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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-vector 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, y, 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

2) 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 state is

measurable, a,d find a constdrt 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 l , where

one minimizes the performance index

J = 
I

`^ (xTQx + uTRu)dt
0

with Q positive semi-definite and R positive definite matrices of

appropriate dimension.

2) minimization of the norm of the feedback matrix, II K iI 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 IiKII

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-cif-the-art

in nonlinear progran,iing, 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 bo^!nded

on the right by the maximum real part of eigenvalues, REMAX, and on the left

by the minimum real part of eigenvalues, REMIW. The top and bottom boundaries

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

7
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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
4

a(A)	 { l , a2 , ..., ^nr

Thus the eigenvalue domain can be specified mathematically as

	

REMIN < Re (*% i ) 5 REMAX	 (5)

	

Im (Xi) ^ 
RTOMAX	 (6)

Re (Xi)

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

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

spectral structure of linear systems 3 ' 4 . That is, given any arbitrary control

function u(t)the ti me response of sys
tem /1) 'is

x(t) = eAt x(o) + t e
A(t-T) 

Bu(T)dT.	 (7)
^o

The matrix exponential can be decomposed as

At _	 n	 N i t	 H
e	 -	 e	 viwi

i=1

where v i and wi are the right- and left-eigenvectors of the A matrix, i.e.

	

A v i = :% i v i , w i H A	 i w i H .	 (8)

The eigenvalue problem (8) can be written in matrix form as

A = MJQ	 (9)

where	 J = diag 
( '1' X2' .. . 3 'n)

M = 
[v l v2—"'

 vn]

w 
1H

w2

Q = M-1 -

`vnH

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

system.
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Assume that r of the eigenvalues are real and stable, i.e.

xi =-a i <0, 1 = i,	 4,	 ...,	 r

and that 2c eigenvalues are complex and stable, so that there are c complex

conjugate pairs

ar+j=-'Aj+iaj,	 01j<0

Xr+c+j = 7r+j 
= - a 	 - i^ j , j = 1, 2, ..., c.

Then the matrix exponential can be written as

	

r	 ceAt =	 e-aitEi + -1 e-, (cos(^jt)Fj + sin(^i t)Gj)	 (10)

	

i = 1	 j=1

where E i , F i and G i are the appropriate real projection matrices formed from

the dyad product of right- and left-eigenvectors.

As seen from (7) and (1JI , the rate of decay of the response x(t) of the

closed-loop system is characterized by the time constant

	

z = max ^_l  ... , 1 1 , ... 1}.

a 	 ar O` 1	 01 

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

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

Re (.\ i ) < REMAX impl ies T < REMAX	
(12)

Note that REW,%X 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 (^i)
_< RTOMAX

Re ( N i )

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

equation

x + (2,;,,n ) x + `'^ n2 x = 0.

10



That is, as shown in Figure 1, RTOMAX and 	 are related by the angle

v - TAN-1 (RTOMAX) cos -1
 
W.

In order to have well damped non-oscillatory mo'.:ion in each mode correspond-

ing to a complex closed-loop eigenvalue, one can choose ; >_ .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 left in the complex plane requires large entries in the feedback matrix K,

which is prevented by minimizing 11KIr. 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 is described in

the next chapter.
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II. Eigenvalue Robustness Through Eigenvector Orthogonality

As previously described (9), the closed-loop system is as uated to

have distinct eigenvalues [X V ..., A d where
A+BKaAaMJMI

J - diag (a l , ...,an)

and corresponding (right) eigenvectors

M = [vlv2...vn].

We assume that the closed-loop system matrix A is perturbed as

A t E	 (12)

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

E on the eigenvalues {X 1' ,.., "n1 using first-order perturbdt!on theory.'

Let ; and v represent a particular eigenvalue/eigenvector pair , (possibly

complex) with the e i genvector normalized so that

11 V II _ ( v Hv)1/2 = 1

We will proceed to find approximations to an eigenvalue V and eigenvector

V1 of the perturbed system

(A + E) v' _ X'v'	 (13)

that are near X and v. Since E is small, i.e.

I I E I I = 0(e), 0<e << 1

the differences %'-a and v'-v will also be small, i.e.

X, - A _ u, IM = 0(E)« 1	 (14)

v' - v = q : II g iI = 0(=) <<1 .	 (15)

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

qHv = 0.

In order to obtain expressions for a and q, let U be any n x (n-1) dimen-

sional matrix such that [vU] is n x n and unitary, i.e.

Evu] H EvU] = I,

12



-=	
1

i

so v is orthogonal to each column of U. The perturbation vector q can then be

written as a linear combination of the columns of U, i.e.

q=Up.

The final results

I V - Al _< II E II II w"II + IIE11 2 IlU(aI - U "au) -1UH11

I X '	X I :5 E ll w"II + E2 II( aI - UHAU) -1 Il 	 (16)

and

V, - v = ([ - UHAU) -1 UHE v

I vy	 V I e E II( XI - UHAU)-111	
(17)	

a

are derived in Appendix E . As equation (16) indicates, for small perturba-

tions E the length of the left eigenvector w i corresponding to eigenvalue

1 i provides a measure of the sensitivity of , i to variations in A + BK. Since

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

it follows that

Il wi "Vill = 1•

The angle d i between vectors w i anc v i measured by

8 i = cos

W.Hv.

(18)
-1	 i (w1

Hw1) 1/2 (v1Hv^)1/2

also provides a measure of the length of w i and the sensitivity of X
i 

to

perturbations E. Small angles a i will indicate that w i is small, and there-

fore the eigenvalue X
i 

is "robust".

The second result, equation (17), indicates that the sensitivity of

eigenvector v i is proportional to the distance between eigenvalue ^ i and the

rest if the eigenvalue spectrum of A. Note that U HAU has the same eigenvalue

as A less x,, i.e.

{UHAU} = a(A} - ki.

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

13



the eigenvalue spectrum %{A} to be well separated in the complex plane, i.e.

no two eigenvalues y X  should be closely spaced, or t a i - Xj j should be

maximized for all  # 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)
X=

yaw rate (rad/sec)

sideslip angle (rad)

aileron (rad)

u = rudder (rad)

Yaw control* (rad)

*for Hall a/c only.

The first example is taken from Montgomery and Hatch  (1969) and represents

the lateral dynamics of an early version of the Space Shuttle. The system

and control matrices are:

-0.367984

1.0
A=

-0.024209

-0.258819

0.0 -0.032279 26.18750

0.0 0.267949 0.0

0.0 -0.110395 4.46294

0.017835 -0.955926 -0.091072

-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 Hall 9 (1971). The yaw control is achieved through asymmetric

deflection of drag petals mounted on wing tip tanks.

15



-3.18 0.0 0.63 -10.6

1.0 0.0 0.0 0.0
A=

-0.06 0.0 -0.27 4.18

0.022 0.0644 -0.988 -0.151

-14.4 1.5 7.0

0.0 0.0 0.0
B=

0.0 -2.59 -0.96

0.0 0.037 0.0	 J
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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 (listed 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 line 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 wT.

5

f ( x ) _	 w if i (x)	 (20)
i=1

The scalar functions are defined as
nm	 21/2

fl( x ) = E xi	 =i s K }	 (21)
i=f

f2 (x) =	 max(0, REMIN - Re(Ni))2
i=1

f3 (x) =	 max(0, Re(Y - REMAX)2
i=1

n
f4 (x) 	 max(O, abs(Im(X i )/Re(x i )) - RTOMAX)2

17
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where {N,l I are the eigenvalues of the closed loop system A - A + BK. The

three terms f2 (x), f3 (x), f4 (x) constrain the closed-loop eigenvalues to

remain in the doraain r of the complex plane illustr%ted 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

")
i introduced in Chapter II. As ^ ij goes to 90° for all i ^ j, of goes to

zero.

-1	 viHv.
ij = cos (viHvi) /2 (vJHvJ) /2

n	 i -1

f5(x)	
E L (

ij - 
900)10 1/10

J =2 j-1	 J

The power of ten on each term and the tenth root on the SU mation 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 1. To generate

a robust control law, the program is run with primary weight on the term

f 5(x) and very little or no weight on the fi (x) term.

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

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

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

i5



Figure 2 Flowchart of program NEWSOM

start

^^-	 read namelist NSOMIN from file
NEWSOM INPUT

SKIP > 1	
YES	

IGONT 2:1

NO

i
fIPRINT ? 3, then print out
amelist NSOMIN

stop

if x(1) = -1, then randomize the
elements of the initial K matrix,
K = Ex(j)]

if IPRINT >_ 1, then print out
A and B matrices

compute cost function with initial
K and print out cost terms, eigen-
values and angles between eigen-
vectors

subroutine RANDS computes random

numbers -1 < x(j) < 1, j =1, ...nm

y,J

function COSTF computes cost
function. If IPRINT ? 5,
print partial output;jf TPRINT >
8, print complete output

minimize the function f(x) of the
nm elements of K.

f(t) = WTI * fl(x) + 14172 * f2(x)

+ W173 * f3(x) + WT4 * f4(x)

+ W175 * f5(x)

19

subroutine POWELL minimizes an

unconstrained multivariable function,
call subroutines:

COSTF

RANDIN
MINPT
COSTD
MINPAR

a
r1



P

--4 .
=7	 compute cost

K, and print

if IOUT >_ 1,
NSOMIN on fill

20



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).

i
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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 listed 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 z (or equivalenity REMAX

namely z a 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 r domain (controlled

by wT2, wT3 and wT4), and minimization of {6KJJ (controlled by wTl) or maximiza-

tion of robustness (controlled w175). The LQR controllers were generated with

the performance index wei ghting 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=aIm

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 ^ ij 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 a matrices. These

evaluations are presented in the nexi four chapters.
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Table 2	 Gain Matrices for Montgomery Aircraft

MIN K K MATRIX

_	 1.0
1,4941162E-1 1.0!535228E-1 1.6827383EO -2.3151433E-1`

-4.1928029E-1 2.0296771E-2 3.658392OEO -4.7954880E-2

= 0.5
'

1.7022794E-1 2.6'196051E-1 2,3499689EO -1.1856604"0
-6.0164034E•1 -2.7018290E-2 4.0587797EO 4.8925018E-i

--	 0'25
1.2836323EO 8,5040188E-1 1.3259439"0 3.2358761EO

-3.1967741E-1 -1.5637993E1 4.4778833EO -1.5113544EO

ROBUST K MATRIX

=	 1.0
6.5132E-1 8.2589E-2 1.60285EO -7.393E-1

„ -3.85575E-1 -1.92548E-1 3.46768EO -6,0737E-1

T = 0.5 6.4359E-1 6.764E-1 2.07949EO -7.41E-1
` -3.8107E-1 -2.44E-1 3.5064EO -4.32244E-1

0.25
1.0368EO 1.27027EO 2.05683EO -7.43469E-1

-3.599E-1 -3.22E-'► 3.81589EO -5.2096E-1

LQR	 K MATRIX

u = 100	 3.306E-1 1.0918E-1 -6.9998E-1 2.6222EO
-1.784E-1 -3.913E-2 4.8287E-1 -1.4068EO

.	 = 1	 1.2583"0 1.0046EO -3.068E-1 5.9393EO
-1.7087E-1 9.53E-2 1.0189EO -1.734EO

_	 .04	 5.1'EO 4.8719EO 1.06E-1 7.2623EO
-5.9375E-2 1.1309EO 5.0654EO -2.5309EO
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Table 3 Gain Matrices for Hall Aircraft

`	 MIN K K MATRIX

e -3.97326E-2 1.20207E-2 2.16118E-1
7= 1.0 -4.35985E-3 -9.44925E-1 -3.66113E-3

F 1.99877E-2 2.559;4EO 4.75163EO

2.46900E-2 2.40550E-1 -3,01650E-1
= 0.5 -1.39400E-3 3.84000E-2 2.29900E-2

-1.16600E-2 -4.38000E-2 4.14500EO

3.56954E-1 1.45003EO -1.29224EO
c= 0.25 -3.94971E-2 2.40516E-1 2.69001EO

-1.27874E-2 -8.76188E-1 3.61001EO

-9.48512E-1
-5.47179E-1
-5.14107E-1

-1.46550E-1
1.14765E-2

-3.11300E-1

-4.19082EO
-1.24536E1
1.41500E1

ROBUST K MATRIX

-3.48900E-2 1.37833E-1 2.17500E-1
.	 =	 1.0 1.51900E-1 -9.33000E-1 2.64400E-3

-2.63300E0 2:535OOEO 5,53060EO

3.81900E-2 4.13300E-1 -2.75920E-1
= 0.5 -1.62450E-3 3.86788E-2 2.53255E-2

-1.25480E-2 -4.43500E-2 4.15544EO

4.99740E-1 1,46229EO 1.12387E-1
= 0.25 3.09131E-1 -9.32129E-1 -1.13726E-3

-3,34400EO -5.79063EO 5.97918EO

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

-1.22950E-1
7.23800E-3

-3.05500E-1

-1.04167EO
-2,05667EO
-1.36633EO

QR
	

K MA`'J X

4.51300E-2
. = 100	 5.74000E-3

3.79800E-3

8.65300E-1
= 1	 -6.75770E-2

7.83300E-3

4.83410EO
= 0.04	 -4.26400E-1

2.78700E-2

9.16000E-2
2.22000E-2
1.16790E-2

9.95860E-1
-5.85950E-2
1.62460E-2

4.98000EO
-5.01500E-1
1.23700E-2

5.69790E-2
9.24200E-2
3.63300E-2

1.17500E-1
9.39890E-1
3.51480E-1

4.18090E-1
4.74800EO
1.7639OEO

-7.54000E-2
-2.08000E-2
-8.92500E-3

-5.55190E-1
-2.79920E-1
-1.00000E-1

-7.36140E-1
--3.15300EO
-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 linear 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

6 is the n x in 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

dx = f (x,Y)

we have y i+l r	 + 6 (k l + 2k2 + 2k3 + k4)

where	 k  = 
of ^"i' Yi)

k
k2 = hf k"x i + ^Yi+r)

k
k3=hf^.;i+2aYi+22)

k4 = hf :; i + h, %i + kz)

and h is the step size.

The results of he 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 computes the eigenvalues, eigenvectors

and the angles between the eigenvectors for 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 
7n 

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

printr,at 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 list of variables forming the namelist and their notations

is included in the program listing.

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

0 - roll angle
state variables

r - yaw rate

u - sideslip angle

6a - aileron deflection

Sr - rudder deflection
control variables

Jp - 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-

t ro11ers. These are the Min K controller, Robust controller and LQR control Ie .

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

27



Figure 3 Flowchart for program INTODE

Start

I Read namel i st I

uezermine
a) No. of print columns
b) No. of curves on plot
c) No. of integration/plot/

print steps.

initialize state,control and
auxiliary variables.

compute eigenvalues,eiaen-
vectors and angles between
the ei genvec`.ors. Print.

I
integrate ODEs using Runge I
Kutta fourth order method.

I Print trajectory tab el ^ —	 I

,3 is
there	 yes Plot using printer

any plotting	 and/or versatec
'--rp,quire	 plotter.

no

Is
yes
	

there
another

case?

no

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

feedback matrices for the Nall and Montgomery aircrafts respectively.
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VII Results from Program INw'GDE

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

case 2. Also the control effort, given by
fuT

udt, is the least for the

= 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 T = 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 ( tip = 100, where w, is defined on page 22) requires the minimum control

, ffort but has a settling time much larger than for the other two cases.

The best compromise is offered by case 8 ( = 1).
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Figure 5
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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 ; (or o) decreases, the eigenvalues

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

to t = 0.5 (or r = 1) the time response improves but when T (or o) 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 (1 = 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 (, = 0.5).

Comparison of the results for Robust controller shows that cases 5

(; = 0.5) and b (r = 0.25)give nearly identical response. Case b requires

slightly lower maximum control deflections and overall control effort, where

as case 5 has a slightly smaller settling time. If we compare the overall
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Figure 8
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Figure g
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state deviation (given by fXT x dt) we find that case 6 gives r. 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 R) decreases the time required

to reach steady state also decreases but the total control effort and maximuo

control deflections increase. For case 9 (. M = 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 (w = 1) has a better time response than cases 7 and 9.

Of 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 controller with 	 = 1.0. Here too moving the eigenvalues further

to the left (i.e., making the real part more negative) does not necessarily

clean a better time response.

Figure 10 g ives the plots of the control effort, f u 
, 
u dt. versus state

error	
xT 

x dt for both the aircra ft. As shown, the LQR controller yields

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

is by definition the one which minimizes these integrals.
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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 loop 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,J) = (1 + Rand x P) A (I,J)

where Rand is a random number between -1 and 1

P is a fraction giving the maximum perturbation and PA is the

perturbed A matrix.

Similarly	 PB (I,J) = (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 calculated. The program repeats this for a large number

of samples, typically 1000. Statistics on REMAX, REMIN and RTOMAX 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 eigenvalues 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

listing. As in program INTODE indices ICONT, IPRINT and IPLOT provide

flexibility in program execution. Sample program input f •'les are included

with the program listings ?n the appendixes C	 and D.

f

c
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Figure 11 Flowchart for program PERTB
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Figure 11(cont.)

IC
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A `
	 another
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Stop

REMAX	 max(real part of eigenvalues)

REMIN = min(real part of eigenvalues)

RTOMAX= max(ratio of imaginary to real part of eiqenvalues)
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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 lOs^ 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-

ly, 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 results obtained for Hall aircraft. On studying

the plots we notice that for both Min k and Robust controllers, as z 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 r = 1.0

and : = 0.5. For any particular value of ., the Robust controller gives a

little 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 LQR controller is much more robust than the Min k and Robust controllers.

It should be noted that une unperturbed eigenvaiue for - = 1.0 and two

unperturbed eigenvalues for a = 0.04 are not shown on their respective
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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 T 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 amount 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 Robust controllers.
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Figure 20
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I
X.	 Conclusions 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-

,,inear programming with penalty terms to impose the closed-loop

eigenvalue constraints

X(A + BK) = i

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.

2) 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 clearly 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) Consider improving robustness only for the class of LQR controllers.

Perhaps this can be best achieved by searchin g directly on the

diagonal elements of the Q and R matrices via nonlinear programming

to maximize orthogonality of closed-loop eigenvectors.

2) 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) throttle control of multivariable turbofan engines

c) mathematical examples containing random system and control

matrices to establish general mathematical properties.
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Appendix A NEWS01-1 Computer Program

C	 FILF NEWSO M FORTRAN
C
C	 JULY 22, 1990
C

REAL * A DSFED
Cn &140N/ADATA/N,M,A(4,4),3(4, 3) , X(12)
COMMO'4/BDATA/NVARS,RE4IN,REMAX,RTOMAx#WT1,WT2,WT3,WT4,WT5
C(wMM(?N / IPR I NT / IPRINT
C04MON /K NOUT/NODEV
cnM M UN/ I SEED/ I SEED
NA W FL ( ST/NSOM IN/N, M, FPS, MAXFN, NLOOPS, NSRCH, NOOEV, I PRI NT, ICtINT, 1 o UT

t RE' tNvREMAX , RTOMAX , WTI9WTZ#WT3r 'WT4,WT5.ISKIP,A,B,X
NA4ELIST/NSMOUT/N,.4gA,8,X

C
C INPUTS
C N=DIMENSION OF THE STATE
C M=Dl4FNSION OF CONTROL
C FPS=CONVERGENCE TOLERANCF OF THE POWELL	 ITERATION
C 'JLOOPS=kIAX 	 NO OF POWELL	 ITERATION LOOPS
C NSRCH=MAX NO OF P OINTS ON A LIVE SEARCH
C ,,nflFV=SPFCIFI ES	 THE	 OUTPUT	 DEVICE ( 6=TER,MINAL,8=FILE NEWSOM OUTPUT
C IPRINT=CONTROLS THE AMOUNT OF PRINTOUT.	 1=N()R4AL PRINTOUT
C IC,)NT=1,10 CONTINUE AFTER	 THIS	 CASE
r =n, Tel	

STOP 
AFTER THIS	 CASE

C l0UT=1,TO WRITE NAMELIST BLOCK	 IN OUTPUT
C O,,NOT TO DO	 THIS
C wTI ... WT5 =WFIGHTS USED	 IN COST	 FUNCTION
C RE'IIN=LEFT	 BOUNDARY OF E— VALUE DOMAIN
C REMAX =RIGHT BOUNDARY OF	 E — VALUE DOMAIN
C RT'1MAX=MAXIMUM	 RATIO	 IM(LAMDA)/RF(LAMDA)
C A=N*N SYSTEM MATRIX

B=N *M CONTROL MATRIX
C X=M*N	 INITIAL	 FFEn BACK	 ,MATRIX
C

DATA NCASE/O/
GALL	 9 RRSET (208,256•-1 ► 1 )
ISEFD =	 566387

5 A RE A,)(3rNSO.MIN)
NCASF, = NCASE	 +	 1
IE-(I SKIP.GF.1.AND-ICONT.LE.0)STOP
IF(ISKIP.3E.1)GO	 TO	 5
wRITE(NOUEV,100)NCASE

100 F(lRMAT(//,'	 **********	 PROGRAM NEwSOM	 CASE' , S3)
CALL	 DATIME(IM,IJ,IY,IH ► IMN,AP,'NEWSOM	 ',NOJEV)

C I SFE)	 =	 I H* 100	 +	 14N
IF(IPRINT.GF .3)4RITF(NCOEV,NSOMIN)
NVARS = N*M
IF()((1 ).NE.-1. )GO	 TO	 3
CALL	 RANDS( ISEED,'VVARS,X)
aRITE(NL;D PVt1Jl) ISEED, (X(i) , I=I tNVARS)

1°^1 F,)R',IAT(/,'	 GGURS	 CALLED	 WITH	 ISEED	 =',1201
1 /,'	 RAND	 NOS	 =',l0F7.4,/,(11X,1JF7.4))

6	 1	 =	 1, NVARS

I F (I P RINT.GF.1)CALL	 WRT 4 AT(AvN,Nv41'4	 ')
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Appendix A N EWSOM Computer Program

[ F (IPRINT.GF.1)CALL WRTMAT(9vN,M,4,'8	 ')
(PRINT = (PRINT + 9
FMIN - COSTF(X)
IPRINT - (PRINT _ 8

`L	
CALL POWELL MARS i X,F'4IN # EPS,I PRINT tMAXFN@NLOOPS,1)SRCH)
[PRINT = IPRINT + 3
FM[N = COSTFi X)
IPRINT = IPRINT — 8
Ir([!7UT.f,-E.L)ivRITE(79NSMOUT)
[F(ICONT.GF.1)GO TO 5
STOP
END

C
FUNCTION COSTF(X)
DIMENSION X(1 )rDL(5v5)9D2(5r5)rD3(5r6),D4(5)
C-)4PLFX EIG(5)9EVEC(5,5)
C044ON/AnATA/N ► M• A (4, 4) , B (4, 3) r XX (12 )
COMMON/BDATA/NVARS,RE4IN,REMAX,RTOMAX,WTlvWTZtWT3vWT49u't5
COMMON/IPRINT/IPRINT
CO M 4P N/NCOST/NCOST
COMM(7^J/ NNQU T / NODEV
CO,4 M0N/EIGDAT/ER(5) • EI (5)
NCOST = NUIST + 1
F1 = 3.
F2 = 0.
F3 = 0.
F4 = 0.
F5 = J.
DO 10 I=1 , NVARS

10	 F1 = F1 + X(I)**2
F1 = 4T1*SQRT(F1)
CALL M0LT(B•XrDltN,MvNr4,M,5)
CALL 4ATADD(A,DL,DI,N,N,4,5,5)

C	 1)0 12 1 = 10
C	 Dn 12 J = 10
C12	 )1(I,J) = X(I)*A(I,J)/X(J)

IF( I PRINT. LF.8)GO TO 15
CALL WRTUT ( X, M,N, 4 ,' FEEDBACK' )
CALL WRTMAT(D1,'V,N,5,'A +a *K	 ')

15	 I JJ R = 1
CALL EIrRF(D1•N,5,IJOB,EIarEVECr5vD2vlER)
IF(IFR.GT.OIWRITE(NODEVvll0)IER

100	 FORMAT(/' FRRC'R IN EIGRF IN COSTF 	 IFR =', [3)
00 3O I=1,V
ER([) = REAL(EIG(I))
FI(I) = AIMAG(EIG(1))
I C (FR(I) -LT .RFMI'V)F? = F? + wT2*(ER(I)-REMIN)**2
IF(ER( I).GT.RE4AX)F3 = F3 + .4T3*(ER(I)-RE:4AX)**2
RATIO = ABS(EI(I)/ER([))
IF(RATIO.GT.RTOMAX)F4 = F4 + WT4*(RATIO-RTOMAX)**2
TFuP = 0.
DO 20 J = ItN
")I(J,I) = RFAL(EVEC(J ► I))
02(I,J) = 0.
IF(FI([).LT.0.)01(J,I) = 1IMAC(EVEC(J,I))
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IF(I.EQ.J)D2(I,I) - 1.
20	 TE4P	 TE°A P + D1 (.l, I) **2
30	 n4(I) - S)RT(TE`IP)

DO 38 I - ?,N
[1	 I - 1
10 36 J - 11I1
TF4P = 0.
DO 34 K = 1,N

'A 4	 TF4P s TEMP + D1(K,1)*Dl(K,J)
ARG = TEMP/(D 4(1)*04(J))
03(I,J) = 57.295,3*ACJS(A^4IN1(A3S(ARG)rl.))

36	 F5 = F5 + (90.-D3(I,J))**10
IF(IPRINT.GE .5)
1WRITE(NODEV9104)(I,J,03(I,J),J=t,Il)

104	 F ORMAT(/,5(' ANG',Ilv',' t 1l. 0 =11F7.2))
38	 CONTINUE

F5 = WT5*(F5**.1)
IF(I PRINT.LT .5)GO TO 60
InGT = 0
CALL LFQT2F(01,N,N,5,D2, IDGT,03.--,.)
IF(19R.GT.0)WRITE(N00EV,105)IER

105	 FORMAT (/r' FRROR IN LE"GT2F I'V Cf :) 	 IFR =' , I6)
01N	 0.
92": - 0.
F P R = 0.
90 50 ( = 10
DO 50 J = 19N
TEMP = 0.
DO 45 K = 1,N

45	 TEMP = TEMP + 01(1,K)*02(K,J)
IF(I.FQeJ)TFMP = TEMP - 1.
FRR = FRR + TEWP**2
DIN = Dl  + 1) 1 ( I,J)**2

50	 02N = 02N + D2(I,J)**2
FRR = SqRT(PRR)
=)1N = SQRT(D1N)
')2N = SQPT(02N)

60	 F = Fl + F? + F3 + F4 + F5
COSTF = F
IF(IPRINT.LT.5)RETURN
WRITF(N00EV,106)FRR,0lN,D2N

106	 FORMAT(/,' IN COSTF 	 ERR, DIN. D2N =',IP3E12.4)
riRITE(`J/)DEV ,10S)RE MI14,REM4X,RTOMAX

10S	 FORMAT(/,' RE41N =',G10.3,'	 RFMAX =',G10.3r'	 RTOMAX =',G10.3)
4RITE(NODEV,107)WT1,WT2,WT3,4T4,WT5

107	 FORMAT(/t' WT1,AT2,WT3,WT4j4T5 =1,6G12.5)
WRITE(NOOEV,1"11)Fl,F?IF3,F4,F5,F

131	 FIRMAT(' F1,F2,F3,F4,F5,FT7T =0,6;12.4)
wRITE(NO9EV*'L02)(ER!I)rl=lrN)

10 7 	FORMAT (/,' REAL. F T . , -' r 5G12. 4)
-4RITEPIODFV,103)(EI(I)rI=1,N)

113	 F9R m AT(' IMAG EIG ='95u12.4)
COSTF = F
RETJRN
END

E4

r
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C
C**********	 SUBROUTINE DATIME,	 **********
C

S1J3ROUTINE DATI4E(I40 ► IDAY ► IYR ► IHOURSrI4INvAMPM,PNAME ► NODEV)
REAL*8 PNAMF
DATA AM/ r AM r / ► PM/ ► 	PMr/
CALL OATF,(IMO,IDAY,IYR)
CALL STIME(ITIME)
XHOURS = FLOAT(ITIME)/10000.
AMPM x AM
IF(XH0URS.GE.12.)A4PM = PM
IF(XHOURS.GF .13.)XHOURS = XHOURS - 12.
IHOURS = XHOURS

5	 XMIN = (XHOURS - IHUURS)*60.
IMIN = XMIN
IF(NOQFV.GT.0)WRITE(NODEV ► 100)PNAMErIMOrIOAY ► IYR ► IHOURS ► IMIN, AM PM

100	 FORMAT(/' TIME IN 1 9 A8 1 1 IS ' ► A2 ► r /lvA2 ► r/'tA2#5XvI2rr:#t

1	 I2 ► 3XrA4)
RETURN
END

C
C	 *#********	 SUBROUTINE RANDS	 *******'^**
C

SU9RrjJTINE RANDS(IX ► N ► Z) 	 j

114ENSION Z(1)
DATA 4/1048576/rFM/1048576./rIA/1027/
DO 10 I = LPN
IX = MOD(IA *IXrM)
FX = IX

10	 Z ([ ) = FX/FM
RETURN
r-ND

C,	 FILE POWELL FORTRAN
C

SUBROUTINE POWELL(N•X,F,EPS9IPRINTr,4AXFN ► NLOOPSrNSRCH)
DIMENSION X(1)rDIST(26)rINDX(25)
C9M4MONIDOWEL/NN ► D(26r26) ► P(26:26)rNPCOLrNDCOL

C044PN/ISEED/ISEED
C044ON/OUTPUT/INFO
COMMON/NCOST/NCOST
COMMON/IMINPT/LITPITOr[TIrITPrIGOrNONU
CL'MMON/KNOUT/NODEV
DATA DETMIN/.01/

LIMIT = NLOOPS
LI4S = NSRCH
CALL TIMFON

INFO = IPRINT
NCOST = 0

NONU = 0
N = N

IT	 1
Ni = N + 1
NJ = l . 5*N
F = COSTF(X)
F1 = F
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FOL7 x F
IF(INFO.GE.1)WRITE(NODEV ► 103)N,LIMIT ► LIMS,EPS ► F ► (X(I)r(=1,N)

103	 FORMAT(/' POWELL ITERATION' ►
1	 /' N,LI4IT 9 LIMS=',3I3,', EPS=' ► G12.4v
1	 /' F x',G14.7,
I	 /' X=' ► 5F14s4,/(3X,5F14.4))

IF(INFO.GF.I)WRITE(NODEV1104)
104	 FORMAT(' IT IS LIT ITO ITI ITP IGO NONU NCOST',2X,'COSR' 9X,

I	 'DIST0,L0X,'FRR')
C	 INITIALIZE SEARCH DIRECTIONS

DO I I=1 ► N
P(191) = X(I)

1	 DIST(I) = 1.
DIST(Nl) = 1.

2	 NIT = 1
DET	 1.
Dr, 10 I=10
DO 5 J-1,N

5	 D(J,I) = 0.
10	 D(I,I) = 1.

GO TO 15
1?	 WRITE(NO7EV,105)I,DETeDMAX,ALF
105	 FORMAT(' DN1 REJ I,0ET,0MAX,ALF=',I391P3E14.7)
C	 SEARCH IN N DIRECTIONS
15	 `1MAX = 0.
C	 RANDOMIZE THE ORDER OF CHOOSING THE N SEARCH DIRECTIONS

CALL RANIND(Nv INDX)
IF(IPRINT.GF.3)WRITE(NODEV9107)ISFED ► (INDX(I),I=l ► N)

177	 FORMAT(' ISEED,INOX =',Illr25I3)
DO 20 Ii=1,N

I = INOX(II)
NPUL = II
NDCOL	 I
CALL MINPT(DIST(I),F,EPS,LIMS)
IF(INFq.GF.2)

LWRITE("lrj9FVr100) I,L IT, ITO,ITIsITP, IGO,'(ONUiNCOST,F,DIST(I)
100	 F(IPMATUX05,5I4,I506,ZG13.6)

IF(INFL.GF.2)NONU = 0
IF(ABS(DIST(I)).LF.OMAX)GO TO 18
D ?MAX = ABS(DIST(I) )
IS = I

lA	 DO 20 J=1,N
20	 P(J,II+1) = P(J,II) + DIST(I)*D(J,I)
C	 FIND NEW SEARCH DIRECTION

ALF = 0.
DO 30 J=1,N
D(J,N1) = P(J,N1) -- P(J,1)

30	 ALF = ALF + D(J,N1)**2
ALF = SQRT(ALF)
IF(ALF.EQ-0.)Gil TO 90

C	 NORMALIZE 'VFW SEARCH OIPFCTION
DO 40 J=11N

40	 7(Jr`V1) = D(J,,I1)/ALF
F3 = F2
c2 = F1
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F1 - F
"JPCJL - -V1
NICOL : N1

LI M S = 2*NSRCH
CALL 4INPT ( DIST(N1)rF,EPS,LIMS)

L14S	 NSRCH
ERR	 AMIN1 ( ABS((F— F3) /F),ABS(F))
00 50 J=10
P(Jrl) - P(JiNI) + DIST(N1)*O(J,NL)

50	 X(J) - P(J11)
IF(INFO.GE.I)

1WRITE(NOOEV, LOO) IT, IS,LIT, [TOY I TI • ITP, IGOtNONU,PJC(lSf, F,DI ST(Nl)
1	 F ►R R

101	 FORMAT(1X,I29I3,5I4rI5,[6,3G13.b)
I F (I NFO. GF . 1).NONU = 0

IF(INFO . GF.4)HRITF ( NODEV , 102)(X(K),K=1rN)
102 FORMAT(' X =',1P5E13.6,(3X,5El3.6))

IF(ERR . LE.EPS.AND.IT . GE .?)GO TO 90
IF(IT.GF . LIMIT ) GO TO 90

I F ("d C']ST. GE. MAXFN) GU TO 90
IT - IT + 1
IF(NIT. ;F.N2)G0, TO 2
NIT = NIT + 1

C	 CAFCK TO SEE IF THE ,,EW SEARCH OItIEr;TIF]n, Slj:]ULD BE USED
OETN = OET*OMAX/ALF
IF( DETN.LT .DETMIN)GO TO 12
Do 60 J=11N

60	 n(J,IS) = D(J.N1)
7IST(IS) = DIST(Nl)
JET = DETN
GO TO 15

90	 CONTINUE
CALL TIMECK(,NTIMF)
TIME = NTIME/100.

iRITE(Nf,'OFV,106) IT,NCOST , FOLO , F,TIME, (X([ ), I=1,N)
106	 FORMAT(/' SEARCH COMPLETE AFTER',I3,' ITERATIONS AND',[5,

1' FUNCTION CALLS. • ,/' INITIAL COST =',1PE14.7,', FINAL COST .7,
1 E14.7,'	 TIME = ',0PF10.5r//' X =',1P'iE14.7,/(4X,5E14.7))

RETURN
END

C
SJBROUTINE COSTD(DIST,COSTrDMIN,CMIN)

Cl],%1'ION / PnWEL /NNr0(26,26),P(26 , 26),NP-UL,NDCOL
r,DM'A ON/IMINPT/LIT, ITO, IT ► , ITP, IGO,NONU
C'IMMON/OUTPUT/INFO

CO'4'40'`J/NNCIJT/ NOUEV
014ENSTIN X(25)
^r, 10 I=Iv,NN

10	 X(1) = P(I,NPCOL) + DIST*0(I,NDCOL)
COST = COSTFM

IF(C OST.GF.CMIN)GO TO 20
CMIN = COST
DMIN = DIST

29	 IF( INF'n.GF.4)wRITF(N,)OFV, 100) IGn,OIST,COST,DMIN,CMIN
10?	 F RMAT (' iGC=' , 11,' D I ST=' , ;1'0.3,' COST=' ,G 14.7,
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y

1	 I 9MIN= 0 010.30 CMINx*,G14.7)
RETURN
FND

C
SUIPOUTINE MINPT(DMV4#CMIN,EPS,LI'4IT)
C04'40v/[.'41&JPT/IT, ITO, ITI, ITPv IGO PNONU

COMMON/NNOUT/NODEV
COMMIN/IPRINT/IPRINT

DATA 3IG,0TAU/1.E10#.1180339886/
DATA 0IST4N/l.E-6/,VBIG/1.E20/

0 = D'1 I N
3ZERO - 0.
Cl INN	 V31 G
[ GO = 3
CALL t:OSTD((.FRO,C,DMIN•CMIN)

cn = C
IF(ABS(0).LT.DISTMN)D = DIST:MN
DELTA - ABS(D)/2.
02 = 0.
C2 = C
SIDE = SIGN(1.,D)

r

C	 IT = Mt,. OF POINTS IN LINE SEARCH
C	 ITP = NO. OF PARABOLIC FITS
C	 (TO = NO. OF OUTWARD STEPS
C	 ITI = NO. OF INWARD STEPS
v	 IGO	 0 FOR EXIT ON OUTWARD SFARCH
C	 1 FOR EXIT ON INWAPO SEARCH
C	 2 FOR 9 XIT ON PARABOLIC SEARCH
C

IT = 0
ITO = 0

ITO = 0
ITI = 0

C
C	 9FG IN TFAF OUTWARD SEARCH
C

IGO = 0
D1 = -BIG
D3 = BIG

Cl = VBIG
C3 = VBIG

G11, Tn 20
C
C	 CHANGE THE DIRECTION OF THE OUTWARD SEARCH
C
10	 I9 ► D.GT.D2)G0 TO 12

OL = a
Cl =
GO TO 14

12	 ') 3 = D
C3 = C

1•+	 IP(')1.GT.-3IG.AND.13.LT.BIG)GO TO 35
SIDE = -SIDE

r
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C	 TAKE AA OUTWAPD STEP
C
20	 [TO = ITO + 1

I F (IT.GT.1)DELTA = DELTA*2.
D = D2 ' SIDE*DELTA

IF(IPRINT.GE.4)WRITE(NODEV,100)D19D2rD3,C1rC2rC3
100	 FORMAT(/,3X,'DL'r11X,'02 1 r11X•'D3'r11X t OC1',11X,'C2'r11X,'C3')

1	 /, 1 X, 6G 13.6 )
CALL COSTD(D,CrDMIN,CMIN)

IF(IT.GE.LIMIT)RETURN
IT = IT + 1
IF(C.GT.C2)GO TO 10
[F(D2.GT.D)GO TO 16
01 = D2
Cl = C2
GO TO 18

16	 03 = D2
C3 = C2

18	 02 = D
C2 = C
GO TO 20

C
C	 THIS COMPLETES THE OUTWARD SEARCH, NOS; DO INWARD SEARCH

35	 IGO = 1
GO TO 45

40	 IF(MOD(IT—IPLAST93))45,45,50
C
C	 DO PARABOLIC FIT
C
45	 IGO = 2

DTEST = . 7*ABS(D1—D3)
CALL 4INPAR(DL,L)2,D3,C1rC2rC3,CO,EPSrICONV,DMIN,CMIN)

ITP = ITP + 1
IT = IT + 1
IF(IT.GE .LIMIT)RETURN

IF(ICONV.EQ.2)RETURN
IF(ABS(71-- 1)3).LE.DTFST)GO TO 45

C
C	 GIVE UP ON PARABOLIC SEARCH AND GO TO INWARD GOLDEN SECTION SEARCH
C

IPLAST = IT
02 = (03+01)/2.  — S I DE*DTAU* (03—D 1 )

IGO = 1
IF(IPQINT.GE.4)WRITE(NODEV,1.01)DL,O3,C1rC3

101	 FORMAT(/,3X,'1311r24X,'D30,11X,'CL',24X,'C3'9
1	 /,LY,G13.6,13X,2G13.6913X,G13.6)
CALL COc(n(D2,C2,9HIN,C4IN)
IF(C2.6T.A,MIN1(C1,C3) )NGNU = NONU + L
IF(C2.GT,A:ItN1(C1rC3).AND.IPRINT.GE.4)

1	 WRITE(NODEV,102)D1r02,D3,C1,C2rC3
102	 F OR M AT(/,' CAUTION... FUNCTION IS NOT tJNIMCIDAL. 01-3, C1-3 =',

1	 /,1X16G10.3)
r

C	 TAKE AN INWARD STEP
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C
50	 1) _ ('t)3+01)/2. + S'IDF*DTAU*(03--D1)

IF( IPRINT.GE.4)WRITE(NODEV, 100)DLvD2rO3,C1rC2,C3
CALL COSTD(OrC,DrMIN#CMIN)
IF(C.GT.A4IN1(C1rC3))NONU z NONU + 1
IF(C. i,T.AMIN1(ClvC3).A:N!),IPRINT.GE .4)

1	 4RITE(NODEVr103)DL,92,D3,D,C1rC2,C3,C
101	 FORMAT U,' CAUT ION... FUNCTION IS NOT UN I MODAL. D1-30v

1	 ,'C1-3rC =',/, 1X,+3G10.3)
ITI = ITI + 1
FRR = AMIN1(APS(C)rANS((C—C?)/C2))
IF (( kil.LE.EPS.AND.C.LT.CO )RETURN
IF( IT.GE .LIMIT)RETURN
IT = IT + 1
SInE = SIGN(1.r(C2—C)*SIDE)
DT = D
CT = C
IF(C.GT.C2)GO TO 60
DT = 02
CT = C2
02 = 0
C2 = C

60	 IF(SIDE.GT .O.)GO TO 62
D3 = DT
C3 = CT
GO TO 40

62	 01 - DT
Cl = CT
'30 TO 40
END

C
SUBROUTINF MINPAR(X1rX2,X3,F1 ► F2lF3,FU,FPrICONV,DMINrCMIN)

C044ON/NN(3UT/ NODE V
C094ON/TPRINT/IPRINT
IC l)NV = 0

Al = X2 — X3
4? = X3 — X1
Al = X1 — X?
`)FN = FL*A1 + F2*A2 + F3*A3
IF(l)F,N.F).O.)RETURN
BL a= X2**2 — X3**2
3? = X3**? — X1**2
13 = X1**2 — X2**L
X4 = .5*(F1*BI+F2*5?+F3*B3)/DEN
IF(X4.LF.XI.OR.X4.GE;.X3)RETURN

IF(IPRINT.;,F.4)WRITE(NOOEV, 100)Xl,X2,X3,F1,F;.<<
100	 F =ORMAT(/,3X,'DL',11X,'D2",11X,'03',11X,'C1',k,' ',,,,r?',11X,'C3'^

1	 /,1X,6G13.b)

CALL C(ISTD(X4,F4,D4IN,CM[N)
[F( F 4.GT.AMINL(Fl,F3) )N0NU = NONU + 1
I F (F4.GT.AlI IN L (F1,F3) .ANtD. I PRINT.GF .4)

I	 WRITE(,NODEV,101)X1,Xd,X3tX4,Fl,F3oF3tF4
11)1	 F!)RMAT(/,' CAUTION. ..FUNCTION IS NOT JN1 14 0DA(..	 t11-4,C1-4 -',

1	 /,1X,8G10.3)

E=R = A4IN1 (ABS(F4),ABS((F4— F?) /F?) )
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i

IF(FR.LE.EP.AND.F4.LT.FU)ICONV 	 a

IF(F4-F2)l0rl0,12
to XT = X2

FT s F2
X2 = X4
F2 a F4
IF(X4-XT)14,14,16

14	 X3 = XT
F3 = FT
RETURN

16 X1 = XT
F1 = FT
RETURN

12	 IF(X4-X2)18,1F3,20
la X1 = X4

F1 = F4
RETURN

20 X3 = X4
F3 = F4
RFTURN

C
S1J8R1,IIJTINF RANIND(N, INOX)
Pl4rNSION INDX(1)•IND(25),RAND(25)
REAL* q DSEED
COMM0N/ISFFD/ISFF0
CO ki k10N/"4V1OUT /NODE V
hD in I=1,N

10	 IND(I)	 I
C	 t4RITF°(Ni)DFV,100)ISFED,N,DSEE!)
loo	 90R4AT(/,' IN RANDINr	 ISFEDi N,DSEED =',I12,I4,1P014.6)

CALL RANDS(ISEED,N,RAND)
C	 t4RIi'F(NODFV,101)N,DSEEII,(RAND(I)tl=ltN)
10L	 FORMAT(/,' AFTER GGURS IS CALLED,	 N,7SEED =1,I4,1PDl4.6,

1	 /,'	 RAND =1 ► 10F8.5)In 10 h=?,N
I = "J + ?	 K
RI r I
It = IFIX(RI*RAND([)) + 1
II = %(AXV(I,MINO(I,II))
INDX(I) = IND(II)
IF(II.F-),I)GO TO 20
II1 = It + 1
DO 1" J=II1,I

19	 IND(J-1) = IND(J)
?o	 CONTINUE

IN1)X( 1) = I N D { 1 )
IFTURN
F=Nn

C	 F I LF WRT44T FORTRAN,,  At
C
C	 i/.i/ 79
C	 FILE "FUTILITY SUiRLIUTINFS TO SUP P ORT V15E FORTRAN Al
C
C	 14RT44T - ':,ENERAL MATRIX JUTPUT S08ROUTINE

it
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C

SUBROUTINE WRTMAT(A,N ► MrIA,ANAMF,.)
DIMENSION A(IAvI)
COMMON/KNOUT/NPRINT
RFAL*A ANAMF
WRITC(NPRINT,100)ANAMErNrM

100	 FnRMAT(/r' MATRIX 'rA6r3Xr'('rl3 ► '
IF(4.LE.10)GO TO 15
00 10 I=1 ► ..N

10	 WRITE(NPRINT,101)(A(I,J),J=1rM)
101	 FCIRMAT (/ ► (1 P10E13.5) )

RETURN
15	 CIO 20 I=1rN
20	 WRITE(NPRINTr102)(A(19J) ► J=lv4)
102	 FORMAT(1P10F13.5)

RETIJRN
END

C
C	 TRANSP - TRANSPOSES A MATRIX
C

RUwS A , , 13, 1 COLS)')

SUBROUTINE TRANSP(A,N1,N20A)
014FNSinN A(NA ► 1)
COMMON/KNOUT/NOUT
M = 4AXO(N1,N2)
IF(4.GT.NA.OR.M,LE.0)G0 TO 90
41 = M-1
00 10 I=1rMl
11 = I + 1
DC 10 J=IIrM
TEMP = A(I,J)
A(I ► J) = A(J,I)

10
	

A(J / I ) = TEMP
RETURN

Q0
	

WRITF(NnUT,100)N1,N2,NA
110
	

FORMAT(' *** ERROR IN TRANSP *** N102rNA =1,314)
RETURN
END

C
c
	

MULT - MATRIX MULTIPLICATION
C

SUBROUTINE MULT(A,B,C,N ► L,M,NA,NBrNC)
DIMENSION A(NA,l),R(NB,1),C(NC91)
DOUBLE PRECISICON TEMP
C04 MON /NNOUT/NOUT
I F (N.GT.MINO(NAINC).OR.L.GT.NB)GO TO 90
00 20 I=10
10 20 J=114
TEMP = 0.
DO 10 K=1,L

10
	

TFMP = TE MP + DBLE(A(I,K))*)BLE(d(K,J))
20
	

C(I,J) = TEMP
RETURN

90
	

WPl TE(NJUT,100)N,NA,NC,LrNB
130
	

FOR MAT(' *** ERROR IN MULT *** N,NA,NCvLtNB='r515)
RETURN
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END
C
C	 MSHIFT — TRANSFERES VECTORS AND MATRICES
C

SUBROUTINE MSHIFT(A,BvN,H,NA ► NB)
OfMENSIO N A(NA,L),B(NB,11
CrOMMON/KNOUT/NOUT
IF(N.GT.!" lN0(NArNB) )GO TO 90
DO 10 I=1,N
OO 10 J =194

10	 B(I,J) = A(I,J)
RETURN

90	 WR I T E (N;OUT, 100) N 9 NA, NB
100	 FORMAT(' *** ERROR IN MSHIFT *** NvNA#NB='•315)

RETURN
ENO

C
c	 4ATADD - MATRIX ADDITION
C

SU13ROUTINF MATADO(A,B,C,N,4,NA,N0jNC)
DIMFNSION A(NA,l)9B(NB,I),C(NC,1)
COM40N/KNOUT/NOUT
IF(N.GT.'MINO(NA,NB,NC) )G0 TO 90
!O 10 [=1,N
00 10 J=1,M

10	 C(IrJ) = A(I,J) + B(I,J)
RETURN

q 0	 WRITE(N0UT,100)N,NA,NB,NC
100	 FORMAT(' *** ERROR IN MATADD {* N,N4,NB,NC=',4I5)

RFTURN
END

C
C	 MATSUB - 4ATRIX SUBTRACTION
C

SMOUTINE MATSUB(A,g,C,N,M,NA,NB,NC)
'.?I4ENSItON A(NA,1),3(NBvl),C(NC,1)
CIOMMON/KNOUT/NOUT
IF(N.;T.MINO(NA,NB,NC))GO TO 90
DO 10 I=1,N
00 10 J=1rM

10	 C(I,J) = A(I,J) - 3(I,J)
RETURN

)0	 WRITF(NnUT,l00)N,NA,NB,NC
100	 FORMAT(' *** ERROR IN 'SAT SUB *** N, NA, N B, .NC=' , 4I 5 )

RETURN
END

C
C	 SWAP - INTERCHANGES TWO V4RABLES
C

SUPiROUTINE SWAP(A•B)
C = A
A 
6 
4ETURN
F`!D
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C
C	 MSMULT — MATRIX*SCALAR MULTIPL ICATIUN
C

SUBROUTINE MSMULT(SrA,N,M,NA)
DIMENSION A(NA,l)
00 10 I=194
00 10 J=1,M

10	 A(I ► J) = S*A(I,J)
RETURN
END

C
C	 ZERO — FILLS A MATRIX WITH ZEROS
C

SUBROUTINE ZERO(A,N,M,NA)
DIMENSION A(NA,1)
nO LO I=1,N
DO 10 J=1,M

10	 A(I,J) = 0.
RETURN
END

C
C
C
C	 IMAT — LOADS AN ARRAY WITH THE IDENTITY MATRIX
C

SUBROUTINE IMAT(AfN,NA)
OIMFNSION A(NA,1)
DO 10 I=1,N
00 5 J=1,N

5	 A(I,J) = 0.
10	 A(I,I) = 1.

RETURN
FNO

C
C
C	 ANORM — CALCULATES THE RSS NORM OF A MATRIX
f7

FUNCTION ANORM(A,NL,N?.,NA)
;DIMENSION A(NA,1)
COMMON/NNOUT/NOUT
IF(N1.GT.NA )GO TO 90
ANORM = 0.
DO 10 I=1,N1
00 10 J=1,N2

10	 ANORM = ANORM + A (I , J) **2
ANORM = S©RT(ANORM)
RETURN

90	 WRITE(NOUT,100)NrNA
100	 FORMAT ( l *** ERROR IN ANORM *** N, NA =' , 2 I 5 )

PETURN
C	 FILE NFWSO4 INPUT
r

C	 JULY 22, 1980
C
f,NSOMIN

74



Appendix A NEWSOM Computer program

N = 4 1 M = 21
EPS = 1.E-7,
4AXFN = 50009
NLOOP S - 40 ►
NSRCH = 12,
NODFV = 6,
[PRINT - It
ICONT = 1,
ICUT = 0,
WTI	 .01, WT2	 100. ► elT3 = 500. 9 WT4 = 100.,
WT5 = 20.,
R EMIN = -20. 1 RFMAX = -x 1. 9 RTOMAX = .5,
A	 -0.367984 ► 1. ► -0.024209, 0.254819, 3*0. 1 0.011835 ► -0.032279.

0,,267949, -0.110395, -0.965926, 26.1875 9 0. ► 4.46294, -0.091072,
9 = -7.67191, 0•1 1.96959 9 0. ► 2.06549 9 0.9 - 2.33843 ► 5*0.9
X =.1894 ► -.633,.359,.01327 ► 2.366 ► 4.14149-1.313,.b683,

X = .14949-.4193 ► .10549.020311.6827,
3,658,-.2315x-.04795,

X = .6431 9 - . 4288 ► .1054 9 - . 2476 1 1.68271
3.6":8, -.73356 ► -.047899

cm
&NSIM I N
RFMAX = -2. ►

£END
LNSOMIN
RE,•IAX = -4.t
SEND
&NSnMIN
M = 3,

I - -3.1n 9 1., -0.06 ► 3.022.3*0., 0.0644, 0.63, 0., -U.`7, -0.998j
-1`J.6r 0., 4.18, -0.151,

g = -14.4, 3*0., 1.5, 0. ► -2.591 O.U37, 2*0., -3.96, 0.,
X=-2.23E-8,-3.5E-8,3.43E-9,1.73E-1J ► .45,-.92,-1.8,-1.76 ► 10.7,78,-5.9

X = -3.91;'-21-4.56F-311.99F-2 ► 1.232E-2,-.9449,
5593,.21612,-3.6611E-3,4.7516,-.94851,

-.54779,-.5141,
X = -.11498p . 15196, -2.6329 1 . 1379, -.93-1951

• 51 53, •2175, 2.6445E-3, 5.5306, -.9673,
-.6955, -.5259,

RFMAX
&END
&NSL341N
REMAX = -2.9

&FNM
&NSC)MIN
RFMAX = -4.,
ICONT = 0,

E Elvin
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C
C	 FILE LINEAR FORTRAN
C

REAL A(10,10)tB(10,10)rC(10ilO)tQ(10,10)tR(10r10)
REAL K(10,10)rG(10,10),ACL(1Ot10)rQl(1Ot10),XC(10)tUE('10)
REAL A1(10,10)r3l(10,10)tUREF(10)
COMMON/INOU/KIN,KOUT

CO4M0N/MAINZ/N0IMvOU4I(10,10)
COMMON/MAIN V OUMM 0,10)
COMM3N/PLOT/SCALE,ARRAY(101ri1)
K I'V=3

KOUT=4
NOIM=10
N=4
M=3

IR=4

CALL MATIO(N,N,A,4)
C	 CALL EQUATE(N,N,A1tA)

CALL MATIO(N,M,B,4)
C	 CALL FQUATE( NrMtBlt3)

CALL MATIO(IR,N,C,4)
CALL 4ATI0(N,N•Qr4)
CALL MATIO(M,MtR,4)
CALL CON(N,M,A,B,NCS)
CALL ORS( NtN,A ,C,NCS)
CALL REG(NrM,At8,RrQtKtGrACL)

C	 CALL VECTIO(N,XC;4)
C	 CALL VECTIO(M,UE,4)
CC	 CALL VECTIO(M,UREF,4)

CALL MATI0(M,NrG,4)
C	 CALL LTRACK(A1,N,B1,4rG,XC,UE)

STOP
ENO

C

C	 SUBROUTINE REG
C

SUBROUTINE REG(N,M,A,B,R,Q,XoG,ACL)
DIMENSION A(1),B(1),R(1),Q(1),X(I),G(1)rACL(1)
DIMENSION RR(30),RI(30)
COMMON/MAINZ/NOIM,DUM1(1)
C'O M MO'N/MAIN2/DUM2(1 )
COMMON/INOU/ KIN,KOUT
IF(NDIM.LT .N) WRITE(KOUT,1000)
IF(Nf7I4.LT.4) WRITE(KOUT,1000)
IF(NDIM.LT .N) CALL EXIT
IF(NDIM.LT.M) CALL EXIT

1000 FORMAT(/,16H DIMENSION ERROR,/)

CALL MEIGV(NtA,RRrRI)
WRITE(KOUT,200)

YIRITF(KOUT, 300) (RR(I) ► RI(I) , I=1,N)
CALL E*UATE(M,M,DUMltR)

CALL ';NINV(N,Mr0UM1,OUM2 ► MR,O)
CALL 4AT4(N,M,0U42rB,G)

CALL MRIC(N,a,G,Q,X,ACL)
CALL. F,,,UATE(M,M,DUMJrR)
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CALL, G,MI4V(M ► M ► DUMI ► DUM2,4R ► 0)
CALL. 4AT6(M ► M ► N,3UM2 ► B ► DUM1)
CALL MMUL(DUML ► X ► M ► N ► N ► G)
WRITE(KOUT ► 60)
CALL MATIC(N ► N ► X ► 3)
WRITE (KOUT ► 70)
CALL MATIO(N ► N ► ACL ► 3)
CALL MEIGV(N.ACL ► RRvRI!
WRITF(KOUT ► 400)
WRITE(KOUT ► 300)(RR(I) ► RI(I)tl=L,N)
wRITE(KOUT190)
CALL MATIO(M ► N ► G,3)

60 FORMAT(//,19H RICATTI SOUTION K,/)
70 FOR4AT(// ► 31H OPTIaMAL CLOSED LOOP MATRIX ACL ► /)
80 FORMAT(//922H OPTIMAL GAIN MATRIX G ► /)
200 FORMAT(/ 9 22H OPEN LOOP EIGENVALUES ► /)
300 FmR4AT(13H REAL PART = ► E10.3 ► 13H IMAG PART = ► E10.3)
400 FORMAT(/ 1 27H CLOSEn LOOP FIGENVALUFS = ► /)

RETURN
END

C

C	 SUFRnUTINE MRIC
C

SJ'^ROUT IN F MR IC(N, A, S, '# X, Z )
)IMENSION A(1) ► S(1)t0(1) ► X(1)17"(1)tTR(30)*TIMES(3)
C0M4ON/MAIN1/ND14,F(1)
C34M0N/(NnU/KIN ► KOUT
N0141=NDIM+1

TIMES(1)=.5
TIMES(?)=2.0
TI4ES(3)=4.0
NN=N*NDIM
T1=—.5'AL0G(XNOR'N(ti ► 0)+.J001)
IF(T1.LT.-1.0)T1=-1.0/T1

IF(A93S(T1).LT.1.0)T1=1.0

T2=1.*N/(1.+XNORA(N,A))*T1
T1=T2

KEY=O
5 KEY=KEY +l
10 00 15 I=1,N

70 15 J=I,NN ► NOIM
15 X(J)=—S(J)

CALL INTEG(N ► A ► X ► Z ► —T1)
CALL FACTOR(N ► Z ► F ► MR)

C	 :)OSSI'ILE UNCONTROLLABILITY IF 4R.NE.N
IF(MR.EA.-1) CALL, MATIO('+IvN ► Z,3)

I F ( MR.EQ.-1) CALL EXIT
CALL MINV(N ► N ► F ► ZPMR#3)
CALL MAT2(N ► Nr?,Z ► X)

C	 A+SX IS STABLE
TOL=1.E-5
ADV=TOL*1.E-7
'NN=N*N C I M
NH 1=N-1
Dr 19 I=1 ► N
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TR(I)--1.0
19 CONTINUF,

ML1=TOL/10.
14AXI T=30+N
00 40 IT=I,MAX[T
CALL MMUL(S,X,N,N,N,F)
CALL MMUL(X,FeN ► N,N,Z)
DO 20 I=1,NN,NDIM
lI=I+NM1
DO 20 J=I,YI
X(J)=AiJ)—F(J)

20 Z(J)-Z(J)+0(J)
CALL MLINEO(N,X,Z,X,TUL1)
L=0
C L =') . O
II=1
JO 25 I=1,N
IF(A9S( X (II)—TR(I)).LT.(ADV+TOL*X([i))) L=L+1
Tk(X)=X(II)
IT=[I+NDIM1

25 CI=Cl+TR(I)
IF(ABS(C1).GT.1.FZ0) GO TO 50
IF(L.^IE..N) GO TO 40
CALL GMINV(N,NoZ,F,4R,0)
CALL MMUL(S,X,NvN,N,Z)
WKITEIKOUT,27)IT

27 FORMAT(17HORICCATI SOLN IN ,I2,11H ITERATIONS)
00 30 1=19NN,N©IM
I T=I+`JM1
DO 30 J=I,II

10 Z(J)=A(J)—Z(J)
IF(MR.NE.N)NRITE(KOUT,35)MR

35 FORMAT(26HORICCATI SOLD) 1S PSD--RANKI3)
RFTURN

40 CONTINUF
'd RITE(KnUT,45)"4AXIT,T1

45	 F`JRMAT (26HOR I CCAT I NON —CO'NVE P GENT I NI2, L 1H I TERAT I ONS, 12H I N r7lZAL.
1 T=FLJ.5)
GO TO 60

50 WRITE(KOUT,55)IT,TI
55 PnR4AT(29HORICCATI BLOW JP AT ITERATIONI2,12H INITIAL T=F10.5)
60 IF(KEY.E0.4)CALL EXIT

T1=T2*TIMFS(KEY)
WRITF(KOUT,6S)TL

65 F IIRMAT (14HORE SET 14I TH T=F 10.5 )
GO TO 5
FN7

C
C	 SUBROUTINE MLINEO
C

SUBROUTINE MLINEO(N,A,C,X,TOL)
C	 SOLVES AIX+XA+C=O
C	 A AND X CAN 3F IN SAME LOCATIO."i IF OESIREO
C	 ANSWFR RETURNED IN C AND X

01 14FNSIGN A( I)IC(I),X(1)tPR(30),R1(30)
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COM40N/4AINZ/NDIM,F(1)
C(lMMt1N/4AIN2/Y (1)
COMMON/INOU/KIN,KOUT
NDIM1=NDIM+1
OT-.5
QT1=0.
NN=N*NDIM
00 5 II=1rNN,NDIML

5 DT1=DTI+ABS(A(fl))
OT1=DT1/N
IF(OT1.GT.4.0) OT=DT*4.0/DT1
II=1
00 20 I=1,N
DO 15 JJ=I#NN,NDIM

15 Y(JJ)=DT*A(JJ)
Y(II)=Y(II)—.5

20 II=II+NDIM1
CALL GMINV(N,NrY,F,MR,I)
CALL EQUATE(NrN,Y,A)
T F(MR.EQ.N) ;0 TO 21
I T=0
DO 18 I=1,NN,NDI41

L8 C(I)=1.E25
GO TO 95

21 CALL MMUL(CrF,N,N,N,X)
C	 INITIALIZATION OF X,F

I=1
00 40 II=1,11N,NDIM
J=it
I F (I . Eta. 1 ) GO TO 30
nO 25 JJ=I,II,NDIM
C(J)=C(JJ)

25 J=J+1
30 I D=J

00 35 JJ=IIrNN,ND14
C(J)=DT*70T(N,F((I),X(JJ))

?5 J=J+1
F(ID)=F(ID)+1.0

40 1=1+1
50 ADV=TOL*1.E-7

00 90 IT= 1, 30
NEZ=O
SIZE=0.0

CALL MMUL(C,F,N,N,N,X)
I=1
II=1
J='1
GO Tn 70

60 J=II
DO 65 JJ-^zl,it ► NDIM
C(J)=-C(JJl

65 J=J+1

70 10=J
DT1=C(J)
00 75 JJ=IIrNN,N9rM
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C(J)=C(J)+DOT(N,F(I1!#X(JJ))
75 J-J+.1

J=J-1
n0 8o JJ-IIiJ

AO X(JJ)=F(JJ)
IF(ABS(C(IO)-OTL).LT.(ADV+TOL*ABS(C(ID)) )) NEZ-NEZ*1
I=I+1
II=II*NDIM
SIZE-SIZE+D1'1
IF(I.LE.N) GO TO 60
IF(NEZ.FQ.N) GO TO 150
IF(ABS(SIZE).3T.1,F25) 50 TO 95
CALL MMUL(X,X,N•N,N,F)
CEINTINUE
WRITE(KOUT,100)IT
FORMAT(33HOLIN EQN ALGORITHM NON-CONVERGENT1I3,lOHITERATIO NS)
PIRITF(KOUTt110)
FORMAT(35HOA MATRIX EIGENVALUES..REAL	 IMAJ)
CALL MEIGV(N,Y,RR,RI)
WRITE(KOUT,120)(RR(I),RI(I)tl=l#N)
FORMAT(18X,1P2E12.3)120
CONTINUE150
CALL FQUATE(N,N,X,C)
RETURN
END

SUBROUTINE INTEG

SUBROUTINE INTEG(N,A,C,S,T)
S=INTEGRAL EA*C*EA' FROM 0 TO T
C IS DESTROYED
DIMENSION A(1),C(1),S(1),COEF(l5)
C00 MON/MAIN1/NDIM,X(1)
NDI41=jNQIM+1
NN=N*NDIM
NMI=N-1
NT=13
NT'41=NT-1
IND=O
A NOR M=XN[IRM("It A)
DT=T

5 IF (ANORM*ABS(DT).LE.0.5) GO TO 10
DT=DT/2.
IND=IND+1
G n TO 5

10 DO 15 I=ItNV,NDIM
J=I+NML
00 15 JJ=I,J

15 S (JJ )=DT*C( JJ )
T1=0T**2/2.
DO 25 IT=3,1T
CALL 4MUL(A,C,N,N9N,X)
On 20 1=10
Ii=(I-1)*NDI4
00 20 JJ=IrNN,NOIM

C
C
C

C
C

90
95
100

110
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II=II+1
C(JJ)=(X(JJ)+X(II)) *T1

20 S(JJ)=S(JJ)+C(JJ)
25 T1-DT/FLOAT(IT)

I F (I ND. E9.0 ) GCS TO 100
C OFF(NT}-1.0
00 30 I=I,NTml
IIsNT—I

30 C()FF (I I )- r)T*COEF ( I I+1) /FLOAT( 1)
DO 40 I =lvN N,NDIM
I I=1
J-I+NM1
DO 35 JJ=I,J

35 X(JJ)-A(JJ)*COEF(1)
X(II)=X(II)+COFF(2)

40 II=II +NDI41
00 55 L =3rNT
CALL MMUL(ArXrN,N•N,C)
11-1
T1=COEF(L)
nP 55 I=L,NNrNDIM
J=I+NMI
00 50 JJ=I,J

50 X(JJ)=C(JJ)
X(II)=X(11)+T1

55 I1=II+NDIM1
C	 X =EXP(A*DT)

L=O
60 L=L+i

CALL 4MUL(X,S,N,N,N,C)
11=1
00 90 I =10N
J=II
IF (I.EO.1) GO TO 75
On 70 JJ =I,II,NDIM
S(JJ)=S(J)

7 0 J =J+ 1
75 DO 35 JJ=I,N

KK=JJ
00 90 K= I , NN, "!0 I M
S(J)= S(J)+C(K)*X(KK)

;0 KK=KK+NDIM
95 J= J+ND[M

0n 97 JJ=I,"J,NPNDI`1
37 C(JJ)=X(JJ)
90 II=II+NOIM

IF(L.EO.IND) GO TO 100
CALL 4MVL(C,C,Nrl,NrX)
a0 TO 60

100 C0 14T I NUE
RETURN
Eva

r_
r.	 SU5ROUTINE GMINV
rV

81



Appendix B LINEAR Computer P-ogram

SUBROUTINE GMINV(NR,NCvAtU#MR,MT)
014FNSION A(1),U(1),S(30)
C(IMMON/MAIN1/NDIM
COMMDN/INOU/KIN,KCUT
NOIM1=NDIM+1
TOL=L.E-14
A I) V=1. E-24
MP=NC
NRMI=NR-1
TOL1=0.
JJ-1
no 10 J=1,NC
S(J)=DOT(NR,A(JJ),A(JJ))
IF(S(J).GT.TOL1)TOL1=S(J )

10 JJ=JJ+NC► IM
Tr)LI=ADV*TOL1
ADV=TOL 1
JJ=1
DO 100 J=1,NC
FAC=S(J)
JM1=J-1
JRM=JJ+NRM1
.1C4=JJ+JM1
DO 20 I's J J, JCM

?0 lj( I )=0.
U(JCM)=1.0
IF(J.EQ.1) GO TO 54
KK=1
00 30 K=1,JM1
IF(S(K).EQ.1.0) GO TO 30
TEMP =-DOT(NR,A(JJ),A(KK) )
CALL VADO(K,TEMP,U(JJ),U(KK))

30 KK=KK+NDIM
DO 50 L=1,2
KK=1
DO 50 K=1,JM1
IF(S(K).EQ.O.) G7 TO 50
TFMP= —r)OT(NR, A(.JJ),A(KK) )
CALL VADO(NR,TEMP,A(JJ),A(KK))
CALL VADJ(KrTEMP,U(JJ),U(KK))

50 KK=KK+NDIM
TOIL 1=TCL*FAC+ADV
FAC=DOLT( NR,A(JJ) ,A(JJ) )

54 IF(FAC.GT.TOL1) GO TO 70
00 55 I=JJ,JRM

55 A(I)=0.
S(J)=O.
KK=1
DO 65 K=1,JM1
IF(5(K).E$).0.) GO TO 65
TEMP= —COT(K,'J(KK),U(JJ) )
CALL VaD0(^1R,TEMP,A(JJ),A(KK))

65 KK=KK+NDIM
=AC=DCT(.J,U(JJ),U(JJ) )
MR=MR-1
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Gn TO 75
70 S(J)=1.0

KK=1
00 72 K= 1,JM1
IF(S(K).EQ.1.) GO TO 72
TEMP =—DOT(NR,A(JJ),A(KK) )
CALL VADD(K,TEMP,U(JJ),U(KK))

72 KK=KK+NDIM
75 FAC=1./SART(FAC)

00 80 I=JJ,JRM
80 A([)=A(I)*FAC

DO 85 I=JJ,JCM
85 U (I) =U(i) *FAC
100 JJ=JJ+NDIM

IF(MR.EQ.NR.OR.MR.EQ.NC ) GO TO 120
IF(MT.NE.0)WRITE(KOUT,110)NR,NC,MR

110 FOR 4AT(I3,1HX,I2,8H M: RANKP I2)
120 NEND=NC*NDIM

J J=1
00 135 J=1,NC
DO !25 I=1,NR
IY=I—J
S(I)=0.
00 125 KK=JJ,NEND,NOIM

125 S(I)=S('I)+A(II+KK)*U(KK)
II=J
00 t30 I=1,NR
U(II)=S(I)

130 II=II+NDIM
135 JJ JJ+NDIM1

RETURN
END

C
C	 SUBROUTINE FACTOR
C

SUBROUTINE FACTOR(N,A,S,MR)
C	 A=S6 S

DIMENSION A(1),S(1)
COMMON/MAINZ/NDIM
COMMON/INOU/KIN,KOUT
NDIMI=NDIM+1
M=0
NN=N*NDIM
TOL=1.E-7
TOL1=0.
00 1 I=1,NN,NDIMI
R-A3S(A(T))

1 IF(R.GT.TOL1)TOL1=R
TOLL=TCLt*I.E-12
II=1
DO 50 I=1,N
IM1=I-1
10 5 JJ=I,NN,N0IM

5 S(JJ)=0.
IJ=I1+IM1

83



Appendix B LINEAR Computer Program

R = A(IQ)-DOT(IM1v S(I [ ), S([ I) )
IF(A8S(R).LT.(TOL*A(ID)+TOL1)) GO TO 50
IF (R) 15r50,20

15 MR=-1
WRITF(KOUT91000)

1000 FORm AT(37HOTRIED TO FACTOR AN KNOEFIN[TE MATRIX)
RETURN

20 S(ID)=SQRT(R)
MR=MR+1
IF (I.EQ.N) RETURN
L=I[+NDIM
DO 25 JJ=LrNN,NDIM
IJ=JJ+[M1

25 S(IJ)=(A(IJ)-DOT(IM1,S(II),S(JJ)))/S(ID)
50 iI=II+NDIM

RETURN
END

C
C	 SUBROUTINE MEIGV
C

SUBROUTINE MEIGV(N,ArRR,RI)
D14ENSION A(1),RR(1),RI(1)rC(31)rTFMP(30)
COMMON/MAIN1 /NDIM,X(1)
NDIMI=NDIM+1
NN=N*NDIM
DO 1 1=1,N
00 1 J=l,NNrNDIM

1 X(.1)=A(J)
C(N+1)=1.0
L=1

5 C1=0.0
DO 10 I=1rNN,NDIM1

10 C1=C1 -X(I )
C 1=C 1/FLOAT (L)
I=N+1-L
C(I)=C1
DO 15 1=1,NN,NDIM1

15 X(I)=X([)+C1
IF(L.FQ.Nf GO TO 50
00 40 I=1 rN
JJ=1
DO 79 J=I,NN,NDIM
!" 1=0.
KK=J—(
DO 25 K=IrNNrNDIM
KK=KK¢1

25 CI =C1+X(K)*A(KK)
TE'AP(JJ)=C1

35 JJ=JJ+1
JJ=1
00 40 J= I9NN,NIDIM
X(J)=TF4P(JJ)

40 JJ=JJ+1
L=L+1
GO TO 5
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50 CALL POLRT(C,N,RR,RI)
RETURN
END

C
C
	

SUBROUTINE POLRT
C

SUBROUTINE POLRT(A,N,U,V)
C
	

DETERMINES THE ROOTS OF A`4 N — TH OROER POYNOMIAL
C
	

X**N + A(N)*X**(N-1) + ... + A(1) = 0
C
	

WHERE:	 U(N) WILL CONTAIN THE ROOT REAL PARTS
C
	

V(N) WILL CONTAIN ROOT IMAGINARY PARTS
C

	

	
AM WILL BE DEST; • JYED DURING COMPUTATION

DIMENSION A(1),U(1),V(1)
1 NR = N

10	 IF (NR-2) 6lr71,11
11	 IF (A(1)) 20,12920
12 U(NR) = 0.0

V(NR) = 0.0
NR = NR— i

CALL VECTFQ(NR,A(2),A(1))
GO TO 10

20 E4IN = 1.
TOL = .1
V4 = 1.0
P = 0.
Q - 0.
R = 0.0

30 U(NR) = A(NR) — P
U(NR-1) = A(NR-1) — P*U(NR) — Q
V(NR) = U(NR) — F
V(NR-11 = U(NR-1) — P*V(NR) — Q
I = NR-2

35 U(I) = AM	 (P*U(I+1) + Q*U(I+2))
V(I) = U(I) — (P*V(I+L) + Q*V(I+2);
I = I-1
IF (I.GT.0) GO TO 35

40	 IF (A(2)) 42,41,42
col	 F = U(2)/4(1)

GO TO 43
42	 E = U(2)/A(f2)
43	 F = AMAX1(ARS(E)91.OE-6)*AMAX1IABS(U(1)/411)),L.0E-6)

IF (E.LE.I.E -12) GO TO 70
IF (E.GE.EMIN) GO TO 44

C
	

THIS FORCES FMIN TO HOLD STEADY FOR 5 ITERATIONS
EMIN = E
TOL. = EMIN*0.7
GO TO 45

C
	

THIS WILL ALLOW AN ERROR X*EMIN ONLY AFTER N ITERAT19NS
r	 WHERE X = (1.1)**N

44 IF (E.LT.TOL) Gn TO 70
45 '-BAR = V(2) - U(2)

IF (NR.GT.3) V4 = V(4)
0 = V(3) **2 - C3AR*104
IF (D) 47,46,47

46 P = P - 2.0
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A = Q*(Q+1.0)
GO TO 50

47	 P = P + (I,)(2)*V(3)	 U( 1)*V4)/D
Q = Q + ( — U(2 1 )*CBAR + U(1)*V(3))/D

50 U(NR) = A (NR', + R
V(NR) = U(NR) + R
I = NR — 1

55 U(I) = AM + R*U(I+1)
V(I ) = U(I ) + R*V(I{, 1 )
I = I-1
IF (I.GT.0) GO TO 55
F = ABS (U(1)/A(1))
IF (F.LE.1.E-12) GO tU 60
IF (E.GE.EMIN) GO TO 56
EM INN = E

TOL = EMIN*0.7
GO TO 57

56 IF (F.LT.TOL) GO TO 60
57	 IF (V(2).NF..0) GO TO 58

R = R+l.
GO TO 59

59	 R = R - U(I)/V(2)
59 TOL = TOL*1.1

GO TO 30
C	 STORF A SINGLE REAL ROOT

60 CALL VECTEQ(NR-1,U(2)rA)
GO TO 62

61 R = -A(1)
62 U(NR) = R

V(NR) = 0.0
NR = NR-1
GO TO 80

C	 STORE A PAIR OF ROOTS
70 CALL VFCT€--Q(NR-29U(3),A)

GO TO 72
71 P = AM

Q = A(l)
72 P = (-0.5)*P

D = P*P - Q
IF (0) 75,78,78

75 U(NR) = P
U(NR-1) = P
V(NR) = -SQRT(-D)
V(NR-1) = -V(NR)
GO TO 79

78	 V(NR) = 0-.0
V(NR-1) = 0.0
D = ABS(P) + SQRT(D)
IF (P.LT.O.0) D = -0

U(NR) = 0
U(NR-1) = Q/D

79 NR •= NR-2
80	 IF (NR.GT.0) GO TO 10

RETURN
END
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C
C	 SUBROUTINE FQUATE
C

SUBROUTINE EQUATE(NR,NC,A,B)
DIMENSION AM O( 1)
COMMON /MAINZ /NDIM
NN=NC*NDIM
NRI=NR-1
DO 1 J=1,NNODI.M
II=J+NR1
DO 1 IJ=J, I I
A(IJ)=B(IJ)

1 CONTINUE
RFTURN
END

C
C	 SUBROUTINF MAT4
C

SUBROUTINE -4AT4(NL,N2,X,Y,Z)
C	 Z=YXY' X= X' IS N2XN2, Y IS N1XN2, Z IS NIXN1

DIMENSION X(1),Y(1)9Z(1)
COMMON/MAIN1/NDIM
CALL MMUL(Y,X,N1,N2,N2,Z)
NN2=N2*NDI4
DO 5 I=1,N1
IM1=I-1
II=I41*NDI4
JJ=I+II
DO 3 J=I,N1
T E4P=O.
KK=J
DO 1 K=I,NN2,NDIM
TEMP=TEMP+Y(K)*Z(KK)

1 KK =K K+ND 14
Z(JJ)=TEMP

3 JJ =JJ+NDIM
JJ=I
K=II+1
KK=I I+("41
DO 5 J=K,KK
Z(JJ)=Z(J)
JJ=JJ +NDIM

5 CONTINUE
RETURN
F^J0

C
C	 SUBROUTINE MATE
C

SUBROUTINE 4A76(NL,N2,N3,X,Y,Z)
DIMENSION X(1) ► Y(l),Z(I)

C

	

	 COMPUTE Z =XY I WHEN X IS NIXN2, Y IS N3XN2, Z IS N1XN3
COMMON/MAINI/NDIM
DO 2 I=1,N1
90 2 ,)=1,N3
TM=0.
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DO 1 K=1,N2
1 TM=TM+X(I +(K-1)*NDIM)*Y(J+(K-1)*NDIM)
2 Z(I+(J -1)*NDIM)=TM

RETURN
END

C
G	 SUBROUTINE MMUL
C

SUBROUTINE MMUL(X•Y,NLrN2,N3vZ)
DIMENSION X(1),Y(1),Z(1)
COMMON/MA[N1/NDIM
NEND3=NDIM*N3
NE.ND2=NDIM*N2
DO 1 [=1,N1
00 1 J=I,NENi)3rNDIM
TM=O.
K=I
KK=J—I

5 KK=KK+1
TM=TM+X(K)*Y(KK)
K=K+NDIM
IF(K.LE.NEND2) GO TO 5

1 Z(J)=TM
RETURN
END

C
C	 SUBROUTINE MATIO
C

SUBROUTINE MAT[0(NR,NC,XvIO)
OIMENSION X(1)
COMMON/MAINZ/NDIM
C0lM ON/INOU/KIN,KOUT
JEND=NC*NDIM
IF(IO.EQ.4) GO TO 40
I F (IO.EQ.3)j0 TO 20

5 CONTINUE
C
C	 I NPUT
C

DO 10 I=1,NR
RE.aD(KIN,1000)(X(IJ),IJ= I,JEND,NDIW)

10 CONTINUE
IF(IO.EQ.1)RETURN

c
C	 OUTPUT
C

20 O il 30 I= 1,NR
NRITE(KOU1,1001)(X(IJ)aIJ=I,JEND,NDIM)

30 CO OJT I NUE
39, TO 50

C
C	 TITLE
C

40 READ(Kr.ItIO02)
WRITE(KOUT,1003)
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WRITE(KOUT,1002)
WRITE(KOUT,1004)
GO TO 5

50 CONTINUE
1000 FORMAT(8E10.0)
1001 FORMAT(1X•1P10E13.4)
1002 FORMAT(LX•79H

C	 )
1003 FORMAT(/ /)
1004 FORMAT(/)

RETURN
END
FUNCTION DOT (NR, A• B)
OIMFNSION A(1),B(1)
DOT=O.
DO 1 I=1•NR

1 90T=9OT+A(I)*B(I)
RETURN
ENO

C
C	 SUBROUTINE VAOD
C

SUSKJUTINE VADO(N,C1,A,B)
DIMENSION A(1),B(1)
00 1 I=11N

1 A(I)=A(I)+C1*B(I)
RETURN
END
FUNCTION XNORM(N•A)

C

	

	 C04PUTES AN APPROXIMATION
DIMENSION A(1)
COM410N/MAINZ/NDI4
NDIMI=NDIM+I
NN=N *N() I M
C1=0.
TR,=A (1 )
IF(N.E).1) GO TO 20
I=2
00 10 I I=NDI M1,NN,NDIM
J=II
DO 5 JJ=I•II,NDIaM
C1=CI+ABS(A(J)*A(JJ))

5 J=J+I
T P =TR+A(J )

10 I=1+1
TR=TR/FLOAT(N)
DO 15 II=19NN,N0I41

15 C1=C1+(A(IT)•—TR)*$2
20 XNORM=AiS(TR)+SORT(C1)

RETURN
ENO

C
C	 SURROUT INE MA'(2
C

SUBROUTINE 4AT2(N1,N2,X,Y,Z)

TO NORM OF A-- NOT A BOUND
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C	 Z=XY' X,Y=N1*N2,Z=Z'
C	 Z AND Y CAN BE EQUIVALENT

DIMENSION X(1)9Y(1),Z(1)
COMMON/MAIN1/NDI4
NDIMI=NDIM+1
NN2=N2 *NDIM
II=1
00 10 I=1,N1
IJ=II
DO 5 J=I,N1
Z(IJ)=00T2(NN2,X(I),Y(J))

5 IJ=IJ*NDIM
J=II
IJ=J

3 I,I=IJ-NDIM
IF(IJ.LT.I) GO TO 10
J=J-1
Z(IJ)=Z(J)
GO, TO 3

10 1:1=1101DIM1
RETURN
END
FUNCTION JOT2(NN,A#B)
D[MENSION A(L),B(1)
COMMON/MAINZ/NDIM
DOT2=0
DO I I=1,NN,NOIM
DOT2=nOT2+4(1)*B(I)

1 CONTINUE
RFTURN
FND

C
C	 SURROUTINE REGSIM
C

SJBROUTINE RF-GSI'4(N,4,IR,ACL,G,C,X0,DT,NS,NP)
DIMENSION ACL(l),G(1),C(1),X0(1)
COMMON/MAINI/NDIM,DUM1(1)
COMMON/INOU/KIN,KOUT
IF(ND[M.LT.v) WRITE(KOUT,1000)
IF(NDIM.LT .M) WRITE(KOUT110UO)
IF(ND[ M .LT.[R) WRITE.(KOUT,Ln00)
IF(ND[M.LT.N) CALL EXIT
[F(NDIM.LT .M) CALL EXIT
IF(NDIM.LT.IR ) CALL EXIT

1000 FORMAT(/,16H DIMENSION ERROR,/)
LOGICAL CONT
CJNT=.TRUE.
CALL LNSIM2(N,IR,ACL,C,XO,DT,NS,NP,4,G,CONT)
RETURN
END

C
C	 SUBROUTINE LNSIM2
C

SUBROUTINE LNSIu2(N, R,A,C,XO,DT,NSTEPS,NPRPL,.4,G,CONT)
914FNSION A(l),C(1),X0(1),G(1)
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"DIMENSION X(30),Y(30),INOEX(30),NSYM(1),U(30)
INTEGER R,RP1
LOGICAL CONT
COMMON/INOU/KIN,KOUT
COMMON/PLOT/SCALE#ARRAY(1)
COMMON/MAIN1/NDIM OUM1(1)
COMMO NI/MAIN2/FA(1 )
LO'GICAL PRINT,PLOT
IF(CANT) CALL MSCALE(M,N,G,-1.0,G)
RP1=R+1
NR=NSTEPS+1
NC=R+1
IF(CONT) NC=NC+M
PLOT=.TRUE.
PRINT=.TRUE.
IF(NPRPL.LT .0) PRINT=.FALSE.
IF(NPRPL.FO.0) PLOT= .FALSE.
IF(NPRPL.E0.0) GO TO 1
IF(NSTFPS.GT .( 50*SCALE)) NKITE(KOUT,2000)
IF(NSTEPS.GT .( 50*SCALE)) CALL EXIT

2000 FORMAT(/,12H SCALE ERROR,/)
1 CALL MEXP(N ► A,UT,EA)

T=Q.
CALL VMMUL(R,N,C,XO,Y)
IF(CONT) CALL VMMUL(M,N,G,XO,U)
IF(.NOT.PRINT) GO TO 5
IF(.NOT.CONT) WRITE(KOUT,80)
IF(CONT) WRITE(KOUT,85)
WRITF(KOUT990)
IF(CONT) WRITE(KOUT,95)
WRITE(KOUT,100) T
WRITE(KJUT,105)(Y(I),I=1*R)
TF(CONT) WRITE(KOUT,105)(U(I),I=1,M

5 IF(.NOT.PLOT)-GO TO 9
ARRAY(1)=T
DO 6 J=2,RP1

6 ARRAY(1+(J-1)*NR)=Y(J-1)
IF(.NnT.CONT) CO TO 9
DO 7 J-1,M

7 ARRAY(1+(R+J)*NR)=U(J)
9 00 60 K=1,NSTEPS

CALL VMMUL(N,NfEA,XO,X)
CALL VECTEQ(N,X,X(i)
CALL VMMU).(R,N,C,XO,Y)
T=K*nT
IF(CONT) CALL V'4'4UL(M,N,GvX,U)
IF(. NOT. PRINT) GO TO 54

52 WRITE(KOUT,100) T
WRITE(KOUT,105)(Y(I),I=1,R)
IF(CONT) WRIrE(KOUT,105)(U(Il,i=1,4)

54 1F(.}NOT.PL`7T) GO TO 60
DO 58 J=2,RPI

5,g ARRAY(1+K+(J-1)`NR)=V(J-1)
ARRAY (1+K)=K*^T
IF(.NOT.CONT) GO TO 60
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DO 59 J=1 ► `M

59 ARRAY(1+K+(R+J)*NR)=U(J)
60 CONTINUE

IF(CONT) CALL MSCALE(440*G ► ,-1.0 ► G)
IF(.NGT.PLOT) GO TO 120
NSYM(1) =13
NVAR=1
NHORZ=50*SCALE+1
NGRIDH=5*SCALE
N snR T=0
DO 65 I = 1 *R
INDEX(1)=I
W RITE(KOUT,110) I

65 CALL PRNPLT(NR,NC ► NVAR,ARRAY?INDEX•NHORZoNGRIDH,NSORT
IF(.NOT.CONT) GO TO 120
NSYM(1)=12
DO 70 1=19M
INDEX(1)=R+I
WR[TE(KOUTr115) I

70 CALL PRNPLT(NR►NCtNVAR*ARRAY,[NDEX*NHORZ*NGRIDH#NSORT
90 FORMATU928H SIMULATION OF LINEAR SYSTEM*/)
85 FOR4AT(/ * 31H SIMULATION OF LINFkR REGULATOR,/)
90 FORMAT(11H	 OUTPUT Y)
95 FOR4AT(12H	 CONTROL W

100 F]R4AT( / ► 5H T = •F5.21/)
105 FOR4AT(1X ► OPIOEI3.40
110 FOR4AT(1H1,/ ► 31X,1HY,I2 ► 12H VERSUS TIME)
115 f:-0RMAT(1H1 * / ► 31X.1HU ► I2 ► 12H VFRSUS TIME)
120 Cn NTINUF

RETURN
END

C
C
	

SUBROUTINE MEXF
C

SUBROUTINE HEXP(N ► A ► T ► EA)
D14ENSIOI A(1),E4(1),C(30),0(31) ► E(30)
CO44ON/44INZ/NDI4 ► X(I)
ND IM 1=ND IM+1
NN=NDI4*N
N41=N-1
I F (N. GT. 1) GO TO 5
EA(1)=EXP(T*A(1))
RETURN

5 W=1.0
DO 10 I=1 ► NN ► NDI4
[ L =(+NM1
00 10 J=I ► IL

10 EA(J)=A%J)
C1=XNORM('V,A)
INO=O
L=1
T1=T

15 IF(A8S(Tl*Cl).LE.3.0) GJ TO 20
T1=T1/2.
I ND= I 'ID+ 1

* NSY114)

,NSYM)
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i
Gn TO 15

20 C2=0.

00 25 I=1,NN,NDIM1
25 C2=C2—EA(I)

C2=C2/FLOAT(L)
C(L)=C2
r)(L+1)=0.
II=N+1—L
E(II)=H
iI=1
DO 35 I=1,NN,'4DIM
IL=I+NM1
DO 30 J=I,IL

30 X(J)=FA(J)
X(11)=X(II)+C2

35 II=II+NDIM1
IF(L.EQ.N) GO TO 40
CALL MMUL(X,A#N#N#N,EA)
W=W*T1/FLOAT(L)
L=L+1
GO TO 20

40 CONTINUE
C
	

CAN CHECK X:0 FOR ACCURACY
J=N+25
Dn 50 L=N,J
D el 45 K=1,N
O(K)=(D(K+1)—W *C(K))*T1/FLOAT(L)

45 E(K)=E(K)+D(K)
50 ld=O ( 1)

II=1
DO 60 I=1,NN,NDIM
IL=I+NM1
00 55 J=I,IL

55 EA(J)=E(1)*A(J)
EA(II)=EA(II)+E(2)

60 II=II+NDI41
IF(N.FQ.2) GO TO 85
DO 90 L=3,N
CALL MMUL(EA,A•N,N,N,X)
II=1
C2=E(L)
00 75 I=1,?"iy,NDIM
IL=I+NMI
DO 70 J=I,IL

70 EA(J1=X(J)
EA(II)=EA(II)+C2

75 I1=II+NDIml
90 C ONT I NUE
85 I F MD. El.0 ) RETURN

00 VjO L = 1 P I NO
DO 90 1=1,NN,NOI"I
I L = I +N=M 1
)I? 90 J= I , I L

40 Y,(J) =FA(J)
100 CALL 4MUL (X, X, "J, N v N, EA )
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C
C
C

RETURN
END

SUBROUTINE PRNPLT

SUBROUTINE PRNPLT(NR,NC,NVAR,ARRAY,INDEXtNHORZrNGRIDH,,NSORTtNS`(M)
D14FNSION ARRAY(1),INDEX(1),KAXIS(101),NSYM(l):YLABEL(11)
INTEGER CHAR(15)
CJMMON/INOU/K[N,KOUT
OATA CHAR(1),CHAR(2),CHAR(3),CHAR(4),CHAR(5),
*CHAR(6),CHAR(7),CHAR(8),CrIAR(9),CHAR(10)tCHAR(11)1
*CHAR(12),CHAR(13),CHAR(14),CHAR(15)/1H1 ► LH2tLH3,1H4,
*lH59LH691H711H8,1H99LHX,IHE,LHUvlHY,1HR,LH
DATA ISTAR,IPER9IDASH,IBLANK/1H*,1H.,1H-91H
XMIN=ARRAY(1)
XMAX=ARRAY(NR)
IF(NSORT.EQ.0) S0 TO 10

DO 5 I=19NR
[F(XMIN.GT.ARRAY(i)) XMIN=ARRAY(I)

5 IF(XMAX.LT.ARRAY(I)) XMAX=ARRAY(I)
10 YAAX=ARRAY(L+INDEX(1)*NR)

IY^MIN=YMAX
30 50 J=1#NVA D
DO 50 I=1,NR
[J=I+INDEX(J)*NR
IF(YMIN.GT .ARRAY(IJ)) YMIN=ARRA Y(IJ)

50 IF(YMAX.LT .ARRAY(IJ)) YMAX=ARRAY(IJ)
I5(A8S(Y,MAX—YMIN).GE.L.0E-20) GO TO 55
YMAX=YMAX+1.
Y41V=YMIN-1.

55 CALL RNDOFF(YMAX,YMTN)
YLABEL(1)=YMIN
YLAR I L(6)=YMAX
00 60 1=2,5

60 YLABFL([)=(I-1) *(YMAX—Y4IN) /5.0 +YMIN
WRITE(KOUT,500) (YLABEL( I ), I=L,6)
IF(NGRIDH.GE ,L) GO TO 65
L INEPR=NHnRZ/5
GO TO 70

65 LINEPR=NGRIDH
70 KL INE=1

LINE=1
STEPX=( XMAX-X,MIN) /(NHORZ-1)
STEPY=( YMAX-Y41N)150.
90 220 IN0=10NR
KSTFP=(ARRAY(IND)-X41N)/STEPX+1.5

75 IF(LINE-KLINE) 140,80c90
30 XLABFL=STEPX*(KLINF-1)+XMIN

IF((N RIDH.E0.0).AND.(LINE.NE.1)) GO TO 130
DO 90 I = 2., 51

90 KAXIS(I)=IDASH
00 100 I=1951,10

100 K^XIS(I)=I`'.14A
105 IF(KSTFP-LINE) 1LI^,1109125
110 on 120 J=IRN'NAR
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K=(ARRAY(IND+INDSX(J)*NR)—Y41N)/STEPY+1.5
120 KAXIS(K)=CHAR(NSYM(J))
125 4RITE(KOUT t 600) XLA8EL9(KAXIS(I)#I=1,51)

KLINE=KLINE+LINEPR
"1 TO 2,00

130 00 135 I=7,51

135 KAXIS(I)=I8LANK
KAXIS(1)-IPER

GO TO 105
140 70 150 1 -2# 51,
150 KAXIS(I)=IBLANK

KAX1 S(1) =IPER
I F (NGRI0H.F0.0) GO TO 165
00 160 I$11#51,10

160 KAXIS(I1=IPER
165 IF(KSTEP-LINE) 1701170,190
170 00 180 J=10VAR

K=(ARRAY(IND+INDEX(J)*NR)-YMIN)/STEPY+1.5
180 KAXIS(K)=CHAR(NSYM(J))
190 4RITE(KOUT,700)(KAXIS(I)rI=1#51)
200 LI NE=LINT+1

IF(Lk'NE—NHORZ-1) 210,210v230

	

'110	 IF	 'i(KS EP— LINE) 22.0,75#75
24 - Ci ^^^^

iNT i;:vE

230 RETURN
500 FC'MAT(//#9X,6(1PE10.2))

600 r'OR4AT(1PE13.2#2X,51A1)
700 FORMAT( 15X, 51A1 )

RETURN
END

C

C
	

SUBROUTINE MSCALE
C

SUBROUTINE MS'",KLE(Nlt.J2tAvXrB)
.914FNSION A(1)vB(1)
C^M40N/MAIN1/NDIM

JEND=N2*NDIM
in 10 I=1,N1
00 10 IJ=I,JEND,NDIM

	

10	 B(IJ)=X*A(IJ)
RETURN
FND

C
C
	

SUBROUTINE VMMUL
C

SJFROUTtNE VMMUL(N1,N2vX9YvZ)
DIMENSION X(1)vY(1),Z(1)
CgMMON/MAINZ/NDI M

DO 10 I=1,Nl
Z(I)
DO 10 .,=102

	10	 Z(I)=Z(I)+X(i+(J-1)*NDIM)*Y(J)
RETURN
ENr)

c

95



Appendix B LINEAR Computer Program

}

SUBROUTINE VECTEO

SUBROUTINE VECTEO(NjX #Y)
DIMENSION X(1)#Y(1)
10 10 1 =L,N

10	 Y(I) =X(I)
RETURN
F, N II

G
C
	

SUBROUTINE RNDOFF
C

SURROUTIMF RNnOFF(DMAX,0MIN)
G o mmnN/ I "IOU/K I N, KOUT
RANGE=DMAX-DMIN
J=-1
K=O
IF(RANGE.LE.2.) J=1
DO 10 I=1,25
IF((RANGE.GT .2.).ANO.(RANGE.LE.20.))
K=K+J

10 RA"IGE=RANGE*10.**J
WRITF(KOUT, 100)
CALL EXIT

20 T=DMIN*10.**K
IF(9MIN.LT.0) GO TO 30
N=T
D4IN)=N*10.**(-K)
GO TO 40

30 N=T
T1=N
IF(TL.GT.T) N=N-1
14IN=N*10.**(-K)

40 T=DMAX*10.**K
IF(OMAX.GT.0) GO TO 50
N=T
3%iAX=N*10.**(-K)
GO TO 60

50 N=T
TI=N
IF(T1.LT.T) N=N+1
D4AX=N*10.**(-K)

60 CONTINUE
100 F9R'AAT(/,1X,32HNUMBERS OUT OF RANGE

RFTtUR'N
FNS

C
C
	

SURROUT I NE ORS
C

SU gRDUTINF 09S(N,IR,Q,C,NOS)
OIME'VSIGN A(1)1C(1)
C: 4M0N/ I `IOU/K lN, KOUT
C04MON/M4IN1/NDI4
IF(NDIM.LT.'V) WIIITE(KCUT,1000)
I = (dD1'a .LT.IR) WRITE(KOUT,1000)
IF(NDIM.LT .N) CALL EXIT

C
C

GO TO 20

FOR PLOTTER,/)
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IF(WDIM.LT.IR ) CALL EXIT
1000 FORMAT(/•16H DIMENSION ERROR•/)

CALL TRANSI(N,A,A)
CALL TRANS3(IR,N•C,C)
CALL CONT(N,lR#A,CrNOS)
IFINOS.LT .N) GO TO 10
WRITE(KOUT920)
GO TO 50

10 WRITE(KOUT930)
WRITE(KOUT,40) NOS

^O FORMAT(/al0Xr 20HSYSTEM IS OBSERVAW.Er/)
30 FORMAT(/,10Xr22HSYSTEM IS UNOBSERVABLE,/)
40 FORMAT(15X,3OHNUMBER OF OBSERVABLE STATES = 912r/)
50 CALL TRANSI(N,A,A)

CALL TRANS3(N,?R,C•C)
RETURN

END
C
C	 SUBROUTINE TRANSI
C

SUBROUTINF TRANSI(N*A•AT)
C	 SETS AT= ATRANSPOSE A AND AT CAN BE EQUIVALENT, BOTH ARE SQUARE

DIMENSION A(l)•AT(1)
C34M0N/MAlNl/N0IM
NDIM1=NDI,M+1
NN=N*NDIM
DO 1 I=1•NN,NDIM1
IJ=I
DO 1 JI=I,NN,NDIM
TEMP=y([J)
AT(IJ)=A(JI)
AT(JI)=TEMP
IJ=[J+1

1 CONTINUE
RETURN
END

C
C	 SUBROUTINE TRANS3
C

SUBROUTINE TRANS31NR,NC,A,AT)
C SETS AT= TRANSPOSE OF A • A AND AT CAN BE EQUIVALENT , A IS NR A NC

DIMENSION A(L),AT(1)
C0440N/MAINWID[M

ND IMI=NOI',i+l
^J R 1= NR- 1

sNC 1=NC--1

IF (NR.GE.NC I N=^,,=.0
IF(NR.LT.NC ) N=Nk
NN=N*NDIM
30 1 I=1•NN•NDIM1
IJ=[
DO I JI=I,`IN,NDI4
TEMP=A(IJ)
AT(IJ)=A(JI)
AT(JI)=TF4P
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IJ-IJ+1
1 CONTINUE

IF(NR—NC) 5x2,3
2 RETURN
3 DO 4 I=NC,NR1

DO 4 J=1,NC
4 A(J+I*NDIM)=A(I ► l +(J-1)*NDIM)

RETURN
5 DO 6 I=1,NR

DO 6 J=NR,NC1
6 A(J+l+(I-1) *NDIM)=A(I +J *NDIM)

RETURN
END

C
C	 SUBROUTINE CONT
C

SUBROUTINE CONT(N,M,A,B,NCS)
0I4FNSION All),B(1)
CO4;4ON/4AINZ/NDtM,DUM1(1)
CALL EQUATE(N,M,DUMI,B)

20 INDEX=1
I R=M
CALL ORTHNM(DUM1#N,IR,0)
NC S= I R

IF (IR.EQ.N) RETURN
IRLAST = 0

30 INDEX = INDEX+1
MI = IRLAST+1
IRLAST = IR

C	 MULTIPLY COLUMNS 'M P THROUGH 1 IRLAST' BY MATRIX A
K1=(M1-1)*NDIM+1
K2=IR*NDIM+1

31 ML = MINO(IRLAST +I-MI,N-IR)
33 CALL MMULIA,7(JM1(Kl)#N,N,ML,DUMI(K2))
35 M1 = 41+ML

['HOLD = IR
IR = IR+ML

CALL ORTHNM(DUM1#N,IR,IRH0LD)
NCS=IR
IF (IR.EQ.N) RETURN
IF (ML-IRLAST) 31#31950

50 IF (IR- IRLAST) 60,60,30
6' INDEX = 0

RETURN
END

C
C	 SVROUT INE OR THNM
C

SUBROUTINE ORTHNM(A9NR9NCtNNC0)
DI'IENSION A(1)
COMMON/.MAIN1/NDI4

C	 COLUMN ORTHO-NORMALIZATION ROUTINE (GRAM-SCHMIDT ALGORITHM)
C	 NR IS THE COLUMN LENGTH
C	 NC IS THE NUMBER OF COLUMNS
C	 NNCO IS THE NUMBER OF ORTHONORMAL COLUMNS AT CALL TIME
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C	 ANO.	 NC WILL BE REDUCED IF LINEARLY DEPENDANT COLUMNS OCCUR.
NNC=NNCO

1	 II = 1

	

4	 IF (NNC) 5.21,5
5 IF (NC-NNC)  50,50,10

10 ILIM=NDIM*NNC
II = ILIM + 1

15 DO 20 K=1,2
DO 20 I =191LIM,ND14
W=-00T(NR,A(I),A(II))

CALL. WAO0(A(II),A(I)9A(II)rW,NR)
20 CONTINUE

	

21	 W=DOT(h-,AvA(II),A(II))
IF (W - 1.0E-12) 30,40,40

30 IF (NG-NNIC-1) 33,33,35
33 NC = NNC

RETURN
35 I=(NC-1)*NDIM+1

CALL VECTEQ(NR,A(I),A(II))
NC--NC-1
GO TO 4

40 W = 1.0/5QRT(W)
CALL MSCALE(NR,1rA(II),W,A(II))
NNC=NNC+1
GO TO 5

50 RFTURN
FND

C
C	 SU9ROl1TINE WAUD
C

SUBROUTINE WADD(A181C,W,N)
DIMENSION A(1)•B(1)rC(1)
DO 10 I=1,N

	

10	 C(I)=A(I)+W*B(I)
RETURN
END

C
C	 SUBROUTINE VFCTIO
C

SUBROUTINE VECTIO(N,X,IO)
01MFNSION XI 1)
COMMON/[NOU/KIN,KOUT
IF(IO.EQ.4) GO 1'D 40
IF(I,O.E0.3) GO TO 20

5 C;NTINUF
C
C	 INPUT
C

RrA7(KINr1000)(X(I)rI=1,N)
IF(IO.EQ.1)RETURN

r

C	 OUTPUT
C

20 mRITE(KOUT,1301)(X(I),I=1,N)
GO TO 50

99



Appendix B LINEAR Computer Program

C
C	 TITLF
r,
40 READ(KIN11002)

+JRITE(KOUT, 1003)
WRITF(KOUTtIO02)
WRITE(KOUT,1004)
GO TO 5

50 CDNTINUF
1000 FORMAT(9E10.0)
1001 FORMAT(1X11P10E13.4)
1002 rORMAT(1X179H

C	 )
1003 FORMAT(!/)
1004 FORMAT(/)

RETURN
END

C
C	 SUBROUTINE CON
C

SUBROUTINE CON(N,M,A,B,NCS)
EIMENSION A(1),B(1)
CO'44ON/ INOU/K IN. KOUT
COMMON/MAINZ/NDIM
I F(NDlM.LT.N) wRITE(KOUT,1000)
IF(NDIM.LT .M) WRITE(KOUTtlOOO )
IF(Nr)IM.LT.N) CALL EXIT
IF(NDIM.LT .M) CALL EXIT

1000 FORMAT(/916H DIMENSION ERROR,/)
CALL CONT(N,M ► A,B,NCS)
IF(NCS.LT .N) GO TO 10
WRITE(KOUT,20)
RETURN

10 WRITF(KOUT,30)
WRITE(KOUT940) NCS

20 F0RMATU j 10X, 22HSYSTEM IS CONTROLLABLE,/)
30 FOR4AT(/,L0X,24HSYSTEM IS UNCONTROLLABLE,./)
40 F0R4AT(15X,32HNUMBER OF CONTROLLAP3LE STATES = ,I2 ► /)

RETURN
ENO

C
C	 SUBROUTIVE TRANS2
C

SJBROUTINE TRANS2(NR ► NC,A,AT)
C	 AT=ATRANSPOSE, A IS NR X NC

DIMENSION A(1)9AT(1)
CflM'AvN/MAI41/V0I4
NN=NC*NDIM
11=1
00 6 I=1,NR
JJ=II
^)O 5 J=I,NN,NDlM

AT(JJ)=A(J)
5 JJ=JJ+1

II=II+NDIM
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6 CONTINUE
RETURN
END

C
C	 SUBROUTINE EIGVAL
G

SUBROUTINE EIGVAL(N,A)
014FNSION A(1),RR(30),RI(30)
C(IMMON/MAIN1/NDIM
COMMON/INOU/KIN,KOUT
IF(NDI'M.LT.N) WRITE(KOUT,1000)
IF(NDIM.LT .N) CALL EXIT

1000 FORMAT(1,16H DIMENSION ERROR,/)
CALL MEIGV(N,A,RR,RI)
WRITE(KOUT,100)
WRITE(KOUT,200)(RR(I),RI(I),I=L,N)

100 FORMAT(/,19H MATRIX EIGENVALUES,/)
200 FOR4AT(13H REAL PART = ,EL0.3,13H IMAG PART	 ,E10.3)

RETURN
END

C
C	 SUBROUTINE V4AT2
C

SUBROUTINE VMAT2(N1,N2,N3,A,B,C,D,E)
DIMENSION A(1),B(1),C(1),D(1),E(1)
CDMMnN/MAIN1/NDIM
00 30 1=1,N1
TEMP=O.
DO 10 J=19N2

10 TEMP=TEMP+A(I+(J-1)*NDIM)*B(J)
00 20 J=19N3

20 TEMP=TEMP+C(I+(J-1)*NDIM)*D(J)
30 F(I)=TEMP

RFTURN
END

C
C	 SUBROUTINE MATS
C

SUBROUTINE MAT51N1,N2tN3,XvYtZ)
DIMENSION X(1),Y(1),Z(1)

C	 COMPUTE Z=X'Y WHERE X IS NLXN2,Y IS NlXN3,Z IS NZXN3
COMMON/MAIN1/NDIM
DO 2 I=1,N2
DO 2 J=1 , N3
TM = 0.
II=(I-1)*NDIM
JJ=(J-1)*NDI4
'10 1 K=19N1

1 TM=TM+X(II+K)*Y(K+JJ)
2 Z(I+JJ)=TM
RFTURN
END

C
C	 SUBROUTINE MAT3A
r,
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SUBROUTINE MAT3A(N1,N2,X,Y,Z)
C	 Z=XrYX Y=Y r IS N2XN2 X' IS N1XN2

DIMENSION X(1),Y(1)rZ(1)
C04MON/MA.IN1/NDIM
NDIM1=NDIM+1
NN1=N1*NDIM
CALL MMUL(Y,X,N2,N2,N1,Z)
1=0
DO 10 II=1,NN1rNDIM
J=II+I
IJ=J-1
Qn 5 JJ=II,NNI,NOIM
Z(J) =DOT(N2rX(II)rZ(JJ))

5 J=J+I
I=I +1
JJ=I
DO 10 J=II,IJ
Z(J)=Z(JJ)

10 JJ=JJ+NDIM
RETURN
ENO

C
C	 SUBROUTINE LINSIM
C

SUBROUTINE LINSIM(N,IR,A,C,XO•QT,NS,NP)
DIMFNSION A(1),C(1),X0(1)rG(1)
COMMON/MAINZ/NDI lsDUM1 (1 )
C'l` A0N/ INOU/K INS'tOUT
IF(NDIM.LT .N) WRITE(KOUT,1000)
IF(NDIM.LT.IR.) WRITE(KOUT,L000)
IF(NDIM.LT .N) CALL EXIT
IF(NDIM.LT.IR ) CALL EXIT

1000 FORMAT(/ 1 16H DIMENSION ERPOR,/)
LOGICAL CONT
CONT=.FALSE.
M= I

CALL LNSIM2(N,IR,A,C,XO,DTrNS,NP,M,GrCONT)
RETURN
END

C
C	 SUBROUTINE EQCOST
C

SUBROUTINE EQCOST(N,M,A,39R,S,Q,AEQ,QEQ)
014FNSION ""(1),B(1),R(1),S(1)gQ(1)
lIMFNSION AEQ(1)rQEQ(1)
C3,'4M0N/ I NOU/K IN, KOUT
COMMON/MAIN1/NDI4,DUM1(1)
COMMON/MAIN2/OUM2 (1 )
IF(NDIM.LT.N) WRITE(KOUT,1000)
IF(N r)I M .LT.M) WRITF.(KOUT,1000)
IF(NDIM.LT .N) CALL EXIT
IF(NDIM.LT .M) CALL EXIT

1000 FORMAT(/ 1 16H DIMENSION ERROR,/)
CALL EQUATE('4,,4,DUM2,R )
CALL GMINV(M,4,DUM20UM1rMR,0)
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IFIM R .E M?.M) GO IO 10
WRITE(KOUT,100) MR
CALL EXIT

10 CALL 4AT4(N9% DUMI,S,DUM2)
00 20 I=10
DO 20 J%l,N

20 ^E4(I+(J-1)*ND14)-0(I+(J-1)*NDIM)—DUM2(1+(J-1)*NDIM)
CALL MAT6(M,49Nv9UM1,S,DUM2)
CALL MMUL(B,DUM2,49M,N,DUM1)
DO 30 I=19N
00 30 J-x1,N

30 AEO(I+(J.•I)*^V)IMI=A(I+(J-1)*NOIM)—DUM1(I+(J-1)NINOIM)
100 FORMAT(/ ► 25H ERPOR MATRIX R HAS RANK 02 9 12H LESS THAI M)

RETURN
FNr)

C
C
C

SJiROUT I NE TITLE
COMMON/INOW KIN,KOUT
REAn(KII,1002)
WRITF,(KOUT,1003)
WRITE(KOUT ► 1002)
""'TE(K(7UT,' 004)

100? FtIRMAT(1X,79H
C	 )

1003 FnRMAT(//)
1004 FORUT (/ )

RETURN
END
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C
	

FILf; INTODEI FORTRAN Al
C
	

PROGRAM TO INTEGRATE GENERAL ODEIS
C
C
	

THIS VE R SION WAS USED FSPECIALLY TO GENERATE TRAJECTORIE =S FOR
C
	

THE LANGLEY/NFWSOM CONTRACT SUMMER 1980
C

DIMENSION xX12010)#YY(2010)vNPTS(10)vXYI(4)
DIMENSION N XPL(10),NXPR(10),XO(12),XI(12)
DIMENSION X(12),F(10),XNA4ES(10),XLBLS(5910)
DIMFi4SION CNAMES(10), XPLBL( 10)tYPLBL(10),TITL(20)9NCINDX(10)
nATA ISTART/1/
DATA XYL/0.,5.0,-1.,1./
nATA WIDTHINEIGHTITICKL /7.95.1.08/
nATA NXPR/1,2,314,5,5*0 /,NXPL/1,2,3,7*0/
DATA NSTEPS,NPLOTINPRINT/3*1/
COMMON/CASE/NCASE
co4mIN/NNOUT/NOnEV
COMMON/MAT/A(4v4)tB(4t3)tXK(3e4)vNX,.'4UtNlNTiNTOT
NAMFLIST /INTODE/XI,TMAX,I PRINT rTPRINT90TtAtB,XK,NX,NU,NINTrNTOT,
NXDR,IPLOT,TPLOT,NOr) EVPICONT,NXPL,WIDTHtHEIGHT,TICKL,
NCIIARS#NLINES,XNAMES,XLBLS#XPLBL,NXCtYPLBL,NYC,TITLeNTTL

C
IN P UT VARIABLES IN NAMELIST:

C XI ( ) - INIT 1nL VALUES FOR STATE VARIABLES
C TMAX = MAXIMUM (FINAL) INTEGRATION TIME
C IPRI NIT = INDEX TO DETERMINE THE AMOUNT OF PRINTOUT
C
	

1, NORMAL OUTPUT
C
	

O, MINIMUM OUTPUT
C
	

2, EXTRA OUTPUT
C TPRINT = TIME INCREMENT FOR TRAJECTORY PRINTOUT IN TABLE
C DT = INTEGRATION STEP SIZE, SHOULD BE A 4HOLE DIVISOR
C
	

OF TPRINT AND TPLOT
C A( , ) = NX BY `aX SYSTEM MATRIX
C B( , ) = NX 9Y NU CONTROL MATRIX
C XK( , ) = NU BY NX FEEDBACK MATRIX
C NX = NO. OF STATE VARIABLES
C NU = NO. OF CONTROL VARIABLES
C NINT = NU48ER OF VARIABLES TO BE INTEGRATED IN RKINT
C NTOT	 TOTAL NUM9ER OF STATE, CONTROL AND AUXILLARY VARIABLES
C NXPR( ) = ARRAY OF INDICES OF VARIABLES IN TRAJECTORY TABLE
C IPLr'T = INDEX THAT CONTROLS THE GENERATION OF PLOTS
C
	

0, NO PLOTTER OUTPUT
C
	

19 GENERATE PRINTER PLOT ONLY
C
	

2, GENERATE BOTH PRINTER PLOT AND VERSATEC PLOT
C TPLOT = TIME: INCREMENT FOR STORING POINTS FOR PLOTTER
C NonFV = UNIT NU49ER OF OUTPUT DEVICE, NOMINALLY 6
C ICONT = INDEX TO CONTINUE OR STOPMULTIPLE CASE RUNS
C
	

), STOP AFTER THIS CASE
C
	

li CONTINUE TO NEXT CASE
C NXPL( ) = ARRAY OF INDICES OF VARIABLE'S TO BF PLOTTED
C AIJTH = wIDTH OF VERSATEC PLOT IN INCHES
C HEIGHT = HEIGHT JF VERSATEC PLOT IN INCHES
c TICAL = LENGTH OF TICK MARKS 4NO HEIGHT OF CHARACTERS (INCHES)
C
	

IF NEGATIVE, PLACE TICK MARKS ON INWARD SIDE OF AXIS
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C
	

IF POSITIVE# PLACE TICK MARKS ON OUTSIDE OF AXIS
C NCHARS = NO. OF CHARACTERS PER LINE IN PRINTOUT (WIDTH)
C NLINES = NO. OF LINES FOR PRINTER PLOT (HEIGHT)
C XNAMFS( 1 = ARRAY OF ONE-FIORD (FOUR-LETTER) NAMES OF VARIABLES
C XLBLS(59 )	 ARRAY OF 5-WORD (20-CHARACTER) DESCRIPTIONS OF VARIABLES
C XPLBL( ) = ARRAY CONTAINING THE X-AXIS LABEL FOR PLOTS
C NXC = NO. OF CHARACTERS (LETTERS ) IN X-AXIS LABEL
C YPLBL( ) - ARRAY CONTAINING THE Y-AXIS LABEL FUR PLOTS
C NYC = NO. OF CHARACTERS IN Y-AXIS LABEL
C TITL( ) = ARRAY CONTAINING A TITLE TO APPEAR IN PRINTOUT AND ON !LOTS
C NTTL = NO. OF CHARACTERS IN TITLE
C

NPMAX = 2010
NODEV = 6
NCASF = 0

1	 RCAD(71INTODE)
IF(IPRINT.GE .2)WRITE(NODEV9INTODE)
NCASE = NCASE + 1

C
C	 OFTFRMINE NO. OF PRINT COLJMNS
C

DO 2 I=1#10
IF(NXPR(I).LE.0)G0 TO 3

2	 CONTINUE
3	 "J^RTOT = I =i
c
C DFT FRMINF NO. OF CURVES ON PLAT
C

DO 4 I = 1910
IF(NX fl L(I).LE.0)GO TO 5

4	 CONTINUE
5	 NCURV = I-1
rv
C	 OFTFRMINF NO. OF INTEGRATION /PLOT/PRINT STEPS
C

IF(DT.NE.O.)GO TO 6
WRITE(NODEV#104)

104	 FORMAT(/,' *** FATAL ERROR #* 	 OT IS ZERO.	 GO TO NEXT CASE.')
GO TO 30

6	 IF(IPLOT.LE.0)TPLOT = TPRINT
TPLOT = AMAX1(TPLOT,DT)
TPRINT = A44X1(TPRINT#TPLOT)
NSTFPS = (TPLOT + .00001)/DT
NPLOT = (TPRINT + .00001)/TPLOT
NPKINT = (TMAX + .00001)/TPRINT
NPNTS = NPLOT*NPRINT + 1

C
C SET UP DATA FOR PLOTS
C

IF(NCURV..NE.0)NPNTS = MINO(NPNTS,(NP`1AX-NCURV)/NC11RV)
DO 7 I=L,NCURV

C	 VCINOX(I) = 'VPNTS*(FLOAT(I)/FLOAT(NCURV+I))
NCIN0X(I)=NPNTS/15.+L0*(I-1)

C	 THIS L INF PUTS THE LABLES ON APLOT CURVES CLOSE TO THE LEFT 'AARC,iN,
K=NXPL(I)
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CNAME S M % XNAMES (K)
T	 NPTS M : NPNTS
C
C	 PRINT BANNER
C

WRITE(NODEV,105)NCASE
105	 FORMAT(1HI,' **********	 PROGRAM INTODE	 CASE' rI3, /)

CALL DATIMEt IM,ID,IY,IH,IMN,AP, I IWTODE ',NGDEV)
IF(IORI.NT.GT ,O)WRITE(NODEVilOO)TITLiTMAXPTPRINT#TPLOTtDTI

1 IPRINT,IPLOT,NCURV,NPNTS
LOD	 FORM AT(/,1X,2OA4,

I	 //' TMAX•TPRlNT # TPLOT,DT =',
1	 4F12.5,//' IPRINT,IPLOT,NCURV,NPNTS =',415)

C
C I`JITIALIZE STATE, CONTROL AND AUXILLARY VARIABLES
C

CALL INITAL(X,XI,IPRINT)
TIME = 0.
CALL AUXVAR(X,TIME)
IP = L
II• ( IPLOT.GT.0)CALL XYSTOR(XX,YY#IP,TI4E,X,NPt.TSrl"lP.'4AXt.k4CURVI NX PL)
MODE=O
CALL PTABLE(TI.MEr XrNXPR, NPRTOT,XNAMES,XLBLSrMODFWNODEV,NCHARS)

C
C	 INTEGRATION LOOP
C

00 10 I- 10PRINT
DO 20 J=10PLOT
DO 25 K=1,NSTEPS

25	 CALL RKINT(X,TIME,OT,NINT)
CALL AJXVAR(X,IIME)
IF(IPLOT.GT.0)CALL XYSTOR( XX,YY 9IP,TIME,X,NPNTS,14PMAX,NCURV,N )(PL)

20	 CONTINUE
MO()E =1
CALL PTABLE-( TIME,X,NXPR,NPRTOT, XNAMES,XLBLS,MODE,NODEV,NCHARS)

10	 CONTINUE
C
C 00 PLOTTING
C

IF(IPLOT.GE.I)CALL PPLOT(XX,YY,NCURV*IP,XYL,NCHARS,NLINES)
IF(IPLOT.LE.L)GO TO 30
IF(ISTART.GE .L)CALL PLOTS(0,0950)
IF(ISTAP T.LE.0)CALL PLOT(WIDTH+2.,O.,-3)
(START = 0
CALL APLOT(XX,YY,NPTS, NCURV,XYL,WIDTH,HEIGHT,TICKL,NCASE,

1	 XPLBL,NXC,YPLBL,NYC,TITL,NTTL,CNAMES ► NCINDX)
C
C GO TO NEXT CASE IF ICONT IS GREATER THAN ZERO
C
30	 IF(IC^NT.GF.1)G0 TO 1

IF(l D LL".T.GT.3)CALL PLOT(3.90.,9g9)
STOP
E 14

C
G
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SUBROUTINE RKINT(X•TIME#DT,NX)
D14FNSION X(1)vDX(10,4),XTEMP(10)
CALL XQOT(X,TIMFv0X(1v1))
TIMEO - TI4F
DO 20 1=10
T - ,)T/FLnAT(2- 1/3)
TI'4E = T I,MEO + T
DO 10 J=1,NX

10	 XTF4 P(J) = X(J) + T*DX(J#I)
20	 CALL XDOT(XTEMP,TIME,DX(l,i+L) )

Del 30 I=1,NX
30	 X(I) - X(I)+OT*(DX(Ivl)+2.*OX+192)+2.*OX(I,3)+DX(Ir4))/6.

TIME = TIMEO + DT
RETURN
END

C
SUBROUTINE XYSTOR(XX,YY,IP,TIME#X,NPTS,NPMAX,NCURV,NXPL)
DIMENSION XX(1),'YY(1),X(1),WXPL(1)
00 10 I=1, NCURV
It = IP + (I-1)*NPTS
IF(II.GT.NPMAX)RETURN
XX(II) = TIME
JJ = NXPL(l)

10	 YY(II) = XS.)-I)
IP	 IP + 1.

RETURN
END

C

C
SUBRODUTINE PTABLE(TIME#XrNXPRINPRvXNAMEYXLBLS*MODE#NODEVrNCHARS)
114ENSION X(1)tNXPR(1)rXNAME(1)vXO(20)rXNAMO(20)PXLBLS(5v1)

C

C	 INPUTS:
C	 MODE=O,PRINT DEFINITIONS, COLUMN HEADINGS AND 1 ROW OF DATA
C	 =1 r PRINT DATA ONLY
C	 TIME
C	 X( )=ARRAY OF STATE AND AUXILLARY VARIABLES
C	 NIXPR( )=ARRAY OF INDICES OF VARIABLES TO BE PRINTED
C	 NPR=NO. OF VARIABLES PRINTED
C	 XNAME.( )=ARRAY OF Y — CHARECTER LABLES OF VARIABLES
C	 XLBLS(59 ) = ARRAYS OF 20—CHARACTER DEFINITIONS OF VARIABLES
C	 NODEV=OUTPUT UNIT NO
C	 NCHARS=WIDTH OF PAPER(NO OF CHARECTERS)
C

C('MMO^I/MAT/A(4,4),B(4,3),XK(3,4),NX ► NU,NINT,NTOT
C
C PRINT DEFINITIONS AND HEADINGS
C

IF(%ll'JDE.GE.1 )GO TO 20
WRITE(NODEV9106)(I,XNAME(I),(XLBLS(J,I),J=1,5)tl=1,NTOT)

106	 FORMAT(//90 STATE, CONTROL AND AUXILLARY VARIABLES:'.
I	 //,' VAR'94X,'LABEL',4h'9'DEFINITION't
L	 /r(' X('t129') = ',A-4,', 'v5A4))
DO 10 I= 1 r N P R	 c:I:I rT:^It',.I, PAGE IS,

= `! X P R (I) 	 OF POOR QUALM
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10	 XNAMO ( I) = XNAME(J)
IF(.NCHARS . LT. 130) WRITE ( NODEV # 100)(XNAMOtl)rI=1tNPR)

100	 FflR 4AT(//,7X , 'TIMF't7 ( 6vtA4 ) r//r11X , 7(6XtA4))
V-14CHARS .GE. 130! .kITE ( NODEV, 105) (XNAMO ( I) , lxl#NPR)

105	 FOR .MAT(// ,7X ► ITicti-^vl2 ( 6X,A4) ,//, L1X ► 12 ( 6X ► A4) )
NRITF ( NODEV,107)

107	 F ORMA T ( 10X)
C

C PRINT ONE (©R MO RE) ROWS OF DATA
C
20	 NCJL=12

IF(NCHARS . LT. 130) NCOL-7
"JCOL 1=NCOL+1
XMIN = 10.E10

XMAX = 10.E-10
DO 30 I - 1,NPR
J = NXPR(I)
XO(1) = X(J)
IF(XO ( I ).`JE.O.)XMIN = AMIN1(X.MIN,A8S(X0(I)))

30	 'XMAX, = AMAX1(XMAX,ABS(XO(I)))
>JPM	 MINO(NPR,NCOL)

C
r". r)FCI `)F IF DATA S". C OULD BF PRINTED IN FLOATING POINT OR F—FORMAT
C

IF(X'4IN . i.T..00I.OR.XMAX . GT .99999. ) GI-) TO 40
C
C PRINT IN F10-3 FORMAT
i;

WRITE(NODEV,101)TIMC,(XO (I)11=11+vPM)
101	 FORMAT(LX ► 13F10.3)

IF(NPR . LE.NCOL)RETURN
C

C A SFCIND R O W 'OUST 5 E USED TO PRINT ALL THE DATA
C

wRITE(NODEV,102)(XO7 I),I=NCOLL,NPR)
102	 FORMAr(11X,12F10.3)

RFTURN
C
C PRINT IN E10 . 3 FORMAT
C
40	 WRITF(N()DEV,103)TIME,(XO(I) ► I=t ► NPM)
193	 F0R4AT( 1X,F10.3,1P12E10.3)

IF(NPP.LE.NC 0 L)RETUKN
C
C A SECOSID ROW MUST RE USED TO PRINT ALL THE DATA
C

WRITE(Ni)DFV,104)(XO(I)1I=^ICOL1,NPR)
104	 FGR'•lAT ( 11X, 1) 12E10.3 )

kFTUR "J
F y

C
SUBROUTINE INITAL(X , XI ► IPRINT)
DIMENSION X(1)4XI(1),DU4(4,4)

11ME^ISM =N DL('S ► 5),a2(5,5),D3(5,6) ► D4(5) , ER(5),EI(7)
COMPLEX EI (5)tEVEC(5,5),C NORM
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COMMON/NNCUT/NODEV
C014MON/MAT/A(4t4) ► 8(r, ► 3)tXK(3t4) ► NX,N'J,NINT,NTOT

C
C INITIALIZE TIME AND STATE
C

DO a I - 1tNINT
X(i) = XI(I)
TIME=O.

CALL AUXVAR(X,TIME)
C
C PRINT OUT A t 3 AND K MATRICFS
C

CALL WP TMAT(A ► NX ► NXtNX ► 'A	 ')
CALL WRTMAT(H,NX ► NIE ► NXt'8	 ')
CALL WRTMAT(XK.NU ► NX ► NU ► 'K	 ')

C
C CnMPUTF CLOSED--L'3(IP MATRIX
C

On 10 I=1,NX
DO 10 J-11NX
TEMP-0
DO 5 K=1,NU

5	 TEMP-TE,MP+B(I,K)*XK(K ► J)
10	 DUM(I,J)=TEMP+A(ItJ)

CALL WRTMAT(D0 M t NXrNX#4,'A+R*K	 ')
TEMP = 0.
00 15 I = 11NU
DO 15 J = 1,NX

15	 TEMP = TEMP + XK(I,J)**2
TFMP = SQRT(TFMP)
WRIT F(NODEV,102)TEMP

1021 	FORMAT(/r10X t ' l lKJ l ='tG15.5)
C
C COMPJTF CLOS FD—LOOP EIGFNSOLIJTIONS
C,

I J 05=1
CAL(, FIGAr-(()UM,NX ► 4,IJOB,FIGtFVEC,5,02,TER)
D'l 24 I=1,NX
FR(I)=REAL(EIG(I))
FI(I)=AIMAG(EIG(I))
IF(EI(I).LT.O.)GO TO 24
EMAX = 0.
00 20 J = 1,NX
EMAG = CASS(EVEC(J,I))
(F(FMAG.LE.E'MAX)GO TO 20
EMAX = EMAG
CNf)RM = CONJG(EVEC(J,I))/EMAG**2

?J	 CCNTINUE
W ?2 J = 1 ► NX
01(J,I) = RFAL(EVEC(J,I)*CNORM)
iF(EI(i).GT.3.)DI(J,I+1) = AIMAG(EVEC^J,I)*CNORM)

22	 C„vTINU E
24	 C: NTINUE

00 30 I = 101X
TEMP = J.

109



Appendix C INTODE Computer Program

DO 29 J = lvNX
28	 TEMP y TEMP + D1(J,'1)**2
30	 04(I) = SWRT(TEMP)
C
C PRINT OUT E—VALUES AND E—VECTORS
C

WRITE(NODEV,l00)NX
100	 FORMAT(/,' THE's120 TH ORDER A ♦ BK MATRIX HAS EIGENSOLUTIONS',

1	 /93X,'EVAL(REAL)'r4X,'EVAL(IMAG)'r4Xr'E—VECTOR', /)
On 32 I = I,NX

32	 WRITE(NODEV,101 )ER([),E[(I),(01(J,I)rJ=1rNX)
101	 FORMAT(IX,2G14.6,10F10.6)
C
C COMPUTE 4,ND PRINT OUT THE ANGLES BETWEEN E—VECTORS
C

00 38 I = 2rNX
I1 = I — 1
DO 36 J = 1 , I 1
T = MP = 0.
DO 34 K = 1,NX

34	 TE;AP = TEMP + D1 (K, I) *D 1 (K r J )
ARG = TEMP /(04(I)*D4(J))

36	 03(IrJ) = 57.2958 *ACOS(AMINI(ABS(ARr),l-4))
33	 WRITE(6r104)(I,JrD3(I,J)rJ=1,Il)
104	 FORMAT( /r5(' ANG',I1,',',I1,' ='rF7.2))

RFTURN
END

C
SU9ROUTINF, XDOT(X,TIME•F)
DIMENSION X(1)rF(1)
COMMUN/,4AT/A(494i ► B(4r3),XK(3,4),NX,NU.NINT,NTOT

C
C	 COMPUTE CONTROLS U(1) , U(2)AND
C	 X(6) = IhJTEGRAL(U(1)**2 +U(2)**2)DT
C F(6) = U(1)**2+U(2)**2
C

TEMP = 0.
DO 3 I=1,NU
SUM=O.
D7 4 J=1rNX

4	 SUM=SUM+XK(IrJ)*X(J)
X(NINT+I)=SUM

3	 TEMP = TEMP + SUM**2
F(NX+2) = TEMP

C
C Cn4PUTF STATES X(1) TO X(4)

C AND INTEGRAL OF STATES SQUARED
C

TFMP = 0.
DO 1 I=101X
SUM=O.
10 2_ J =1 r'V X

2	 SUFI=SUM+A(I rJ)*X(J)
')0 5 K=1r3

5	 SUM=SUM+;3(I rK)*X('VINT+K)
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F(I)=SUM
1	 TEMP = TEMP + X(I)**2

F(NX+1) = TEMP
RETURN
END

C
SUBROUTINE AUXVAR(XrTIME)
D14FNSION X(1)
CO"dM014/MAT/A(4v4) PB(4r3),XK(3r4)tNX,NU,NINT,NTOT
DO 1 I=1rNU
SUM=O.
DO 2 J=1rNX

2	 SUi4=SUM+XK(I,J)*XtJl
1	 X(NINT+1)=SU4
C

RETURN
EN7

C	 FILE WRT 4AT FORTRAN Al
C
C	 5/5/79
C	 FILE OF UTILITY SUBROUTINES TO SUPPORT VIBE FORTRAN AL
C
C	 'WRT4AT — GENERAL 4ATRIX OUTPUT SUBROUTINE
C

SUBROUTINE WRTMAT(A,N,M,IArANAME)
')VIENSION A(IA,1)
C O'4N10N/ NNOUT/ NPR I NT
REAL*8 ANAME
WRITF(NPRINTr 100)ANAMF,NvM

1100	 FORMAT(/,' MATRIX 'rA8r3X,'('rI3,' ROWS X'rt3r' COLS)')
IF(M.LE.LO)GO TO 15
00 10 I=1rN

10	 WRITE(P4PRINT,LO1)(A(IrJ)•J=1,,1)
101	 F0R4AT(/ ► (1P10E13.5))

RETURN
15	 DO 20 I=1,N
0	 WRITE(NPRINT,)02)(A(I•J)rJ=lvM)

102	 FORIAT(1P10E13.5)
RETURN
END

C
C	 TRANSP — TRANSPOSES A MATRIX
C

SUF3ROUTINF TRANSP(ArN1rN2rNA)
JI yENSION A(NAvl)
COMMON/NINOUT/NOUT
'4 = MAXO(N1•N2)
IF(M.GT.NA.OR.M.LE.0)GO TO 90
MI = M-1
00 10 I=1,M1
11 = I + 1
70 10 J=11,14
TEMP = A(IrJ)
A(I rJ ) = A(J, I )

10	 A(JrI) = TFMP
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RETURN
90	 WRITE(NOUT,L00)N1iN2,NA
100	 FORMAT(' *** ERROR IN TRANSP *** N1020A =1,3I4)

RETURN
END

C
C	 dMULT — MATRIX MULTIPLICATION

SUBROUTINE MULT(A,B,C,N,L,M,NA,NB,NC)
DIMENSION A(NA,L)vBlNB91) ► C(NC,1)
OOUBLF PRECISION TEMP
CO,MM'JN/NNOUT/NOUT
IF(N.GT.MINO(NA,NC).OR.L.GT.NB)GO TO 90
DO 20 I =10N
on 20 J=1,M

r	 TEMP = 0.
`	 DO 10 K=19L
t	 10	 TF'AP = TFMP + DBLE(A(I,K))*DBLE(B(K,J))
1	 20	 C(I,J) = TEMP

RETURN
90	 WRITE(NOUT,100)N,NA,NC,L,NB
100	 FORMAT(' *** ERROR IN MULT *** N,NA,NCtLvNB=',515)

RETURN
END

C
C	 1SHIFT — TRANSFERE- VECTORS AND MATRICES
C

SUBROUTINE MSHIFT(A,B,N,M,NA,NB)
DIMENSION AINA,I),R(NB,1)
COMMON/NNOUT/NOUT
IF(N.GT.MINO(NA,NB))GO TO 90
DO 10 I =11N
DO 10 J=1,M	

110	 R(I,J) = A( I,J)	 1
RETURN

90	 WRITEINOUT91001N,NA,NB
100	 FORMAT(' *** EPROR IN MSHIFT *** NjNA,NB=' ,315)

RETURN
C	 F. N D	 j

C	 HATAno — MATRIX ADDITION

SUBROUTINE MAT ADD( A,B,CrN,!1,NA,NB,NC) 	 1

014FNSION A(NAj1)•B(NB,l)vC(NCvl)
COM40N/NNOUT/NOUT
IF(N.,T.MINO(NA,NB,NC))GG TO 90
Del 10 I=1,N
00 10 J=1,M

10	 C(I,J) = AII,J) + B(I,J)
RFTURN	 j

90	 ARITE(N^UT,100)NrNAINB9NC
100	 FORMAT(' *** ERROR IN MATADD *** NvNA„,N)B,NC=4,4l5)

RETURN

ENO
C
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C	 MATSUB — MATRIX SUBTRACTION
C

SUBROUTINE MATSUB(Av8# C,N,M,NAvNB,NC)
DIMENSION A(NA,1),B(NB,1)rC(NC•1)
COMMON /NNOUT/NOUT
IF(N.GT.MINO(NA,NB,NC))GO TO 90
DO 10 I=1,N
00 10 J-1,M

10	 C(I,J) = A(I,.ai	 B(I,J)
RETURN

90	 WRITE(N0UT,100)NvMA9NB,NC
100	 FORMAT(' *** ERROR IN MATSUB *** NrNA,NA,NC=',4i5)

RETURN
END

C
C	 SWAP — INTERCHANGES TWO VARABLES
C

SUBROUTINE SWAP(A,B)
C=A
A = B
9 = C
RETURN
E ^!

C
C	 MSMULT — 'MATRIX*SCALAR MULTIPLICATION
C

SUBROUTINE MSMULT(S,AvN,M,NA)
DIMENSION A(NA91)
DO 10 1=1,N
DO 10 J= 1, M

10	 A(I,J) = S*A(I,J)
RETURN
FND

C
C	 ZERO — FILLS A MATRIX WITH ZEROS
C

SUBROUTINE ZERO(A,N,M,NA)
DIMENSION A(NA91)
DO 10 I=19N
00 10 J=1,M

la	 A(11J) = 0.
RETURN
END

C
C
C
C.	 IMAT — LOADS AN ARRAY WITH THE IDENTITY MATRIX
C

SUl3RnUTINE IMAT(A,N„NA)
DIMENSION A(NA,1)
90 10 I=1r14
90 5 J=1,y

5	 A(I,J) = 0.
10	 A(I,I) = 1.

RETURN
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END
C
C
C	 ANORM — CALCULATES THE RSS NORM OF A MATRIX
C

FUNCTION ANORM(A,N1,N2,NA)
01 `4FNS ION A (NA, 1 )
C04MON/NNOUT/NOUT
IF(N1.GT.NA )GO TO 90
ANORM = 0.
DO 10 (=1,N1
DO 10 J=11N2

10	 ANORM = ANORM + A(I,J)**2
ANORM = SORT(ANORM)
RETURN

90	 WRITE(NOUT9100)NrNA
100	 FORMAT(t *** ERROR IN ANORM 	 N,NA =',2I5)

RETURN
END

C
C**********	 SUBROUTINE PPLOT	 *******#**
C

SU9ROUTINE PPLOT(X,Y,NPOI'gT,XYLI'.MS,NCHARS,NLINES)
C
C PPLOT GFNERATES A PRINTER PLOT UP TO 130 CHARACTERS WIDE
C RY UP TO 80 LINES HIGH
C
C PPLOT INPUTS:
C
C X( )=ARRAY OF X—COORDINATES OF POINTS
C Y( )=ARRAY OF Y—COORDINATES OF POINTS
C NPOINT = TOTAL NUMBER OF POINTS IN CURVES
C XYI.(MS(4) = LI.MITS OF X AND Y AXES IN THE ORDER XMIN,XMAX,YMIN,YMAX
C	 IF XYLIMS( ) =O,SCALING IS AUTOMATIC
C NCHARS = WIDTH OF PRINTER PLOT (NUMBER OF CHARACTERS)
C NLINES = LENGTH OF PRINTER PLOT (NUMBER OF LINES)
C

DIMENSION X(1),Y(1)tXYLIMS(1),XGRID(12)tYGRID(12)
INTEGER IFLD(130,80)tISTARrIHOR,[VERT,IBLANK,ICROSS
nATA ISTARtIHORtIVERT /t* 	,,t—	 1911	 ,/
DATA IBLANK,ICROSS/'	 ','+	 '/
CO%I'AON/KNOUT/NODEV
WR[ TE (NODEV, 100) NPOINT,n!C!-1ARS,NLINES

100	 FORMAT(/' PPLOT CALLED ... TOTAL NUMBER OF POINTS =t,Id,
1	 //' NCHARS,NLINES =1,214)
IF(NPn[NT.LE.0) RETURN
IF( NCHARS.LE.130.AND.NLINFS.LE.80)GO TO 1
WRITE(NODEV, 106)NCHARS,NL INES

106	 FORMAT( /,' LIMITS EXCEEDED IN P PLOT. NCHARS,NLINES =',2110)
1 X41N = XYLIMS(1)

XMAX = XYLIMS(2)
YMIN = XYLIMS(3)
YMAX = XYLIMS(4)
[F(X'4IN.GE.X4AX)CALL `4IN;4AX(XvNPOINT,XMIN,X:MAx)
I 9 (YMIN.GF. v MAX)CALL MI'VMAX$x,NPOINIrYMIN,Y4AX)
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CALL SCALE ( XM I N, XMAX, XST, XDEL rNXP^ i
XFIN = XST + XDEL*NXP
13" = XFI N — XST
IxZ = — XST/DX*NCHARS + 1.000001
IXAXIS - 0
IF((XZ.GE.I.AND.IXZ.LE.NCHARS)IXAXIS	 1
CALL SCALE(YMIN,YMAXrYST,YOEL,NYP)
YFIN = YST + YDEL*NYP
DY = YFIN — YST
IYZ = YFIN/DY*NLINES + 1.000001
MAXIS = 0
IF(IYZ.GE.I.AND.IYZ.LE.NLINES)IYAXIS - 1

C	 WRITE(NODFVrl05)XSTrXFINrYST,YFIN,IXZrIYZ
105	 FORMAT( 3 ,' XST,XFIN,YSTrYFIN ='r1P4EI7.49

1	 //,' INDEX FOR X ANY Y ZERO REF AXES ='rOP2I6)
N1 = NCHARS — 1
N2 = NLINFS — 1
DO 10 I = 2rN1
00 10 J = 2,N2

10	 IFLD(I,J) = IRLANK
'JO 20 I = 1rNCHARS
IF(IYAXIS.EQ.1)IFL`J(IrIYZ) = IHOR
IFL-I(I,1) = IHOR

20	 I FLO( I, NL INES ) = IHOR
DO 30 I = 1,NLINES
IF(IXAXIS.EQ.l)IFLD(IXZrI) = IVERT
IFLD(1,I) = IVERT

30	 IFLD(NCHARS,I) = IVERT
NX = NXP + 1
NY = NYP + 1
DO 45 I = 1rNX
XGPID ( I) = XST + ( 1-1)*XDEL
IX = ((I-1)*X0EL/DX) #NCHARS + 1.00001
IX = 41NO(IXrNCHARS)
DO 45 d = 1rNY
YGRI'J(J) = YST + (J—l)*YDFL
IY = ((J-1)*YDEL 3 DY)*NLINES + 1.00001
IY = 41N0(IY,NLINES)

45	 IFLI(IX,IY) = ICROSS
WRITE(NODEVrl01)(XGRID(I)rI=1rNX)

LO1	 FORMAT(/,' X —GRID =',7F10.3r/,9X,7F10.3)
WRITE(NODEV,172)(YGRID(I),I=1,NY)

102	 FORMAT( 3 ,' Y — GRID =',7F10..3,/r9X,7Fl0.3)
,)0 50 I = 1 rNPOINT
IX = ((X(I) —XST)/DX)*NCHARS + 1
IY = ((YFIN—Y(I))/DY)*NLINES + 1

C	 IF(I.LE.50)WRITE(NODEV,107)X(I),Y(I),IXrIY
107	 FO R MAT(' X(I) rY ( I) _' , 1P2E12 . 4,'	 IX, IY =' g0P2I6)

IX = 4AX0(MIN0(IX,NCHARS),I)
[Y = 'lAXJ(MI,VO([YrNLINES)rl)

50	 1FLED(IXr(Y) = ISTAR
nRITF(NO(IFV,103)

IJ3	 FtW14T( L ail )
D(; 60 ( Y = 1 r NL INES

60	 WRITE(NOOF.V,1J4)(IFLD(IXrIY)tlX=1,NCHARS)
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104	 FO RMAT(1X,130A1)
RETURN

C	 DEBUG UNIT(6)vSUBCHK,TRACE•INIT
C	 AT 20
C	 TRkC E ON
C	 AT 60

C	 TRACE OFF
END

C
C**********	 SUBROUTINE MINMAX	 **********
C

SUBROUTINE MINMAX ( XrN,XMIN,XMAX)
DIMENSION  X(1)
X41N = X(1)
XMAX = X( l)
[F(N.LE.1)RETURN
DO 10 I=?,,N
XMAX = A MAXL(XMAX,X(I))

10	 XMIN = AMINL(XMIN,X(I))
RETURN
ENO

C
C**********	 SUBROUTINE SCALE	 **********
C

SUBROUTINE SCALE(XMIN,XMAX,START11DEL1,NPTS1)
INTX(X) = IFIX(X—.5+SIGN(45,X))
IF(XMAX.LE.XMIN)GO TO 90
X^IZ P = XMAX — XMIN
XEXP = ALOG10(XSIZE)
1 1--XP = INTX(XEXP)
XOR 11 = 10.**IEXP
XNORM = XSIZE/XORD
IF(XNORM.LE.1.6)XMOD = .2
IF(XNORM.GT.1.6.AND.XNORM.L.E.4.)XMOO = .5
[F(XNORM.GT.4..AND.XNORM.LE.8.)XMOD = L.
I F (XNORM. (:T. 9 .) XMOD 	 2.
OFL L = XORD*XMOD
DO LO I=1,30
XMAG = 10.**(I-15)
XPOINT = FLOAT(INTX(XMAG*XMAX))/XMAG
[F(XPOINT.GE.XMIN)GO TO 20

10	 CONTINUE
GO TO 90

20	 [SHIFT = (XPOINT—XMIN)/DELI
START[ = XPOINT — 3EL1*[SHIFT
IF(STARTL.GT.XMIN)STAR'T1 = START[ — DELL
NPTS1 = (XaMAX—START[)/DELI
IF(STARTI+DEL1*(FLOAT(NPTS1)+.01).LT.X4AX)NPTSL = NPTS1 + 1
RETURN

90	 4RITF(6r100)X,4IN,XMAX
1 1,110	 FORMAT(//' ERROR IN SCALE 	 XMIN,XMAX ='r2E12.4)

RETURN
FNO

C
C**********	 SUBROUTINE 4 P LOT	 VERSION L	 11/26/80	 *********
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C
SUBROUTINF APLOT (X ► Y ► NPT * NPLOT,XYLIMS t WIDTH ► HEIaHT ► TICKL ►
1 NCASF,XLBLrNXC.YLBLoNYC ► TITL ► NTTL,CNAMES ► NCINOX)

C
C NOTE	 TH E X( )e Y( ) ARRAYS ARF UNCHANGED IN THIS SUBROUTINE
C
C APLOT INPUTS:
C
C X( )-ARRAY OF X —CUORDINATES OF POINTS
C Y( )=ARRAY OF Y COORDINATES OF POINTS
C NP T( ) = NO. OF POINTS(X,Y PAIRS)IN EACH CURVE
C NPLOT- NUMBER OF CURVES
C XYLI4S(4)=LIMITS OF X AND Y AXES IN THE ORDER X4INvXMAX,YMIN,YMAX
C IF XYLIM S( )-O,SCALING IS AUTOMATIC
C WIDTH=wIDTH OF PLOT IN INCHES
C HEIGHT= HEIGHT OF PLOT IN INCHES
C TICKLE=LENGTH OF TICK MARKS ON AXES IN INCHES AND HEIGHT OF SCALE NOS
C	 I?J INCHES.	 IF TICKL IS NEGETIVFvPUT THE TICK MARKS INSIDE AXa4s
C NCAS E -A NO. PRINTED AT THE UPPER RIGHT  HAND CORNER OF PLOT FOR
C	 INDEXING PURPOSES.
C XLBL( ) = ALPHANUMERIC STRING FOR X —AXIS LABEL
C NXC = NUMBER OF CHARACTERS IN X AXIS LA3EL
C YLIIL( ) ► NYC = LIKEWISE FOR Y AXIS LABEL
C TITL( ) = ALPHANUMERIC STRING FOR TITLE
C NTTL	 NUMBER OF CHARACTERS IN TITLE
C CNAMES( ) = ARRAY OF FOUR—CHARACTER IDENTIFIERS FOR THE NPLOT CURVES
C NCIN )X( ) = INTEGER (.GE. 1. AND .LE.N p r( ) ) (NDICATING LOCATION
C	 OF CNAMES IDENTIFIERS FOR FACH CURVF
C
C

D14FNSION X(L)rY(1) ► XAR(10)•NPT;1) ► YYL14S(1) ► LSCALE(2)
014FNSION XLBL(1) ► YLBL(1),TITL(1),CNA4ES(1) ► NCINDX(1)
CO'A MON/ NNCIU T/NODEV
DATA EPS/1.E-9/
4R[Tr-(NODFV,100)NPLOT,NCASE ► (NPT(I),I=1,NPLOT)

100	 FORMAT(/' APLOT CALLED	 NPLOT =1 050X,'NCASE = ',I3f3X,'NPT( ) :^
1	 r10I4,/t(10X,10I4))

C	 nn 110 I=1,10
C	 NNPT = NPT(I)
C110	 W ►-'ITE(NODEV,109) I,X(I),Y(I+NNPT),Y(I+202),Y(I+303) ► Y(1+404)
C109	 FOR4AT(2X,I5r 1 COORnINATF.S= 1 , 6F10.4)

IF(NPLOT.LE.0)RETURN
TICK = ABS( TICKL )
H1 = 12*TICK
H2 = H1 + WIDTH
V1 = 9*T[CK
V'" = V1 + HFIGHT

C
C	 FIND TOTAL NUMBER OF POINTS ON PLOT
C

NPOINT = 0
00 2 I=1 rNPLOT

2	 NPOINT = 'NPOINT + NPT([ )
C
C	 SC 1LE X—AXES
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C
XMIN s XYLIMS(1)
XMAX = XYLIMS(2)
IF(XYLIMS(1).GE.XYLIMS(2))CALL MINMAX(X,NPOINTtXMINtXMAX)
CALL SCALE(XM(NtXMAXtXST ♦ XDELtNXP)
XFIN : XST + XDEL*NXP
nX = XFIN — XST
XF - (H2—H1)/DX
WRITE(NODEViLOI)XMINtX4AXtXSTtXDELPXFINtNXP

101	 Fn RMAT(/ ♦ XMIN t XMAX =t t1P2EI4.7,5X, O XSTARTtXDFL,XFINISH =t,
1	 3F10.3,5X, I NXP =0,I4)

G
C	 SCAt F Y—AXES
C

YMIN = XYLIMS(3)
YMAX = XYLI MS(4)
I F (XYLIMS(3).GE.XYLIMS(4))CALL MINMAX(YtNPOINT,YMIN,YMAX)
CALL SCALE(Y4lN,YMAX,YSTtYDEL,NYP)
YFIN = YST + YDEL*NYP
nY = YFIN — YST
YF = (V2.—V1)/DY
WRITE(NODEVt102)YMINtYMAXPYSTtYDEL ♦ YFIN#NYP

102	 FORMAT(/ # YMIN ♦ YMAX = 1 91P2E14.7,5X, I YSTART,YDEL ♦ YFINISH = ♦,
1	 ac i^. 3,5X, ♦:'iYP ==,14)

C
C	 DRAW ,OUTER BORDER FOR PLOTS
C

CALL
CULL
CALL
CALL
C ALL

C
C	 IF APP

C

PLOT(H1,V10)
PLOT(H2,V1,2)
OL'IT(H2,V2,2)
PLOT(H1 ► V2t2)
PLOT (H19V1,2)

ROPRIAT F ADD X = 0 9 Y = 0 AXES

IF(XST.GT .O..UR.XFIN.LT .O.)GO TO 12
XX = — XST*XF + H1
CALL PLi]T(XX,V1,3)
CALL PL0T(XX,V2,2)

1?	 IF(YST.GT.O..OR.YFIN.LT .O.)GO Ti; 14
YY = —YST*YF + V1
CALL PLJT(H1vYY,3)
CALL PLOT(H2,YY,2)

14	 CONTINUE
C
C	 ADD TITLE, X—AXIS LABEL AND Y—AXIS LABEL
C

HT = TICK
ANG = 0.
ANG90 = Q0.
WD = . 9* HT
Af) = ('i1f-H2) /2. -- .5*NTTL*1.5*wD
IF(NTTL.GT.0)CALL SYMBOL(XP,V2+4.*HT,l.5*HT,TI'TLvANG,NTTL)
<P = (ail +H2)I2. — .5*NXC*,iD
IF(`lXC.GT.0)CALL SYMBOL (XP,V1-3.*HT,H T, XL 3L,ANG,NXC)
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YP - (V1+V2)/2. - .5*NYC*WD
IF(NYC.GT .0)CALL SYMBOL(H1-11.*HT,YP,HT,YLBL,ANG909NYC)

C
C	 ADO CASE "IUMRER ( IF NONZERO) AND DATE
C

NnG = C

IF(NCASF.GT.0)CALL NUMBFR(H2+HT,V2vNT,FLOAT(NCASE)#ANG,NDG)
CALL OATIMP(Nl,V2+2*HT,HT,*APLOT 	 4)

C
C	 AQD X-AXIS TICK MARKS AND SCALE
C

N z 
NXP + I

YY	 V1 - 4.*TICK
DO 12 I-1,N
XA = HI. + ( I-1) *XDEL*XF
CALL PLOT(XA,V1,3)
CALL PLOT(XA,V1-TICKL,2)
XR - XST + (I-1)*XDEL
XK = XR + SIGN(EPS,XR)
NIGT = MINO(4AXO(0•-IFIX(ALOG10(ABS(XR)))+3) #8)
IF(ABS(XR) . +.F. 2.*EPS) NDGT=0

22	 CALL NUMBER(XA-2.*TICK,YY,HT,XR,ANG,NOGT)
C
C	 ADD Y-AXIS TICK MARKS AND SCALE
C

N = "VIP + 1
XX = V1 - 7.*TICK
DO 26 I=104
YA = V1 + (I-1)*YDEL*YF
CALL PLOT(H1,YA,3)
CALL PLOT(HI-TICKL,YA,2)
YY = YA
YR = YST + (I-1)*YDEL
YR = YR + SIGN(EPS,YR)
NDGT = MINO(4AXO(O,-IFIX(ALr)GIO(ABS(YR)))+3),8)
IF(ARS(YR) .LE. 2.*EPS) NDGT=O

26	 CALL NUMBER(XXjYY,HT,YR,ANG,NDGT)
C
C	 AD r) LABEL FOR EACH CURVE
C

K = 0

,in 30 I=1,NPLOT
lF(NCINDX(I).LE.0)GO TO 32
JPT = MAX0(MiN0(NCINDX(I),NPT(I)),1)
XX = A4INI(AMAX1(H1,(X(K+JPT)-XST)*XF+H1),H2)
YY = 44IN1(AMAXI,(Vlr(Y(K+JPT)-YST)*YF+V1),V2)
CILL PLOT(XX,YY13)
CALL 0L0T(XX+2. *H;' ,YY+4.*HT,2)
CALL SYMBOL(XX+3.^,.MT,YY+4.*HT,HT,CNAMES(I),ANG,4)

32	 N	 NPT(I) - 1
C
C	 oL^",T FAC 14 CjRVF
C

K = K + 1
XX = 441,'NI(Aw.NX1(H1,(X(K)-"ST)*XF+H1),H2)
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YY = AMIN1(AMAX1(Vlr(Y(K)—YST)*YF+V1)rV2)
LALL PLOT(XXrYYr3)
DO 30 J-10
K	 K * 1
XX	 A4IN1(AMAXL(Hlr(X(K)—XST)*XF+H1) ► H2)
YY	 A.'41NL(AMAX1(Vlr(Y(K)—YST)*YF+VL),V2)
CALL PLOT(XX*YYr2)

30	 CONTINUE
RETURN
END

C
SUBROUTINE SCALE (XM[NrXMAXrSTART1rDELliNPTSI)
INTX(X) - IFIX(X—.5+SIGN(.5,X))
IF(X MAX.LE.XMIN)GO TO 90
XSIZE = XMAX — XMIN
XFXP	 ALOGIO(XSIZE)
IEXP	 INTX(XEXP)
XORD = 10.**IEXP
XNORM = XSIZE/XORD
IF(XNCR4.LE.1.6)XMOD - .2
IF(XNOR4.GT.1.6.AND.XNORM.LE.4.)XMOD = .5
tF(XM(1R4.GT.4..AND.XNORM.LE.9.)XMOO = 1.
IF(XNORM.GT.9.)XMOD = 2.
DELI = xnRD*XMOr)
DO 10 I=1 ; 3n

XMAG = 10.**(1-15)
X 0 0INT = FLOAT(INTX(XMAG *XMAX))/XMAG
IF(XPOINT.GE .XMIN)GO TO 20

10	 CONTINUE
GO TO 90

20	 ISHIFT	 (XPOINT-XMIN)/DELI
STARTI = XPOINT - DEL1*ISHIFT
IF(STARTL.GT.XMIN)STARTI - STARTI -- DEL1
NPTSI = (XMAX—STARTI)/DELI
IF( STARTI+DEL1*IFLOAT(NPTS1)+.01).LT.XMAX)PIPTSI
RETURN

QO	 WRITF(6v100)XMIN9XMAX
100	 FORMAT(//' ERROR IN SCALE	 XMINrXMAX ='r2E12.4)

Rc TURN
FND

C
SUBROUTINE MINMAX(XrN,XMIN#XMAX)
DIMFNSION X(1)
XMIN = X(1)
XMAX = X(1:
IF(`V.LF.l)R TURN
on 10 I=21N
XMAX = A4AX1(XMAXrX(I))

10	 XMIN = 44IN1(XMIN,X(I))
RETURN
ENDJ

f;**********	 SUBROUTINE OATIME	 ********#*

C

NPTS1 + I

SUBROUTINE DATIME(IMO,IDAY,IYR,IHOURS,IHINPAMPM,PNAME.NODEV)
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REAL*9 PNAME
DATA AM/'	 A.4 # / # P4/ 1 	PM#/

CALL DATE( IMOrIDAYtIYR)
CALL STIME(ITIME)
XHOURS - FLOAT(ITIME)/10000.
AMPM - AM
IF(XHn11RS.GE.12.)AMPM = PM
IF (XH r)IJRS.GE. 13.) XHOURS = XHOURS - 12.
XHOURS = XHOURS

5	 X'4IN - (XHOURS - IHOURS)*60.
I MIN - XMIN
IF(NUDEV.GT.0)WRITE(NODFVt100)PNAMFt)MOsIDAYtIYR#IHOURStl^4IN1 A MPM

ion	 FORMAT(/r TIME IN r # AB t ' IS 'rA20/#rA2rl/'9A2r5XrI2t#:rr
1	 I2t3X,A4)
RETURN
EN!O

C
C**********	 SUBROUTINE OATIMP	 **********
c

SUBROUTINE DATIMP(XPtYPtHT#PNAME)
RFAL*F) PNAME
C^vMON/KNOUT/NODEV
ANG	 0.
WD	 .q*HT
CAL L c,AT 14E if ;0f I01AYr IY10, HOUR St iMIn;tAMPMiPNAME= NODE V)

XHOURS = [HOURS
XMIN = 14IN
CALL SYMBOL(XP#YPPHTtIMOtANG#2)
CALL SY4BOL(XP+2.*WOtYPrHTtLH/rANGr1)
CALL SY4BOL(XP+3.*WD#YPtHT9IDAY#ANG#2)
CALL SYMBOL ( X P + 5 . *WD 9 YP r HTr 1H/# ANG# 1 )
CALL SY4BnL(XP+6.*WDtYPtHT#IYR#ANG92)
CALL NUMBER(XP+12.*WD,YP,HT#XHOURS#ANGr-1)
CALL SYMBOL(XP+14.*WDrYPtHTr1H:•A(4Gr1)
CALL PIU48ER(XP+15.*WDtYPtHTtXMIN#ANGt-1)
CALL SYMBOL(XP+19.*WDrYPrHT#AMPMrANG#4)
RETURN
FNn

r

C	 FILE I"ITOD'E1 INPUT
C
C	 INPUT FOR MONTGOMERY # S AIRCRAFT LATERAL SIMULAT[CN
C JUL 29v 1980
C
CINTOOE
Xi = 0.r.l ► 9.t.lr6*0.s
T N AX = 5. ,
[PRINT = 2,
NGDFV = 6,
DT = .325,
TPa INT = .05,
NXPR = I#?,t3r495r6 t 7v 3.2*Or

A=-3.67994E-1r1.E49-2.4209F-2r2.59319E-1r3*0.#1.7335E-2r
-3.2?79E-2 t 2.67949E-1 t-1 .10395E -1 t-9.65926E- 1r 2.61375E1, J. r 4.4olO72E--Z

A=-1.57133r0•t 1.96959,0.,2.J6549tJ.t-2.33943EUtO. r
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XK = 1.494116,E-01,-4.1929029E-01,1.05352$'.SE-01 #2.029677LE--02 ► 1.3E+OOt
3.6583920E+009-2.3151433E-01,-4.7954880E-02,
NXx4,
NU-?t

PLOT = 2,
NXPL = 2,4,7,916*0,
NCHAR S - 80 9 WINESNES - 48,
"!CHARS ac 130,NLINES - 62,
XNA ".4ES=4HRORA,4HBANK,4HYAWRr4H YAWt4HINX2t4HINU294HAILE,4HRUDUt42*0.,
XL IILS(1tl) = 4HROLL, 4H RAT, 4HE (R, 4HAD/S• 4HEC) t
XLBLS(L t 2) = 4HBANK, 4H ANGr 4HLE (, 4HRAO)r
XLBL5(1,3) = 4HYAW , 4HRATE, 4H (RA t 4HD/SEr 4HC)	 ,
XLBLS(1,4) = 4HYA"W , 4HANGL1 4HE (R, 4HAD) ,
XLRLS(1r5) : 4HI4TE, 4HGRAL "r 4HXT*Xr
XLBLS(1r6) = 4HINTE, 4HGRAL, 4HUT*U,
XL9LS(1r7) = 4HAILE, 4HRON , 4H(RAD t 4H)	 r
XLBL S (l t © ) - 4HRUDO # 4HER (v 4HRAD) 1
NINT = 6t
NT T - 9,
XPLBL = 4HT14E t 4H (SEr 4HC)	 , 7 *0.1
NXC - 10,
YPt,BL - 4HSTAT, 4HE	 1 8*0. r
NYC = 5r

TITL=4H40NT,4HGOME94HRY t4HA/C 1 4HLATE,4HRAL t 4HDYNA,4HMICS,r4H K
4H TAU,4H=
TITI (1'A)$4H1.0
NTTL=52,

WIDTH = 5.5, HEIGHT = 2., TICKL = .06,
ICONT = It

& END
G INTODE

TITL(13)=4HO.5 ,
XK = 1.702?794F-Olt-6.0164034E-01,2.6196051E-O1,-2.7019290E-02,2.9E+00t

4.0517797E+OO t -1.1356604E+00,4.892501SE-Ol t
&END
&INTODE

TITL(13)=4HO.25,
XK = 1.2936323E+00,-3.1967741E-01,8.50401€ARE-Olr-1.56379n3E+01,1.9E+00,

4.47788330+OO,3.2358761E+0nt-1.5113544E+009
UND
SINTODE

TITL(9)=4H(RO3t
TITL(10)R4HUST)t

TITL(13)=4H1.0
XK=.6 513?,-. 335575,. 082589,-. 192543 t 1.60285, 3.467613.-.7396 t-.

GFND
&INTODE

TI TL (13)=4HO.5
XK=. 64359,-. 39107 t . 5764 t -. 244, 2. 0'7949 t 3.5064 ,-.741,-.4322441

&ENO
^. I NVIDE

TITL(13)=4HO.25,
XK=1.0368,-.3599 ► 1.27027t-.322,2.05633t3.41589 t-.743469t-.520

&END
&INTt"`)E
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TITL(9)=4HWZR9
TITL(10)=4H)tRHt
TITL(ll)-4H0= t
TITL(12)=4H100.v
NTTL=48t
XK-. 3 306 r — .1784, .10918 t — . 03913 9 — . 69998 # . 48 29 7 t 2.6222 t-1.4068

&END
CINTt'9E

TITL(12)=4H1.	 r
XK=1.2588t — .17087 t 1.0046,. 09539—.30636t1.0189,5.9393t-1.7341

&FNS
&INTODE

IC0'llT=O,
DT=.Olt
TITL(12)- 4HO.049
XK=5. 179 — .059375t4.8719P 1. 1309 1 . 1069 5.06,`

&ENO
497.26239-2.53099

C
C
	

FILE I")TODE INPUT
C
C
	

INPUT FOR HALL O S AIRCRAFT LATERAL SIMULATION
C JUL 31 1 1980
C
C INTODE
XI = 0.,.lt0.t.1#6*0*#
T MAX = 5.,
IPRINT	 2t
NODEV	 6,
nT = .025,
TPRINT = It
N';PR - 1t2r3,4,5#6,798o9r0 ►

A=-3.18,1.9—.06#.02213*0.9.0644t•6390.1—•279— .9989-10.690.t4.5r
B=-14,4t3*0. 9 1.5vO. t -^2.599.037#2*0. t—.g6 ► 0.t

XK =•-3.g732631E-021-4.3598451E-03,1.9987654E- 02,1.2020696E-02,-959E—Olt
2.5593357E*OOt2.1617.822r—019- 3.6611261E-03t4.75162.79E+00t- 9.4E-01,

— 5.4777920E-0l t -5.l &tl0699E-0l t
NX=4,
NU= 3,

IPLOT = 2,
NXPL = 2t4,7t899#5*0
NCHAPS = 80r NLINES = 481
NCHARS = 1309NLINES = 62t
XNAMES = 4HRORA t 4HBANK # 4HYAWR # 4H YAW14HINX2#4HINU2v 4HAILEv4HRYAWC#0r
XLBLS(lrl) = 4HROLL, 4H RAT, 4HE (R, 4HAD/St 4HEC) r
XLBLS(lt2) = 4HBANK, 4H ANG, 4HLE (r 4HRAD),
XLBLS(1r3) = 4HYAW t 4HRATEt 4H (RA P 4HD/SEP 4HC)	 r
XLBLS(1.4) = 4HYAW , 4HANGL, 4HE (R, 4HAD) t
XLRLS(1,S) = 4HINTE, 4HGRAL t 4HXT*X,
XLBLS (1, 6 ) = 4H I.NTE# 4HGRAL, 4flUT*U,
XLBLS(1r7) = 4HAILE, 4HRON r 4H(RAO t 4H)	 ,
XLBLS(1 ► 0-) = 4HRUDD # 4HER (, 4HRAD)9
XLILS(l# g ) = 4HYAW r 4HCONT t 4HROL , 4H(RAD, 4H)
NTOT = 9,
HINT = 6,
°L5L - 4HTIMEt 4H (SEt 4HC)	 r7*0.r
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NXC = 10,
YPLF3L = 4HSTAT, 4HE 	 1 8 *0.0
NYC = 5,

TITL=4HHALLI4H AIRt4HCRAF,4HT LA,4HTERA,4HL DY,4HNAMI t 4HCS(Mt 44x:9 Kc

4H) TAt4HU= t
TITL(12)=4h 1.Ot

NTTL = 48,
WIDTH	 5.5, HEIGHT = 2., TICKL = .06t
ICONT = It

e,END
&INTODE

TITL(12)= 4HO.5
XK=.024691—.001394,—.011669.24055,.03849—.04389—•30165,.02299,4.14655,

.0114 765 1 —.3 1 13,
&END
&INTODE

TITL(12)=4HO.25t
XK = 3.5695368E-019-3.9497081E-029°1.2787379E-0291.4500313E+0012.9E-01,

— 9.7618792E— Olt-1.2922382E+00, 2.6900148E+0093.0 lOO1 11E+00 9-4. 1E+001
— 1. 2453620E+O1, 1.4150048E+O1 t

&END
F,INTODE

TITL (9)=4HCS(R/
T[TL(9)=4HOBUSt
TITL(10)=4HT) T9
TITL(11)=4HAU= ,
TITO 12 1 =4H 1.Ot

XK=—.03413;,.1519t-2.6339.1.37833,—.933f2.535t.2175,.002644t5.530
—. 967?' 3,—. 6965 t— . 525889,

&END
&INTODE

TITL(12)=4H 0.5,
XK=.03819,—.0016245t—.012548,.4133,.03867889—.044359—.27592,
.025325514.15544,—.12295,.007238,—.3055,

&END
&INTODE

TITL(12)=4HO.259
XK=.49974,.309131t-3.344,1.462299—.932L29t-5.79063,•112387,—.269
5.9791E'i,-1.04167,-2.056679-1.36633•

& END
&INTODE

TITL(8)=4HCS(L,
TITL(9) = 4HQR) ,
TITL(10)=4HRHO=r
TITL( 1L)=4H100.t
NTTL=44,
XK=.04513,.00574,.0037989.09169.0222t.011679,.0569799.09c42t
.03633,—.0754,—.0208,—.008925,

&FN9
&INTODE

TITL(11) = 4H 1.0,
OT=O.O L,
T9LCT=0.02t
XK=.9653,—.067577,.007833,..99586,—.058595,.016246,.L175,.93939,
.35143,—.55619,—.27992,—.1,
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&END
C 1 ,A4 7 ODE

[CONT=q,
T XTI(10 =4HO.64,
XK =4.8341,,—.42649.0278794.98x—.5015x

SEND	
.41237,.41809,4.. 73614 ,-3.153,—.86026, 74891.7639,
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C
C	 FILE PFRTS FORTRAN Al
C	 PROGRAM TO TEST ROBUSTNESS OF LINEAR CONTROL SYSTEMS

C
DOUBLE PRECISION DSEED
DI M ENSION FVR1(4), EVI 1(4),EVEC1(4,4),EVR2(4),EVI2(4),EVEC2(4,4)

DIMENSION XX(4004),YY(4004),XYL(4),NPTS(1)
DIMENSION CNAMES(1),XLBL(LO),YLBL(10),TITL(20) ► NCINDX(l)
C04MON/MAT/A(494),B(4, 3),XK(3 ,4),CA(4 ► 4),PA(4,4) ► PB(4,3),N,M
COMMON /ISEED/DSEED,RAND(28),P
COMMON/NNOUT/NOUT
NA4FLIST/PFRT/N,M• ICONT,A,B,XK,P,NSAMP,IPRINT,IPLOT,
1XLBLtNXC,YLBL,NYC,TITLiNTTLiCNAMESYNCINDX

C
C	 INPUT VARIABLES IN THE NAMELIST
C
C	 N = NO. OF STATE VARIABLES
C	 M = NO. OF CONTROL VARIABLES
G	 iCONT — INDEX TO CONTINUE, OR STOP MULTIPLE CASE RUNS
C	 0 , STOP AFTER THIS CASE
C	 1 , CONTINUE TO NEXT CASE
C	 A = N BY N SYSTEM MATRIX
C	 B = N BY M CONTROL MATRIX
C	 XK = M 9Y N FEEDBACK MATRIX
C	 P = FRACTION GIVING THE MAX14UM PFRTURBATION
C	 NSAMP = NO. OF SAMPLES
C	 IPRINT = INDEX TO DETERMINE THE AMOUNT OF PRINTOUT
C	 IPLOT — INDEX THAT CONTROLS THE GENERATION OF PLOTS

C	 XLBL = ARRAY CONTAINING THE X —AXIS LABEL FOR PLOTS

C	 NXC = NO. OF CHARACTERS (LETTERS) IN X — AXIS LABEL

C	 YLBL = ARRAY CONTAINING THE Y — AXIS LABEL FOR PLOTS

C	 NYC = NO. OF CHARACTERS IN Y—AXIS LABEL
C	 TITL = ARRAY CONTAINING A LABEL TO APPEAR IN PLOTS
C	 NTTL = NO. OF CHARACTERS IN TITLE

C
DATA NCASE/O/,[START/1/
DATA XYL/-10.•0.,-3.,3./
DATA WIDTH,HEIGHT,TICKL/5.5,3.3,.06/

999	 REArD (7,PERT)
DSEED=11DO
NCASE=NCASE+1
NOUT=6
NPTS(1)=NSAMP*N+N
^(CURV=1

C
C	 PR I"!T aANNER
C

WRITF(6,100) NCASE
100	 FOR'4AT (lHIj' ****PROGRAM PERTURB, CASE', I5,'****' )
C	 WRITE(6,PERT)

CALL DATI`IE(IM,ID,[Y,IH,IMN,AP,'PERTB	 4,6)
WR[TF(6•L3I) TITL

101	 F3R4AT(/1X,20A4//)
C
C	 PR[NT MATRICES A,9,K AND A+B*K
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C
CALL 'a RTMAT(A,N,V,N, fA- 1)
CALL WRTMAT(BvN,M,N,'B= ')
CALL WRTMAT(XK,M,NvMt l K= ')
CALL MATM(At9,XKvCA,N,M)
I=1
CALL WRTMAT(CA,NvN•N,'A+B*K ')

CALCULATE EIGENVALUES AND EIGENVECTORS

CALL GENE(CA,N,EVRI9EVI1•EVECI,I,IPRINT)
IP=1
IF(IPLOT .GT. 0) CALL XYSTO(XX ► YY,EVRI,EVII,N,IP)

START Mf1NTE CARD RUNS

DO 10 I= 1, NSAMP
CALL PERTE
CALL MATM(?A,PB,XK,CA,N,M)
IF((I--L)IIPRINT*IPRINT .NE. I-1) GO TO 20
CALL WRTMAT(PA,N•N,N,'PERT A= 1)
CALL WRTMAT(PB,N,M,N,'PERT B= ')
CALL WRTMAT(CA,N,N,N,'PRT A ♦ BK')

20	 CALL GENE(C A t N,EVR2.EVI2,EVEC2,I,IPRINT)
IF(IPLOT .GT. 0) CALL XYSTO(XX,YY,EVR29EVI2eN,IP)

CALCULATE AND PRINT STATISTICS ON REMAX , REMIN AND RTOMAX

CALL STATS(EVRIPEVI1,EVR2,EVIZ,N,I,NSA:MP.IPRINT)
10	 CONTINUE

IF(IPLOT .LE. 1) GO TO 99
IF(ISTART .GC. 1) CALL PLOTS(0i000)
IF(ISTART .LE. 0) CALL PL0T(WIDTH+2..0.,-3)
ISTART=O

C
C	 'DO PLOTTING
C

CALL APLOT( XX,YY,NPTS,'VCURV,XYL,WIr)TH,HEIGHT,TICKL,NCASE,
1	 XLRL,NXC,YLBL,NYC,TITL,NTTL,CNA4ES,NCINDX)

C
C	 GO TO NEXT CASE IF ICONT IS GRATER THAN ZERO
C
99	 IF(ICONf .GE. 1) GO TO 999

IF(I P LOT .GT. 0) CALL PLOT(0.90.,999)

STRIP
END

C
C	 MATM — COMPUTES CA = A + B * XK
C,	 WHERE A . 9 AND XK ARE GIVEN MATRICES
C

SUBROUTINE MATM(A, 3• XK,CA,N, M)
DIME`JSIONA(N,V).9(N,M),XK(M,N),CA(N,N)
DO 10 I=19N
n 'l 10 J = 1 r N
T FMP=O.

C
C
C

C
C
C

C
C
C
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nO 5 K=1,M
5	 TE4P=TEMP*8(I,K)*XK(K,J1
10	 CA(I,J)=TEMP+A(I,J)

RFTURN
END

C
C	 PERTB — RANDOMLY PERTURBS THE ELEMENTS OF MATRICES A AND B
C

SUBROUTINE PERTB
DOUBLE PRECISION OSEEO
COM40N/MAT/A(4,4),B(4, 3),XK( 394),CA(4,4),PA(4,4),PB(493),N,M
COMMON/ ISFED/DSEED, RAND( 28),P
NN=N*(N+M)
CALL GGUBS( DSEF,O,NN,RAND)
(1O 6 I=1,NN

6	 RANO(I)=(-1+2*RAND(I))
NNN=O
DO 1 I=1,N

C
C	 PERTURB MATRIX A
C

nn 2 J=1,N
NNN=NNN+1
PA(I,J)=A(I,J)
IF(A(I,J) .EQ. 0. .OR. A(I,J) .EQ. 1.) GO TO ?
PA(I ,J)=A(I, J)*(1. *RAND (NNN) *P1

2	 CONTINUE
C
C	 RFRTUKR MATRIX B
C

DO 3 K=1rM
N NN= NNN+1
P6(I,K)=B(I,K)
IF(a(I,K) .FQ. 0. .OR. B(I,K) .EQ. 1.) GO TO 3
PB(I,K)=B(I,K)*(1.+RAND(NNN)*P)

3	 CONTINUE
1	 CONTINUE

RETURN
FND

C
C	 STATS — COMPUTES AND PRINTS STATISTICS ON REMAX , RE:MIN
C	 AND RTOMAX
C

SUSROUTINF STATS(EVRI,EVIL,EVR2,EVI2,N,IS,NSAMP,IPRINT)
P EAL*B ANAMFI,AVAME2rANAME3
)IMFNSII)N EVRI(N),FVI1(N),EVR2(,N),EV12(N),R,r(4)
01 %WNSION CREX(L000),CREM(L000),CRTX(1OOJ),^!Y(20)
nl4ENSION CREXA(1000),CREMA(1000),CRTXA(1000)
'),*.TA R14AXMA,R'3INMA,RTMXMA,SRXA,SRMA,SRTXA/6*0./
DATA R.'4AXMrR4INM,RTMXM,SRX,SRM,SRTX/6*0./
OA TA ANVAlEI,ANAME2,ANAME3/' REM AX	 REwIN	 RTOMAX '/
IF(IS .NF. 1) GO TO 3
CALL VI'4MAX(EVR1,NvREMINI,REMAXI)
JO L I=11N

1	 4T(I)=FVI1(I)/FVR1(I)
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RTMAXI=A4AXL(RT(L),RT(2),RT(3),RT(4))
3	 CALL M(NMAX(EVR2sN,REMIN2,REMAX2)

DO 2 I=1,N
2	 RT(I)=EVI2(I)/EVR2(I)

RTMAX2=AMAX1(RT(L),RT(2a`,RT(3),RT(4))

CREX(IS)=(REMAX2—REMAXI)/REMAXL*100.
CREM(IS)=(REMIN2—REM[N11/REMINL*100.

100 FORMATM 0 PERCENTAGE CHANGES IN'//2X,'REMAX=•,F10.4,//2X,'

1,RE4IN=',FLO.4,//2Xr'RTOMAX=',F10.4)
123	 FORMAT(/LOX,'PERCENTAGE CHANGE IN ',AB,/IOX,'MAX 1 9 F10.40	 MIN11

1F10.40	 MEAN ',F10.4,'	 STD DVN 19F10.4)

CREXA(IS)=RE4AX2
CRFMA(IS)=RFMIN2

124	 FOR4AT(2X,'UNPERTURRED VALUES ARE'//2X,'REMA.`=',FL0.4,//2X,'
IRE4IN=',FL0.4,//2X,'RTOMAX=',F10.4)

125	 FORMAT(/IOX,'STATISTICS ON ',A8,'WITH PERTURBATIONS'//IOXt" AX
1 1 9F10.4r'	 MIN',F10.40	 MEAN ' Y F10.4 1 '	 STO DVN ',F10.4)

IF(RTMAXI .EQ. 0. .AND. RTMAX2 .EQ. 0.) GO TO 8
IF(RTMAXL .EQ. 0) CRTX(IS)=100.

IF(RTMAXL .NE. 0.) GO T(l 7

GJ TO 9
7	 CRTX(IS1=(RTMAX2—RTMAX1)/RTMAXI*100.

CRTXA(IS)=RTMAX2

Gil TO 9
8	 CRTX(IS)=0.

9	 IF(((S-1)/IPRINT*IPRINT .NE. IS-1) GO TO 6

WRITE(6 1 99) REMAXL,REMINL,RTMAXI,REMAX2,REMIN2,RTMAX2
99	 F(IRMAT(2X,'RFMAXI,REMINI,RTMAXIiREMAX2rREMIN2,RT4AX2 =',6E14.6)

WRITF;(6,100) CREX(IS),CREM(IS),CRTX(IS)

6	 IF(IS .LT. NSAMP) RETURN
DO 4 I=1,NSA4P
R,44XM=RMAXM+CREX(I)/NSAMP

R,IIVM=R'lINM+CREM( I )/NSAMP
RMAXMA=RMAXMA+CREXA(I)/NSAMP

RMI4MA=RMINMA+CREMA(I)/NSAMP

R T14XMA= RT14XM4+CRTXA (I) /NSAMP
4	 RTMXM=RTMXM +CRTX(I)/NSAMP

nn 5 I=1,NSAMP
SRX=SRX+(CREX(I)—RMAXM)**Z/(NSAMP-1)
SR4=SRM+(CREM(I)—RMINM)**2/(NSAMP-1)

SRXA=SRXA +(CRFXA(I)—RMAXMA)**2/(NSA4P-1)
SR4A=SRMA+(CREMA(I)—RMINMA)**2/(NSAMP-1)
SRTXA=SRTXA+(CRTXA(I)—RTMXMA)**2/(NSAMP-1)

5	 SRTX=SRTX+(CRTX(I)—RTMXM)**2/(NSAMP-1)

SRX=SQRT(SRX)

SRM=S+QRT ( SRM)
SRTX=SQRT(SRTX)
SRXA=SQRT(SRXA)
SR"44=SQRT(SRM4)

S TXA=S )RT(SR TXA)

CALL MINMAX(CREX,NSAMP,CRFXN,CRFXX)
CALL M1NMAX(CREM,NSAMP,CREMN.CREMX)

CALL MlN4AX(CRTX,NSAMP,CRTXN,CRTXX)
CALL MINMAX(CREXA,NSAMP,CREXNA,UREXXA)

CALL MINMAX(CREMA,NSAMP,CREMNA,CREMXA)
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CALL MINMAX(CRTXArNSAMPrCRTXNA,CRTXXA)
WRITE(6r120)

120	 FORMAT(//25Xr'STATISTICS FROM THE MONTE CARLO SIMULATIONS')
viRITE(69123) ANAMEI,CREXX,CREXNrRMAXMrSRX
CALL HISTO(CREXrNSAMP ► CREXNrCREXXrDr2O9NYrNT)
WRITE(6t121) ANAME10

121	 F ORMAT(IOXrAW HISTOGRAM T EACH INTERVAL IS ',F10.4v' UNITS'/)
WRITE(6 1 122) (I,I=1r20)r(NY(J)rJ=1r20)r,'NT

122	 FORMAT(5X,20I6r//4Xr20I6r/40Xr'TOTAL NUMBER OF SAMPLES = 'r I6)
WRITE(6 1 123) ANAME2rCREMXrCREMNrRMINMtSRM
CALL HISTO(CREM,NSAfMPrCREMNrCREMXrDr20,NYrNT)
WRITE(6,121) ANAMF290
WRITE(6r122) (IrI =1,20)9(NY(J),J=1r20),NT
WRITE(6 9 123) ANAME3rCRTXX,CRTXNrRTMXM,SR'TX
CALL HISTO(CRTX•NSAMPrCRTXNrCRTXX9Dr20,NY,'NT)
WRITE(6,12l) ANAME3 0
WRITE(6r122) fIrl=lr20) r(NY(J)vJ=1#20)#NT
RMAXM=o.
WRITE(6 1 124) CREXA( IS),CREMA(IS)rCRTXA(IS)
WRITE(6r125) ANAME1rCREXXArCREXNArRMAXMA,SRXA
CALL HISTO(CREXArNSAMPrCREXNA,CREXXArnr20rNY,NT)
wRITF(6r1?I) ANAMEI, D

WRITE(6r122) (IrI =1r?.0) ► (NY(J)sJ=1r20)rNT
4RITF(6,125) ANAME2rCREMXArCREMNA,RMINMArSR4A
CALL HISTO(CREMA,NS*AMPrCREMNAtCREMXAtU,2O,NYttIT)
WRITE(69121) ANA4E2,D
r1RITE(6,122) (1,1=1r70)r(NY(J)rJ=1r20),NT
,lRITE(6,125) ANAME3 ,CRTXXArCRTXNArRTMXMA,SRTXA
CALL HISTO(CRTXA,NSAMPrCRTXNArCRTXXA,Dr2OrNY,NT)
WRITE(6 t t?l) ANAME3rD
WRITE(6,122) (IrI= 1r20)r(NY(J),J=1r20),NT
RMAXMA=O.
R 41 14 4A=O.
RTMXMA=O.
SRXA=O.
SRMA=O.

SRTXA=O.
RMAXM=0.
R4['4M=O.
RTAXM=0.
SRX=O.
SRM=O.
SRTX=O.
RFTURN
FND

C
C	 XYSTO — STORES ARRAYS X AND Y IN ARRAYS XX AND YY
C

SUBROUTINE XYSTO(XXrYY,X,Y,N,IP)
DOUBLE PRFC IS ION DSEED
01MENSION XX(1),YY( l),X(N),Y(,1),RAND(4)
IATA SE E D /13.00/
CALL GGUBS(SEED,V.RAND)
DO 1 I=1,14
R AN!7 ( I ) =-1+2 *RAND( I)
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XX(IP)-X(I)
YY(IP)=Y(I)
IF(Y(I) .EQ. 0.) YY(IP)=YY(IP) +RAND(I)*.04

1	 IP=IP+I
RETURN
END

C
C	 HISTO — COMPUTES HISTOGRAM
C

SUBROUTINE HISTO (X,NjXMIN,X,MAX,OrNH,NY,NT)
JIMENS[ON X(1)#NY(NH),XH(20)
D=(XMAX—XMIN)/NH
XDUM=XMIoN
DO 1 I=1,NH
NY(I)=0
XH(I)=D+XDUM

1	 XDUM=XH(I)
XH(NH)=XMAX
DO 2 I=1rN
DO 3 J=1,NH
IF(X(I) .LF. XH(J)) GO TO 2

3	 CONTINUE
C5	 IF(J .FQ• 1 .OR. J .E9. 20) WR1TE(69101) X(I)

101	 FORMAT(15X15F10.4)
N T=0
DO 4 I=1,NH

4	 NT=NT+NY(I)
RETURN
END

C	 FILE GENE FORTRAN	 4/23/80
C
C	 PROGRAM TO FIND EIGEMSOLUTIONS OF A GENERAL MATRIX
C

SUBROUTINE GENE(ArNrEVR,EVI,EVECrIS,IPRT)
114FNSION A(4,4),EVR(4),EVI(4),EVEC(4,4)tWORK(25)
COMMON/NNOUT/NOUT
NOUT = 6

C	 CALL WRT4AT(A 9 4,4 1 49 1 A	 ')
N = 4
[A = 4
MODE = 1
IE = 4
IPRINT = 2
CALL FIGER(>,N,IA,MODE,EVRrEVI,EVEC,IE,'wORK,IPRINT,'A+B*K

	 i

1IS,IPRT)
RETURN
END

C
SJ6ROUTINE ESHIFT(CEVAL,CEVEC,N,NC,EVALR,EVALI,EVEC,eiORK„JE)
CO MPLEX CEVAL(1)rCEVEC(NCrl)vCNCRM
114ENSIP &I EVALR(1)rFVALI(1),EVEC(NE,1),WORK(`vE,l)
014ENSIOiN I9N0X(16),EVALA(16)
JO 11 I=11N
FVALR(I) = REAL(CEVAL(I))
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EVALI(I)	 =	 AIMAG(CEVAL(I))
EVALA(I)	 CABS(CEVAL(I))
IF(EVALI(I)126,15,15

15 EMAX - 0.
D0 20 J=I,N
EMAG	 = CAHS(CEVEC(J,I))
IF(EMAG.LE.EMAX)GO TO 20
FMAX = FMAG
CNORM	 CONJG(CEVEC(J,I))/EMAG**2

20 CONTINUE
00 22 J=1,N

22 WORK(J,I)	 =	 REAL(CEVEC(J,I)*CNORM)
GO TO 10

26 00 28 J=1,N
29 WORK(J,I)	 = AIMAG(CEVEC(J,I—l)*CNORM)
10 CONTINUE

CALL	 ORDER(EVALA,INOX,N,2i:evALR,EVALI)
00 30 J=1,N
JJ	 =	 [NDX(J)
DO	 30	 I=1,N

30 FVEC(I,J)	 =	 WORK(I,JJ)
I	 =	 0

40 I	 =	 I	 +	 1
IF( I . GT. N).RETURN
IF(EVALI(I))45940145

45 EVALI(I)	 =	 ABS(FVALI(I))
[	 .=	 I	 +	 1
FVALI(Il	 = —FVALI(1-11
GO TO 40
END

C
C ORDER — ORDERS THE ELEMENTS OF A VECTOR BY ALGEBRAIC SIZE.	 TN E
C RESULTING PERMUTATION OF THE INDICES	 IS RETURNED IN VECTOR TV.
C IF MOOE = 1,	 THE ELEMENTS OF VECTOR V1 ARE ALSO REORDERED
C IF MODE. = 2,	 BOTH VECTORS V1 AND V2 ARE REORDERED
C

SUBROUTINE QROER(RV•IV,N 000EvV1,V2)
OIMFNSION RV(1),IV(1),Vl(1),V2(1)
IF( N.LE.I)RETURN
')0 1 I=11N

1	 IV(I) = I
OC 4 11 = 29N
I = I[

2	 J = I — 1
IF(-2V(I).GE.RV(J))GO TO 4
CALL SWAP (RV(I) ,RV(J) )
I F (400E.GE.1)CALL S4AP(Vl(l),V1(J))
IF(MOOE.GE.2)CALL S"WAP(VL(I) ► VZ(J))
KK = IV(I)
IV([ ) = IV(J )
IV(J) = KK
IF(.J.LE.1):,C TC 4
I = I — I
GO TO 2

4	 CONTINUE
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RETURN
END

C
C	 EIGER - CALCULATES THE EIGENVALUES OF A MATRIX ('BODE - 0)
C	 OR ROTH EIGENVALUES AND EIGENVECTORS (MODE - 1)
C	 THE E[GCNVALUFS ARE GROEREO BY ABS VALUE
C	 TPRINT CONTROLS THE PRINTOUT
C	 1PRINT = 1 r LIST EIGENVALUES ONLY
C	 (PRINT = 2r ALSO LIST EIGFNVECTOIRS
C

SUIROUTINE EIGER(A•NrtAvIODErEVR,EV[rEVECrIF^,wORKr1PRINTrANAMCI
IIS,IPRT)
DIMFNSION A(IA,1),EVEC(IFrI)rEVR(I)rEVI(1)rWORK(1)
RFAL*8 ANAME
COMP LEX CEVAL(16).CEVEC(16r16)
COMMON/NNOUT/NPRINT
IF(N.GT.16)STOP1
IJOB = MODE
IC = 16
CALL FI,RP(A,N,IA,IJOB,CEVAL,CEVE+C,IC,WORK,IER)
IF(IER.GT.0)WRITE(NPRINTr102)[ER

la g 	PORMAT(/,' ERROR IN EIGRF	 IER =105)
IF(IPRINT.GE .3)CALL CEVPRT(CEVAL,CEVECrN,[CvWGRK•MOOE)
CALL ESHIFT(CEVALrCEVECrN, [C,EVR * EVI rEVECv*ORK # [E)
IF(IPRINT.LE.0)R.ETURN
IF(IPRINT.EQ.1)GO TO 40
IF(((S-1)/IPRT* , IPRT .NE. IS-1) RETURN
IF(400F.LF.0)GO TO 40
WRITE(NPRINT,104)NrANAME

104	 FOR4AT(/' THE 1 1 I30 ORDER 'rASr' MATRIX HAS',
1	 /13X,'EVAL(REAL)',4X•'EVAL(IMAG)'r4X,'E—VFCTOR')
00 30 I=1,N

30	 WRITE(rIPRINTr103)EVR(I)rEVI(I)r(EVEC(J,I),J=L,N)
103	 FnR4AT(LXr1p2F14.6rOP10F10.61/,(29Xr1OF10.6))

RETURN
40	 WRITE(NPRINTr105)N,ANAME,(EVR(I)r1=1rN)
105	 F URMAT(/' THE 1 ,I39' ORDER ',A8r' MATRIX HAS FIGENVALUES'

1	 it (REAL)/(IMAG)'r/(1P10E13.5))
WRITE(NPRINT,106)(EVI(.I)rt=1,N)

106	 FORMATI /( LP1OE14-5) )
RFTURN
END

C
SURROUTINE CEVPRT(CEVALrCEVECrN,ICrWORKrMCOF)
COMPLEX CEVAL t 1) , CEVI;C (IC r 1 )
014ENSION WORK(N11)
10 10 I=1r'I
W`7RK(1rI) = REAL(CEVAL(I))

1 1)	 wJRK (2 r I ) = A I MAG (CEVAL (I) )
CALL WRTMAT(WORKr2rN,N9'E-VALS ')
DO 20 I =1,N
JO 20 J=11N

40	 ,4rRK(19J) = REAL(CEVEC(I,J))
CALL 4RTMAT(40RK,NvNrN,'RL E—VEC')
00 30 1=1,N
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00 30 J=1 ► N
30	 WURK(IrJ) - AIMAG(CEVEC(IrJ))

CALL NRTMAT(4ORKrNrNrN # r I 4 E—VEC')
RETURN
END

C
C	 wRrMAT — WRITES MATRIX A
C

SUBROUTINE WRTMAT(AvMtMr IArANAME)
DIMENSION A([Arl)
COMMON/NNOUT/NPRINT
REAL*1 ANAME
WRITE(NPRINT.100)ANAMErNtM

100	 FORMAT( /,' MATRIX ',A8,3Xr'(',I3r' ROWS X' 9 13 t t COLS)t)
IF(M.LE.10)GO TO 15
00 10 I=10

10	 W RITE(NPRINTr101)(A(I,J)tJ=1tM)
101	 FORMAT(/,(1P10E13.5))

R FTURW
15	 DO 20 1=10
20	 4RITE(NPRINT,102)(A(I,J),J31rM)
102	 FORWAT(LPIOE13.5)

RETURN
E 

C,
C	 MSHIFT — TRANSFERES VECTORS AND MATRICES
C

SJBROUTINE MSHIFT(At3vN,MrNArN8)
f49 NSION A (NA P 1)rB(NB,1)

COMMON/NNOUT/NOUT
IF(N.GT.MINO(NA,NB))GO TO 90
gar, 10 I=10
DO 10 J=1rM

10	 B(19J) = A(Ir.1)
RETURN

90	 4RITE(NOUT,100)N,NA,NB
100	 FORMAT(' *** ERROR IN MSHIFT *** N,NArN8='r3I5)

RETURN
END

G
G	 SWAP — INTERCHANGES TWO VARABLES
C

SUBROUTINE SWAP(A,B)
C - A
A = 9

— C
RETURN
END

c
C**********	 SUBROUTINE APLOT	 **********
C

S 13ROUTINF APLOT(X.YvNPTsiNPLOT,XYLIMS,NIDTH,HEIGHT,TICKLr
1	 NC4SF, XL ;3L,NXC,YLBL, NYC,TITL,NTTL,C.NAMES,3NC IMDX)

C
C NOTE	 THE X( ), Y( ) ARRAYS ARE UNCHANGED IN THIS SUBROUTINE
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C
C APLOT INPUTS:
C
C X( )=ARRAY O F X—COORDINATES OF POINTS
C Y( )=ARRAY OF Y COORDINATES OF POINTS
C NPT( )-NO. OF POINTSIXrY PAIRSHN EACH CURVE
C NPLUT=NUMBER OF CURVES
C XYLIMS( 4)=LIMITS OF X AND Y AXES IN THE ORDER XMIN , XMAX , YMIN.YMAX
C IF XYLIMS( ) = O,SCALING IS AUTOMATIC
C WIDTH-WIDTH OF PLOT IN INCHES
C HEIGHT= HEIGHT OF PLOT IN INCHES
C TICKLE= LENGTH OF TICK MARKS ON AXES IN INCHES AND HFIGHT OF SCALC N OS
C	 IN INCHES. IF TICKL IS NEGETIVE,PUT THE SICK MARKS INSIDE AXES
C NCASE-A NO. PRI`dTED AT THE UPPER RIGHT HAND CORNER OF PLOT FOR
C INDEXING PURPOSFS.
C XLBL( ) = ALPHANUMERIC STRING FOR X—AXIS LABEL
C NXC - NUMBER OF CHARACTERS IN X AXIS LABEL
C YLBL( ), NYC = LIKEWISE FOR Y AXIS LABEL
C TITLI ) = ALPHANUMERIC STRING FOR TITLE
C NTTL	 NUMBER OF CHARACTERS IN TITLE
C CNAM EF( ) = ARRAY OF FOUR—CHARACTER IDFNTIFIERS FOR THE NPLOT CURVES
C NCI"Jr,'K( )	 INTEGER (.GE.1. AND .LE.MPT( ) ) INDICATING, LOCATION
C	 OF CNAMES IDENTIFIERS FOR EACH CURVE
C
C

^)(MENSION X(1),Y(1),XAR(10),NPT(1),XYLI4S(1)
DIMENSION XLBL(1),YLBL(1),TITL(1),CNA4MES(1),NCINDX(1)
CC4MON/NNOUT/NODEV
0AfA FPS/I..E-8/
WRITE(NODEV, 100)NPLOT v NCASE 9 ( NPT( I) 9 I=1,NPLOT)

100	 FO RM4T(/' APLOT CALLED	 NPLOT =',I5,3X,'NCASF =',I3,3X,'NPTt ) ^'
1	 ,10(4,/,(L0X910I4))

C	 ADO 110 I=1,10
C	 NNPT = NPT(I)
0110	 WRITE(NODFV,109) I,X(I),Y(IfNNPT)tY(1+202)rY(I+303)9Y(I4-404)
0109	 F0 RMAT(2X,I5r'COORDINATES=', 6F10.4)

IF(NPLOT.LE.0)RETURN
XMN = XYLIMS(1)
XMX = XYLIMS(2)
YMN = XYLIMS(3)
YMX = XYL14S(4)
WICK = ASS(TICKL)
HL = 1Z*TICK
H2 = H1 + WIDTH
V1 = 9*TICK
V2 = V1 + HEIGHT

C
C	 FIND TOTAL NUMBER OF POINTS ON PLOT
r.

NOCINT = 0
DO 2 I=1,NPLOT

2	 1JP0 14T = NPO I NT + NPT(1)
IF(X4N.-E.XMX)GO TO 4
XMIN = XMN
XMAX - XMX
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aI TO b
4	 CALL MINMAX(XrNPOINT#XMINrX.4AX)
S	 IF(YMN.GE .YMX)GO TO 8

YMIN	 YMN
Y MAX = YMX
Gn Tn 10

8	 CALL MINMAX(Y,NPOINT,YMIN ► YMAX)
C
C	 SCALE X-AXES
C
10	 CALL SCALE(X'MIN,XMAXrXST,XDELrNXP)

XFIN = XST + XDEL*NXP
OX = XFIN - XST
XF - (H2-HL)/DX

C
C	 SCALE Y-AXES
C

CALL SCALE(YMINrYMAXrYSTrYDELvNYP)
YFIN = YST + YOEL*NYP
DY = YFIN - YST
YF = (V2-V1)/DY
vPITE(NODEV,101)XMINrXMAXrXSTrXDELrXF[N,NXP
wP ITF(NOOFV,102)YMINrYMAXrYST,YDELrYFIN,NYP

iGl	 FORMAT (/' XM!NtXMAX = 'r 1P 2E14.7r5Xr °XSTARTrXOELrXFINISH =',
1	 3F10.3r5Xr'NXP =1rI4)

102	 FPR M AT(/' YMIN,YMAX =' t 1P2F14.7,5X,'YSTART,YOEL,YFINISH ='r
1	 3F10.3,5X,'NYP =4,I4)

C
C	 DRAW OUTFR 30ROFR FOR PLOTS
C

CALL PLOT(HLrV193)
CALL PLOT(H2rVlr2)
CALL PLOT(H2rV2r2)
CALL PLOT(lilrV2r2)
CALL PL0T(HlrVlr2)

C
C	 jr PPROPRIATE ADD X = Or Y = 0 AXES
C
77	 IF(XST.GT .O..OR.XFIN.LT .O.)GO TO 1?

XX = -XST*XF + H1
CALL PLUT(XXrVlr3)
CALL PLUT(XXrV2r2)

12	 IF(YST.GT.O..OQ.YFIN.LT .O.)GO TO 14
YY = -YST*YF + V1
CALL PLOT(H1rYYr3)
CALL 0L0T(H2rYYr2)

14	 CONTINUE
C
C	 ADO TITLEr X-AXIS LABEL AND Y-AXIS LASFL
C

HT = TTCK
ANG = 0.
ANG90 = 90.
oD = HT
XP = (H1+H2)/2. - .5*NTTL*1.5*;rD
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IF(NTTL.vT.0)CALL SYMBOL(XP,V2+4.*HTr1.5*HTrTITL,ANG,NTTL)
XP = (H1+H2)/2. — .5*NXC*'WD
IF(NXC.GT .OICALL SYMBOL(XPtV1-8.*HTPHT,XLBLPANG+NXC)
YP = (V1+V2)/2. — .5*NYC* D
IF(NYC.GT .0)CALL SYMBOL(H1-11. *HT rYP,HTPYLBL,ANG909NYC)

C
C	 ADD CASE NUMBER (IF NONZERO) AND DATE
C

NnG : 0
1F( NICASE.GT.0) CAL L NUMBER(H2+HT,V2,HT', FLOAT (NCASE),ANGiNDG)
CALL DATIMP(H1,V2+2*HTvHTt l APLOT	 0)

C
C	 AnD X— AXIS TICK MARKS AND SCALE
C

N = NXP + I
YY	 V1 — 4.*TICK
00 2;a I-1,N
XA = 1I - 11*XDEL*XF
CALL PL0T(HI+XAvVlr3)
CALL PLUT(H1+XA,V1—TICKL,2)
XX = H1 + XA — 2.*TICK
X4	 XST + (I-1)*XDEL
XR = XR + SIGN(EPS,XR)

C	 IF(A3S(XR).LE.24*EPS)XR = 0.
MDC,T _	 (tin( ^AQYI^( ; -.TFTY(^11 n r_ ► nr ^ac(Xo ► ► 	 n) Q%

IF(A3S(XR) .LE. 2.*EPS) NDGT=O
CALL NUMBER(XXtYY,HTvXRvANG,NDGT)

22	 CONTINUE
C
C	 ADD Y—AXIS TICK MARKS AND SCALE
C

N = NYP + 1
XX a V1 — 7.*TICK
10 24 I=1,N
Y A = ( I-1) *YDF,L*YF
CALL PLOT(H1rV1+YAr3)
CALL PL0T(Hi—TICKL9VI+YA,2)
YY = V1 + YA
YR = YST + (I-1)*YDEL
YR = YR + SIGN(EPS,YR)

C	 IF(l5S(YR).LE..:.*EPS)YR = 0.
NDGT = MINO(MAXO(0,—IFIX(ALOGIO(ABS(YR)))+3),8)
I ir (ARS(YR) .LE. 2.*EPS) NDGT=O
CALL NUM8ER(XXtYYvHTiYRPANGvNDGT)

24	 CONTINUE
0
C	 ADn LA 3EL FOR EACH CURVE
C

K = 0
00 30 I=10PLOT
IF( "Ir.INDXf1 ).LE.0)GO TO 23
JPT	 MAXO(4INO(NCItiDX(I),NPT(I)).1)
XX = 44INI(A4AX1(H1,(X(K+JPT)—XST)*XF+H1),H2)
YY = A4IN1(AMAXI(Vlr(Y(K+JPT)—YST)*'YF+VI),V2)
CALL PLGT(XX,YY,3)
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CALL PLOT(XX+2.*HToYY+4.*HT,2)
CALL SYMBOL(XX+3.*HT,YY +4.*HT#HTPCNAMES(I),ANG,4)

28	 N = NPT(I) — 1
C
C	 P LOT EACH CURVE
C

K = K + 1
XX = 44IN1(AMAX1(H1,(X(K)—XST)*XF+H1),H2)
YY = AMINI(AMAX1(V1,(Y(K)—YST)*YF+V1),V2)
CALL PLOT(XX,YY,3)

C	 CALL SYMBOL(XX,YYr.04,1H.,0.,1)
CALL PLOT(XX,YY,2)
CAL J_ CIRCLE(XX,YY,.02)
DO 30 J = 19N
K = K + 1
XX = A'MIN1(AMAX1(Hl,(X(K)—XST)*XF+HLl,H2)
YY = AMIN1(AMAX1(V1,(Y(K)—YST)*YF+VL),V2)
CALL PLOT(XX,YY,3)
CALL PLOT(XX,YY,2)

C	 CALL SYMBOL(XX,YY9.04,1H.,0.,1)
IF(J .LE. 3) CALL CIRCLE(XX,YY,.02)

30	 CONTINUE
RETURN
ENDC END

SUBROUTINE SCALE(XMINPXMAXPSTARTI,DELI,NPTS1)
INTX(X) = IFIX(X—.5+S.IGN(.59X))
IF(XMAX.LE.XMINIGO TO 90
XSIZE = XMAX — XMIN
XEXP = ALOG10(XSIZE)

INTX(XEXP)
XOQ)	 = 10.* *IEXP
'VlV ' H = XSI ZF/XORD
IF(XNORM.LE.1.6)XMOD = .2
IF(XNORM.GT.1.6.AND.X;40RM.LE.4.)XMGD = .5
IF(XNORM.GT .4..AND.XNORM.LE.8.)XMOD = 1.
IF(XNORM.GT.B.)XMOD = 2.
DELL = XORD*XMOD
10 10 I=100
XMAG = 10.* *(I-15)
XPOINT = FLOAT(INTX(XMAG *X.4AX))/XMAG
I.F(XPOINT.GE.XMIN)GO TO 20

10	 CONTINUE
GO TO 40

20	 (SHIFT = (XPOINT—XMIN)/DELI
START( = XPOINT — OF,..1*ISHIFT
IF(STARTI.GT.XM(N)STARTL = START( — OEL1
NPTS1 = (XMAX—STARTI)/DELI
IF(START1+DELL*(FLOAT( 14PTS1)+.01).LT.XMAX)NPTS1 = NPTS1 + 1

RETURN
90	 WRITE(6,100)XMIN,XMAX
100	 FORMAT(//' FRQOR IN SCALE 	 XMIN,XrMAX =1,2E12.4)

RETURN
END

C
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SUBROUTINF MINMAX(X,N,XMINvXMAX)
DIMENSION X(1)
XMIN = X(1)
XMAX = X(1)
IF(N.LF.1)RFTURN
DO 10 I=29N
X:MAX = A MAX 1 (XMAX, X (I) )

10	 XMIN = AMINL(XMIN,X(I))
RETURN
END

C
C**********	 SUBROUTINE DATIME	 **********
C

SUBROUTINE DATIME(IMO•IDAY,IYR,IHOURS,IMIN,AMPM,PNAME,NOOEV)
REAL*8 PNAMF
DATA AM/'	 AM • /,PM/'	 PMI/
CALL DATE(IMO,IDAY,IYR)
LALL STIMF( ITIME)
XHOURS = FLOAT(ITI4E)/10000.
AMPM = AM
IF(XHOURS.GE .12.)AMPM = PM
[F(XHOURS.GE.13.)XHOURS = XHOURS — 12.
IHOURS = XHOURS

5	 XMIN = (XHOURS ° IHOURS)*60.
I M IN = XMIN
IF(M ODEV.GT .0)WRITE(NODEV,100)PNAME,I:MU,IjAYrIYR,(HOURS,IMIN,AM P M

100	 FORMAT(/' TIME IN '•A$, l IS ',A2,'/',A2,' /',A295X,I2,':',
1	 I2,3X04)

RETURN
END

C
C**********	 SUBROUTINE DATIMP	 **********
C

SUBROUTINE DATIMP(XP,YPPHT,PNAME)
RFAL*8 PNAME
C04MON/NNOUT/^NODEV
ANG = 0.
WD = .9*HT
CALL DATIME( I•,IO ,IDAY,IYR,IHOURS,IMIN,AMPM,PNAME,NODEV)
XHOURS = [HOURS
XM[N = (MIN
CALL SYM80L(XP,YP,HT,IMO,ANG,2)
CALL SY4BOL(XP+2.*WD,YP, HT, 1H/,ANG,1)
CALL SYMBOL(XP+3.*WD,YP,HT,IDAY,ANG,2)
CALL SYMBOL (XP+5.*WD, YP, HT, 1H/,ANG, 1 )
CALL SYMBOL(XP+6.*WD,YP,HT,IYR,ANG,2)
CALL N1/MBER(XP+12.*WD,YP,HT,XHOURS,ANG,-1)
CALL SYMBOL(XP+14.*WD,YP,HT,IH:#ANGvL)
CALL NUMBER(XP+15.*WD,YP,HT,XMIN,ANG,-1)
CALL SYMBOL(XP+18.*WD,YP,4T,A,4PM•,ANGv4)
RETURN
FND

C
C	 FILE PERT INPUT
C	 IT CONTAINS THE INPUT FOR THE MONTGOMERY AIRCRAFT
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C
&PERT
N=4,

`4=2,
ICONT=1,
[PRINT=1000,
IPLOT=2r
XLBL=4HREAL94H(LAM/4HDA) /
YLAL=4HIMAGr4HINAR94HY(LA94HMDA),

NXC= 12, NYC=16•
TITL=4H40NT,4HGOME 9 4HRY A/4H/C C94HLOSE,4HD L0,4HOP Er4HIGEN,44HE PEr

4HRTURt4HBATI.4HONS„4HP= .1 ► 4H (MI/4HN K)94HTAU=94H 1.09
NTTL=72,CNAMES =4H	 ,NCINDX=O,
NSAMP=5,
P=.101
A=-3.(37'484E-191.E0/-2.4209E-2,2.58SL9E-1/3*0., 1.7835E- 29

—3.2279F-212.67949E-1/-1.10395E- 1• -9.65926E-1,2.6L875E190.14.461072E-2
8=-7.67183,0., 1.96959,0.,2.06549,0.1-2.33843F0,0.,

XK = 1.4941162E-01,-4.1928029E—')1,1.053522BE-01/2.0296771F-02,1.6E+009
3.6563920E+00•-2.315147.3E—01r-4.7954880E-02,

&FND
&PERT

TITL( 19)=4HO.5 • ICON T=1,
XK = 1.7t)22794F—O1,-6.0164034E-7192.6196051E--01r-2.7015290E-0292.9F+009

4.0597797F+00•-1.1856604E+00,4.8925018F-011
SEND
&PERT

TITL( 19)=4HO.25,
XK = 1.2936323E+00,-3.1967741E-01.8.5040188E—OL•-1.5631993E+01,1.9E+00,

4. 4778833E+00, 3.2358761E+00,-1.5113544E+00,
&FNO
&PERT

TITL(15)=4H1ZRO,TITL(16)=4HBUST,TITL(17)=4H),TA,TITL(18)=,^HU=
TITL( 19)=44 L.Or
NTTL=76,
XK=.65132 •—. 385575,. 082589, — . 192548, 1.60285, 3.46768 9 — • 73`6, — . 60 737

SENT?
&PERT

TITL(19)=4HO.5 ,
XK=.o4359,—.38107,.6764,—.244,2.07949,3.5064,—.741•—.432244,

& ENO
&PERT

TITL( 19)=4H0.2. 5,
XK=1.1)3611—.3599/1.270279—.32292.05683,3.81589,—.743469,—.52096,

&END
&PERT

TITL(L5)=4H1(LQ,
TITL(16)=4HR)RH,
TI TL(17)=4HO=	 ,
TITL(13)=4H100
NTTL=72,
XK=. 3 306,—. 1794 •. 109l3, — . 039 13,—.69 0 99, . 482'3 7.2.6222 9 — L.4068,

&FNr,
&PERT

T[TL(13)=4HL
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&END XK=1.25899—,.1708791-0046t.0953t—.3068611.0189,5.9393t-1.734,,734,

&PERT
ICONT=0,
TI TL ( 18 ) =4N0.04,
XK= 5.17 ► — .0 59375,4.871901.1309,.106,5.0654,7.2623,-2.5309,

&END
C
C
	

FILE PERT2 INPUT
C
	

IT CONTAINS THE INPUT FOR THE HALL AIRCRAFT
C

&PERT
N=494=3,ICONT=I,IPRINT=10009[PLOT=21
XLBL =4HREAL,4H(LAM,4HDA) ,
YLBL=4HIMAGe4HINAR,4HY(LA,4HMDA),
NXC=I29NYC=16,
TITL = 4HHALL,4H AIR,4HCRAF,4HT CL,4HOSED,4H LO0,4HP EI,4HGENV,h H ALU 9.y.
4H PER,4HTURB,4HATIU,4HNS P 1 4H=.1 ,4H(MIN,4H K)T,4HAU= ,4H1.0
NTT L = 72,CNAMES = 4H	 ,NCINDX=O,
NSAMP=5,
P = . 1 r
A= -3. 188 1.,—.06,.022,3*0.,.0644,.63,0.,—.27,—.998,-10.6,0.,4.5,
8= -14.4,3*0., 1 .5, 0.,-2.5,9,.037,2*0.,—.96,0.,

XK = - 3.9732631E- 02, -4.3598451E-03,1.9987654E- 02,1.2020696E- 02, - 9.9E- 01,
2. 5593357E+00, 2. 1611822E-01,-3.6611261E-03,4.75162 79E+00,-9.4E ,—O 1 ,

—5.4777920E-01,-5.1410699E-01,
&END
&PERT

TITL(18)=4HO.5 r
XK=.02469,—.001394,—.01166,.24055,.0384,—.0438,—.30165,.02299,4.14655 ►

.0114765 ► —•3113,
CEND
&PERT

TITL(18)=4H0.25,
XK = 3.5695368E-01,-3.9497081E-02,-1.2787379E-02,1.4500313E+00,2.9E-01,

—P.7618792E-01,-1.2922382E+U0,2.6900148E+U0,3.6100111E+00,-4.1E+OU,
—1.2453620E+0191.4150048E+01,

&ENO
F,PERT

TITL(15) = 4H(ROB,TITL( 16)=4HUST),TITL(17)=4HTAU=,TITL(18)=4H1.0 ,
XK=—.03489,.1519,-2.633x.137833,—•933,2.535,.2175,.002644,5.5306,
—.96733,—.6965,—.525889,

& ENO
&PERT

TITL(19)=4H 0.5,
XK=.03819,—.0016245,—.012548,.4103,.0386738,—.04435,—.27592,
.0253255,4.15544,—.12295,.007238,—.3055,

&END
&PERT

T I TL ( 19)= 4HO.2 5,
XK=.49974,.309131,-3.344,1.46229,—.932129,-5.79063,.112337,—.00i]3726,
5. )7919,-1.04167,-2.05667,-1.36633,

F, END

&PERT
TITL(15) = 4H(L-^R,TITL(16)=4H),RH,TITL(17)=4HO=	 ,TITL(19)=4H100
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XK = .045139.00574,.003798,.09169.02229.011679 900569799.092429
.036339—.07549—.0208,—.0089259

&FNO
&PERT

TITl(18)=4H 1.09
XK=.86539—.067577,.0078339.995869—.0585959.0162469.11759.93989,
.351489—.556191—.279929—.19

&END
&PERT

ICONT=09
TITL(18)=4HO.049
XK=4. 8141 9 — . 42649.02787 9 4.98 9 — .50151.0123 7 9.418099 4. 748 r 1.7639,
—.736149-3.153,—.86026,

&END

142



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 A and A + E have eigen-

solutions

	

A v i = a i v i 	(E1)

and

	

(A + E) vi	 vi	 (E2)

with ((EJI,ui = X i - x i and q i = vi - v i all small perturbations of order

0	 ce 1. Using the notation and assumptions of Chapter II, we consider

a specific eigenvalue X with corresponding right and left eigenvectors v and

w satisfying

v 
H 
v = 1, w 

H 
v = 1.	 (E3)

Given a unitary matrix [0], transform A as

	

[vU] H A [vU] =	 v HAv	 vHAU

	

UHAv	 UHAU

and	 vHAv = XvHv = A,

UHAv = UH (av) = X(UHv) = 0,

so

	

[vl' j H
 A [VU] 

=	 1	 vHAU

0	 UHAU

The eigenvalues of UHAU will be those of A less	 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)	 (a + u) ( v + UP)	 (E4)

with	 Ev + AUP = uv + 'NUP	 (E5)

since	 EUP = 0(e2 ) and uUp = 0 (e2).

Premultiply (E5) by U  to obtain an expression for p;

UHEv + UHAUp = %p

or	 p = (XI - 
AU)

-1 UHEv	 (E6)

which yields equation (17) in Chapter II.

To derive equation (16), premultiply (E4) by v  to obtain

(v 11A + v HE) (v + UP) = (X + u)

+V%p +vHEv+vHEUP = 1+u.

Use the previous result (E6) to obtain

u = vH Ev + v HAU (XI - AU)-IUHEv

+ vHEU (XI - 
AU)

-1 UHEv

vH

u = [1 v HAU(\I - UHAU) -l ]	 Ev	 (E7)

UH

+ v HEU(XI - 
AU)

-1 UHEv

u = wHEv + vH EU (aI - UHAU) -1 UH Ev	 (E8)

ICI	 I1 wH 11 I;EII	 + IIEIJ
2 }1(\1 - AU)-111	 (16)

To proceed from step (E7) to (E8) we used the representation for the left-

eigenvector	 vH

wH = [1 vHAU 	 UHAU) -l ]	 of A.	 (E9)

UH

This identity can be derived as follows. Let [1 z H] be a left-eigenvector

of the matrix

N
[vU]A[vU],

1''



and solve fo g z H . Once we find z H I y  is given by

vH

yH	 C1 z H] UN	 (E10)

so
H`

C1 

zHI 	 vU	
= a[1 zH]

0	 UH

A

AU

Ca (vH + zH UH) (AU)] = Ca zHJ

or

zH(XI - UHAU) = vHAU

zH = vHA.U(aI - UHAU)-1

which by (E10) yields (E9) and hence (E8).
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