. OF LINES FOR PRINTER PLOT (HEIGHT)
XNAMES( ) = ARRAY OF ONE-WORD (FOUR-LETTER) NAMES CF VARIABLES
XLBLS{5, ) = ARRAY OF 5-WORD {20-CHARACTER) DESCRIPTICNS OF VARIABLES
XPLBL( ) = ARRAY CDNTAINING THE X—-AXIS LABEL FOR PLOTS
NXC = NO. OF CHARACTERS (LETTERS ) IN X-AXIS LABEL
YPLBL( ) = ARRAY CONTAINING THE Y-AXIS LABEL FUOR PLQTS
NYC = NO. OF CHARACTERS IN Y-AXIS LABEL
TITL( ) = ARRAY CONTAINING A TITLE TO APPEAR IN PRINTOUT AND ON PLOTS
NTTL = NO. OF CHARACTERS IN TITLE

NPMAX = 2010

NODEV = 6

NCASF = 0

READ(7, INTODE)
IF(IPRINT.GE.2)WRITE(NODEV, INTODE)
NCASE = NCASE + 1

DETFRMINE NO. OF PRINT COLUMNS

DC 2 I=1,10
[F{NXPR(I).LF.Q)G0 70O 3
CONT INUE

NPRTOT = I-1

NETFRMINF NO. OF CURVES ON PLOT

DO 4 I = 1,10
[FI(NX2L(I).LE.Q)GO TO S
CONT INUE

NCURV = [-1

NETERMINF NC. OF INTEGRATION/PLOT/PRINT 3TEPS

IF{DT.NE.Q.)GO TO 6
WRITE(NODEV,104)

FORMAT (/,' **x FATAL ERROR **x* oT IS LlERC. GO TO NEXT CASE.')
6n 10 30

[FIIPLOT.LE.O)TPLOT = TPRINT
TPLOT = AMAXL(TPLOT,DT)

TPRINT AMAXL(TPRINT,TPLOY)
NSTFPS (TPLOT + .00001)/D7
NPLOT = (TPRINT + ,00001)/TPLOT
NPRINT (TMAX + .0000L)/TPRINT
NPNTS = NPLOT®NPRINT + 1

SET UP DATA FOR PLOTS

IF{NCURVNESOINPNTS = MINOINPNTS, (NPMAX-=NCURV) /NCURV)
00 7 I=1,NCURY
NCINDX({I) = NPNTS*(FLOAT(I)/FLOAT{NCURV+Ll})
NCINDX([)=NPNTS/1S.+10%([-1)

THIS LINF PUTS THF LABLES ON APLOT CURVES CLOSE TO THE LEFT MARGIN,
K=NXPL(T)
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Appendix C INTODE Computer Program

CNAMES (1)=XNAMES (K)
NPTS(TI) = NPNTS

PRINT BAMNNER

WRITE(NODEV,L05)NCASE

FORMAT(1HL,"' &&kx&ekxsx PROGRAM INTODE CASE',13,/)
CALL DATIME(IM IDsIYyIHy IMNyAPy *INTCDE *,NCDEV]
[F(IPRINT.GT.GIWRITEINCDEV, 100)TITL,y TMAXy TPRINT,TPLOT 0T
1 IPRINT, IPLOTNCURV,NPNTS

FORMAT(/ 41X 420A4,
1 /7' TMAX o TPRINT,TPLOT,DT =¢,
1 4FL12.597/7% IPRINT,IPLOToNCURV{NPNTS =¢,415)

INITIALIZE STATE, CONTROL AND AUXILLARY VARIABLES

CALL INITAL(X,XIyIPRINT)

TIME = 0.

CALL AUXVAR(X,TIME)

[p =1

IFLIPLOT.GT.O)CALL XYSTORIXXyYY o IPyTIME, X oNPNTS, NPMAX NCURY Y N X PL)
MODE=0

CALL PTABLE(TIME,X¢NXPRyNPRTOT XNAMES, XLBLS,MONF,NODEV,NCHARS)

AEGIN INTEGRATION LOGP

DO 10 I=1,NPRINT

DO 20 J=1,NPLOT

DO 25 K=1,NSTEPS

CALL RKINT(X,TIME,DT,NINT)

CALL AUXVAR(X,TIME)

[FIPLOTSGTLO)CALL XYSTOR(XXsYY o IPyTIME X NPNVS,NPMAX,NCURV,, NV X PL)
CONTINUE

MONE=1

CALL PTABLE(TIME,XyNXPRyNPRTOT, XNAMES  XLBLSyMODE,NODEV,NCHARS)
CONT INUE

20 PLATTING

IFIIPLOT.GE.L)CALL PPLOT (XX YY;NCURV*IP, XYL NCHARS,NL INES)
[F(IPLOT.LE.L)GO TO 30

[F{ISTART.GE.1)CALL PLOYS(0,0,50)

IF(ISTARTLLELO)CALL PLOT(WIDTH®24¢404¢-3)

ISTART = 0

CALL APLOT(XXsYY NPTSyNCURVy XYLy WIDTH,HEIGHT TICKL,NCASE,
l XPLBLy NXCoYPLBLWNYCyTITLWNTTL,CNAMES,NCINDX)

S0 T3 NEXT CASE IF ICONT IS GREATER THAN ZERC

[F(ICONT.GE.LIGD TO 1
TF(TPLOTGTO0)CALL PLOT(J4¢04¢999)
STQOP

ENND
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SUBROUT INE RKINT{XsTIME,DT,NX)
DIMFENSION X{1)yDX(10s4) ¢ XTEMP(1O)
CALL XNOT(X,TIME,DX(1,1))
TIMEO = TI“E
DO 20 [=1,3
T = DT/FLOAT(2~1/3)
TIME = TIMED + T
00 19 J=1,NX

10 XTEMP(J) = X(J) + T*DX(J,I)

20 CALL XDOT(XTEMP,TIME,DX(Ll,I+1))
DO 30 I=1,NX

20 X(1) = X(1)#DT*(DX(Isl)+2.%NDX1T,2)+2.%DX(I,3)+DX(1y4))/6.
TIME = TIMEO + OT
RETURN
END

SUBROUTINE XYSTOR(XXeYYy IPyTIME¢X NPTS,NPMAX,NCURV¢NXPL)
DIMENSION XX{1),YY{L)yX{L1)yNXPL(L)
N0 10 I=1yNCURV
[T = [P + ([~1)®NPTS
IF(II.GT«NPMAX)RETURN
XX{I1) = TIME
JJ = NXPL(I)
10 YY(IT) = X{Jb.d)

I[P = IP +
RETURN
END
¢
C
SURROUTINE PTABLE(TIME Xy NXPRyNPRyXNAME ¢ XLBLS\MODE,NODEV+NCHARS)
DIMENSION X(1)yNXPR{L)yXNAME(1) 4%0(20),XNAMO(20) 4 XLBLS(541)
c
C INPUTS:
c MONE=0,PRINT ODEFINITIONS, COLUMN HEADINGS AND 1 ROW OF DATA
¢ =1y PRINT DATA ONLY
C TIME
c X{ )=ARRAY OF STATE AND AUXILLARY VARTABLES
C MXPR({ )=ARRAY OF INDICES OF VARIABLES TQ BE PRINTED
c NPR=NO. OF VARIABLES PRINTED
c XNAME( )=ARRAY QOF Y-CHARECTER LABLES OF VARIABLES
c XLBLS(5s ) = ARRAYS OF 20—-CHARACTER DEFINITICNS OF VARIABLES
c NODEV=CUTPUT UNIT NO
c NCHARS=WIDTH OF PAPER({NO OF CHARECTERS)
C
COMMON/MAT/A(4¢4) ¢B(493) 9 XK(394) s NXeNUSNINT,NTOT
c
C PRINT DEFINITIONS AMD HEADINGS
C

[F(MODE.GE.L)IGO TQ 20
WRITE(NODEVyLO6) (T4 XNAME(T),y (XLBLS(JsT1)sJ=1e5)yI=1,NTQAT)
106 FORMAT(//4* STATF, CONTROL AND AUXILLARY VARIABLES:',

1 /79% VARY 44X, 'LABEL',4X,*DEFINITION',

L o0 X(1912,%) =t ,A4, %, *,5A4))

70 10 I = 1,NPR ORIGINAL PAGE IS

J = MXPR(I) OF POOR QUALITY
107
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19 XNAMOUT) = XNAME(J)
IF(NCHARS .LT. 130) WRITE(NGCDEV,100)(XNAMO(I)yI[=1,NPR)
129 FORMAT(/ /4 TXy'TIMEY yTU6Y9AG) /74 L1 X TLEXyAG))
[T'NCHARS «GE. 130) RITE(NODEV,105) (XNAMO(I) ,I=1,NPR)

106 FORMAT(/ /79X o' Thralz®yL206X9A%4) 9// 411Xy 1206X4A4))
WRITF(NODEV,107)

107 FORMAT(10X)

c

C PRINT DNE (OR MORE) ROWS OF DATA

c

20 NCIL=12
[F(NCHARS LT« 130) NCOL=Y
NCOL 1=NCOL+1
XMIN = 10.EL10
XMAX = 10.E~10
D0 301 = 1,NPR
J = NXPR([)
X0{1) = X(J)
TE(XO(1)eNE«OJIXMIN = AMINLI(XMIN,ABSIXQ(I)))
30 XMAX = AMAXL1(XMAX,ABS(X0{(I)})
NPM = MINQ{NPR,NCOL)

C
C DECINF IF NATA SHOULD B8F PRINTEN IN FLOATING PUINT QR F-FORMAT
C
[FIXYINeLTeeD0Lle0ReXMAX2GTL99999.)G1) TO 40
C
C PRINT IN F10.3 FORMAT
¢

WRITE(NODEV,y10L)TIME, (XO(I)4I=1,nPHM)
101 FORMAT(LX,13F10.3)
TF{NPR.LEJNCOL)RETURN
c
C A SECOND ROW MUST 8E USED TO PRINT ALL THE DATA
c
WRITE(NODEV,132)(XO(1)y [=NCOLL,NPR)
102 FORMAT(L1X,12F10.3)

RFTURN
C
C PRINT IN E10.3 FORMAT
c

40 WRITE(NCDEV,103)TIME,(XO(I),I=1,NPM)
193  FORMAT(1X,F10.3,1PL2EL0,3)
[F(NPP,LELNCOL)RETURN
c
C A SECOND ROW MUST RE USED TO PRINT ALL THE DATA
C
WRITE(NODFV,104) (XO( 1), [=NCOLL,NPR)
104 FORMAT(11X,1212E10.3)
KETURN
£Hn

SURRAOUTINE IMITAL(XXI,IPRINT)

JIMENSION X(1),XI(12,DUM(4,4)

DTHMENSION D1(%,5),02(595)903(546)904(5)ER(5),EIL(5)
COMPLEX EIG(5),EVEC(5+5),CNORM
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COMMON/NNCUT/NGQDEY
COMMON/MAT/A(494) 4B y3) g XK({394) s NXyNUININTNTOT

INITIALIZE TIME AND STATE

DO 2 I = 14NINT
X(i) = XI(I)
TIME=0.

CALL AUXVAR(X,TIME)

~N z2e Xy

PRINT QUT Ay B AND K MATRICFS

OO0

CALL WRTMAT (A NXsNXyNX,'A
CALL WRTMAT(B,NXyNUsNX,y'B
CALL WRTMAT (XKyNUyNXyNUy*K

e

COMPUTE CLOSEN-LNOP MATRIX

(2 RaNa]

20 L0 I=1yNX
DN 10 J=1NX
TEMP=0
+ D0 5 K=1,NU
5 TEMP=TEMP+B(] yK)*XK(KsJ)
19 DUM(T,,J)=TEMP+A( ] ¢J)
CALL WRTMAT(DUM NXyNXo 4, 'A+B¥K ')
TEMP = 0,
N0 15 1 = 14NU
20 15 J = 1 4NX
15 TEMP TEMP + XK{I,J)%*2
TEMP = SQRT(TEMP)
WRITE(NODEV,102)TEMP
02 FORMAT(/,10X,* | IKI] =%4G15.5)

i

COMPUTF CLNSFD-LOOP EIGFNSOLUTIONS

OO~

[JOBR=] .
CALL FIGRF(DUMNX,4,1J08,FIG+FVEC45,02,1ER)
D9 24 I=14NX
FR{T)=REAL(EIG(I))
FI(L)=AIMAGIEIG(I))
IF(EI(I).LTN.)GO TO 24
EMAX = 0.
D0 20 J = LyNX
EMAG = CABS(EVEC(J,.I))
[F(EMAGLLE.EMAX)GO TO 20
EMAX = EMAQG
CNIIRM = CONJG(EVEC(J,I))/EMAG*¥2
29 CCNT INUE
20 22 J LeNX
21(J,I) REALIEVEC({J, ! )*CNORM)
IF(EI{I)eGTo0)DL(JyI+L) = AIMAG(EVEC\JyI)%CNORV)
22 CONTINUE
24 CONT INUE
D0 30 [ = LlyMNX
TEMP = J.

i
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DO 28 J = L4NX
28 TEMP = TEMP + DLl(J,[)*%x2
30 D4([) = SWRT(TEMP)

c
C PRINT OUT E~VALUES AND E-VECTORS
C
ARITE(NODEV,100)NX
100 FORMAT (/' THE',12,'TH ORDER A¢#BK MATRIX HAS EIGENSOLUTIONS®,
1 /93X *EVAL(REAL) ' y4Xe *EVAL(IMAG) 'y 4X,y"E-VECTOR?,/)

DO 32 I = 1yNX
32 WRITE(NODEVyLlOL)ER(I)9ELLI) 9 (D1{Js1)9J=1yNX)
101 FORMAT(1X,2Gl4.6410F10.6)
c
C COMPUTE AND PRINT OUT THE ANGLES BETWEEN E-VECTORS
C
N0 38 I = 2,NX
Il =1-=1
N0 36 J = 1,11
TFMP = Q.
DO 34 K = LyNX
34 TEAP = TEMP + DL(K,[)*DL(K,yJ)
ARG = TEMP/(D4(I)*D4(J))
36 03(I4J) = 57.2958*ACOS(AMINL{ABSI{ARG);1:))}
33 WRITE(69104)(1eJdsD3{IyJ),yd=1,y11)
104 FORMAT(/,50" ANG"yI1,%9 11y =*,F7.2))
RFTURN
END

SUSROUTINE XDOT(XsTIME.F)
DIMENSION X{l),F(1)
COMMUN/MAT/AL4 941 +8(443)9XK[344)yNXyNUSNINT,NTOT

COMPUTE CONTROLS UIl) o U(2)AND
X{(6) = INTEGRAL{U(1)**24+U(2)%%2)DT
F6) = U(L)*52+U(2)**2

OO D

TEMP = Q.

DG 3 I=1,NU

SuM=0.

DO 4 J=14NX
SUM=SUM+XK(T,J)*X{J)
X{NIMT+I)=SUM

TEMP = TEMP + SUMx*%2
FINX+2) = TEMP

»

W

COMPUTF STATES X(1) TO X{4)
AND INTEGRAL OF STATES SQUARED

aOaOaon

TFYP = Q.
DU 1 I=1,NX
SUM=0.
N0 2 Jd=1,NX
2 SUM=SUMHA(T ,J)%X(J)
M 5 K=1,3
5 SUM=SUM+R (T ,K) = X{NINT+K)
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F(I)=SUM

TEMP = TEMP + X(I)*%2
FINX+1) = TEMP

RETURN

END

SUBROUTINE AUXVAR( X, TIME)

DIMENSION X(1)

COMMON/MAT/ Al494) 4BL443) 4 XK(3,4) ) NXsNUJNINT,NTQT
DO 1 I=1,NU

SUM=0.,

00 2 J=1yNX

SUM=SUM#XKI T ,J)*X(J)

X{NINT+1)=5UM

RETURN
END
FILE WRTMAT FORTRAN Al

5/8/779
FILE OF UTILITY SUBROGUTINES TO SUPPORT VIBE FORTRAN Al

WRTYAT -~ GENERAL MATRIX OUTPUT SUBROUTINE

SUBROUTINE WRTMAT(A,N,M, IA,ANAME)
IJIYMENSION A(IA,1)
COMMON/NNOUT/NPRINT

REAL*8 ANAME

WRITF(NPRINT, LOCO)ANAMF 4N,
FORMAT(/,' MATRIX *9A8,3Xs*(*,13,' ROWS X'y I3,' COLS)")
[F{M.LE.LD)GO TO 15

DA 10 I=1,N
WRITF(NPRINTZLOL)(A(IoJ)od=1eM)
FORMAT(/,(1PLlOEL3.5))

RFTURN

00 20 I=14N

ARITE(NPRINT, 102)(A(I4J) ¢J=14M)
FORYAT(1PLlOEL13.5)

RETURN

END

TRANSP ~ TRANSPOSES A MATRIX

SURBROUTINE TRANSP(A,N1,N2,NA)
DIMENSION A(NA,1)
COMMON/MNNQUT/NOUT

M = MAXO(NL,N2)
[F{MeGT.NALOR.M.LE.O)GO TO 90

Ml = M—1

20 10 I=1,M1

[1 =1 +1

N0 10 J=11,M
TEMP = A(1l,J)
AlIsd) = A(JdeI)
A(JyI) = TEMP
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RETURN

WRITE(NOUT 9 LOOINLaN24NA

FORMAT(' *%%x ERROR [N TRANSP *¥% NL,N2,NA =',3[4)
RETURN

END

MULT —~ MATRIX MULTIPLICATION

SUBROUTINE MULT(A4B,yCoyNyLyMyNA,NByNC)
DIMENSION A(NA,L) ¢B(NBy1)yCINCyl)
NOUBLF PRECISION TEMP

COMMION/NNGUT /NOUT
[IF(N.GT<MINOINAJNC).OR.L.GT.NB)GO TO 90
DO 20 I=1,N

nn 20 J=1,M

TEMP = 0.

DO 10 K=1,L

TEMP = TEMP + DBLE(A(I,K))*DBLE(B(K,J))
ClI,J) = TEMP

RETURN

WRITE(NOUT, 100)MysNAyNC,LyNB

FORMAT(* #*xx ERROR IN MULT **x%x N,NAyNC+LsNB=?,5]5)
RETURN

END

ASHIFT - TRANSFEREE VECTORS AND MATRICES

SUBROUTINE MSHIFT(A,BsNy"MyNA,NB)
DIMENSION A{NAy1l)B(NB,1L)

COMMON /NNOUT/NOUT
IF{N.GT.MINOINALSNBR)}GO TO 90

DO 10 I=1,N

DO 10 J=1 .M
R{IsJ) = Al(L4d)
RETURN

WRITE(NOUT,100)N,NA,NB

FORMAT(' **%x ERROR IN MSHIFT *¥* N,NA,NB=',315)
RETURN

END

MATANND — MATRIX ADDITION

SURRQUTINE MATADD{AB,,CeNyMyNAJNByNC)
DIMENSION A(NA,L)eB(NByL)oC(NC,y1)
COMMON/NNQUT/NOUT
[F{NGTSMINO(NAGSNB,NC)IGU TO 90

D0 10 I=1,N

N 1Y J=1,.M

ClLsd) = A{I4d) # BUI,J)

RFETURN

ARTITE(NOUT, 100)NyNAyNB4NC

FORMAT (' *%x ERROR [N MATADD ¥*%x%& N NA,MByNC=*,415)
RETURN

END
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MATSUB - MATRIX SUBTRACTION

SUBROUTINE MATSUB(AsB,yCeNeMyNAJNB,NC)
DIMENSION A(NAsL)yBUNB,y1)yC(NC,1)
COMMON/NNGUT/NOUT
[F(N.GT.MINO(NA,NB,NC))G0O TO 90

DO 10 I=1,N

DO 10 J:l4M

ClIyd) = ALy} B(1,J)

RETURN

WRITEINOUT , 100 )iNe NA ¢y NB 9 NC

FORMAT (' *%*%x ERROR IN MATSUB *%x%x N,NA,NByNC=?,415)
RETURN

END

SWAP — INTERCHANGES TWO VARABLES

SUBROUTINE SWAP(A+B)
c A

A 8

b c

RETURN

END

Hnn

MSMULT - MATRIX*SCALAR MULTIPLICATION

SUBROUTINE MSMULT(SeAyNyMyNA)
DIMENSION A(NA,1)

DO L0 I=1,N

NO 10 J=1M

A(T,J) = S¥A(I,4J)

RETURN

FND

LERO — FILLS A MATRIX WITH ZEROS

SUBROUTINE ZERO(A,N,MsNA)
DIMENSION A{NA,1)

DO 10 I=1,N

N0 10 J=1,M

Allsd) = 0.

RETURN

END

IMAT — LOADS AN ARRAY WITH THE INDENTITY MATRIX

SUBRPUTINE IMAT/A,NyNA)
JIMENSIGN A(NA,L)

30 10 I=1,N
090 5 Jd=1,N
Atl,J) = 0.
A(I'I) = 1.
RETURN
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END

ANORM - CALCULATES THE RSS NORM OF A MATRIX

FUNCTION ANORM{AysN1,yN24NA)
DIMENSION A(NA,1)
COMMON/NNOUT/NOUT
[F{N1.GT.NA)GO TO 90

ANORM = 0.

DO 10 [=1,N1

DD 10 J=1,N2

ANORM = ANORM + A(I,J)%x%x2
ANORM = SQRT(ANORM)
RETURN

WRITE(NOUT, 100)N,NA

FORMAT(' *x¥ ERROR IN ANORM **& N,NA =1,2[5)
RETURN

END

xkkkkkX®  SUBRQUTINE PPLOT  ®kkkkkkkkk
SUBROUTINE PPLOT(Xy,YyNPOINT,XYLIMS,NCHARSNLINES)

PPLOT GFNERATES A PRINTER PLOT UP TO 130 CHARACTERS WIDE
RY UP TO 80 LINES HIGH

PPLOT [INPUTS:

X{ )=ARRAY (OF X—-COORDINATES OF POINTS

Y{ )=ARRAY OF Y-COORDINATES OF POINTS

NPOINT = TOTAL NUMBER OF POINTS IN CURVES

XYLIMS(4)=LIMITS OF X AND Y AXES IN THE ORDER XMIN,XMAXyYYIN,YMAX
[F XYLIMS( )=0,SCALING IS AUTOMATIC

MCHARS WIDTH OF PRINTER PLOT (NUMBER OF CHARACTERS)

NLINES LENGTH OF PRINTER PLOT (NUMBER QOF LINES)

1]

"

OIMENSTON X{L)yY(L) sy XYLIMS{1),XGRID(12),YGRID(12)
INTEGER IFLO(130,80),ISTAR,IHOR, [VERT,IBLANK,ICROSS
NATA ISTAR,y IHOR,IVERT/'* tyt— "y'l v/

DATA I8LANK, ICROSS/? ol v/
COMMON/NNCUT/NODEV

WRITE (NODEV, 100 )NPOINT,NCHARS,NLINES

FORMAT (/' PPLOT CALLED ... TOTAL NUMBER OF POINTS =',1d,
1 /7' NCHARS NLINES =',214)

[FINPOINT.LE.C)RETURN

TF(MCHARS sLE.130.AND«NLINES.LE.80)GO TO 1
WRITE(NODEV,106)NCHARS ) NL INES

FOGRMAT(/,' LIMITS EXCEEDED IN PPLOT. NCHARS,NLINES =',2[10}
XMIN = XYLIMS(1)
XYMAX = XYLIMS(2)
YMIN = XYLIMS(3)
YMAX = XYLIMS({4)

[F(XYINSGE.XYAX)CALL MINMAX{XyNPOINT yXHIN,XMAX)
[FIYMIN,GE.YMAXICALL MINMAX{Y NPOINT, YMIN,YMAX)

114
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CALL SCALFUXMINyXMAXy XSTy XDEL yJNXF)}

XFIN = XST + XDEUL*NXP

DX = XFIN - XST

[xZ = ~XST/DX*NCHARS + 1.00000.

[XAXIS = O

[IF(IXZGEel ANDJIXZ.LE.NCHARS)IXAXIS = 1
CALL SCALE(YMIN,YMAX,YST,YDEL,NYP)

YFIN = YST + YDEL*NYP

J9Y = YFIN - YST

IYZ = YFIN/DY®NLINES + 1.000001

[YAXIS = 0
IF(IYZ.GEal cANDIYZ.LE.NLINES)IYAXIS = 1
C WRITE(NODEV 105)XST o XFINyYSTyYFIN,IXZ,1Y2Z
105 FORMAT (/¢! XSToyXFIN YST,YFIN =*,1P4ELl2.4%,
l /74" INDEX FOR X ANY Y ZERO REF AXES =',0P216)
N1 = NCHARS - 1
N2 = NLINFS ~ 1

DO 10 I = 24Nl
20 10 J = 2,N2

10 [IFLO(IyJ) = IBLANK
DO 20 T = 1,NCHARS

TF{TYAXISLEQ L) IFLO(I,IYZ) = [HOR
[ELD(L,1) = [HOR

20 [FLO( I, NLINES) = IHOR
00 30 I = L.NLINES
[FOIXAXTS.EQ.L)IFLDIIXZ,I) = IVERT

IFLD(L, 1) = IVERT
30 IFLO(NCHARS yI) = IVERT
NX = NXP + 1
NY = NYP + 1
DO 45 I = 1,NX
XGRID(I) = XST + (I-1)*XDEL
[X = ({[-1)*XDEL/DX)*NCHARS + 1.00001
IX = MINO(IX,NCHARS)
D0 45 . = 1,NY
YGRIO(J) = YST + (J—-1)*YDEL
[Y = ((J=1)*YDEL/DY)*NLINES + 1.00001
Iy = MINOUIY,NLINES)
45 IFLY(IX,IY) = ICROSS
ARITE(NOQOEV, LOL) (XGRID(I),I=1,NX)
L0l FORMAT (/¢ X=GRID =',7F10.3¢/¢9Xy7F10.3)
WRITE(NOODEVsLI2)(YGRIND{I)I=1,NY)
102 FORMAT(/4*' Y-GRID =*4T7F10.3,/9y9X+7F10.3)
20 50 T = 1,+NPOINT
[X ((X(I)=XST)/DX)*NCHARS + 1
Iy (CYFIN=Y(I))/DY)®NLINES + 1
C [F{TLE.SOIWRITE(NODEV,I0OTIX (1) Y(I),IXyIY
107 FORMAT(Y X{IL),Y{I) =*,1P2ELl2.4,4" [XyIY =*,0P216)
[X = MAXO(UMINO(IXyNCHARS),y1)
[Y = MAXJO(MINO(IY,NLINES), 1)
50 [FLO(IX, 1Y) = ISTAR
nRITFR(NONEV,103)
133 FORMAT(LHL)
20 60 1Y = 1,NLINES
60 WRITFINNOEV104){IFLO(IX,yIY)IX=1,NCHARS)

il

i
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FORMAT(1X,130A1}

RETURN

DEBUG UNIT(6)4SUBCHK, TRACEsINIT
AT 20

TRACE ON

AT 60

TRACE NFF

END

kxkkkkkkkk  SUBROUTINE MINMAX  ®&kkkkkkke

SUBRQUTINE MINMAX(XyNgXMIN, XMAX)
DIMENSION X(1)

XMIN = X{(1)

X4AX = X{(1)

[F{N.LE.l)RETURN

DN 10 I=2,4N

XMAX = AMAXL(XMAX,X(I})
XMIN = AMINL(XMIN,X(I))
RETURN

END

Crexkrktaks  SUBRQUTINE SCALE  ®&kkkkxkkxk

C

10
20

SURROUTINE SCALE(XMIN,XMAXsSTARTL,NELL,NPTS1)
INTX(X) = IFIX{X~a54+SIGN(<5,4X))
[FIXMAX.LE.XMIN)GO TO 90

X>2IZF = XMAX — XMIN

XEXP ALOGLIO(XSIZE)

[EXP INTX{XEXP)

XORN LO.*x*[EXP

XNORM = XSIZE/XORD

[FIXNORM.LE.16)XMOD = .2
[F(XNORMueGT sl e 6aAND e XNORM.LES 4o ) XMOD = &5
[FIXNORMaGT e4e« ANDoXNORMeLEeBa) XMOD = 1.
[F{XNORM.GT.8.)XMOD = 2.

NELL = XORD¥XMOD

200 10 I=1,30

XMAG = 10.**(I-15)

XPOINT = FLOAT(INTX{XMAG*XMAX))/XMAG
[F(XPODIMNT.GE.XMIN)GDO TO 29

CONT INUE

GG TO 90

[SHIFT = (XPOINT-XMIN)/DELL

STARTL = XPOINT — DEL1*ISHIFT
IFISTARTL.GT.XMIN)STARTL = START! - DEL1
NPTS1 = (XMAX~-START1)/DEL1
IF{STARTL1+DELL*{FLOAT(NPTSL)+.01).LT.X4AXINPTSL =
RETURN

WRITF(46,100)XMIN, XMAX

FORMAT(//* ERROR IN SCALE XMINyXMAX =*42E12.4)
RETURN

END

o u

CxEATEERERE SUBROUTINE APLOT VERSION 1 L1/26/80

NPTSL + 1

LEE 22 22 3 3 3
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(@]

SUBRAOUTINF APLOT(Xy Yo NPT oNPLOTy XYLIMS s WwIDTHHEIGHT yTICKL,
1 NCASFXLBLyNXCoYLBL/NYC,TITLyNTTL,CNAMES, NCINDX)

NOTE THFE X({ )y Y{ ) ARRAYS ARF UNCHANGED IN THIS SUBROUTINE
APLOT [NPUTS:

X( )=ARRAY 0OF X-CUORDINATES OF POINTS

Y{ )=ARRAY OF Y COORDINATES QOF POINTS

NPT( )=NO. NF POINTS(X,Y PAIRS)IN EACH CURVE

NPLNT=NUMBER QGF CURVES

XYLIMS(4)=LIMITS OF X AND Y AXES IN THE ORDER XMIN¢XMAX, YMIN,YMAX%

{F XYLIMS({ )=0,SCALING [S AUTOMATIC

kKIDTH=wIDTH OF PLOT IN INCHES

HEISHT=HEIGHT OF PLOT IN INCHES

TICKLE=LENGTH OF TICK MARKS ON AXES IN INCHES AND HEIGHT OF SCALE NOS
IN INCHES. IF TICKL IS NEGETIVE,PUT THE TICK MARKS INSIDE AXES

NCASE=A N0O. PRINTED AT THE UPPER RIGHT HAND CORNER OF PLOT FOR
INDEXING PURPOSES.

XLBL( ) = ALPHANUMERIC STRING FNOR X—AXIS LABEL

NXC = NUMBER QF CHARACTERS IN X AXIS LABEL

YLALL )y NYC = LIKEWISE FOR Y AXIS LABEL

TITLL ) = ALPHANUMERIC STRING FOR TITLE

NTTL = NUMRER OF CHARACTERS IN TITLE

CNAMES( ) = ARRAY OF FOUR-CHARACTER IDENTIFIERS FOR THE NPLOT CURVES

NCINDX{ ) = INTEGER (.GE.le AND JLEJNPT( }) INDICATING LOCATION

OF CNAMES IDENTIFIERS FOR FACH CURVF

OO0 0000

DIMENSION X(L)sYUL1)XAR(L1O) 4NPT{L),XYLIMS(1),LSCALE(2)
DIMFNSTON XLBL(L1),YLBL(L),TITL(L),CNAMES(L) NCINDX(L)
COMMON/NNOUT/NODEY
UATA EPS/1.E-8/
WRITF(NODFV, LOOINPLOT,NCASE,,(NPT(I),I=1,NPLOT)
100 FORMAT (/¢ APLOY CALLED NPLOT =*¢1593Xy*NCASE =1',13,43X,"'NPT( ) =!

l yL0T4,/7,(10X,1014))
c ne 110 I=1,10
C NNPT = NPT(TI)

Cl110 WRITE(NODEV,109) I1,X{I)eY{I+NNPT),Y(I+202),Y(1#303),Y(1+404)
c109 FORMAT (2Xy 159 *COORNINATES=*, 6F10.4)

[F(NPLOTLLE.O)RETURN

TICK = ABS({TICKL)

H1 L2*TICK

H2 HL + WIDTH

Vi 9%TICK

va V1 ¢ HEIGHT

[ T | O 1|

FIND TOTAL NUMBER OF POINTS ON PLOT

OO

NPOINT 0
20 2 I=1,NPLOT
NPOINT NPOINT +« NPT(I)

[ XS NAS)

SCALE X-AXES
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XMIN = XYLIMS(1)
XMAX = XYLIMS(2)
[FIXYLIMS{L)«GEXYLIMS(2))CALL MINMAX(X,NPOINT,XMINyXMAX)
CALL SCALE(XMINyXMAXyXST o XDELNXP)
XFIN = XST + XDEL*®NXP
DX = XFIN - XST
XF = {H2-H1)/DX
WRITE(NODEV s LOL)XMINy XMAX s XSToXDEL ) XFINyNXP

101 FORMAT (/' XMINyXMAX =%, 1P2EL4eT7¢5Xs ' XSTART, XDEL ¢ XFINISH =*,
1 3E10.3¢5Xs'NXP =%,14)

SCALE Y-AXES

OO0

YMIN = XYLIMS(3)
YMAX = XYLIMS(4)
TFIXYLIMS(3).GEXYLIMS(4))CALL MINMAX{Y,NPOINT,YMIN,YMAX)
CALL SCALE(YMIN,YMAX,YST,YDEL,NYP)
YEIN = YST + YDEL*NYP
Ny = YFIN - YST
YF = (V2-V1)/DY
WRITE(NODEV,102)YMIN,YMAX,YST,YDEL,YFIN,NYP

102 FORMAT (/' YMINGYMAX =',1P2EL4.T7,5Xy'YSTART,YDELyYFINISH =",
I 3EL19.3,)5XINYP =%,104)

DRAW OUTER BORDER FOR PLOTS

OO0

CALL PLOT(H1l,V1,3)
CALL PLOT{H2,VL,2)
CALL PLOT(H2,V2,2)
CALL PLOT(H1,V2,2)
CALL PLOT(HL,V1,2)}

IF APPRGPRIATF ADD X = 0y Y = 0 AXES

OO0

IF{XSTeG0TeDeeOR«XFINSLTL0.)GO TO 12
XX = =XST«XF + Hl
CALL PLOT(XX,V1,3)
CALL PLOT(XXyV2,2)
12 [FIYSTeOTaOeeORYFINLLT.0.)GO TH 14
YY = ~YST*YF + V1
CALL PLOT{HL,YY,3)
CALL PLOT(HZ2,YY,s2)
4 CONT INUE

ADND TITLE, X—AXIS LABEL AND Y—AXIS LA3EL

OO

HT = TICK

ANG = 0.

ANGAQ = 99,

WD = J9%HT

A2 = (HL+HZ2)/2e = S5¥NTTL*1.5%wD

[FINTTL.GT.O)CALL SYMBOL(XP V244 ¥HT 1 S*¥HT ,TITLANGSNTTL)
(P = (HL+H2)/2. = 5«NXC*nD

[F{NXC.GT.O)ICALL SYMBOL(XP,VI-3.*%HT,HT,XL3L ,ANG«NXC)
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YP = (V0I¢V2)/2. = +S5S*NYC*WD
[FINYCoGT<O)CALL SYMBOL(Hl=11.%HT,YPyHT,YLRL,ANG9O,NYC)

ADD CASE NUMRER (IF NONZERO) AND DATE

NNG = C
[FINCASE.GT .O)CALL NUMBER({H2+HT,V2,HTyFLOAT{NCASE) yANG,NDG)
CALL DATIMP(HL,V2#2%HT,HT,*APLOT ‘)

ANDD X=-AXIS TICK MARKS AND SCALE

N = NXP + |

YY = V1 = 4.*TICK

DO 22 I=1,N

XA = Hl + (I—-1)*XDEL*XF

CALL PLOT{XA,V1,3)

CALL PLOT(XA,VI-TICKL,2)

XR = XST + (I-1)«XDEL

XR = XR + SIGN{EPS,XR)

NIGT = MINO(MAXO(Os—=IFIX(ALOGLGC(ABS({XR)))+3),8)
IF{ABS(XR) o%LFe. 24%EPS) NOGT=0

CALL NUMBER(XA-2.*TICK,YY,HT,XRyANG,NOGT)

ADD Y=AXIS TICK MARKS AND SCALE

N = NYP + 1
XX = V1 - T.*TICK
DD 26 I=1,N

YA = V91 + (I-1)*YDEL*YF

CALL PLOT(HL,YA,3)

CALL PLOT(HI-TICKL,YA,2)

YY = YA

YR = YST + (I-1)*YDEL

YR = YR + SIGN{EPS;YR)

NOGT = MINO(MAXO(Oy~IFIX(ALAGLO(ABS(YR)))+3),8)
[F{ARS(YR) «LE. 2.*%EPS) NDGT=9

CALL NUMBER(XX,YY HT,YRyANG,NDGT?}

ADD LABEL FUR EACH CURVE

K =20

A0 30 T=1,NPLOT

[FINCINDX(I).LE.D)GO TO 32

JPT = MAXO(MINO(NCINDX({T)} NPT(I)),1)

XX = AMINLIAMAXL(HL,, (X{K+JPT)=XST)&XF+HL) ,H2)

YY = AMINL(AMAX] (VI (Y(K+JPT)=YST)XYF+V1),V2)
CALL PLOT(XX,YYs3)

CALL PLOT(XX+2*HY,YY+4,%HT,2)

CALL SYMBOL (XX4+3. HMT y YY 44 *¥HT yHT (CNAMES(T) ¢ ANG %)
N = NPT(I) - 1

PLST EACH CuUuRVE

K= K + |1
XX = A4INL{AMAXL(HL (X{K)=¥ST)®XF+H1) ,H2Z)
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YY = AMINL{AMAXL(VL0,(Y(K)-YST)*YF+VL1),V2)
CALL PLOT(XXsYY,y3)
DO 30 J=1,N
K =K ¢ 1
XX = AMINL{AMAXL(HL,(X(K)~=XST)*XF+Hl),H2)
YY = AMINLUAMAXLAVL,(Y(K)=YST)*YF+Vl),V2)
CALL PLOT{XXeYY,2)

30 COMTINUE
RETURN
END

SUBROUTINE SCALE(XMINyXMAX,STARTL,DELL,NPTS1)
INTX{X) = IFIX(X=o5+SIGN{.54X))
IF({XMAX.LE<XMINIGO TO 90
XSIZE = XMAX - XMIN
XEXP = ALOGLO(XSIZE)
TEXP = INTX{XEXP)
XORY = 10.**[EXP
XNORM = XS[ZE/XORD
[F{XNGRM.LE«Ll.6)XMOD = .2
[F{XNORM.GToleb6+AND.XNORMLE«4. ) XMOD = &5
[F{XMORMaGT a4 eeANDe XNORM.LE.B3.)XMOD = 1.
[FIXNDRM.GT.8.)XMOD = 2.
NELL = XORD*XM0ON
DN 10 I=1,30 ’
XMAG = 10.**%(]-15)
XPOINT = FLOATUINTX(XMAG®*XMAX)) /XMAG
IF(XPOINT.GE.XMIN)GO TO 20

10 CONTINUE
G0 TO 990

29 [SHIFT = (XPOINT-XMIN)/DELL
STARTL = XPOINT - DELLI*ISHIFT
IF(STARTL.G5T.XMIN)STARTL = START1 -~ DELL
NPTSL = (XMAX-STARTL1)/DELL
[F(STARTL+DELL*(FLOAT(NPTS1)+o01) oLV XMAXINPTSL = NPTSL + 1
RETURN

Q0 WRITE(6,9100)XMINy XMAX

190 FORMAT(//* ERROR IN SCALE XMIN¢XMAX =7 ,2E12.4)

RETURN
FMD
C
SURRCUT INE MIMMAX{XyNyXMIN,XMAX)
DIMENSION X(1
XMIN = X(1)
XMAX = X(1}
[F(NJ.LF.LIRETURN
nn 10 [=24N
XMAX = AMAXL{XMAX¢X(I))
19 XMIN = AMINLIXMIN,X(1))
RETJRN
END

”~

o
CHkkkhkxkk®  SUBROUTINE ODATIME  kkkxkxkkex

C
SUSRQUTINE DATIME(IMO,IDAY, IYR, THOURS,yIMINy)AMPM,PNAME(NCDEV)
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REAL*3 PNAME

DATA AM/Y  AMY/,PM/Y PMY/

CALL DATE(IMQO,IDAY,IYR)

CALL STIME(ITIME)

XHOURS = FLOAT(ITIME)/10000.

AMPM = AM

IF(XHNURS.GE.12. )AMPM = PM
[F(XHNURS«GE.13.)XHOURS = XHOURS = 12.
[HOURS = XHRURS

X4IN = (XHOURS = [HOURS)*60.

[MIN = XMIN
[FINUDEV.GTOIWRITE(NODEV,100)PNAMF, [MOy IDAY, IYR, [HOURSy IMINy AMPM

100 FORMAT(/" TIME IN '5A84" IS 'A2,%/8,A2,' /% A2,5X%Xy124':%,

c

L [293X¢A%)
RETURN
END

C Rokok k& koK & SUBROUTINE DATIMP LA 22 P2 L L

"

OO O

SUBROUTINE DATIMP(XP,YP,HT,PNAME)
RFEAL*8 PNAME
COMMON/NNOUT/NODEV

ANG = 0.

WO = JORHT

CALL DATIME{(IMC,IDAY, 1Y
XHOURS = [HOURS

XY4IN = IMIN

CALL SYMBOL(XP,YP,HT,IMO,ANGs2)

CALL SYMBOL(XP+2.%WD,YPyHTy LH/yANG,1)

CALL SYMBOL(XP+3.%WDyYP,HTy IDAY,ANG,2)
CALL SYMBOL(XP+5.%WDy YPyHT, LH/¢ANG,y 1)

CALL SYMBOL(XP+6*¥WDyYPyHTyIYRyANG,2)

CALL NUMBER(XP+12.%W4D,YP,HTy XHOURSyANG,—-1)
CALL SYMBOL(XP+1l4o*WDyYPyHTy LHI ¢ ANGy L)
CALL NUMBER{XP+15.%WDyYPyHT y XMINyANG¢—~1)
CALL SYMBOL (XP+1Be*WDsYP,HT ¢ AMPMyANG,4)
RETURN

END

pried

s LHOURS 3 IMIN AMDM , PNAME . NCDEV)

.-.-Qun.,q N -

FILE INTOSDEL IMNPUT

[NPUT FOR MONTGOMERY*S AIRCRAFT LATERAL SIMULATICH
JuL 29, 1930

&INTONE

X[ = O.,.l.ﬁ.,.l,b*ﬂ..

TUMAX = 5.4y

[PRINT = 2,

NCDEV = 6,

DT = .3?5'

TPRINT = .05,

NXPR = 1929304959647 +8,2%0,
A==3.57984E~191eE09~2.4209F-2,42.53819€E~143%0.41.7335E-2,

~3e2279E=212e67949E=Ly~LolD395E—11=9.65926E—~142.6183795ELgles%ecdlIT2E-2
Rz=T7,5713340491e9695990092065494009—2.33343E0404y
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XK = 1,4941162F~01y=441928029%=014140535228E~01:2.029677TLE~02y1.3€E+00,
3.6583920E+009~2.3151432E-01y~4.7954880E~02,
NX=4,
NU=2,
[PLOT = 2,
NXPL = 2,4,748,6%0,
NCHARS = 80, NLINES = 48,
MCHARS = 130,NLINES = 62,
XNAMES=4HRORA s 4HBANKy 4HYAWR y 4H YAW, 4HINX2)4HINU2¢4HAILE ¢ 4HRUDD ¢42%0. »
XLALS({1ls1) = 4HROLL, 4H RAT, 4HE {(Ry 4HAD/Ss 4HEC) ,
XLBLS{Ll,2) = 4HBANK, 4H ANG, 4HLE (, 4HRAD),
XLBLS(1y3) = 4HYAW , 4HRATE, 4H {RA, 4HD/SE, 4HC) ,

XLBLS(1v4) = 4HYAWN , 4HANGL, 4HE (R, 4HAD)
XLALS({1,45) = 4HINTE, 4HGRAL, 4HXT*X,
XLBLS{1l,6) = AHINTE, 4HGRAL, 4hUT*U,
XLALS(Lly7) = 4HAILE, 4HRON 4 4H(RAD, 4H) '
XLBLS(1,8) = 4HRUNDD, 4HER (, 4HRAD),

NINT = 6,

NTOT = 9,

XPLBL = 4HTIME, 4H (SEy 4HC) ,7%0.,

NXC = 10,

YPL,8L = 4HSTAT, 4HE v 8%0.,y

NYC = 5,

TITL=4HMONT y 4HGOME 9 4HRY  y 4HA/C y4HLATE 4HRAL 4HDYNA4HMICSev4H K )

4H TAU, 4H= '
TITI(13)=4H)l .0
NTTL=52,
WIDTH = 545, HEIGHT = 24y TICKL = .06,
[ICONT = 1,
&END
GINTNDE
TITL(13)=4H0.5 ,
XK = LeTU22794F~01 4=6.0164034E~0142.6196051E~01,-2.7018290E~02,2.9E+00,
4.05877T9TE+00,~1.1856604E+0044.8925018E-01,
GEND
EINTODE
TITL(13)=4H0.25,
XK = 1a2336323E+00,~3.1967741E~01,+8.5040188E=01y~1.5637993E+01,1«9E+00,
% 4TTB833C+00,3.2358761E+00,-1.51135445+00,
GEND
SINTODE
TITL(9)=4H{(RCD,
TITLILO)=4HUST),
TITL(13)=4H1.0 ,
XK=,55132¢~2335575+.082589y~.19254841,60285,2.46768¢~47396)~«
&FND
LINTODE
TITL(L3)=4H0.5
XK=¢64359,=¢331079e57641—=2244,92.07949,3.50649=.741y-e432244,
LEND
SINTAODE
TITLI13)=4H0.25,
XK=1e03689=63599,14270279=e322¢2.0563343431589,~.743469,~.520
SEND
SINTCAOE
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TITL(9)=4H(LQAR,

TITL(10)=4H) yRH,
TITL(LLl)=4HO=
TITL(12)=4H100.,

NTTL=48,

INTODE Computer Program

XK=,3306y=417845¢109189y=0e03913¢9~269993,.48287,2.62229y~1.4068,

GEND
EINTONE

TITL(12)=4Hl.
XK=x]1.25889=e17087910046940953¢4-0300636¢1.018995.9393¢9~1.734,

&FND
EINTODE

[CONT=0,

DT=.01,

TITL(12)=4H0.04,
XK=5o179=e059375¢4e871991e13099210695.06" 497426234-2.5309,

SEND

FILE INTNDE INPUT

INPUT FOR HALL'S AIRCRAFT LATERAL SIMULATICN

JuL 31,
& INTODE

1980

Xi = 60901'00"1'6*6"

TMAX = 5.,

[PRINT = 2,

NODEV = 6,
Nt = .025,

TPRINT = .1,
NIPR = 1y2¢93¢495¢69T7¢8+9+0,
A=-3. 18' Lo 1"'0061 OOZ(Z' 3‘0- '00644v 063900 ""027"'-998"‘10.6900 14‘-5'
Bx“l“’nl073*00 yloS'Ou"""zosgi 0037'2*00 t-oq6'0.t
XK =+3,9732631E~029~4.3598451E~-03,+1.9987654E-02,1.2020696E~02,~959E~01,
2.5593357TF+0042.1611B22F~01Ly=3,6611261E-0344.7516279E+00,4~9.4E~01,
-5.4777920€E~01,~-5.1410699E~01,

NX=4,

NU=13,
[PLOT = 2,
NXPL = 244,74399,5%0
NCHARS = 30, NLINES = 48,
NCHARS = 130,NLINES = 62,
XNAMES = 4HRORA, 4HBANK, 4HYAWR,4H YAW,4HINX2,4HINU2y, 4HAILE 4HRYAWC,0,
XLBLS(1l,y1) = 4HROLLy 4H RAT, 4HE (R, 4HAD/S, 4HEC) ,
XLBLS(1,2) = 4HBANK, 4H ANG, 4HLE (, 4HRAD),
XLBLS(1l,3) = 4HYAW , 4HRATE, 4H (RA, 4HD/SE, 4HC) ,
XLBLS{1l.4) = 4HYAW , 4HANGL, 4HE (R, 4HAD) ,
XLALS(1,%) = 4HINTE, 4HGRAL, 4HXT*X,
XLALS(1ly6) = 4HINTE, 4HGRAL, 4HUT*U,
XL8LS(1,7) = 4HAILE, 4HRON , 4H(RAD, 4H) '
XLBLS(1,8) = 4HRUDD, 4HER (, 4HRAD),
XL3LS(Ly9) = 4HYAW , 4HCONT, 4HRQOL , 4H(RAD, 4H) v
NYOT = 9'
NINT = 61
{OLABL = 4HTIME, 4H (SE, 4HC) y 7%0.,

i e v SEAE AT o e R




o

Appendix C INTODE Computer Program

NXC = 10,
YPLAL = 4HSTAT, 4HE y 8%0.,
NYC = 9,
TITL=4HHALLy4H AIRy4HCRAF,4HT LA,4HTERA,4HL DY, 4HNAMI y4HCS{M,y 4NNV K,
4H) TA,4HU=
TITL(12)=4H 1.0y
NTTL = 48,
WIDTH = 5.5y HEIGHT = 2., TICKL = .06,
JCONT = 1,
«END
EINTODE
TITL(12)=4H0NL5 4
XK=O 024691-. 00139"‘0"101166' 024055! 0038["'"'0 0438 '-.301651.02299'40 14655'
eNLL4765,-.3113,
EEND
GINTODE
TITL(12)=4H0.25,
XK = 3.56G95368E=01+=34949708LE-0241.2787379E-02y1.4500313E+00,2.9E-01,
~B.7618792E-N14~1.2922382E+004y2.6900148E+00¢3.0100111E4009-%4<«1E+Q0,
~1.2453620E+01Ly1.4150048E+01,
EEND
SINTODE
TITL(8)=4HCS(R,
TITL(9)=4HOBUS,
TITL(10)=4HT) T,
TITL(L1)=4HAU= ,
TITL(12)=4H 1.0,
XK==403489y)41519¢—2e6334.1378334~e93372¢535,.2175+.002644,5.530

-e967234-.6965,~.525889,

GEND

EINTODE
TITL(12)=4H 0.5,
XK=e038194-40016245y-.012548544133,.038B67889y=«044354~.27592,
«0253255¢4¢155444—.12295,.,007238,-.3055,

EEND

EINTODE
TITL(12)=4H0.25,
XK=a49974,443091319=3e3449146229¢4—.9321299~5.79063,.112387y—.26,
5697918 ,y~1.04L67y~-2.056674—1.36633,

&END

& INTODE
TITL(8)=4HCS(L,
TITL(9)=4HQR) ,
TITL(10)=4HRHO=,
TITL{L11)=4H100.,
NTTL=644,
XK=404513,0400574,4.0037989+0916¢9.02224.011679,.056973,.09242,
003633’-o 0754'—-0208 '—'00089251

LFND

SINTODE
TITL{LL)=4H 1.0,
DT=D.01,
T2LCT=0.02,
XK=e86539y=«0675779.007833,.79586+~.058595,.016246,.1175,.93939,

-351481—.556191—o279921"o ,. ?
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1
EEND i
EINTQDE

ICONT=0,

TITL(11)=4H0-04'

XK=4, 8341' 1 ~e 4264'.02787'4.98!—'

.5015..01237,.41809.4.748.1.7639.
e 7361’0"‘30153"‘-86026'

EEND
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Appendix D PERTB Computer Program

FILE PFRT3S FORTRAN Al
PROGRAM TN TEST ROBUSTNESS OF LINEAR CONTROL SYSTEMS

DOUBLE PRECISION DSEED

DIMENSION FEVR1(4),EVIL(4),EVECLI4e4)EVR2(4),EVI2(4),EVEC2(4,4)
DIMENSION XX(4004),YY(4004)XYL(4),NPTS(1)

DIMENSION CNAMES(L),XLBL(LO)yYLBL(LO),TITL{20),NCINDX(L)
COMMON/MAT/AC444) yBU4y3) 9 XK(394),CA(4,4) ¢PA(444)PBL4s3)sNIM
COMMDN/ISEED/DSEED,RAND(28),P

COMMON/NNGUT/NOUT
NAMELIST/PFRT/NyMy ICONT 9 A¢By XKy Py NSAMP, IPRINT ,IPLOT,

1XLBL NXCoyYLBL¢NYC,TITL¢NTTL,CNAMES,NCINDX

INPUT VARTABLES IN THE NAMELIST

N NO. OF STATE VARIABLES

M NO. OF CONTROL VARIABLES

ICONT = INDEX TO CONTINUE OR STOP MULTIPLE CASE RUNS
0 o STOP AFTER THIS CASE
1 » CONTINUE TO NEXT CASE

H H

A = N BY N SYSTEM MATRIX

B = N BY M CONTROL MATRIX

XK = M RY N FEEDBACK MATRIX

P = FRACTION GIVING THF MAXIMUM PFRTURBATION

NSAMP = NO. OF SAMPLES

IPRINT = INDEX TO DETERMINE THE AMOUNT OF PRINTOQUT
IPLOT = INDEX THAT CONTROLS THE GENERATION OF PLOTS
XLSL = ARRAY CONTAINING THE X-AXIS LABEL FOR PLOTS
NXC = NO. OF CHARACTERS (LETTERS) I[N X-AXIS LABEL
YLBL = ARRAY CONTAINING THE Y-AXIS LABEL FOR PLOTS
NYC = NO. OF CHARACTERS I[N Y-AXIS LABEL

TITL = ARRAY CONTAINING A LABEL TO APPEAR IN PLCTS
NTTL = NO. OF CHARACTERS IN TITLE

DATA NCASE/OQ/,ISTART/1/

DATA XYL/_100'011-3013-/

NATA WIDTHyHEIGHT ¢ TICKL/54593e3+.06/
READ (7,PERT)

DSEED=13D0

NCASE=NCASF+1

NOUT=6

NPTS{1)=NSAMPEN+N

MCURV=1

PRIMT ARANNER

WRITE(6,100) NCASE
FORYAT (LHL, ' *%**PROGRAM PERTURB, CASE', 5y '*¥xx!)
WRITE(6,PERT)

CALL DATIME(IM,IDyIY,IHyIMN,AP,'PERTB 'y6)
WRITE(6,10L1) TITL

FORMAT(/1X,20A4/7)

PRINT MATRICES A¢BsK AND A+8%*K
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Appendix D PERTB Computer Program

CALL WRTMAT‘A'NvN'N"A"
CALL WRTMAT(B,yNeMyN,*'B=
CALL WRTMAT(XKyMyNgM, 'K=
CALL MATM(A3¢XKeCAyNsM)
[=1

CALL WRTMAT({CA, N NsNoe*A+B*K ')

- e

CALCULATE EIGENVALUES AND EIGENVECTORS

CALL GENE(CAyNyEVRLIEVIL.EVECLy I, IPRINT)
[P=1
IF(IPLOT .GT. 0) CALL XYSTO(XXsYY,EVRI¢EVILsN,IP)

START MANTE CARLO RUNS

DO 19 I=1yNSAMP

CALL PERTE

CALL MATM(7A,PByXKeCAyN,M)

IF((I--L)/IPRINT*[PRINT .NE. I-1) GO TO 20

CALL WRTMAT(PAN¢N¢Ny'"PERT A= ')

CALL WRTMAT (PByNyMyNy*PERT 8= ')

CALL WRTMAT(CA¢NyNyNy 'PRT A¢BK?)

CALL GENE{CAyNyEVR2,EVI2;EVEC2,[,IPRINT)

[F(IPLOT .GT. O) CALL XYSTOUXXyYY4EVR2yEVIZN,IP)

CALCULATE AND PRINT STATISTICS ON REMAX o REMIN AND RTOMAX

CALL STATS(EVRL,EVIL,EVR2,EVI2,NyI+NSAMP,IPRINT)
CIONTINUE

IF(IPLOT JLE. 1) GO TO 99

[F(ISTART .GE., 1) CALL PLOTS(0,0,50)

[F(ISTART JLE. 0) CALL PLOT(WIDTH+2.¢0.,—3)
[START=0

DO PLOTTING

CALL APLOTU(XXyYY NPTSyNCURV XYL ¢WINTH,HEIGHT, TICKL yNCASE,
L XLAL ¢y NXCyYLBLyNYCyTITL,NTTL,)CNAMES 4NCINDX)

GO TN NEXT CASE IF ICGNY IS GRATER THAN ZERO

IF(ICONT .GE. 1) GO TO 999

IF(IPLOT «GT« 0) CALL PLOT(0440.,999)
sSTNe

END

MATM - COMPUTES CA = A + B % XK
WHERE A , B AND XK ARE GIVEN MATRICES

SUBRCUTINE MATM( A8y XKyCAyN, M)
DIMENSTONA(IN,N) ¢BINyM) yXK{MyN)yCAINyN)
00 10 I=14N

N 10 J=14N
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Appendix D PERTB Computer Program

NO S5 K=l M

TEMP=TEMP+B(I ¢K)XXK(K,yJ)
CA(I+J)=TEMP+A(I,J)
RFETURN

END

PERTB - RANDUMLY PERTURBS THE ELEMENTS OF MATRICES A AND B

SUBROUTINE PERTH

OOURLE PRECISION DSEED
COMMON/MAT/A(494) oBl49y3 )9 XK(394)9CA(4,4)yPA(4+4)sPB(443)4NsM
COMMON/ISEED/DSEED,RAND{28),P

NN=N*(N+M)

CALL GGUBS(DSEED NN,RAND)

NN 6 I=1,NN

RANND(T)=(~1+2%RAND(I))

NNN=0

NO L I=1,N

PERTURB MATRIX A

nn 2 J=1.N

NAN= NMN+ 1

PA(T o d)=A(1,4J)

[F{A(I4J) <EQe Qe ORa Al(l,J) .EQe le) GO TO 2
PA(TL yJ)=A(I,J)%{1.+RAND(NNN) *P)

CONTINUE

PERTURR MATRIX B

DN 3 K=1M

NMN=NNN+1

P3(L+K)I=B(I,K)

[F(Q(I'K) OFQO Ob -OR- E(IIK) -EQ. lo’ SO TO 3
PRITyK)=B(IsK)*{1.+RAND(NNN) %P}

CONTINUE

CONT INUE

RETURN

FND

STATS - COMPUTYES AND PRINTS STATISTICS ON REMAX , REMIN
AND RTOMAX

SUBRUOUTINF STATS({EVRLeEVIL,EVR24EVI2yNyISsNSAMP, IPRINT)
REAL *8 ANAMF1,ANAME2, ANAME3

FIMENSINON EVRL(N) 4EVILI(N) yEVR2(IN) yEVI2(N) RT(4&)
ODIMENSION CREX{1000),CREM(L000),CRTX(1000),MY(20)
NIMENSIUON CREXA(L1000),CREMA(1000),CRTXA(1000)

TATA RMAXMAZRMINMA,RTMXMA,SRXA, SRMA,SRTXA/6%0./

JATA RMAXM,RMINMyRTMXM,y SRX, SRM, SRTX/6%0./

NATA ANAMEL » ANAME2, ANAME3/*' REMAX ',!' REMIN ',* RTOMAX ¢/
IF{IS .NF. 1) GO TO 3

CALL VINMAX(EVRLyNyREMINL,REMAX])

JU L I=1N

RT(T)=EVIL(T)/EVRLII(I)
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RTMAX1=AMAXL(RT(1),RT(
CALL MINMAX(EVR2,N,REM
DO 2 I=1,N
RT(I)=EVI2{1)/EVR2(I])
RTMAX2=AMAXL(RT(L)RT(2},RT(3),RT(4))
CREX({IS)I=(REMAX2-REMAX1) /REMAX1*100.
CREM(IS)=(REMIN2-REMINL) /REMINL*100.

FORMAT(2X 4 PERCENTAGE CHANGES IN®//2X¢'REMAX="yFl0a%49//2Xs"
IREMIN=*4FL0e4y//2Xy 'RTOMAX="yF1044)

2)yRT(3),RT(4))
IN2,REMAX2)

FORMAT(/10X, *PERCENTAGE CHANGE IN *4A8,/10X,*MAX *4FlO0e4¢' MINY,

LF10.4,! MEAN '"4yFlO0a%,! STD DVN ',Fl10.4)
CREXA(IS)=REMAX2
CREMA(IS)=REMINZ2
FORMAT (2X " UNPERTURRED VALUES ARE'//2Xs'REMAX=',FLlQa4¢//2Xs?
LREMIN=" g FLOw%y//2Xy *RTOMAX="yF10.4)
FORMAT(/10Xy *STATISTICS ON *,AB84"WITH PERTURBATIONS*//10X,"MAX
L*9Fl0e4,y" MIN®'4yFlOu4," MEAN *4Fl0.4," STD DVN '4Fl0.4)
[FIRTMAXL .EQ. O« <AND. RTMAX2 .EQ. O.) GO T 8
[F(RTMAX1 .EQ. 0) CRTX(IS)=100.
[F(RTMAXL .NE. O0.) GO TO 7
GJd 70 9
CRTX(1S)=(RTMAX2—-RTMAX]1)/RTMAX1%*100.
CRTXA(IS)=RTMAX2
Gd TD 9
CRTX{1S)=0.
[FICIS-1)/TPRINT*IPRINT .NE. [S—1) GO TO 6
WRITE(6499) REMAXL,REMINLyRTMAX]1,REMAX2,REMINZ,RTMAX2
FORMAT (2Xs " REMAXL yREMINL g RTMAXL yREMAX2,REMIN2,RTMAX2 =?,6E14.6)
WRITE(6,100) CREX(IS),CREM(IS),CRTX(IS)
[F(IS «LT. NSAMP) RETURN
00 & I=14NSAMP
RMAXM=RMAXM+CREX(I)/NSAMP
RMINM=RMINM+CREM(I)/NSAMP
RMAXMA=RMAXMA+CREXA(I)/NSAMP
RMINMA=RMINMA+CREMA( L) /NSAMP
RTMXMA=RTHMXMA+CRTXA(T)/NSAMP
RTUXM=RTMXM+CRTX(I)/NSAMP
N0 5 [=1,NSAMP
SRX=SRX+(CREX(I)-RMAXM)*x®2/{NSAMP-1)
SRY=SRM+(CREM(I)-RMINM) **2/ (NSAMP~1)
SRXA=SRXA+(CRFXA(I)-RMAXMA) *x2/(NSAUP-1)
SRMA=SRMA+(CREMA(T )-RMINMA)**2/(NSAMP-1)
SRTXA=SRTXA+{CRTXA(I)=RTMXMA)**2/(NSAMP~])
SRYX=SRTX+(CRTX{I)=RTMXM)*¥%2/(NSAMP-1)
SRX=SQRT(SRX)
SRU=SQRT ( SRM)
SRTX=S5QRT{SRTX)
SRXA=3QRT(SRXA)
SRMA=SQRT(SRMA)
SRTXA=SQART(SRTXA)
CALL MINMAX(CREXyNSAMP,CREXN,CREXX)
CALL MINMAX(CREM,NSAMP,CREMN,CREMX)
CALL MINMAX(CRTXyNSAMP,CRTXN,CRTXX)
CALL MINMAX(CREXA,NSAMP,CREXNA,LREXXA)
CALL MINMAX(CREMA,NSAMP,CREMNA,CREMXA)

@ Catasmtriams b - - * X i il et
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CALL MINMAX({CRTXA¢NSAMP,CRTXNA,CRTXXA)
WRITE(6,120)

FNRMAT(//25X, 'STATISTICS FROM THE MONTE CARLO SIMULATIONS?')
WRITE(64123) ANAME]L,CREXX,CREXN:RMAXM,SRX

CALL HISTO(CREX yNSAMP,CREXNyCREXX¢Dy204NY4NT)
WRITE(6,121) ANAMELl,D

FORMAT(10X,A8," HISTOGRAM ,EACH INTERVAL IS *4FlO.4y! UNITS*))
WRITE(64122) (I4I=1420)y(NY1J)yJ=1,20),NT
FORMAT(5X+20164/7/74X420164/40Xy 'TOTAL NUMBER OF SAMPLES=',16)
WRITE(6,123) ANAME2,CREMX,CREMN,RMINM, SRM
CALL HISTOD(CREM NSAMP,CREMNCREMX yDs20,NYNT)
ARITE(6,121) ANAME2,N

WRITE(6,122) (I+4I=1920)y (NYUJ)pJ=1420),NT
WRITE(64123) ANAME3,CRTXXsCRTXN,RTMXM,SRTX
CALL HISTO(CRTXyNSAMP,CRTXNyCRTXXeDy204NYyNT)
WRITE(6,121) ANAME3,D
ARITE(6,122) (1eI=1420) o (NY(J)sJ=1,20) ¢4NT
RMAXM=0.

WRITE(6,4124) CREXALIS)yCREMAUIS)CRTXA(IS)
ARITE(64125) ANAME1,CREXXA,CREXNAyRMAXMA, SRXA
LALL HISTO(CREXAJNSAMP,CREXNAZCREXXAyNy20,NY,NT)
WRITE(6,121) ANAMELl, D
WRITE(6,122) (1sI=1920)y (NY{J)ed=1,20)NT

ARITF(64125) ANAME2,CREMXA,CREMNA,RMINMA, SRMA
CALL HISTNICREMAYNSAMPyCREMNAJCREMXA9Dy20,NYNT)
WRITE(64121) ANAMEZ,D
WRITE(6,122) (140=1,20),(NY(J)sJd=1,20)4NT
NRITE(64125) ANAME3,CRTXXAsCRTXNA,RTMXMA,SRTXA
CALL HISTOD{CRTXA NSAMP ,CRTXNAJCRTXXAyD,s204NY,NT)
WRITE(6,121) ANAME3,D

ARITE(6,4122) (1,31=1420)p INY{J)sd=1420)NT
RMAXMA=0.
RMINMA=0,.

RTMXMA=0,

SRXA=0,
SRMA=0,

SRTXA=0.
AMAXM=0,
RMINM=0,
RTMXM=0,.
SRX=0.
SRM=0.

SRTX=0.
RETURN
FND

XYSTO - STORES ARRAYS X AND Y IN ARRAYS XX AND YY

SHBROUTINE XYSTOUXXyYYsXeYsNoIP)

NOUBLE PRECISION DSEED

UIMENSTION XX{L)oYY( 1) X{N),Y{N),RANDI(4)
TATA SEFD /13.D0/

CALL GGUBS({SEED,N,RAND)

20 1 I=1,N

RAND(I)=—1+2%RAND(T)
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XX{IP)y=X{(1
YY(re)=vy(1
IF(Y(I) .E
[P=]P+]
RFTURN

END

)
i
Q. 0o) YY(IP)=YY(IP)+RAND(I)*.04%

HISTD - COMPUTES HISTOGRAM

SUBROUTINE HISTO(XyNy XMIN¢XMAXyDeNHyNY,NT)
JIMENSION X{1)eNY(NH) yXH(20)
D=( XMAX-XMIN)} /NH
XDUM=XMIN
00 L I=1,NH
NY(T)=0
XH(T)=D+XDUM
XDUM=XH(T)
XH{NH)=XMAX
DO 2 [=1,N
00 3 J=1,NH
[FIX{I) LE. XH(J)) GO TO 2
CONT INUE
IF(J «FQe 1 OR. J .ERQ. 20) WRITE(6,101) X(I)
NY{J)=NY(J) ¢l

FORMAT(15X,5F10.4)
NT=0
DO &4 I=1,NH
NT=NT+NY(I)
RETURN
END
FILE GENE FORTRAN 4/23/80

PROGRAM TO FIND EIGENSOLUTIONS OF A GENERAL MATRIX

SUBROUTINE GENE(AyN,EVRyEVI,EVEC,IS,IPRT)
NIMENSION A(444) ¢EVR(4),EVI(4),EVEC(444)sWORK(25)
COMMON/NNGUT/NOUT

NGUT = 6

CALL WRTMAT({A 49444+ 'A ')

N = 4
[A = &
MODE =
[E = 4
[PRINT = 2

CALL FIGER({AyNyI[A,MODEJEVR,EVIEVEC,IE¢wORK, IPRINT, 'A+B*K ',
LIS, IPRT)

RETURN

END

1

SUBROUTINE ESHIFT(CEVAL,CEVEC,NyNC,EVALR,EVALI,EVEC,AORK,NE)
COMPLEX CEVAL(1)4CEVEC(NC,1),CNORM

DITMENSINN EVALR(1)+FVALI(L) yEVECINE, 1) +WORK(NE, 1)

DIMENSION INDX(1l6)sEVALA(LG)

20 19 [=1,N

EVALR{TI) = REAL{CEVAL{I))
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EVALI(I) = AIMAGICEVAL
EVALA(I) = CABS(CEVAL(
IF{EVALI(I))26415415
EMAX = 0.

NO 20 J=1,N

EMAG = CABS(CEVEC(J,I1))
[F(EMAG.LE-EMAX)GO TO 20

FMAX = FMAG

CNORM = CONJGICEVEC(Jds1))/EMAGHk*2
CONTINUE

N0 22 J=1,N

WORK{JsI) = REAL(CEVEC(Jy1)%CNORMNM)

GO TD 10

N0 28 J=1,yN

WORK(Jy[) = AIMAG{CEVEC(J,I-1)*CNORM)
CONTINUE

CALL ORDER({EVALA,INDXyN¢2;2vALRyEVALI)
N0 30 J=1,N

JJ = INDX(J)

DO 30 I=1,N

FVEC(IsJ) = WORKI(I,JJ)

I =0

I =1+ 1

[F{{.GT.NIRETURN

IF(EVALI(I))45,40,45

EVALI(I) = ABS(EVALI(I))

I =1 +1

EVALI(I) = —FEVALI(I-1)

GO TO 40

END

(r))
I))

ORDER - ORDERS THE ELEMENTS OF A VECTOR 8Y ALGEBRAIC SIZE.
RESULTING PERMUTATION OF THE INDICES 1S RETURNED IN VECTOR TV.
1y THE ELEMENTYS OF VECTOR V1 ARE ALSO REGORDERED

[F MONE
[F MODE

2

SUBROUTINE ORDER(RVeIVyN,MONE,V1,V2)
DIMENSION RVIL),IVIL)sVLI(L)yV2(L)
[FI(N<LE.1)RETURN

J=1-1

[F(RVII).GE.RVIJ}IGO TO 4

CALL SWAP(RV(I),RV{J4))
[F{MONE.GE.1)CALL SWAP(VLI(I),V1(J))
[F{MODE.GE.2)CALL SwAP(V2(I),v2(0J))
KK = V(1)

Ivir) = 1viy)

[viJ) = KK

[F{J.LE.L)SC TC 4

[ =1-1

G0 T 2

CONTINUE

2y BUOTH VECTORS V1 AND V2 ARPLC REOURCERED
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RETURN
END

EIGER ~ CALCULATES THE EIGENVALUES OF A MATRIX (MODE = Q)
OR ROTH EIGENVALUES AND EUGENVECTGCRS (MODE = 1)
THE ZIGENVALUFS ARE GROERED 8Y ABS VALUE
[PRINT CONTROLS THE PRINTOUT
IPRINT = 1, LIST EIGENVALUES ONLY
IPRINY = 2, ALSO LIST EIGFENVECTORS

AOOOOOO0

SURBROUTINE EIGER(A-Ne IAyMODEYEVRyEVIEVEC,IE-WORK,1PRINT,ANAME,
11S,IPRT)

NIMFNSION A(TA,L)4EVECUIFE, L}, EVR(1)yEVI(1),WORK(L)
REAL*8 ANAME

COMPLEX CEVAL(16)+CEVEC(16,16)

COMMON/NNDUT/NPRINT

[FIN.GTL.16)STOPL

[JOB = MODE

IC = 16

CALL FIGRF{AJNyIAyIJOBCEVALJCEVEC, IC +WORKy [ER)
IF{IGROT.OIWRITEINPRINTZ102)IER

102 FORMAT(/,"' ERROR IN EIGRF IER =1,15)
[FIIPRINT.GE«3)JCALL CEVPRT{CEVAL,CEVEC 4Ny IC¢WCRK,MONE)
CALL ESHIFT(CEVALCEVEC )Ny ICoEVRIEVIEVECywORK,IE)
[F(IPRINT.LELO)RETURN
[F(IPRINT.EQ.L)IGO TO 40
[F{{IS=1)/IPRT=*]IPRT .NE«. IS-1) RETURN
[F{MODF.LF.0)GO TO 40
WRITE(NPRINT 104 )Ny, ANAME

104 FORMAT (/" THE'4I3,' ORDER ',A8,' MATRIX HAS?,

1 93Xy "EVAL{REAL) " ¢4 X "EVALIIMAG) ' ¢ 4X ¢ *E=VECTOR"')
N0 30 I=1,N

30 WRITE(NPRINT,103)EVR{IL)EVI({I)(EVECILJ, ) gJd=1,4N)

103 FORMAT(LX,)1P2F14.6,0PL10FL0.64/+(29Xy10F10.5)})
RETURN

40 WRITE(NPRINT y LOSINoANAME, (EVR(IL)yI=1,N)

105 FURMATI(/' THE',I3,"' ORDER *',AB8,' MATRIX HAS FIGENVALUES?
1 ¢+ (REAL)/UIMAG) ', /(1PINELI.5))
WRITE(NPRINT 4 106)(EVI(I),I=14N)

106 FORMATI/(1PL1OEL3.S))

RETURN
END

SURRDUTINE CEVPRT(CEVALCEVECyN,IC,WORKMCDE)
COMPLEX CEVALI(1),CEVECI(IC,1)
NIMENSION WORK{N,yl)
M 10 I=1,M
WIRK(1l,I) = REAL(CEVALI(T))

19 WORK{2,1) = AIMAG(CEVALI(ITL))
CALL WRTMAT(WORK,2yNyNy*E=-VALS ")
DO 20 I=1,N
20 292 J=1,N

20 ANRK (1 4J) = REAL(CEVECI(I,J)}
CALL wRTMAT(WwORK¢NoN,N,'RL E~VEC?)
20 30 I=1,N

133




|

39

aoOn

109

10
101

15
290
102

OO

10

90
100

el akse)

c

Appendix D PERTB Computer Program

D0 30 J=1,N

WORK(I,Jd) = AIMAG(CEVEC(I,J))

CALL WRTMAT (AORKyNyNyNy*I¥ E~VEC*)
RETURN

END

WRTMAT -~ WRITES MATRIX A

SUBROUT INE WRTMAT(A¢NeM, [IAyANAME)
DIMENSION A(TAy1)
COMMON/NNOUT/NPRINT

REAL*3 ANAME
WRITE(NPRINT,100)ANAME )N M
FORMAT(/,* MATRIX *,A843Xe"(*y03,* ROWS X*yI13,* COLS)")
[F(M.LE.10)GO TO 15

N0 10 I=1,N
ARITE(NPRINTLOL)(A(T4J) yJd=1,M)
FORMAT(/,(1P10EL3.5))

RETURN

DO 20 [=1,N
ARTITE(NPRINTy102) (A(I4d) od=1,yM)
FORMAT(1PL10EL3.5)

RETURN

END

MSHIFT — TRANSFERES VECTCRS AND MATRICES

SUBROUT INE MSHIFT(A,B¢NeMyNA,NB)
DIMFNSION A(NA,1),B(NB,1)
CIOMMON/NNOUT/NOUT
[FINGT.MINO(NA,NB))GO TO 90

e 10 I=1,N

00 10 J=1,M
B([vJ) = A(IvJ’
RETURN

WRITE(NOUT,100)NyNA,NB

FORMAT(* *xx ERROR IN MSHIFT #%x%x N,NA,NB=*,315)
RETURN

END

SWAP —~ INTERCHANGES TWO VARABLES

SUBROUTINE SWAP(A,8)
C A

A B

3 C

RETURN

END

w8

Crexreexsxsx  SUBROUTINE APLOT XRRERKKRKK

c

C
c

SUBROUTINF APLOT(Xe Yo NPT NPLOTyXYLIMSywIDTH,HEIGHT,TICKL,

NCASF, XLAL ¢y NXC oy YLBLyNYCyTITL,NTTL,CNAMES,NCINDX)

NOTE THE X{ )y YU ) ARRAYS ARE UNCHANGED IN THIS SUBROUTINE
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APLOT INPUTS:

X({ )=ARRAY NF X~COORDINATES OF POINYS
Y{ )=AKRAY OF Y COORDINATES OF POINTS
NPT{ )=NO. OF POINTS{X,Y PAIRS)IN EACH CuLRVE
NPLOT=NUMBER OF CURVES
XYLIMS(4)=LIMITS OF X AND Y AXES IN THE ORDER XMINyXMAXyYMIN,YMAX
IF XYLIMS( )=0,SCALING IS AUTOMATIC
WINDTH=WIDTH OF PLOT IN INCHES
HEIGHT=HEIGHT OF PLOT IN INCHES
TICKLE=LENGTH OF TICK MARKS ON AXES IN INCHES AND HFIGHT OF SCALE ~NOS
IN INCHES. [IF TICKL [S NEGETIVE,PUT THE vICK MARKS INSIDE AXES
NCASE=A NO. PRINTED AT THE UPPER RIGHT HAND CORNER OF PLOT FOR
INNEXING PURPOSFS.
ALBL( ) = ALPHANUMERIC STRING FOR X—AXIS LABEL
NXC = NUMBER OF CHARACTERS IN X AXIS LABEL
YLBL( )y NYC = LIKEWISE FOR Y AXIS LABEL
TITL( } = ALPHANUMERIC STRING FOR TITLE
NTTL = NUMBER OF CHARACTERS IN TITLE
CMAMES( ) = ARRAY OF FOUR-CHARACTER IDENTIFIERS FOR THE NPLOT CURVES
NCINDX( ) = IMTEGER (.GE.l. AND <LEWMPT( )) INDICATING LCCATION
OF CNAMES IDENTIFIERS FOR EACH CURVE

DUMENSTION X(1)sY (1) 9 XAR(LO)¢NPT(L) 4 XYLIYS(L)
DIMENSION XLBL(1),YLBLUL),TITL(L),CNAMES(L1)NCINDX(1)
CCUMON/NNQUT/NODEV
DATA EPS/1.E-8/
WRITE(NODEV,100INPLOT,NCASEy (NPT(I)I=1,NPLOT)
FORMAT (/' APLOT CALLED NPLOT =*,15,3Xy *NCASE =v,13,3Xy'NPT( ) =
1 y1004,/,(10Xy1014))
00 110 I=1,10
NMNPT = NPT{I)
0 WRITE(NDDEV ¢109) Iy X(I)oY(L®NNPT) Y (14#202),Y(1+303),V(T1+404)

9 FORMAT (2X, [5,*COCRDINATES="y 6F10.4)
[IF(NPLOT.LE.O)RETURN
XMN = XYLIMS(1)
XMX = XYLIMS(2)
YMN = XYLIMS(3)
YMX = XYLIMS(4)
TICK = ABS(TICKL)
HL = L2*TICK
H2 = HL + WIDTH
VI = 9*TICK :
V2 = V1 + HEIGHT

FIND TOTAL NUMBER OF POINTS CN PLOT

NPCINT = 0

DO 2 I=1,NPLOT

MPOIMNT = NPOINT + NPTI(I)
[F{XMN.GE.XMX)GO TO 4
XMIN = XMN

XMAX = XMX
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50 TO 6
4 CALL MINMAX(XyNPOINY¢XMIN,XMAX)
5 [F{YMN.,GE.YMX)GO TO 8

YMIN = YMN

YMAX = YMX

GNh TO 10

CALL MINMAX(Y,NPOINT,YMIN,YMAX)

3

c

g SCALE X-AXES

10 CALL SCALE(XMIN,XMAXyXSTXDEL NXP)
XFIN = XST + XDEL ®NXP
X = XFIN - XST
XF = (H2-H1)/0X

SCALE Y-AXES

eNele]

CALL SCALE(YMIN,YMAX,YST,YDEL,NYP)
YFIN = YST + YDEL®NYP
DY = YFIN - YST
YF = (V2-V1)/DY
WRITE(NODEV ¢ LOLIXMIN XMAX ¢ XSTpXDEL y XFIN,NXP
WRITE(NONEV,102)YMINy YMAX,YST,YDELyYFIN,yNYP

101 FORMAT (/% KMINJXMAX =7, LP2EL4.T 95Xy *XSTARTyXDEL,XFINISH =1,
Ll 3EL10.345X,"NXP =1,14)

lo2 FORMAT (/7' YMINZYMAX =1, 1P2F1447,5X,"YSTARTyYDEL,YFINISH =",
1 3F10.3,5X9'NYP =%,14)

C
C DRAA NUTER BORNFER FOR PLOTS
C
CALL PLOT(HL,V1,3)
CALL PLOT(H2,V1¢2)
CALL PLOT(H2,V2,2)
CALL PLOT(HL,V2,2)
CALL PLOT(HL,V1,2)
C
C [F APPROPRIATE ADD X = 0y Y = 0 AXES
c
77 [F{XSTehTe0eeOReXFINSLT.0.)1GO TO 12

XX = =XST*XF + Hl
CALL PLOT(XX,V1,3)
CALL PLOT(XX,V2,y2)
12 IF(YSTa5Te0..OR.YFINLLT.0.)GO TO 14
YY = ~YST¥YF + V1
CALL PLOT(HL,YY,3)
CALL PLOT(H2,YY,2)
4  CONTINUE

ADD TITLE, X—-AXIS LABEL AND Y—-AXIS LABFL

OO0

HT = TICK

ANG = 0.

ANG90 = 90.

nd = HT

XP = (HLI+H2)/72. — SENTTL*1,5%4D
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[FINTTL.GT<O0)CALL SYMBOL (XPoV2+44*%HT y Lo 5%HT ;TITL, ANG,NTTL)
XP = (HL+H2)/2. = +5%NXC*dD

[F(NXC.GT «0OJCALL SYMBOL(XPgsV1-84%HT,HT 4 XLBL ANGyNXC)

YP = (V1I+V2)/2. = 5%NYC*AD

[FINYC.GT.0)CALL SYMBOL(HLl=1L14*HT,YP4HT,YLBL,ANGSOsNYC)

ADD CASE NUMBER (IF NONZERO) AND DATE

NNG = 0
IF(MCASE.GT «0O)CALL NUMBER(H2+HT,VZ2,HT 4FLOAT(NCASE ) sANG,NDG)
CALL DATIMP(HL,V2¢2*¥HT,HT,'APLQT ‘)

AND X=AXIS TICK MARKS AND SCALE

N = NXP + 1

YY = V1 - 4.*T[CK

DO 22 I=14N

XA = ([I-1)*XDEL*XF

CALL PLOT(HL+XA,V1,3)

CALL PLOT(HL#XA,VLI=-TICKL,2)

XX = HL ¢ XA - 2.*TICK

XR = XST + (I-1)*XDEL

XR = XR + SIGN(EPS,XR)

[FLAQS{XR) «LEL2.%EPS)IXR = 0.

MOGT = MINQ(MAXQ(G,—~TFIX{ALOGLIO{ABS(XR))}+3),8)
[IF(ABS(XR) «LE. 2.%EPS) NDGT=0
CALL NUMBER(XX,YY,HT+XRyANG4NDGT)
CONTINUE

ADD Y-AXIS TICK MARKS AND SCALE

N = NYP + |

XX = V]I = T*¥TICK

M 24 I=1,N

YA = (I-1)*%YDEL*YF

CALL PLOT(HLl,V1+YA,3)

CALL PLUT(HL~=TICKL,V0L+YA,2)

YY = V1 + YA

YR = YST + ({-1)#*YDEL

YR = YR + SIGN(EPS,YR)
IF{ABS{YR)JLE.:«a®EPS)YR = 0.

NDGT = MINO(MAXO(Oy~IFIX(ALOGLO(ABS{YR)))+3),8)
IF{ARS{YR) «LEse 2.%EPS) NDGT=0
CALL NUMBER(XXyYYyHT+YR,ANG,NDGT)
CONT INUE

ADN LAJ3EL FUR EACH CURVE

K =20

20 30 I=1,NPLOT

[F{NCINDXIL).LE.O)GO TO 2%

JPT 2 MAXO(MINO(NCINOX{I) NPT(I))sl)

XX = AMINL(AMAXLI (HLy (X{K+JPT)=XST)*XF+HL) H2)
YY = AMINLOAMAXLA(VL {Y(K+JPT)=YST)I¥YF+V1),V2)
CALL PLOT{XX,YY,3)
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CALL PLOT(XX#+2.#HT,YY+4,*HT,2)
CALL SYMBOL (XX#3«*HT oYY +4*¥HTyHT,CNAMES(I)9ANGo4)
N = NPT(I) - 1

PLOT EACH CURVE

K=K + 1

XX = AMINLCAMAXL{HL,,{X{K)—=XST)*XF+H1l),H2)
YY = AMINL{AMAXL(V]Y,(Y{K)=~YST)*YF+V1),V2)
CALL PLOT{XXsYY,3)

CALL SYMBOL(XXsYY9eO04y1lHa9vOurl)

CALL PLOTIXX,YY,2)

CAL. CIRCLE(XXyYY,.02)

DO 30 J=14N

K=K + 1

AX = AMINLCAMAXL(HL(X{K)-XST)®XF+H1),H2)
YY = AMINL{AMAXL(V],(Y(K)=-YST)®YF+VLl),V2)
CALL PLOT(XXsYY,2)

CALL PLOT{XXsYY,2)

CALL SYMBOL(XXyYYye04ylHe9Ouyl)

IF(J «LEs 3) CALL CIRCLE{(XX+YY4.02)
CONTINUE

RETURN

END

SUBROUTINE SCALE(XMIN)XMAX, STARTL+DELL,NPTS1)
INTX{X) = IFIX{X=e5+SIGN(a54X)})
[F{XMAXaLE<XMINIGO YO 90

XSIZE = XMAX - XMIN

XEXP = ALOGLO{(XSIZE)
Tut? = INTX(XEXP)
XORE = 10 **[EXP

AMTW M = KSTZE/X0ORD

IF{XNORM.,LE.1.6)XMOD = .2
[IFIXNORMeaGT ol e 6« AND o XiHHORMLEe4 ) XMUD = o5
IF{XNORM.GT e4¢« AND . XNORM.LES 8o ) XMOD = 1.
IF(XNORM.GT.83.)XMOD = 2.

DELL = XORD*XMQD

1 10 I=1,30

XMAG = 10.*%([-15)

XPOINT = FLOAT(INTX{XMAG*XMAX))/XMAG
[IFIXPOINT.GELXMIN)IGG TO 20

CONT INUE

GO 1O 90

[SHIFT = (XPOINT-XMIN)/DELL

START! = XPOINT - DE L¥ISHIFT
IF{STARTL.GT.XMIN)STARTL = STARTLl - DEL1
NPTS1 = (XMAX-START1)/DEL1
IF(STARTL+2ELL*(FLOATINPTS1)+.01) LT XMAX)NPTSL = NPTSL + 1
RETURN

WRITE(6,100)XMINs XMAX

FORMAT(//* FRRCR IN SCALE XMINy XMAX =1 ,2E12.4]}
RETURN

END
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QUBROUTINF MINMAX{ Xy Ny XMINy XMAX)
DIMENSION X(1)

XMIN = X(1)

XMAX = X(1)
[F(N.LF<1)RFTURN
D0 10 I=2,N

XMAX = AMAX1(XMAX,X(
XMIN = AMINL(XMIN,X(
RETURN

END

) )
)

Cesxrkikkk®x  SUBRQUTINE DATIME  *kkkkkakkk

c

100

c

SUBROUTINE DATIME(IMO,IDAY,IYR, [HOURS,IMINy AMPM,PNAME,NONEV)

REAL*8 PNAMF

DATA AM/®  AM'/,PM/' PMe/

CALL DATE(IMO,IDAY,IYR)

CALL STIME(ITIME)

XHOURS = FLOAT{ITIME)/10000.

AMPM = AM

IF(XHOURS.GE.12.)AMPM = PM

[F{XHOURS.GE.13.) XHOURS = XHOURS - 12.

[IHOURS = XHOURS

XMIN = {XHDURS = [HOURS)*60.

[MIN = XMIN

[IF{NOUEV.GTQ)WRITE(NODEV,LOO)PNAME IMUy [sAY e IYRy [HOURSy IMIN,AMPM

FORMATI(/' TIME IN "4A8," IS *4A2,'/ " 4A2,' /%, A245Xy12,%21,
[12¢3XyA4%)

RETURN

END

CHexsxiksxs  SURBROCUTINE DATIMP R

c

OO0

SUBROUTINE DATIMPIXP,YP,HT,PNAME)
REAL ¥8 PNAME

COMMON/NNOUT/NODEV
ANG = 0.
WD = J9%HT

CALL DATIME(IMO,IDAY,IYRyIHOURS +IMIN,AMPM,PNAME,NODEV)
XHOURS = THOURS

XMIN = [MIN

CALL SYMBOL{XP,YPsyHT,yI40yANG,2)

CALL SYMBOL(XP+2.*WDyYPyHT, 1H/sANG, 1)

CALL SYMBOL(XP+3.%WD,YP,HT,IDAYANG,2)
CALL SYMBOL(XP#5.%WD,yYPyHT,LH/9ANG, 1)

CALL SYMBOL(XP+6.*WDyYPyHT,IYR,ANG,2)

CALL NUMBER(XP+124%WDyYPyHT y XHOURSyANG,—1)
CALL SYMBOL(XP+l4<*WD,YP,HT,1H: ANG, L)
CALL NUMBER({XP+15.¥WDyYP yHT y XMINyANG,—1)
CALL SYMBOL(XP+18.,%WD,yYP,HT s AMPM,ANG,4)
RETURN

END

FILE PERT INPUT
IT CONTAINS THE INPUT FOR THE MONTGOMERY AIRCRAFT
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GPERY
N=‘4v
M"Z'
[CONT=1,
[PRINT=1000,
[PLOT=2,
XLBL=4HREAL y4H(LAMy 4HDA)
YLAL=4HIMAGy4HINAR,4HY (LA, 4HMDA),
NXC=12y NYC=16,

TITL=4HMONT y,4HGOME s4HRY Ao4H/C C,y4HLOSE.4HD LOy4HOP E44HIGEN,%24HE PE,
4HRTUR g 4HBAT I, 4HONS s y4HP=0o194H (MI,4HN K)y4HTAU=44H 1.0,
NTTL=T72,CNAMES=4H +NCINDX=0,

NSAMP=5,
P=. lo,
A==3,6T7T984E-141+E09y=2.4209E~2+92.53819E~1,3%0ay1.7835E-2,
~3e227T9F=29246TF49E-19y=1210395E-1¢=9.65926E~1,2.6L875EL40.94.461072E-2

A==Te6T18390e91e96959904¢2.0654990a9~2633843F040.,

XK = 1.4941162E~01,-441928029E-)1,1.0535228E~01,2.0296T7LF-02+1.6E+00,
3.6583920E+00,-2.3151423E~01 y~4.7954880E-02,

EEND

GPERT
TITL(13)=4H0.5 » ICONT=1,

XK = 147022794F=014=6.0164034E-01,2.6196051E~014~2.7015290E~02+2.9F+0U,
4. 058 TT9TE+00y~1.1850604E+00,4.8925018E~-01,

SEND

EPERT
TITL(18)=4H0.25,

XK = 142936323E+00,=3.1967T7T41E-0L48.5040188E~01y~1.5637993E+0Ly1.9E+0D,
4.477T8333€E400,3.2358761LE+00,~-1.5113544E+00,

EEND

LPERT
TITLULS)=4HL{RO  TITLIL6)Y=4HBUST,, TITLIL7)=4H) ,TA,TITLI13})=4HU= ,
TITL{19)=4H 1.0,
NTTL=76,

XK=a651329=e385575,40825894—.192548¢1.6028593.467684=T73964—. 50737,

LEND
EPERT
TITL(19)=4H0.5 ,
XK=e043591=e381074e676%49=e24%12.0794993.50049—=eT4Ls—e43224%,
SEND
EPERT
TITL(L19)=4H0.25,
XK=1.0368,=e3599,1.270279-2.322y2.05683,3.81589,-.743469,—.520196,
&END
EPERT
TITLILS)=4H1(LQ,
TITL(L16)=4HR)IRH,
TUTLLLT)=4H0= ,
TITL(13)=4H100 .
NTTL=T2
XK=e3306y=el734,.109183¢-.03913,-.69998,.48287,2.6222,-1.4068,
SFNM
&PERT
TITL(18)=4H1 ’
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XK=1025899~¢1708791.00469+0953,~23068691.0189y5.9393,-1.734,

&END
GPERT

[CONT=0,
TITLU18)=4H0 .04,
XK=5el79~e05937514e8719)1e13099)010645e065447.2623¢-2.5309,

EEND

aXekxNe)

FILE PERT2 INPUT
[T CONTAINS THE INPUT FOR THE HALL A[RCRAFT

&PERT

N=4 ,M=3, [CONT=1,[PRINT=1G00,[PLOT=2,

XLBL=4HREAL ¢ 4H(LAM, 4HDA)

YLBL=4HIMAG 4HINAR,,4HY (LA, 4HMDA)

NXC=12,NYC=16,

TITL=4HHALL +4H AIRy4HCRAF,4HT CL,4HOSED,4H LNO,4HP EI,4HGENV,,HALVE,
4H PERy4HTURB4HATIU 4HNS Py4H=0l o4H(MIN,4H K)T,4HAU= 44H1.0 ,
NTTL=T2,CNAMES=414 + NCINDX=0,

NSAMP=5,

p=ol.'

="3n ’.8'1-"";06'c022'3*0- 000644'-63900 9-.27.—.998g—10.6'0. ,4‘05!
B=—l4-4'3*009105100 "‘2- 5900037'2*00 "’09610-'

XK ==3,9732631F~0Z¢y-4.3598451E-0341.9987654E-02,1.2020696E-02,-9.9E-01,
245593357E+00¢2.1611822E-019-3.6611261E-0394.75162T79€E+00,-9.4E-D1,
~5.4777920E~014y-5.1410699E~01,
LEND
EPERT

TITL(18)=4H0.5
XK=e024699~¢0013944~<e0116692240559403849~.04389y~.301654+.02299+4.14655,
«01147654,~.3113,

GEND
GPERT

TITL(18)=4H0.25,

XK = 3.5695368E-01y-3.9497081E~02y~1.2787379E~02+91.4500313E+00,2.9E~01,

=R,761l8792E~01y-1+2922382E+00+2.6900148E+0093.6100111E+N0,~4.1E+D0,
~1.2453620E+01,1.4150048E+01,

GEND
EPERT

TITLOLS)=4H(ROByTITL(16)=4HUST) ¢ TITL({L17)=4HTAU=,TITL{18)=4HL.0,
XK==203489y.15199~2.63354137833,~.933,2.535+.2175,.00264445.5306,
=+936733,-.6965,~.525889,

SEND
LPERT

TITL{18)=4H 0.5,
XK=.03819/9-.0016245+-2012548,.4133,.0386788,4-.04435,-.27592,
002532559 4.1554449-.12295,.0072384—.3055,

GEND
EPERT

TITL(18)=4H0.25,
XK=.49974,.309131.-3.344.1.46229.-.932129.—5.79063..112387,—.06{13726)
537918y =1.04167,~2.05667,~1.36633,

LEND

&P

FRT

TITLOLS)I=4HILR,TITLIL6)=4H) yRHyTITL(17}=4H0= ,TITL(18)=4HL00 ,
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Appendix D PERTB Computer Program

XK=2045139e00574¢¢0037984e09169402229.011679,.056979,.09242,
0036334~407544y~-.0208,~-.008925,

&END

EPERT
TITL(18)=4H 1.0,
XK=486539=20675779y.0078339.995864~2058595y.0162464.1175,.93989,
-35148,‘.55619.‘-27992;‘-l'

&END

EPERT
ICONT =0,
TITL(18)=4H0.04,
XK=4aB341 1=e 4264ye0278794.989y—e5015+01237,441809¢4.748,1.7639,
~«736144-3.153,-.86026,

LEND
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Appendix E The Sensitivity of Eigenvalues and Eigenvectors

This appendix contains a more complete derivation of equations (16) and
(17) presented in Chapter II. The derivation presented here was taken from
Stewart (1973)5, and more complete discussions of matrix perturbation theory
are available in Horscholder (1964)6 and Wilkenson (1965)7.
As previously described, we assume matrices Aand A + E have eigen-
solutions
Av, = A, v, (E1)
and
(A + E) Vi AL vy (E2)
with llEl!,ui = A% - A; and g; = Vi - v; all small perturbations of order
0 < ¢ << 1, Using the notation and assumptions of Chapter II, we consider
a specific eigenvalue A with corresponding right and left eigenvectors v and
w satisfying
v =, W=, (£3)
Given a unitary matrix (vU], transform A as
[vU]H A [vu] = vHAv VHAU

oy - oMAL
and vHAv = AvHv =,

v = Uaw) = auty) = o,
SO

vl = [+ vMAu

I

[ve"
o Uy
The eigenvalues of UHAy will be those of A less 1 since we have reduced A to

block-triangular form by a similarity transformation. Next expand (E2) as
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(A+E) (v+Up) = (x+u) (v+Up) (E4)
with Ev + AUP = pv + AUP (E5)
since EUP = 0(c?) and wUp = 0 ().

H

Premultiply (E5) by U" to obtain an expression for p;

WMey + UMAUp & ap

or p = (Al - UHau)™1 yHey (E6)
which yields equation (17) in Chapter II.
To derive equation (16), premultiply (E4) by vH to obtain
(VHA + vHE) (v +Up) = (A + u)
v+ yPaup + vHEy + VU =\ 4 .

Use the previous result (E6) to obtain

= viEy + viau (a1 - uRau) T Tutey

+vieu (a1 - uMau)T? oMy
~ - VH
v = 01 vPauar - ey ey (E7)
M
+vieu(ar - uMau)! uhey
2= wey + WPeu o - oMau)t utey (E8)
bl s P ED + pENE par - AT (18)

To proceed from step (E7) to {E8) we used the representation for the left-

eigenvector VH
W= 11 VAU (\I - UHAU)—]] of A. (E9)
H
U

X

This identity can be derived as follows. Let [1 zH] be a left-eigenvector

of the matrix
vul™ ALvu,
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¢ r——— ——

and solve foy zH. Once we find zH, yH is given by
[ H
H Hy |V
y =1[12"] UH . (E10)
S0 -1
L ’
1 z"] H= = A[1 2]
0 UAU]
o+ @D = 1o
or

2Har - uhavy = VM
2 = yHagar - ufau)?
which by (E10) yields (E9) and hence (E8).
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