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CHAPTER 1

INTRODUCTION

The use of reduced-order models [1] and reduced-order observers [2]
in the design of feedback controllers has been studied by several re-
searchers. In addition, the development of eigenvalue/eigenvector as-
signment techniques has received much attention in recent years. 1In
this work, a reduced-order model is used with eigenvalue/eigenvector
assignment techniques to design a constant state feedback controller for
the original full-order system. The eigenvalues and eigenvectors con-
tained in the reduced-order model are reassigned in the full-order sys-
tem while those eigenvalues and associated eigenvectors not included in
the reduced-order model remain unchanged in the full-order system. The
constant state feedback matrix is implemented using output feedback with
a reduced-order observer. It is shown that the eigenvalues and eigen-
vectors of the closed loop full-order system remain unchanged when the

reduced-order observer is implemented.

1.1 Motivation
During the past fifteen years significant advances have been made
toward developing viable synthesis techniques for multivariable feedback

control systems. Notable among these techniques is the eigenvalue/



eigenvector assignment procedure. >Ear1y studies in this area focused on
an algorithmic formulation of the spectral assignment by Srinathkumar
[3], while later studies included a geometric formulation of the same
problem by Moore [4], Kimura [5], and Davison and Wang [6]. Based on
these theories, design procedures have been developed for approximating
desired mode mixing [7], reducing eigensystem sensitivity to variations
in plant parameters [8], reducing the effects of actuator noise on sys-
tem performance [9] and modifying the resultant feedback gain matrix to
specified gain constraints [10]. Recently, these procedures have been
incorporated in a spectral assignment computer aided design package
[11]. A deficiency in all work concerning eigenvalue/eigenvector as-
signment procedures is an absence of application of these techniques to
real world design problems. A primary factor contributing to this prob-
lem is the lack of understanding of how to use reduced-order models and
reduced-order observers with spectral assignment procedures.

Models representing the behavior of physical systems often consist
of a very large number of coupled, linear differential equations. Such
models are difficult to use when designing control systems due to exces-
sive requirements for computer time and memory, and to the numerical
analysis problems inherently present when dealing with large systems of
equations. It is, therefore, desirable to develop a design procedure
which utilizes reduced-order system models. Simplification of large
order dynamic systems has received the attention of many researchers in
recent years. The major difficulty with this work is that only open-

loop system behavior is approximated. Of concern when using reduced-



order models with eigenvalue/eigenvector assignment procedures is the
fact that while the reduced-order model may approximate open-loop system
behavior, the modeling error may be so great or of such a nature that
actual closed-loop system performance is not acceptable. Also of con-
cern is the c1osed-1bop behavior of those modes of the original system
which are not inc]uaed in the reduced-order model.

Full state feedback is implemented by the use of a dynamic observer
system when there are fewer outputs than states. Since some states are
usually available for measurement at the output, a reduced-order observ-
er is desirable in order to minimize the complexity of the control sys-
tem. Of concern is the effect of a reduced-order observer on the system

eigenvalues and eigenvectors.

1.2 Overview

In this section an overview of the thesis is given. A background
of spectral assignment theory is discussed in Chapter 2. A subsequent
design procedure implemented by Marefat in a computer aided design pack-
age is presented next. This information provides a necessary foundation
to support the material in the remaining chapters. In Chapter 3, a new
technique is developed that uses a reduced-order model of a known larger
system and spectral assignment procedures to reassign selected eigen-
values of the system. This is accomplished without affecting the eigen-
values and eigenvectors not incliuded in the reduced-order model. Sec-

ondly, a technique is developed that uses Luenberger's [2] reduced-order

observer and spectral assignment procedures to implement a constant full



state feedback design using dynamic output feedback. The assigned
eigenvalues and eigenvectors of the original system are retained using
this technique. In Chapter 4, a design philosophy and then a corre-
sponding design procedure are developed for the new synthesis techniques
presented in Chapter 3. A software package is developed to facilitate
the design of dynamic output feedback control systems using this new
philosophy and procedure. The package is included as a new mode to an
existing spectral assignment computer aided design program. The use of
spectral assignment with reduced-order models and reduced-order observers
in an actual design problem is demonstrated in Chapter 5. Results are
compared to those obtained by an alternate design procedure. A program
listing and an example of a computer aided design session are included

as appendices.



CHAPTER 2

SPECTRAL ASSIGNMENT PROCEDURE

In this chapter a background of spectral assignment theory is pre-
sented to support the development in Chapter 3. Definitions of eigen-
values and eigenvectors are given. Then the effect of eigenvalues and
eigenvectors on the time response of a system is presented. Lastly, a
characterization of the freedom available in selecting eigenvectors for
a given eigenvalue assignment using constant state feedback is pre-

sented.

2.1 System Eigenstructure and Time Response
The eigenvalues of an nth order real matrix A are the zeros of the
polynomial det [AI-A]. The eigenvalues, Aisc, form a self-conjugate
set. That is, for each complex eigenvalue ij there exists a complex

conjugate eigenvalue Ai+1 = A,

i For each eigenvalue Xis there is a

right eigenvector, vieCn, that satisfies the equation,

i~ (2.1)

for i =1,..., n. If the eigenvalues of A form a distinct set, then

the associated eigenvectors are linearly independent [11]. Equation



(2.1) is written for all ai and v, as

AV = VA, (2.2)
where V = [V, ... Vn] and j = diag.(xl,...,xn). Since the columns of
V are linearly independent, V 1is invertible. Therefore,

=1
A= VAV . (2.3)

Similarly, for each eigenvalue Ai there is a left eigenvector,

uiecq that satisfies the equation

uj A= Aiui (2.4)

for i=1,..., n. The left eigenvector equation is written for all Ai

uTa = auT (2.5)

where U = [u; ... un]. For distinct eigenvalues, the left eigenvectors
are also linearly independent [12]. Hence, premultiplying equation

-1
(2.5) by (U)™ yields

-1
A=) aul, (2.6)
Substituting for A from equation (2.3) into equation (2.6) yields



1 -1
vw o= wh” ol (2.7)

T

Premultiplying by U' and postmultiplying by V yields

uTva = au'v, (2.8)

Since A is a diagonal matrix of distinct eigenvalues, equation (2.8)
can only be satisfied if UTV is a diagonal matrix. For convenience

the eigenvectors are usually normalized so that UTV =1 or

=1
ot = v, (2.9)

The effect of eigenvalues and eigenvectors on system time response
is now presented. Consider the linear time invariant system in Figure

2.1 represented by the system state equations

X = Ax + Bu (2.10)
and

y = Cx, (2.11)

where A, B, and C are the plant, input, and output matrices respec-
tively and x e Rn, ue Rm, and y e RP.  The system time response
is determined by solving the differential equation (2.10). Let a change

of coordinates be defined by



Figure 2.1. Linear Time Invariant System Model



x = Vz. (2.12)

The transformed system is
-1 -1
z=V Az +V Bu (2.13)
y = Cvz. (2.14)

Substituting from equation (2.3) into equation (2.13) yields

° -1
z=AZ+\V Bu. (2.15)
The solution of equation (2.15) is given by [13]

At t

z(t) = e zg + [ eA(t-T) ut

Bu(t) dt (2.16)

where zg is the initial value of 2z(t) at t = 0. Substituting from

equation (2.12) yields the time response

At T
e

t
U' xg +V [ MET) T

x(t) =V Bu(t) drt. (2.17)

The first term of equation (2.17) is called the zero input response and

the second term is called the zero state response.

Expanding the zero input response yields



=

x(t) = [vi, vooy vyl ekl? c. . [T

At
n

T
0 . e . . e u
| 1L n
- At 1
AMt, T n
=|vqe Toup xg) + .. o+ Vip © (u,) xo (2.18)
At At
v T n T
| n1® (up ' X) + . . « + Van@ (un ) Xo J

From equation (2.18) the ith component of the statevector is determined

to be

n
_ i T
xi(t) = .E Vij e (ui Xq) . (2.19)
i=1
Expanding equation (2.19) yields
- At
- o1 Mt T nt T
x1(t) vit| e (u1 xo) YIn| e (u, xo)
. . . (2.20)
. = . + ... ¢t
xn(t) Vi1 _Vnn_

'}he zero ;tate response is expanded next. Let the input vector

u(t) be a vector of unit step functions, ug, for computational ease.



This yields

Since A

x(t)

t
v Mty T o

t
(VeAt) / e'ATdr (UTB up).

is a diagonal matrix, the integral term is written as

. -
[ &MT g ... 0
t.
-A T
0 l e Mt
_J._ (e’xlt-l) 0
A1 .
0 - _l (e-Xﬂt_l)
A
! " ]

Premultiplying equation (2.22) by the diagonal matrix eAt

(1-e

Mt o 1

(2.21)

(2.22)

yields

(2.23)

11
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The vector K is,defined to be

K=0'8u,. (2.24)

Substituting equations (2.23) and (2.24) into (2.21) gives

x(t) =[vy . .. vn] -—l-(l-eklt) ... 0 K
Al ° .
) At
0 _Llgem)
A
n -
n K. ALt
= I v, (D) (e ') (2.25)
i=1 A

where K. denotes the ith element of K. Expanding equation (2.25)

yields
X At
x (0] [vii] Ry -1l "In] (=) (1-e ")
=] Al F An (2.26)
Xn(t) an Vnn
A.t

The terms e ! are called the modes of the system. Equations (2.20)
and (2.26) show that the eigenvalues of the system determine the rates
of decay of the modes while the eigenvectors determine the contribution

of each mode to the various states. Thus, the time response of a system



can be controlled by proper selection of system eigenvalues and eigen-

vectors.

2.2 Characterization of Freedom in Eigenvector Assignment
Given the linear, time invariant controllable system with constant

state feedback in Figure 2.2, the system state equations are written

x = (A + BF) x + Bv (2.27)
y = Cx. (2.28)

Given that constant state feedback is used, Wonham [14] states that an
mxn matrix F can be found to assign an arbitrary self conjugate set
of eigenvalues if the system is controllable. Moore [4] characterizes

the freedom available to assign eigenvectors for an arbitrary self-con-

jugate set of eigenvalues. He gives necessary and sufficient conditions

to find a unique real matrix F that satisfies the eigenvector equa-
tion

(A+BF) vy =vyAy (2.29)
For i=1, ..., n when B has full column rank. Associate with each
eigenvalue Ai an nx(n+m) matrix SA where

i

Sy, = [rjI-At] (2.30)

1

13



Figure 2.2.

System Model with Constant State Feedback
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and a compatibly partitioned (n+m)xn matrix

K= (2.31)

whose columns constitute a basis for the null space of SA . Then the
.i
necessary and sufficient conditions to find a unique real matrix F

that satisfies equation (2.29) are:

1) Vectors Vs eCMare 1inearly independent,
*

i and

*
2) Vi= Vg whenever X, =2

3) vV e span (NA ).
i i

Thus it is possible to assign an arbitrary selfconjugate set of

eigenvalues and a set of eigenvectors from within the span of N, . The
i

null space NA_ is determined by the selection of an eigenvalue Ai.
1

The subspace, NA identifies the freedom available to assign eigen-
i

vector Vi'

2.3 Eigenvector Assignment for Real Eigenvalues
It is first assumed that Ai eR so that Vi € Rn for i=1,...n.

Equation (2.29) is rewritten as

(A;1-A) v.-(BF) v, = 0. (2.32)
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Since Kx. is a basis for the null space of Sx.' then any vector Ki
1 1

that postmultiplies K, . gives a resulting vector that 1ies in the null
i

space of SA . Therefore,
1’

[A;1-A & 8] |N K. = 0. (2.33)

Expanding equation (2.33) yields

[x,1-A] NAiKi + [BI M . K. = 0. (2.34)

Since Vi € span (Nki)’ then Ki determines where in the allowable

subspace Vi exists. Hence,

v, = N K. (2.35)

Fvi = - M K. (2.36)

By defining wi as

W]- = - MA-Ki’ (2.37)

equation (2.36) is rewritten in matrix form for all i as
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FIVis cves vn] = [Wy cens wn] (2.38)

or

FV=W. (2.39)

Since the eigenvectors are linearly independent, then
F=Wv-l. (2.40)
2.4 Eigenvector Assignment for Complex Eigenvalues
It is next assumed that xiec for i=1, 2 and AieR for

i =3, ..., n. Then the first closed loop right eigenvector must satisfy

the equation
[A + BF] (vpg *ivpy) = (vpg + dvpy) Oggt drpy)  (2.41)

where the subscript one is suppressed for simplicity. Equating real and

imaginary parts yields
[A + BF] Vee = Ve ARE - VM AIM (2.42)

and
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[A + BF] Vim = Vim *re ¥ VRE M- (2.43)

The two equations are written in matrix form as

[AREI-A H AIMI : B] | VRE =0 (2.44)
VM
-FvRE
and
[AREI-A Pyl d B] Vim = 0. (2.45)
_VRE
-FvIM

For the case of complex eigenvalues, the nx(2n+m) matrix SA is defined

as

S, =[x I-AEXIMIEB] (2.46)

A RE

and a compatibly partitioned (2n+m)xn matrix 'KA is defined by

(2.47)

where the columns of KA constitute a basis for the null space of SA.

Hence,
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[AREI-AEAIMIEB] N = 0. (2.48)

From equations (2.44), (2.45) and (2.48) it is apparent that the vectors

in (2.44) and (2.45) are contained in the null space defined by Ky -

Therefore
VRE NA (2.49)
“Vip e SPAN PA
-FvRE MA
and
Vi N (2.50)
VoE e SPAN P
-FV1m A

From equations (2.49) and (2.50) it is apparent that the allowable sub-

space for Vog and VM is described by

v N (2.51)

and
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v P (2.52)
o B T
M A
Combining equations (2.51) and (2.52) yields
Y N P (2.53)
JEL esean [ M N sen |2
IM A A

The following characterization of the freedom available to assign
complex eigenvectors is not developed here but is proved by Marefat

[15]. Matrixes o and B are defined by

a=[N T (2.54)
_P}\
and
8= |p, T (2.55)
N)\

Ka and KB are defined to be matrices whose columns constitute bases

for the null spaces of a and 8. respectively. Matrix vy is defined

by

y = [K: kI (2.56)
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and KY is defined to be a matrix whose columns constitute a basis for
the null space of v. A basis for [SPAN(«)\SPAN(8)] is [(SPAN(a))® +
(SPAN(B))J']l where "+" denotes set direct summation and "L"
denotes orthogonal complementation. Also, a basis for Yl is a basis
for YT. Hence

e SPAN (KY). (2.57)
A specific vector within the null space of ¥y is defined by postmulti-
plying KY by a vector Xy Thus

(2.58)

Using equations (2.51) and (2.52), x 1 and Xep are defined by

c

Voe _ Ny Xe1 (2.59)
VIM P
and
VeE _ P, X oo (2.60)
VM Ny
NA PA
The left inverses of -p and N exist since the columns of KA are
A A

linearly independent. Therefore
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- -L
w5 V1M
and
x.,= || v (2.62)
c2 A RE] . )
VM
From equations (2.48) and (2.49) it is apparent that the vectors [-FVRE]
and [-FvIM] lie in the space defined by the columns of M . Hence
-FvRE =M Xe1 (2.63)
and
-FvIM = MA Xeo (2.64)

Since A, and A, ¢ Cand xie¢ Rfor i=3, ..., n, then
Ay = Al* because the eigenvalues form a self conjugate set. Further-
more, the second condition of spectral assignment requires'that V, =
Vl*' Thus the specification of one complex eigenvalue and eigenvector
contains all the essential information of the complex conjugate pair.
It is also important to.note that if v, = vz* and the pair v;, v, are
Tinearly independent, then VRE and Vi are also linearly inde-

pendent. In order to calculate the feedback matrix F, the following



definitions are given:

w2 = -MyXeo,

Vi = VRE,
and

Vo = Viy-

Recalling that for the case of real eigenvalues

and

equation (2.38) is rewritten so that

F[VRE, Vime V3 - ;

Substituting equations (2.65) through (2.70) into (2.71) yields

FIVis ovns vn] = [w, oouy wn]

or

FV = W.

. vn] = [-Mxxcl,-MAxcz,-Nl Xgs ee

» =M

A

n

x 1.

n

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

(2.71)

(2.72)

(2.73)
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As in the case for real eigenvalues,
F = Wv-1. (2.74)

This development is easily extended to more than one pair of complex

conjugate eigenvalues.

2.5 Use of Eigenvector Freedom

It is shown in the previous three sections that eigenvectors for
the selected eigenvalues must reside in an allowable subspace that is
determined by the plant matrix A, the input matrix B, and the se-
lTected eigenvalues A Normally the eigenvector assignment that is
most desirable for a given set of eigenvalues is not achievable because
it does not lie within the allowable eigenvector space. In this case it
is desirable to select the allowable eigenvector that is closest to the
desired eigenvector. This is accompiished by projecting the desired
vector into the allowable space so that the error between the desired
and the assigned vector is minimized in a least squares sense as illus-
trated in Figure 2.3.

The desired vector is projected onto the allowable space by the

projection operator

T

N (2.75)

T =1
PNA = NA (NA NA) N

for real eigenvalues and



Figure 2.3.
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_ Tyl T
P, =K (KY KY) KY (2.76)

Ky Y

for complex eigenvalues [15]. Indicating the desired vector by the
subscript "D" and the assigned vector by the subscript "A", the

projection is accomplished by the equations

(2.77)

and

i
O

(2.78)

for the real and complex assignments, respectively.

2.6 Improvement of Initial Assignment by Gradient Search

The selection of eigenvalues and eigenvectors for a system is nor-
mally motivated by the desire to shape the time response as discussed in
Section 2.1. However, once the desired time response is approximated,
there are often other aspects of the assignment that are unacceptable.
An example is an assignment which requires extremely high feedback gains
which are expensive to implement and very sensitive to noise. Another
example is extreme eigensystem sensitivity to small plant parameter
variations or modeling errors. The freedom available to select the
eigenvectors often provides a means to drastically improve these second-

ary design objectives while only slightly modifying the initial eigen-




vector assignment and thus the time response. This improvement is ac-
complished by modifying the eigenvectors within an area local to the
original assignment. The vectors are modified in such a manner as to
reduce the undesirable aspect of the assignment most rapidly.

A cost function J 1is defined so that a reduction in the value of
J corresponds to reduction of the undesirable aspect of an initial
eigenvector assignment. A gradient matrix is computed in terms of J
to determine how the eigenvector assignment is most efficiently changed.

Recalling that the eigenvectors are determined by the equation
v, = N, X, (2.79)
for the case of real eigenvalues and

V1RE X. (2.80)

Vimm Y X4

|
75

for the case of complex eigenvalues, it is apparent that small varia-
tions in Xi will cause correspondingly small variations in the eigen-

vector assignment. A matrix X is defined as

X = Dy vees X 10 (2.81)

Since this matrix designates which eigenvectors are assigned, it is
called the designator matrix. A gradient matrix [GR] with elements

[GR]ﬁj is defined to be
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3d

BXi.
[GR].. = J . (2.82)
SR
ax..

The designator matrix X 1is then varied according to the rule

Xi s (q41) = X,

y (a) - dler]y, (2.83)

J

where d denotes the step size of Xij during each iteration. The
gradient search is continued until a satisfactory compromise between the

reduction in the value of the cost function and the modification of the

time response is achieved.



CHAPTER 3

SPECTRAL ASSIGNMENT USING REDUCED-ORDER
MODELS AND REDUCED-ORDER OBSERVERS

In this chapter, the use of reduced-order models and reduced-order
observers in the design of feedback controllers is investigated. A
reduced-order model of a known system is formulated. It is then used to
design a constant full state feedback matrix for the original full-order
system. It is shown that the eigenvalues and eigenvectors reassigned in
the reduced-order model are reassigned in the full-order system while
those not included in the reduced-order model remain unchanged. The
constant state feedback matrix is then implemented by output feedback
using a Luenberger [2] reduced-order observer. It is shown that the
eigenvalue and eigenvector assignments in the full-order system remain

unchanged when a reduced-order observer is used.

3.1 Motivation for Using Reduced-Order Models
and Reduced-Order Observers

Models representing the behavior of physical systems often consist
of a very large number of coupled linear differential equations. Such
models are difficu1t to use when designing control systems due to exces-
sive requirements for computer time and memory, and to the numerical

analysis problems inherently present when dealing with large systems of

29
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equations. It is, therefore, desirable to develop a design procedure
which utilizes reduced-order system models.

The spectral assignment synthesis methods described in Chapter 2
use full state feedback. However, full state feedback is not feasible
for most systems because there are often fewer outputs than system
states. Full state feedback is implemented by the use of a dynamic ob-
server for these systems. The use of a full system observer is unneces-
sary since some states usually are available for measurement and there-
fore need not be estimated. A reduced-order observer is therefore de-
sirable in order to minimize the complexity of the control system.

This chapter develops a reduced-order model and reduced-order ob-
server. Control system design for the full-order system is accomplished
using the reduced-order observer. Reduced-order models and observers
have been used for several years. However, it is shown here that the
eigenvalues and eigenvectors assigned using the reduced-order model are
retained in the closed loop full-order system while the eigenvalues and
eigenvectors not included in the reduced-order model remain unchanged in

the closed Toop full-order system.

3.2 Reduced-Order Model Formulation
A reduced-order model that is used in the design of a constant
state feedback controller for the full-order system model is formulated
in this section. The reduced-order model contains the eigenvalues that
are to be réassigned in the full-order model. Let the original system

model be described by the state equations
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Ax + Bu (3.1)

Xe
L]

and

Cx (3.2)

<
]

where x ERn, usRm, and yst. It is assumed that the eigenvalues

of A are distinct and are.denoted by (1, ...,An). The corresponding
modal matrix for A 1is denoted by V = [vi, ..., vn] where v de-
notes the eigenvector corresponding to Ai. The system model is trans-

formed by defining a new state variable
z=V x. (3.3)

Equation (3.1) is transformed to give

z=Az + Bu (3.4)
-1 ) - -
where A =V AV = diag (A;, ..., xn), and B =V B. The system is
now partitioned to separate the eigenvalues to be reassigned in the
reduced-order model from those that will remain unchanged in the full-

order system model. Thus,

. Ay 0 z B
3% R I I I R Y (3.5)
22 0 : A2 22 B
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k

where zlst and ZzeRn- . The eigenvalues included in the reduced-

order model must be contained in A; and those which are not included
must be contained in A,. The reduced-order model is thus described by

the state equation

Zy = A Zy By U. (3.6)

The reduced-order model is then used in conjunction with the spectral
assignment procedure to assign eigenvalues and partially assign eigen-
vectors in the full-order system model. However, the relationship
between the eigenvalue and eigenvector assignments in the reduced-order

and full-order models must be investigated first.

3.3 Spectral Assignment Using Reduced-Order Models

The reduced-order model is used to design a constant state feedback
matrix for the full-order system. The relationship between the eigen-
values and eigenvectors of the closed-loop reduced-order model and the
closed loop full-order system must be understood in order to accomplish
this. The relationship between reduced-order and full-order system
eigenvalues is determined first. Let F denote a constant state feed-
back matrix computed for the reduced-order model. The control law is

then written as

u=Faz. (3.7)

The reduced-order model closed loop equation is therefore



z; = (A + B1 F) 21 (3.8)

Fis now implemented about the full-order system by assuming full state

availability in the full order model and transforming F back to the

original coordinate system. Equation (3.7) is rewritten as
u=[F:0] 21 =F'z, (3.9)
2
Substituting for z from equation (3.3) yields

-1
u=F'V x=Fx. (3.10)

Hence, the closed-loop full order system is written as

Ax + B Fx

Xe
n

(3.11)

[A + B Flx.

The eigenvalues of the full order system are the eigenva]ués of

[A + BF]. This matrix is rewritten as

-1 ~ -1
[VAV. + VBF'V ']
via + Brr] vl (3.12)

[A + BF]

33



Since [A+BF] and [A + BF'] are related by a similarity transform-
ation, they have the same eigenvalues. Matrix [A + BF'] is expanded

as

—
=
+
[e=})
-n
——
1}

| S

O >

ses oo

= 10O

(A
+

| |

) 109)

N

T
]

o 10

—_—

S{ar s Bifio | (3.13)
EZ? EAZ

The eigenvalues of this matrix are obviously the eigenvalues of
(A + §1 ?] and [A,]. Thus it is possible to reassign the k eigen-
values included in the reduced-order model without modifying the (n-k)
original system eigenvalues which were not included in the reduced-order
model.

The relationship between eigenvectors of the reduced-order and full
order system models is determined next. The eigenvector equation for

[A #BF'] is written as

~ A

[AiI-A-ﬁF'] v, :
-B,F A; A2

A-I-Al-ﬁlﬁs 0 Vis
[-1 --------------- ] g (318

which yields the two equations

[}\iI-Al-gl?] 011 =0 (3.15)

and

[-BoF] ¥y + [21-K,] ¥, = 0. (3.16)
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If Ai is an eigenvalue of [A; + §1 ?], but not an eigenvalue of
[A,], then from equation (3.15) it follows that V11 is an eigenvector
of [a, + §1?]. Since As is not an eigenvalue of [4j,], [Ail'Az] is

nonsingular. Thus, from equation (3.16)

“ ala an
Vi = [in-Az] B,FVys (3.17)
Therefore, Vi is written as
7R IR S g (3.18)
i ) Vi ’
[}\iI—Az] BoF

Equation (3.18) illustrates that the first k elements of Vi can be
assigned using the reduced-order model while the remaining (k-p) ele-
ments are linear combinations of Vli‘

On the other hand, if Ai is an eigenvalue of A, and not an

eigenvalue of [A, + B,F], the matrix [r.I-A,-B ?] is nonsingular.
1 1 T TE

Therefore, equation (3.15) is statisfied only if

Vi = 0. (3.19)

From equation (3.16) it follows that VZi is an eigenvector of A, for

eigenvalue Ai. Since A, 1is a diagonal matrix, VZi is written as

921 = [0, ..., 0, ks, O, ..., O] (3.20)

1
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where ki is a nonzero constant. Therefore Vi is written as

[0 ]
V.= |a . 3.21
v1 VZi ( )

Let V} be the eigenvector of [A+ B?j corresponding to eigenvalue

;e The eigenvectors V} and v; are related by the transformation

A

; p (3.22)

Expanding equation

Vit Vs Ve I W
— = f-=megeees “la o i
Va3 Vo + Vool |[r31-8p1 BoF
<l1R F
Lyt Dt 152i] V1 (3.23)

Often when the reduced-order model contains only the dominant modes

_lA ~
of the system, Vi; =V, + Vip [A;I-A2] BzF. Then the top k compo-

nents of the first k eigenvectors are assigned by choosing Vi @s

v1i 1 Vli' (3.24)
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When the above approximation does not apply, an initial assignment of

V..
11

between the desired top k components of the first k eigenvectors and

is made using equation (3.24), F is calculated, and the error

the actual assignment is calculated. A gradient search procedure is
then used to reduce this error.

For Ai which are eigenvalues of A,, equation (3.22) expands to

v =ve =|Viz2| ¢
V. Vvi [sz] Vos - (3.25)

Substituting for V21 from equation (3.20) yields

Vo= k, [V12:|. (3.26)

Vao

Therefore, the last (n-k) eigenvectors in the closed loop full order
system are the original open-loop eigenvectors. Thus eigenvectors cor-
responding to the eigenvalues retained in the full order system model

remain the same in the final closed loop system.

3.4 Reduced-Order Observer Formulation
In order to implement the feedback matrix F calculated in equa-
tion (3.10), full state availability is required. However, if the
number of outputs p s less than the number of states n, then (n-p)
states must be estimated. This section parallels Luenberger's [2] de-

velopment of a reduced-order observer system to allow the implementa-
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tion of a full state feedback matrix in such a system. The following
section shows that not only are the eigenvalues of the observer system
retained in the closed loop system, but that the original eigenvector
assignment is not affected by use of the observer.

The open loop full-order system model described by equations (3.1)

and (3.2) is

x = Ax + Bu (3.26)

and
y = Cx. (3.27)
If the feedback matrix F is implemented about the system model, then

- u = Fx. (3.28)

It is assumed without any loss in generality that the first p columns

of C are linearly independent. A transformation matrix M is defined

Cy Ca
M= 5 . (3.29)
n-p

where In-p is the (n-p)th order identity matrix. A new state variable

is defined by

to be



Z = Mx. (3.30)

Equations (3.26), (3.27), and (3.28) are transformed and written as

=K%+ B, (3.31)
y=C2, (3.32)
and

u=F 2z (3.33)

where
K = maM, (3.34)
B = M8, (3.35)
T=cM = [Ip : 0], (3.36)

and

39



F=FM . (3.37)

z) Ay A z) By (3.38)
L ] = ~~ ~ ~ + ~ u
zZp A1 Az zZ; B2
y=[C €3] = = (3.39)
Z

Therefore the p components of the output vector are the first p
states of the transformed system denoted by 21. The reduced-order

observer must then estimate the remaining (n-p) states denoted by 72.

Equation (3.38) is expanded to be

~ ~ ~ ~ ~

zy = A zp + 312 Z + B u (3.40)
and

~ ~

Z, = KZI 2 + Zzz ;2 + Ez u. (3.41)

Since 21 is available as the output vector y, it can be different-

jated to generate El. Hence, equation (3.40) is solved for Klz ;2



a1

which is used as an input to a reduced-order observer to approximate

52. The proposed observer is shown in Figure 3.1. It is desired that

6 = Zy (3.42)

in order to implement the feedback matrix F. The observer state equa-

tion is written as

L
L ~

0 = E6 + Lz, - LA}, z; + [2-LB;]u. (3.43)

~

The need to differentiate 2z is avoided by redrawing the observer

as shown in Figure 3.2, If w 1is defined by

W= 6-L;1, (3'44)
then

w=1z-86=0. (3.45)

Using equation (3.42) to substitute for 6 in equation (3;45) yields

W+L21-22

1}
o

(3.46)

Calculating each term of the above equation results in the three equa-
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tions,
Ww=E[w+Llz]+ [2-1Bu - LA 21, (3.47)
til = LAy 21 + LAyp 2o + LBy u, (3.48)
and
A A S-S (3.49)

Substituting equations (3.47), (3.48), and (3.49) into (3.46) gives

Ew + [EL-Ap;] 2 + [LA1p-App] 2 + [2-B2] u = 0.  (3.50)
Using equations (3.42) and (3.44) to substitute for w yields
[A21] 7y + [E-Agp + LA)p] Zp + [2-B2] u = o. (3.51)
Since the input and state vectors are not generally zero, the multiply-

ing matrices must all be equal to zero for the equation to be true.

Solving for the last two terms gives

E = A22 - LA12 (3.52)
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and

Q = B,. (3.53)

Matrix i21 is generally nonzero also. This indicates that the pro-
posed reduced-order observer is not adequate. Thus the observer is
modified by adding RZI 21 to w and grouping terms as shown in Figure
3.3. To remove the summer located after the integrator, it is noted

that

EL ;1 = [(7{22 - Lxlz)l.] ;1. (3.54)

Using equation (3.54), the reduced-order observer is drawn as Figure
3.4. The eigenvalues and eigenvectors of E = [Kzz - Lxlz] are deter-
mined by proper selection of L since the eigenvalues of
fﬁzz- LA;,] are also the eigenvalues of [KZZT- AIZTLT]. Chapter 2
describes a procedure for selecting a proper LT to achieve a desired
eigenvalue and eigenvector assignment. A guideline for selecting
reduced-order observer eigenvalue locations is discussed in Chapter ﬁ.
The reduced-order observer is now used to implement the feedback

matrix F. Expanding the control law given by equation (3.33) gives

% -55)



Figure 3.3.

Modified Reduced-QOrder Observer

N

gy



N

‘zRZZ- l-AZSﬁ
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Using equations (3.42) and (3.44), a substitution is made for ;2 re-

sulting in

u=[F +Fal] z1 + [Folw. (3.56)

The control law in equation (3.56) is implemented in Figure 3.5.

3.5 Effect of Reduced-Order Observer on Full System Eigenstructure
The effect of a reduced-order observer on the eigenvalue and eigen-

vector assignment in the closed loop full-order system is developed in
this section. Luenberger [2] has proven that the eigenvalues of the
original system assignment and the observer assignment remain unchanged
in the closed loop full-order system. It is shown here that the eigen-
vector assignment also remains unchanged. The following definitions for
matrices G, R, and T are given to reduce the algebraic complexity of

this development. Let
G = [(A21 - LA11) + (A22 - LAj2)L], (3.57)
R = [F; + FolL] (3.58)

and

T = [L:10. (3.59)
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The eigenvalues of the system are determined first. Using equa-
tions (3.57), (3.58), and (3.59), the total system state equation is

written as

Nle

A + BRC BF, z (3.60)

TBRC + GC  E + TBF,| |w

£

Equation (3.60) is now transformed to an upper triangular form so that

the system eigenvalues are apparent. The transformation matrix P is

o
P = s (3.61)
-T I

and a new state variable is defined to be

defined by

V= w- T2 (3.62)
so that
7 [1 o] A + BRC BF, [T o] [Z] (3.63)
v T frERe v et £ eTER,| ULy

Equation (3.63) is simplified to give



N2

+ BRC+FT) BFR

N
a2

(3.64)
v ~TA + GC + ET E v

The submatrix [-TA + GC + ET] 1is equal to zero. This is shown by eval-

uating each term within the matrix. The individual terms are given by

-TA = [LA;; - Ra1 b LAz - A2al, (3.65)

GE = G[I:O] = [321 - LKI]_ + (7\‘22 - L‘Klz) L : 0], (3.66)
and

ET = [-(Ryp - LAjp)L ¢ ~LAjp + Azpl. (3.67)
Hence,

-TA + GC + ET

1
o

(3.68)

The expression (RE + ?ZT) is equivalent to F. This is shown by ex-

panding (RC + FoT) as

RC + FpT = [Fp + FoL] [I § 0] +Fp [-L ¢ 1]

[F, + Fp] = F. (3.69)
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Therefore the substitution of equations (3.68) and (3.69) into (3.63)

gives

7 A+ BF B, | |2
_ (3.70)
v 0 E v

Thus the eigenvalues of the 'system are those assigned to [A +BF] and
[E]. In other words, the use of the reduced-order observer has no
effect on the original system eigenvalue assignment.

The eigenvectors of the system are determined next. Transforming
the state equation using equation (3.30) results in

-1 ~
M 0 A+BF B, Ml 0 | x

>Xe

"

<
o
—
o

E 0 I v ]

(3.71)

"
f I !
(] +
fos)
|
w
m
i
Ny
1
< <!
L.?_._l

Let the closed loop system matrix in equation (3.70) be denoted by AT'
An eigenvector of AT corresponding to A is denoted by Vi Eigen-

vector v. 1is compatibly partitioned so that

T



vr= [?Tl] (3.72)
Y12

The eigenvector equation for AT is

Al - AT - BF2 VTl 0
(3.73)
0 AL-E Vo 0
Equation (3.73) is expaned giving
[\I-A7] vy - [BFp] vyp = O (3.74)
and
[A1 - E] Voo = 0. (3.75)

It is assumed that the eigenvalues for [AT] and [E] are distinct
since their locations are arbitrarily assigned as discussed in Chapter
2.

Suppose A is an eigenvalue of [AT] but not [E]. Then D\I-E]-1
exists. Premultiplying equation (3.75) by |:>\I-E]-1 yields the result

Vo = 0. (3.76)

Hence equation (3.74) is simplified to

53
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[V I-Ar] vqq = O, (3.77)

Therefore v is an eigenvector of [AT].

Tl
Now suppose XA is an eigenvalue of [E] but not [AT]. Then
-1
[AI-AT] exists. Equation (3.75) implies that V1o must be an eigen-

vector of [E]. Premultiplying equation (3.74) by [AI-AT] and rear-

ranging terms gives
-1
Vo, = DI-AT IR, T vo, . (3.78)
Hence for A that are eigenvalues of [AT],

Y11
vy = (3.79)
0

where v is an eigenvector of [AT]. For A that are eigenvalues of

(el,

Tl

. =[(AI-AT) B Fz] . (3.80)
I

where V1o is an eigenvector of [E]. Thus it is shown that a reduced-
order model can be used to design a constant state feedback controller
for a full-order system. The eigenvalues and eigenvectors assigned

using the reduced-order model are retained in the full system while the
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eigenvalues and eigenvectors not included in the reduced-order model
remain unchanged in the full-order system. It is also shown that a
reduced-order observer can be used to implement a full state feedback
design without affecting the eigenvalues and eigenvectors of that

design.



CHAPTER 4

DESIGN PROCEDURE

The methods described in Chapters 2 and 3 are the basis for devel-
oping a design philosophy, and then a corresponding design procedure,
for constant state feedback controller design. The design procedure
presented in this chapter is most useful when a designer is able to
characterize the desired system in terms of the closed loop eigenvalues
and eigenvectors as well as the time response. This chapter reviews an
existing spectral assignment design philosophy. A corresponding design
procedure and computer aided design package [11] are discussed next.
Then an extension of the design philosophy is presented followed by a
corresponding design procedure. This design procedure is included as a
supplement to the computer aided design package. Lastly, the signifi-
cant portions of the additional computer aided design software are de-
scribed in detail. The modified design procedure uses reduced-order
models and reduced-order observers with spectral assignment methods to
reassign selected eigenvalues and eigenvectors in the full-order system

model.

4.1 Design Philosophy for Full-Order System Models

The constant state feedback design philosophy for full-order system
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models is illustrated in Figure 4.1. The objectives faced by a system
designer are often many and sometimes conflicting in nature. However,
the location of eigenvalues and eigenvectors, and the system time re-
sponse are generally the prime consideration. After these objectives
are satisfactorily achieved, secondary design objectives are considered.
These secondary objectives include feedback gain reduction, minimization
of closed-loop system sensitivity to modeling errors or parameter varia-
tions, and noise suppression. The spectral assignment design procedure
achieves a satisfactory control design by selecting an appropriate set
of eigenvalues and approximating a desired set of corresponding eigen-
vectors. The eigenvalues determine the rates of decay of the various
system modes while the eigenvectors determine the relative contribution
of each mode to the different system states and outputs. After a satis-
factory time response is achieved with an initial eigenvalue and eigen-
vector assignment, the secondary design objectives are considered. The
freedom available to select the eigenvectors often provides a means to
drastically improve these secondary design objectives while only slight-
1y modifying the initial eigenvector assignment and thus the time re-
sponse. This improvement is accomplished by modifying the eigenvectors
within an area local to the original assignment. The direction and
magnitude of the eigenvector modification is determined by a gradient
search procedure as discussed in Section 2.6.
4.2 Design Procedure for Full-Order System Models
A computer aided design package written by Marefat [11] currently

exists and is illustrated in Figure 4.2. The software package consists
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of several special purpose subroutines that are accessed by the main
control program. The subroutines may be entered in any order to imple-
ment specific design objectives according to the design philosophy in
Figure 4.1. The system description (i.e., A, B, C) is entered in Mode
1. An arbitrary set of eigenvalues is assigned in Mode 2, which then
formulates the allowable subspaces for the eigenvectors. The desired
eigenvectors are approximated in Mode 3 by projecting them into the
allowable eigenvector subspaces. Mode 4 allows the system designer to
observe the time response for various initial conditions and system
inputs. The initial design is then improved by alternating between
Modes 4, 5, 6, and 7 until a compromise between primary and secondary
design objectives is achieved. Modes 5, 6, and 7 modify eigenvector
components, reduce feedback gain, and reduce system eigen-sensitivity,

respectively, using gradient search procedures.

4.3 Design Philosophy for Reduced-Order System Models and Observers

The design procedure discussed in the preceding section is useful
for systems where full state feedback is feasible. Another feature of
the procedure is that it assigns all eigenvalue and eigenvector loca-
tions. A system designer is often satisfied with several open loop
eigenvalue and eigenvector locations in a large system. The reassign-
ment of the remaining eigenvalues and eigenvectors is better accomplish-
ed using a reduced-order model that contains only those eigenvalues, due
to reduced requirements for computer time and memory. Also; large sys-

tems typically have fewer 1ndependentvoutputs than states. A full state



feedback design is implemented in this case with an observer system.

The observer estimates the system states in order to implement the feed-
back control law. Since some of the states can be obtained from the
outputs, only the remaining states need to be estimated with an observ-
er. A reduced-order observer is desirable in this case. It is designed
using less computer resources than a full-order observer. Also, less
hardware is required for implementation of a reduced-order observer.

A design philosophy that uses reduced-order models and reduced-
order observers is illustrated in Figure 4.3. In order to design a
control system using spectral assignment with reduced-order models and
reduced-order observers, a designer must have knowledge of a desired set
of system eigenvalues and eigenvectors. The original open loop eigen-
values and eigenvectors are compared with the desired eigenvalues and
eigenvectors. A decision is made as to which of the eigenvalues and
associated eigenvectors are satisfactory and which need to be reassign-
ed. The spectral assignment design procedure is used to assign the
desired eigenvalues and approximate the desired partial eigenvector as-
signment using the reduced-order model. Error between the initial
eigenvector assignment and the desired eigenvector assignment is then
reduced by a gradient search. Next, the resultant reduced-order feed-
back matrix is transforméd to the full-order system.

If all of the states are simultaneously available for measurement,
then the full state feedback matrix is implemented. However, if some
states are not available, then a reduced-order observer is designed.

The eigenvalues of the observer are assigned to be slightly more
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FORMULATE REDUCED-
ORDER MODEL

ASSIGN EIGENVALUES

ASSIGN EIGENVECTORS

IMPROVE EIGENVECTOR
SELECTION BY
GRADIENT SEARCH

REQUIRE

REDUCED-ORDER

OBSERVER
?

FORMULATE
REDUCED-ORDER
OBSERVER

ASSIGN EIGENVALUES

l
ASSIGN EIGENVECTORS

—

VERIFY RESULTS
BY TIME RESPONSE

Figure 4.3. Reduced-Order Design Philosophy
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negative than the dominant eigenvalues of the closed loop system design.
This is done to ensure that the observer can respond quickly enough to
follow the states being estimated. Theoretically if the observer eigen-
values are assigned to be very large negative numbers then the observer
will provide a better estimate of the states. However, this is not done
in practice because the observer then acts like a differentiator and is
very susceptible to noise.

This philosophy and the synthesis methods described in Chapter 3
are used to develop an extended design procedure that exactly reassigns
an arbitrary subset of the original system eigenvalues which are includ-
ed in a reduced-order model. A partial eigenvector assignment is then
approximated for these eigenvalues. This control is implemented with a
reduced-order observer if there are fewer system outputs than states. A
contribution of this thesis is that the reduced-order design and imple-
mentation are accomplished with the knowledge that the eigenvalues and
eigenvectors not included in the reduced-order model remain unchang-

ed.

4.4 Design Procedure for Reduced-Order System Models and (Observers
The computer aided design package written by Marefat has been modi-
fied as illustrated in Figure 4.4. An additional mode (Mode 9) has been
added to incorporate the use of reduced-order models and reduced-order
observers in system design. The full-order system description is enter-
ed in Mode 1. If a reduced-order model is to be used in the control

system design, Mode 9 is entered. Otherwise the design procedure con-
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MODE
SELECTION:
0 INSTRUCTIONS
1 > DATA ENTRY
2 > EIGENVALUE ASSIGNMENT >
3 >  PIGENVECTOR ASSIGNMENT -
4 > TIME SIMULATION -
COMPONENT MODIFICATION
3 OF EIGENVECTORS
6l EIGENVECTOR MODIFICATION
FOR GAIN REDUCTION
, EIGENVECTOR MODIFICATION
FOR SENSITIVITY REDUCTION
8 »  FILE MANIPULATION >
9 »  REDUCED-ORDER DESIGN —s
4
50 FINISHED?
TES

Figure 4.4. Modified Spectral Assignment Computer Software Package

Organization.
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tinues as described in Section 4.2.

A flowchart for Mode 9 is shown in Figure 4.5. Several of the
existing program subroutines including Modes 2, 3, 4, and 6 are called
from Mode 9. Three new subroutines are also called from within Mode 9.
These subroutines are described in Sections 4.5 and 4.6.

After Mode 9 is entered the reduced-order model is formulated,

Mode 2 is then called automatically and the reduced-order model eigen-
values are assigned. The designer is now prompted to enter the desired
partial eigenvector assignment for the full-order system. An initial
eigenvector assignment is calculated from the reduced-order model using
equation (3.24) and the assignment is approximated using Mode 3. A
gradient search is then initiated in order to decrease the error between
the desired and actual partial eigenvector assignment. Upon completion
of the gradient search, the reduced-order model feedback matrix is cal-
culated and transformed to the full-order system coordinates. A re-
duced-order observer is formulated next. Eigenvalues and eigenvectors
are assigned to the observer using Modes 2 and 3. Finally a time re-
sponse is calculated and displayed for the combined system using Mode 4.
If the designer is not satisfied with the time response Mode 9 is re-
entered.

Two portions of the above design procedure required an extensive
programming effort. Calculation of the cost function used in the gradi-
ent search is described in Section 4.5 and the gradient matrix calcu-

Tation is described in Section 4.6.
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READ ORIGINAL
SYSTEM DATA

FORMULATE

REDUCED-ORDER
MODEL

|

ASSIGN EIGENVALUES
AND EIGENVECTORS IN
REDUCED-ORDER MODEL

IMPROVE EIGENVECTOR
ASSIGNMENT BY GRADIENT
SEARCH PROCEDURE

TRANSFORM REDUCED-
ORDER MODEL F TO
FULL SYSTEM

|

FORMULATE
REDUCED-ORDER
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|

‘ RETURN )

Figure 4.5. Mode 9
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4.5 Cost Function

The cost function J that is used in the gradient search routine
is a measure of the error between the actual and desired partial eigen-
vector assignments in the full system model. Calculation of the cost
function is accomplished in two parts. The actual partial eigenvector
assignment is computed first using a subroutine called VACT. The actual
partial eigenvectors are then used to compute the value of J in a sub-
routine called ROCOST.

A flowchart illustrating VACT is given in Figure 4.6. The actual
partial eigenvector assignment is denoted by ;ii and the eigenvector
assigned in the reduced-order model is denoted by Vli' This is consis-
tent with the notation used in Chapter 3. The partial eigenvector as-
signment ;11 of the full order closed loop system that is obtained by
assigning V11 in the reduced-order model can only be determined after
all reduced-order model eigenvalues and eigenvectors are assigned and
the feedback matrix F 1is computed. The top half of equation (3.23) is
given by
F] (4.1)

“la A
= (V1 + Vi DyI-0,T ByFIT; .

For a real eigenvalue the subroutine computes V&i using equation
(4.1). If the eigenvalue Ai is complex the calculation becomes
slightly more involved. Separating equation (4.1) into real and imagin-

ary parts yields
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IS A YES

COMPLEX
?

CALCULATE V. .
, 11

CALCULATE Vqjpr

CALCULATE V141p

V11 = Viipg

I

V154 = Viigy

AL Vq
COMPUTED

YES

' RETURN

Figure 4.6.

i=1+1

Subroutine VACT



— _1 A A A _1/\ o~

Vi =[Vy,+Vo (A I-A,) 77 B,Flvy: [V ,(A; 1) "B,F]v,. (4.2)
11RE 11 "12 1RE 2 2 11RE 12 1IM 2 11IM

and

- —1A AN~ —1/\ A

voo =[VoL Vo (6 I-A)) TBLFIv,. +[V (A, I)TB,FIV,. . (4.3)
11IM 11 12 inE 2 2 11IM 12 LY 2 11RE

Equations (4.2) and (4.3) are used to compute partial eigenvector as-
signments for complex eigenvalues. The actual eigenvector assignments
are then used in subroutine ROCOST to compute the value of J.

A flowchart illustrating ROCOST is given in Figure 4.7. If the
desired partial eigenvector assignment is denoted by Vo and the actual
partial eigenvector assignment is denoted by v, then the cost function
is calculated by

J+I (v,.,-v (4.4)

) a. .

ij 1] Dij 1J

where aij are arbitrary weighting constants., The weighting constants

determine the relative penalty between the eigenvector component errors.
For example, if one eigenvector component has a much larger weighting

constant than the others, then an error in that component receives a

much greater penalty than other component errors.

4.6 Cost Function Gradient
The cost function gradient matrix is computed in subroutine ROGRAD.

A flowchart illustrating ROGRAD is given in Figure 4.8. It is seen from
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START

CALL VACT

I =MAXIMUM
?

NO

K = MAXIMUM

?

YES

RETURN

Figure 4.7. Subroutine ROCOST
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- - 8Vpgq
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NO

MAXIMUM

NO

MAXIMUM

NO MAXIMUM

RETURN

Figure 4.8. Subroutine ROGRAD
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equation (4.4) that the cost functon J is a function of the partial
eigenvector assignment v. Hence, it is also a function of the desig-
nator matrix X which is discussed in Section 2.6. By computing a
gradient of the cost function J with respect to the elements of the
designator matrix Xij’ it can be determined how to vary the designator
matrix in order to reduce the cost function and therefore the error
between Vp and -V. Recalling equation (2.80), the gradient matrix is

defined to be

ad
aX. .
[GR]‘IJ = _a:]—]:l-_.- . (4.5)
| =11
axij
Solving for aJ/axij gives
vV -V
Pq
B 2 a0 (Voa v ) 3 (——P9y, (4.6)
3X1-j pa pq ax'ij
Since Vo is a constant valued matrix,
v,
2.5 24 (@ S .. (4.7)
o o Pq “'Pa D" oy
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To evaluate aVbq/axij, q 1is substituted for i and the subscript 1

is dropped in equation (4.1) to yield

- “la aqn
Vq = [V11+ Vlz(AqI‘Az) Bz?]vq- (4.8)

. — . th - - .
t av_ JaX..
S;:ce qu is the p~ element of vector vq, then qu/ X1J is the

v _/aX.. i v . . i
p element of avq/ X1J. Solving for avq/8X1J, then gives

a ~ o~

+ Vlz(AqI-Az) Bz

3Xi 3Xij axij
37 L =
=V + V(A 1-0) 1 F — L+ —2F G 1. (4.9)
11 5% 12¥q" 727 "2 oy 35X q
ij ij ij

In order to evaluate a?/axij, equation (2.73) is modified to be

F=yil (4.10)

and the element of F in the pth row and qth column is denoted by

f so that
Pq

~=1
qu = Rp[N][V ] Cq. (4.11)



th

R. is a row vector with a one in the p~ column and zero elsewhere and

P

Cq is a column vector with a one in the qth row and zero elsewhere,

so that

~ y-1
=gy BCLIN IS TR Cq (4.12)
8X1J BXij 3X1J
Solving for aWaXij yields
BCLI [wis oovs W 1. (4.13)
aX.. X. s
1] 1J
From equation (2.68),
Wy = —MAjXJ.. (4.14)
Therefore
oX X
L [, ] O U o § (4.15)
A 2%y K 0%y
. .th .
Noting that only the j~ column of X is dependent on Xij’
oW
—=1[0, ..., 0, [-M JoaX./8X.., 0, ..., O]. (4.16)
3X.s A5 b

LN



Furthermore, only the ith row of Xj is dependent on Xij' It is

easily seen that axj/axij is a column vector with a one in the ith row

and zero elsewhere. Hence, equation (4.16) is written

210, .0y 0, [M]5, O, ooy O] (4.17)

where ['Mki]i denotes the ith column of [-MAj]' It is noted that

-1 ~ Vv A
AV o g BV ga (4.18)
axij ax1J
and
L R 1 (4.19)
X, . X, . 1 k
ij ij

Since only the jth eigenvector is a funtion of Xi it follows that

j,

3V oy
— = [0’ [ 0’ I 0’ o0 ey 0]. (4.20)

oX. . oX. .

1 1]

Substituting from equation (2.77) gives

_—= [0, coey 0, [NA-] an/ax.iJ-, O, e ey 0]

BXij J

= [0, ..., 0, [N, 14, 0, ..., 0, (4.21)
J



76

where [NA ]i denotes the ith column of [NA ]. To evaluate qu/aXi
J i
equation (4.21) is postmultiplied by Cq. Similarly, to evaluate

j’

aqu/axi, equation (4.9) is premultiplied by Rp.

Hence, it is shown that the partial derivatives are computed by
selecting appropriate rows and columns from the [NA] and [MA] matri-
ces. This reduces the calculation of the gradient matrix [GR] to a
bookkeeping operation easily implemented in a computer program. It is
not necessary to numerically approximate a derivative quantity. Sub-
routine ROGRAD computes the cost function gradient matrix using this

procedure.



CHAPTER 5

DESIGN EXAMPLE

The design procedure described in Chapter 4 is illustrated in this
chapter by an actual design problem. A controller is designed for the
Tateral axis model of an L-1011 aircraft using a reduced-order model and
a reduced-order observer. The resulting design is then compared to an
output feedback controller designed by Andrey et al. [15]. It is shown
that the design procedure presented in this thesis is a viable tool for

constant feedback controller design.

5.1 Original Lateral Axis Model
The lateral axis model of an L-1011 aircraft is used as the orig-

inal full-order system model. The state vector x is given by:

X1 =r = Yaw rate (Radians,second)

X, =8 = Sideslip angle (radians)

x3 = p = Roll rate (radians,second)
x, =¢ = Bank angle (radians)

X5 = 5r = Rudder deflection (radians)
Xg =8, = Aileron deflection (radians)
Xz = f, = Washout filter state.
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Rudder and aileron deflections (states 5 and 5) produce changes in the
yaw rate, sideslip angle, roll rate, and bank anfle (states 1-4). The
coordinate system is illustrated in Figure 5.1. - Under certain con-
ditions yaw rate is equal to the derivative of the sideslip angle with
respect to time while roll rate is equal to the derivative of the bank
angle with respect to time. The washout filter js a high pass filter
for the yaw rate.

The A, B, and C system matrices are given by

-0.154 1.54 -0.0042 0  -0.744 -0.032 0
-0.996 -0.117 -0.000295 0.0386 0.02 0 0
0.249 -5.2  -1.0 0 0.337 -1.12 0
a=1| o 0 1.0 0 0 0 0
0 0 0 0 -200 =~ 0 0
0 0 0 0 0 -25.0 0
0.5 0 0 0 0 0  -0.5
0 0]
0 0
0 0
B=1 o ol
20 0
0 25
. 0 0
1 0 0 0 0 0 -1
c-l0 01 0 0 0 o0
o 1 0 0 0 0 0
o 0 0 1 0 0 O

The system input, u, consists of components



Aileron

4

Figure 5.1.

Aircraft Axis System
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Rudder command (radians)

[

—
i
O
i

rc
and

Aileron command (radians).

]
[
1}

U2 = 95

The open loop eigenvalues of this system are:

A1s,2 = -0.08819 % j 1.269 - Dutch roll mode

x3’ = -1.085 - Rol11 subsistence mode
Ay = -0.00965 - Spiral mode

Ag = -20.0 - Rudder mode

Xg = -25.0 - Aileron mode

A, = -0.5 - Washout filter mode.

The open loop system time response is shown in Figures 5.2-5.8 for zero
input and an initial condition of ¢(0) = 1 degree. After ten seconds
the system states are still oscillating and the bank angle ¢ has not
yet reached zero degrees.

It is known that a desirable eigenvalue assignment for the system

is

i+

)\1,2 = "1.5 j 1.5

and

H

Ags, = -2.0 % j 1.0,

When the roll subsistence mode A3 and the spiral mode A, are a com-
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plex conjugate pair they are collectively referred to as the roll mode.
It is also known to be desirable for the roll and dutch roll modes to be

decoupled. This decoupling is accomplished by the eigenvector selec-

tion:
1] [ x] 0] 0l
X 1 0 0
0 0 1 o x
v, = ol , v,=1ol ,vo=1Ixl, v, =[1] ,
1 X 2 |x 31X 4 1%
X X X X
| x| | X] | X X

where X denotes "don't care." Andry, Shapiro and Chung [15] closely
approximate the above eigenvalue and eigenvector assignment for this
system using constant output feedback. Eigenvalue/eigenvector assign-

ment techniques are used to design the constant output feedback matrix

3.35 -0.159 -4.88 -0.379

K=11.42 2.38 -6.36 3.8

The closed loop time response is shown in Figures 5.9-5.15. The closed

loop eigenvalues of the design are

A1, = -1.052 * j 1.497
Ays, = -2.001% j 0.9995
xs = -17.05

\g = -22.01

A7 = -0.6989.
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The first four components of the first four eigenvectors are:

- - 7
1 T -0.0029 ¥ j 0.0012
v _ | 0.03066 + j 0.3488 v _| 0.0045 + j 0.0053
1,2 -0.0036 = j 0.0004 ’ 3,4 1
0.0013 + j 0.0011 -0.3999 ¥ j 0.2000

It is noted that by using constant output feedback that the four eigen-
values A; - A, are placed almost exactly and that the roll and dutch
roll modes are decoupled. However, the other eigenvalues (is - A7) are
also moved by the design. The design procedure described in Chapter 4
is now used to formulate an alternate design that exactly places A; - Ay
without changing Ag - A,. Eigenvectors for i, -1, are also assigned
to achieve roll and dutch roll mode decoupling. This is achieved with-
out modifying the eigenvectors associated with A5 - A,. Furthermore,
this design is done using a reduced-order model to specify a constant
feedback matrix for the original full-order system. The full state

feedback matrix is then implemented by dynamic output feedback.

5.2 Reduced-Order Model Design
Since the open loop values of Ag - A; are known to be desirable,
and the rudder, aileron, and washout filter states are unspecified, no
reassignment of these modes will be made. Therefore, they are not in-
cluded in the reduced-order model. On the other hand, Ay -, areto
be reassigned and are included in the reduced-order model. The full

order system matrices are transformed by equation (3.3) and partitioned



97

as in equation (3.5) to yield the reduced-order model system matrices

=
—
1

Spectral assignment synthesis methods

values

and

A partial eigenvector assignment

-0.
-1.

08819 1.269
269 -0.08819
0 0

0 0

decoupling is given by

V1,2

0

0
-1.085

0

AI’Z

Agsy =

0 -1.706 -0.02580

0 B. = 0.3961 0.06988

0 > P171-0.2772  -0.2878 |°
-0.009165 -0.2698 -0.1528

-1.5

that

are then used to assign the eigen-

+

j 1.5

j 1.0.

achieves roll and dutch roll mode

0

oo

3,4 7] 20
-8 % j4
i J

An initial attempt is made to assign the eigenvectors using equation

(3.24).

1,2

19.44 £ j 0.33
6.76 * j 7.25
1.06 ¥ j 0.10

-0.42 £ j 0.64

- .
-0.10 ¥ j 0.04
v. = | 008+ jo0.10
3,4 ~ | 20.20 £ j 0.11
-8.54 7 j 3.91

I i

The partial assignment in the full order system is found to be
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‘the gradient search is continued.

The gradient search routine described in Section 2.6 is now used to
improve the initial vector assignment. Elements of a weighting matrix
are entered into the computer and a value is calculated for the cost

fucntion J A cost function gradient is calcu-

using equation (4.4).
lated as in Section 4.6 and the initial eigenvector assignment is varied
to reduce the cost function. The weighting matrix is varied to increase
or decrease the relative importance of each eigenvector component and
This procedure is repeated until a
satisfactory improvement of the initial assignment is achieved. In this
example the final partial eigenvector assignment in the full system

model is given by

19.45+ j 0.34 -0.10 ¥ j 0.04
Ve = 6.76 £ j 7.25 _| 0.08 £ j 0.10
1,2 0.45 + j 0.33 3,4 | 20.20 £ j 0.11
-0.07 = j 0.68 -8.54 7 j 3.91
The vectors are scaled to give
1 -0.005 ¥ j 0.002
V. = 0.35 + j 0.37 V. = 0.004 = j 0.005
1,2 0.02 * j 0.02 3,4 1 )
0.003 £ j 0.04 -0.424 7 j 0.191
’ - ! _

It is seen from the above vectors that the roll and dutch roll modes
have been significantly decoupled. The required gain matrix in the

reduced-order model is given by
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F = 1.319 -1.650 0.169 -1.724
-3.854 0.583 -5.810 31.18 |’

The constant state feedback matrix in the full order system is computed

using equations (3.9) and (3.10) to be

T = 3.66 -3.13 -0.176 -0.372 -0.137 0.003 O
1.54 -6.03 2.70 4.35 -0.008 -0.120 O]°

In order to implement this full state feedback matrix, an observer is
now designed by the procedure described in Section 3.4. The aobserver

eigenvalues, AOi’ are selected so that

This selection makes the observer modes faster than the modes contained
in the reduced-order model. The observer eigenvectors, VOi’ are arbi-

trarily assigned to be

1 0 0
v =10 s Vo, =11 s Vi, =[O0} .
01 0 02 0 03 1
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R = 0.287 -0.029 -28.3 -0.372
0.184 0.710 -17.1 4.35 }|°

-89.2 2.35 -17.8 0.124
G=1|-42.2 -83.7 57.6 -0.116 |,
-5.29 -0.035 48.5 0.270

R
= |0 25].
0o 0

The observer is now used to implement the full order system feedback

and

matrix F. The closed loop time response is shown in Figures 5.16-5.25.
It is shown that the response of the yaw rate and sideslip angle for
this design are more desirable than for the previous design since there
is less disturbance and faster settling time for both states. On the
other hand, the roll rate and bank angle responses are almost identical
for both designs. The controlling surfaces and washout filter states

are all well within the physical limitations of the system. This illus-

- trates that a viable constant full state feedback control system can be

designed for a large system using a reduced-order model and that this

feedback design can be successfully implemented with a reduced-order

observer.

5.3 Summary and Concluding Remarks
A new design procedure for the control of large systems using re-

duced-order models, reduced-order observers, and spectral assignment

techniques is presented. A reduced-order model is formulated containing
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eigenvalues of interest from an original full-order System. A constant
state feedback matrix is designed for the reduced-ord;r model that, when
implemented about the full-order system, reassigns tHe eigenvalues con-
tained in the reduced-order model while those eigenvalues not included
in the reduced-order model are retained in the full-grder system. It is
then shown that the full state constant feedback matrix for the original

full-order system is implemented by a reduced-order observer if all of

the system states are not simultaneously available.
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APPENDICES

Appendix A contains a software listing of the modifi-
cations to the spectral assignment computer aided design
package discussed in Chapter 4. This is followed by an
example of an interactive design session in Appendix B.



APPENDIX A: SOFTWARE LISTING

454

WRITECH0614)
FORMAT(AX v 22HENTER X5
READ (S 2) Lo deVOC(T» 1)

% NEW vaLul)

ru ?lllgn'l,u‘!nﬁ ::l'l;li? L} FORERT o ritanon o edy b1
C-FUNC nay QUTIRE FOR COMPORENT BONXFXCATIO 1 SITOR, SYSTE X TR ;
CoXHSL ROUTINES CALLENG UEKSE S USUFH. CXEAERERAXRLx  TRANSFORM SYSTEN BY HODAL HaATRIY AEXEFXIXEXIINLII 442

C-SPECTRAL ASSIGNHENT ROUTINESS ROGRADROCOST ¢ SEARCH DEILAY e VACT o
C-LUGICAL DEVICESE XNPUT UNITS % OUTFUT UNXTE %
C- STORANE URXTCS) L XU=200 XU=2040 TAPE J=1oRS, (UT=204N501 ~ C
THTEGER ORIGOX.RC10)
COHPLEX VEXGC10)¢2¢20,10)
REAL LRORGB (L0 s LXORGCLO) s VOCL10 10D VIS (105 10) s UDESC 109 10)
mmnmmummnwmmmuwmummmmwummmmwum
REAL ALAHL1(10+10) 0 ALAHIZ2C10010) s ALAHZLC10010) 0 ALAHZZ (104 10)
REAL MC10010)oFTILL (100100 s FTIL2C10010) 11 (101103 sEODS 1100 10)
REAL BLAH2 (100 10) ¢ CLANL (105100 1CLAH2 (100 10) o FILANCL10,10)
C--RANDOH ACCESS FILEST S8YSTEMFORXY WHEKE XX=204.0 »CURRNT
REAL AL (10+10),6(10:10) 1 CLANCL0610) 1HIRV (10, 10) c
REAL XXC10010) s VAC20) 1K (2200 ¢ 220D 1LRECL0) o LIN(10) ¢ WIC(10)
REAL W(10910)»V(10510)sVIRV(10s50) 2 F (02 10) s AHATC10510)
REAL. AC10010) 9 BC10¢10),C(50010) ,WKAREACL130) c
LOMMUN/SYS /0 BoCo ZERDS IDUT o NS e NT 4 NO c
COHMMONZBVG/Y 2 ARG TZEIDZLRE (L IN/EFOR/OLZGR/G
COHMON/VEC VA Ee Xo B e W XX e Ve VINY :
CUHHON/RODZORYGO s VO » VF Sy UNES ¢ BLAKD » LRORG » 1 XOKU » ALAMZL G
DIMERSYON CHAR(2) . c
EXTERNAL ROCDST o ROGRAN, HORES s KODES s HODE 4
CALL UEKSETCS¢LEVOLD)
OPENCETLE="ROINFO’ o ACCESS* DIRECT? o RECL=10: o NI T= 32
TU=20
READCXURECRL INS o NX o NOs XDUT ¢ ZERD
REANCXUsREC=2) CCALI Lo X S) s X0l eNS ) s X T o N)
READCIUsREC=3) CABCXX e XY o XJ=LoNI) s XTm g ¢ NG)
READCIUIREC=4) (CCCXLo XY v X =1 sNS) s I X214 NO))
CESEESEXS428888%  ENTER ORIOINAL EICENVECTORS 228358383288 88832808
WRITEC(S8)
0 FORMAT(AXs ASTH WART TO ENTER NEW ORXOINAL EXUENVECTORSY)
READCS 8)KK
IF (KK LE.0)GO TD 41
J=q
7 WRITEC6:%).)
5 FORMAT CHHENTER ORIGINAL EYBENVEGTOR Us13)
READ(S50 $) (VOCT ¢ 0) s VT CX ) o X1 NS)
CHTEST=0,
DU A0 X=1sNS
CHIEST=CHYESYIVT(Y ) 882
40  CONTINUE
IF(CHIESTLLE 0

61X
C

6146

400
59y
601

402

0260 TO 52

N6 X=1/NS 804
V0T JHD=VTCDD

4 CONTINUE
d=gi1

52 J=J41 6038

1IF GLILENSIG0 10 7 .
WRITE( REC=1) (VDXL D) o LI L RG) e XA=2s HE)

&1 CONTINUE

CEEREEXEXLLAES  DASPLAY RO MODEL

CALL LINV2E (VO HE 2 105 VDIRY, TIIGT o WRAKE A XER)
FAUSE 1

CALL USHEHGSHVOIHRVE s A0VOXRVe K00 NG NG  4)
CALL VHULFF (VOXRV, ArHE NGNS 105 100U 10, ZER)

CALL VHULFE (Mo VO RS NSoNS v 100 104 AL GHs 104 IER)

DO 616 A=19HG

DU 616 J=1sN§

ANGAL=ANG (ALAM(Xr.)))

XF CABSAL LT ZERMALAMC X » D =FLOATCO)
CONTINUE

PAUSE 2

CALL USUFH(SHALAME ¢ 51 GLARI 1O NS 1 NG 2 4)

:All U?ULIF(UUINU:K.NquﬁlhIleleleﬁNvIO-IFh)
FALSE |

CALL USUFH(SHRILAHL s SeBLAHI 109 NSsNY 2 4)

CALL VHULFF (L2 VO NOSNSe NS 100 104 CLANS 109 XER)
PAUSE. 4

CALL. USHFH(SHOLAME e S CLAHILOINOINS»4)

CEXIXEXXLXELE PARTVITTON TILDA SYSTEHM SELEEXLLXEXIXIXRRXEXKRXLLRELEL

RO 400 X=1,N0O

ne 400 Jd=1sNO

ALAHLI (X» J)=ALAN(Ye.))

CONTINUE

DO G579 I=1.NS§

DO G99 ke NS

XF CCXBT NN o ANDL CIBToNOD YALAKL2 CX~NO» J-NO) v ALAMC X v )
CONTINUE

LD 408 X=1sND

DO 403 J=1eNY

BLAHL (1 » D)= BLAH(Y )

CONTINUE

DO 602 X=1eNO

DO 402 U180

CLAHL (X)) =CLAMCX ¢ D)

CONTINUE
EREXRERARLXLEXRRERERAREAERLRLAERRRE XS
WRITE(6,0804)

FORMAT CIX o 25HWT G TO DXSPLAY RO MODEL?)
READ(S5, x)KK

IF(RK.LE.0)GO TO 805

HRITLE(60603)

FORMATCIXy /7779200 REDUCED ORIER MODELy//)
CALL USWFHCPHMATRIX Aly9sALAMEL o105 NOsNOc4)
CALL USWFHCPHMATRIX Blo9? o BLAML» 10¢NCNX(4)

KEADC 32/ REGn1) CCVOCKT ¢ 100 e L= e RE) s TE= Lo H) CALL USWFH(ZHHATRIX C1e99CLAML,10,NOIND)4) )

415 WRXTECSHREC=1) ((VOCITe XD e XIT1 s NG) ¢ XA=1 4 NG) CEXREXXXX2X%2 TEHPORARTLY STORE ORXGINAL SYSTEM 13233338233 33233233 ¢
GALL USUTM(YHY HATRIXE 9 rV0. 102 RS NS5 4) 605 WRYTE G320 REC=2)NSs NI ¢ NO
WRATE(60652) WRYXTE( REC=3) CCACXX 2 X)) s XJ=L o NG) o XIS 1 4 NQ)

452 FORHAY (IX» SEHUISH TO CHANGE ARY VALUES OF V1)
READ(SG ¢ 9)RK

IFCKKGLE.OBD TN 653

URITECIL  REC=4) CORCIX v XY s XJ=1pNX) s XX=5 0 NG)
URXTE(ZH REC=5) CCCCIXv XD o XS=1 s HE) ¢ XA=1510)

CEEXXLXEEX STORE RO MODEL XNTO FILE $20 SXXEXLLXXXEEXEXEXLEIARKELE

S1I



WRITE (20 REC=1IN0NLe RO XDGT s ZERO
WRITE (R0,REC=2) (CALAMLI CXT o XJ) s X2 aNO) s X X215 ND)
WRXTE (20, REC=3) ((BLAME (XY e L) » X1 o NTD o L =4 s N
WRITEC20,REG=4) (CCLAMLCXX» XD o XJ=19NOD) # IX=1¢NOD
CRRsses GO TO MODER AN ASSIGH EIGENVALUES FOR RO SYSTEM ¥335388x%
URYTIEC60604)
404 FORMATCIX» 18C1HED »34H REDUCED ORDER EEXGEHVALUL ASSYGNMENT 37 CIHE)
CALL MODED
Crexasss  ENTER DESIRED PARTIAL ETGERVECTOR ASSIGHRKENT
WRITE(40605)
605 FORMAT(1%s AAHENTER DESIRED PARTXAL E1GENVECTOR ASSIGHHENT)
J=1
&09 URIVEC(S9606).)
606 FORMAT(1Xyr 1 IHEIGERVECTOR Ve I2)
READ (S X)) (UDES (X6 0) s VTLX) s X=X o NIV
IFCARSCLIMCD ) LT ZERIDIGO TO 608
1 607 T=1+NO
VBES(X e JH1)=VT(I)
607 CONTINUE
J=041
[SUCENENESY
IF (I LEGNOIGD TO 809
Cesssaxisx  CALCULATE AND DISPLAY INXTIAL GUESS SEERLRRLAREALRLARELES
DO 410 I=1sND
N 450 J=1eNO
[ RIS TR}
&30 CONTINUE
CALL LINVZE (6 ¢NOr 10 AHATo IDOToWKAREA Y XER)

p2E2 s 2]

C FAUSE

Cc CALL USHIFM(ZHVILXNVL ¢ 20 AHAT» 10 NOCRU 4)
CALL VHULFF CAHAT s VDES s ND RO ROp 800 10060 105 XER)D
WRITECAr611)

411 FORMAT (1X» 4PHUSE THE FOLLOWING © MATRIX FOR XNYTIAL ASSIGBRHENT» /4
12911 REMEMRER WHICH U ARE COMPLEX)
CHAR(1)=*IN1TIAL GU*
CHAR(2)2*ESR FOR VI*
CALL USWFHCCHAR» 20, G 107NOINO» 4)
CEESEREEXENRE  ASHIGN INXTIAL ETGENVECTOR GULSH SEEEEXXERLREIBALLRENS
CALL HODER
XU=20
READ C(XUsREC=1) NSsN1 2ROy IDOTZERD
READ (XUHREC=2) ((ACXXs 1D s LI=1oND) s XX=1sNS)
READ (YULREC=3) C(B(XXeI.D) o XJ=LsNI) o KT =10 NG)
READ(XU/REG=4) CCECXTr XY e XI= 1o RE) s X X=1 s NUY)
PAUSE 6
CURITECG,810)
810 FORMAT CAXe 37HTHE FOLLOWING IS RO HODEL AFTER HODEN)
CALL USWFHCIHAT229Ar 10 NSING 1 4)
CALL USWFH(2HRE92¢Br10rNSINT 1 4)
PAUSEE 7
CALL USWFHCRHEL v 200 100NOINS 1 4)
ne 10 J=1eR8
1U=20+.)
OPEN (ACCESS=’DIRECT/ yRECL~Z02
Ly UNIT=XLD
READ (XUREC=1) LRECD LXNGH
10 CONTINUE
c FAUSE O
ny 81z I=1/0S
[ WRIVE(HeH11) XeLRE(T) o). THCX)
011 FORMAT (1Xs HLAHBDA X2 ¢ X e SHREAL = 1 F 6. 39 3XoSHIHAG= oF 6. 3)

on

ooon

a1z

CORTINUE

YUT=20tHS+1

COFER  (FILE= CURRNY 7y ARCESS= BIRECT s RECL =1 022
ToUNLT=XUT)

READ (1UT REC=1) ((VXXs L) s XJ=10l18) e XA=14NG)
REAN (JUTYREC=2) CCEXCIXo XD e XI=1aNS) # XX=4 4 HY)
READ (XUT REC=4) (P UIX XD o LU=1sNS) o XX=1sN1)
READ CIUT/REC=S) (CAHATCXT s XD e TD=1 NS ¢ XA =15 RE)

[N CALL USWIEH CLOHMATRIX ¥ $5 805V 100NS NS0 4)
(B CALL USWEM (LOHHMATRIX YXir80:XXr10NXrNGe4)
A PAUSE 9

CHAR (L )= GATN MATRY®

CHARC )= )Y, FL*

CALL USUFH (CHARv144F s 102N 1 NG 4)
[ PAUSE 10

CHAKRCT ) =*HATRIX Al

CHARC2) =T
c CALL USWFM (CHAR: 125 AHAOT s 104 NS NS 1 4)

READ (329 RECT2IORIGH s NIX s NOX

12=0RIGO--NG
CEEEREEEER  ASSION WEIGHTING CONSTANTS FOR GRADIENT GEARCH  $X58%X4

905 DO 70 X=1+NG

70
99
9

11

3

CRERsEast

3o

"o 70 Jd=1eNS

AL(Iy DI =FLOAT(1)

CONTINUE

WRITEC6:99)

FORMAT(1Xs 20 C1HE) 1 27H RO EXGENVECTOR THFROVEMENT 20C1HX) )

WRITE(6,»9)

FORHAT(1X 9201 WEIGHTING CONSTANTS)

CaLl. USHFUHHWETGHTS o 8o AL 10 NSNS 4)

WRITE(S011)

FORMATCAX s 16H WISH TO CHARGET)

READ (5+8) KK

XF (KKWJLEL0) 6O TO 30

URETE (603)

FORHAT (1% 17HENTER NEW VALUES!)

READ (5:8) (CAL(Xs ) e a1 NS) s X=10NS)

CONDUGCT GRANIENT SBEARCH SEEXS5X8EXETXREERISRTRLRKALR08K
Call ROCOST N

HRITE (4e4) CJ

4 FORMAT (1XsBHCOSTESN.4)

Call ROGRAD
ALL SEARCH(CSs ROCOST ¢ ROUGKAD 5)
WRITE (IUT,REC=1) *CCVCIT 20 » X1 o RE) » XX=1 4 RE)

WRITE (XUT¢REC=2) XX XIS T RET IT=1 1)
WRITE CIUTIREC=4) ((FCXTo XD e XJ=leRE) p XX=LsNTD
WRLTE CXUTeRECRS) (CAHATCXX s X)) ¢ XI= Lo NGD p XY=L s NS)
CAlL USMEH CLOHMATRIX V 1¢10:Vr10+NS NG 8)

LALL VACT

CALL USWFHCLOHHATRIX UFSs£0sVFSy 10, NGeRG04)
WRITE(S9904)

P04 FORMAT(1Xo 24HWANY TO CONTINUE SEARCHT)

02

C

READ (s 2IKK

IF(RKGT )60 TO 905

WIRITL. (44902)

FORMAT (1XsAAHMISH TO DISPLAY THE NORHALXZED ETGENVECTORS?)
READ (50%) KS

IF (KS.LE.0) GO TO 903

911



c CALL. DSPLAY (NSeZERD)
(4% ORT L '
c'? 3 CONVINOE 701 CONTINUE

CALL USWEH CLOHMATRIX XX30100XXs109N1 ¢NS04) ey
CHARCEI™®  GAIN HA' ¢ PAUSE 11
CHARC) = TRIX F8° c CALL USWFHCLOMFAPPERTIENS s 105 F 100K ORYGN 0 4)
CALL USUEM CCHAR» 14F s 80N s NS »6) CALL UHULFF (F o VOXMY o MY s ORXGD 0 ORXGD» 100 100 GHET » 100 TER)
CHARCL) =*HATRIX ANA® Lo 702 X=1sNX
CALL ELGRFCAHAT NS 10920 HERGe Zo KO WKARE S » XER) Ba 702 J=110KXGO
¢ CALL USWCUCHHL AM-GRAD I B METUINS 14 4) ey FLX P DI=6HATCT 1)
702 CONTIRUE

CHARRC)="T ¢
CALL USWEH (CHAR» 20 AHAT 1 R0ING 1 NS 4)

CXRE282% APPEND ZERQS TO FEENBAUK HATRIX AND XFORM 10 ORIGINAL OO
DO 701 X=1,HY

PAUSE 2
CALL'USUFN(IOHF XFORKED ¢ 10¢F ¢ 101 HL o URIGO 4)
WRITECIZ/RECE) CCFCYXe X o X I 0o ORXGD) ¢ XX=1,1Y)

PO 701 S=NOHL » ORIGO [ CALL USUFH(2HF S s 20F 010,12 0 OKRX00 2 4)

FOLe D) =FLOAT(0) CEX2x2222 RETRIEVE ORXGYNAL SYSTEH DATA X STORE F SXXXS%%8%
X 699 REAN(I2HREC=INS ML NO

REANCSL e REC=4) CCRCXLe X I) s X I~ oY) e XX=L o NG) READCI2yREC=3) (CACXX o XD o XS=L o ) ¢ XX =21 o N3)

REANCIZ s REC=5) (CCCT X o X D) s X2 s HS) o TX=1 4 HO) 823 IFCIIND.GT.NSIGO 10 624

READ (A2 REC=6) CL(F (X T v XD 1 XJ=2 s NS) s X XI=L 0 N1) ALAHL2CX s D) =ALAKC X 5 JEND)

CALL USWFH(SHY -AFToS59Fr10)HRT RS0 4) 24 IF CCXHROGBT JNS )Y JAND . CHEOL BT 86D 1O 70%

CXEXXX%Rx  COMPFUTE XFORM HATRIX M & HIRV  SEXSSERXKEER5K888
DO 703 X=1+N8

DO 703 JeiiNS ALAHZI Ty J)=AL ARCLHNO, JHRD)

ML o )=FLOAT (0) 705 CONTINUE
YFCL G DN DI FLOGTEL) c PAUSE 40
YFCTLENOIHC 2 )= (X o) C CALL USUFMCPHATILER Sy 20 ALAHL 0 1060222, 120 4)
703 CONTTION G CALL USHFMCZRATILLE ¢ 79 ALANDD ¢ 104 X240 X220 4)
CALL LINV2F (HoNS» 104 HINV, ID0T ¢ UKAREAY XER) DO 706 X=1,N0
C PADSE 1.3 10 206 J=1,KY
c CALL USHFHCSHHINUL 5o HINV, 100 HS e NS s 4) BLAMLCE o ) =PLAMC X 5.0)
N CALL USUFHMCLHNE 20 He 10 NS S0 4) IFCIINOGLE JHSYRLAM2 CX 5 J) =RILAHCX 104 .0)
CEEA8E88%  XFORM SYSTEN AND F HATRIX SER888338352LE2228481 706 CONTINUE
CALL VHULFE (HeArHS NSNS 100100 AHAT 104 1ER) 00 707 X=1.N0O
CALL VMULEF CAHAT ) HXNV NS NG s HS e 109 104 ALAN 104 TER) DO 707 J=10NO
CALL VHULFF (HiBsRS NSHI 100100 BLAH 109 TER) CLAMLCYy ) =CLANCX ¢ .0)
CALL VHULFF (e MINVo RO NS o HS ¢ 105 104 C1.AH 104 XER) TE CHNO G LLE JNSYCLANZ (X 0 ) =CLANC X » JERO)
CALL VHULFF (F o HINY R HE o HE o 100 101 AHAT » 104 TER) 707 CONTIRUE

N 848 X=1+RX MU 708 X=%oNHX
NO QAR J=1¢NS BO 7068 =1.N0
FLAMCT » D) =aHAT (X 1) FIILEICX o J)=AHAT (X0 .))
048 COMNTINUE TFCIMNOLE JNSIFTILLCX 0 ) =AHAT (X 5 JHIO)

CREREEXLRE  DISFLAY XFORHED SYSTEH = $223828838858282242821 208 CONTINUE
URXTE(&+HO1) CRAEREXEE  TRANSPUSE ALAHZR & ~ALAMIZ TO ASSIGN ORSERVER BYRAMXGS

801 FORMAT (X 30H WISH TO NISFLAY TILRA SYSGTEHT) WRXTECS,B22ING NO
READ (50 $OKE B22 FORMAT (LY s SHNGr= 9 X200 83X 9 SHNO=» X2)
TFARKAEOVG0 1D 802 NOBS=NS-NO
WRITE(6¢704) . RO 709 1=1,00
704 FURBATCRN 200 SYSTEH XFORMED BY My /) RO 709 .=1eNORYG
[N PAUSE 1% ALAHIZ2 (X o D) -ALAML2 (X, 0)

CALL USUFH(IHA TILDAs 721 ALANs 10 NSNS0 4) 709 CONTINUE

CALL USUFMCZHR TR 7o RLANS 109389 H) 0 4) c PAUSE 14

FAUSE 14 c CALL USWFM(BH~ALANLIZL o8 ALAHL, 100 N0 1LOBL s 4)

CALL USUFHCZHE TXLDAS 79 CLAMY 100 HO NS 4) 5 CALL USWFHCZHALAH22S ¢ 75 ALAHDD ) 10+ HOKS s NOBS » 4)

CALL USUFMCZHE TILDAS 7 GHAT 10 1T NS¢ 4) CALL TRANSI (ALAMD2 ¢ NOBS ¢ NOBS)

(333823 E22 82 PARTYITYOR THE SYSTEH (233338323833 52 2 2] CALL TRANS L (ALAMT2,NO,NORY)
602 NO 204 X=1,10 c PAUSE 17

N 7205 SN0 c CALL USWFH(OH-ALAHIY 599 ALAMLZ ) 100 ROKS s N0 2 4 )

C CALL USWFHHHALAH22TE 8¢ ALANZ2 100 NORS » NOBS, 4)

ALANLT (X2 ) =ALAHCY Y ))
IFCUNOGTWRSIGD 10 82X
ALAN2L (Yo D)= OLANCT 1100 . 3)

IF(ROLEJNOBSIGO TO 638
IFLF=1

LTT



CALL. USWFH(PH-ALANI2T 1990 ALANLZ 0102 ROBS e N0, A)
HRYTECAH ¢ 833)NOBY
HXY FORMAT (1Xs 21HYOU HUST SELECT WHICH. X2242H OUTFUTS WILL BE USED T(
IFEED THE OBSERUVERY
WRITECArH134)
034 FORMAT (1% ASHTHE OUTPUTS CORRESFOND 10 COLUMNS XN -ALAMI2T)
837 URTTE(A:8353)
H35 FOKHATCIXs SOHSELECYED COLUMNS WLL FDRHM A HATRIX THAT HUST RE NON
L1XNGULAR /7 BSAHENTER OUTPUTS 1O BE USED CINTEGERY)
REANCS 2 CXLRCX ) o I=1oNOBS)
DO 836 =21, NOBS
no 036 I=1.NOBS
AUATX e DAL GHL2CX s XLRGN)
QA4 CONTINUE
CALL USWIEHCAHE HODS » 66 GHAT 10 HORS NOBS ) 4)
XEK=0
CALL LXNVF CAHAT ) NOES s 104 AL s IDGT o MKAREA TER)
IF (1ER.EQ.127)60 TO 837
HOX=NORY i
GO TO 84Y
@31 NOX=RO
DO 036 Y=L NUBS
DO Q3B J=ioNO
AT (X v D) =ALAMLLC L o 0)
Q38 CoMTYNUE
A% CONTININC
CEEXEXEE STORE ALAM22 X ALAHIZ AZ A & B AND CHANGE NG
WRATE (20, REC=1) RO » NOX o NORS o XDGT ¢ ZERD
URITE (20, REC=2) CCALAMD2 (XX o XD o X324 o HOKSG) o X X =1 o HORS)
URITEC 204 REC=3) CCAHATCX Lo XJ) o XS=L o HOX ) » XX= 1, HOBSG)
CrErtyd IGN EXGERVALUES AND EXGENVECTORS FOR ORSERVER S5Xf83%xX:
CLOSE(URYT=XUT, STATUS=KEEP )
No 815 r=1s,N0
J=X 20
CLOSE (UNIT=.0)
#1% CONTINUE
URITE(S:710)
750 FORHATCIXr20C1HE) ¢ 321 ASKIGH ELGENVALUES FOR OBSGERVER, 10CIHE
CaLL MODER )
WRITEC(4s711)
711 FORNATCRX s £S5 CIHE) » 330 ASSIGH EIGENVECTORS FOR ORSERVER. 14 (1H2
CALL HODES
WRITE(60735)
735 VFORMATCAX s 3SUBISH T REMICE BAIN FOR QBSERVERT)
KEAN (S0 X)KK
IF(KKJLE.0)GO 10 234
taLl. MONES
736 CONTINUE
CXEXEAEE RETRANSPOSE ALAMLY & -6LAHLIZ X XPOSE F TO GE1 L. SXXXk8L88%
NOX=0KXGO-NOBS :
N0 712 X=1,NOBS
N0 712 S=1eNOY
ALAMIZ (X o J)=-ALAMIZ2C X o 1)
712 CONTINUE
CALL TRANS1 CALAML2 NSy NS)
CALL. TRANSL(ALAM12,NOBS »NOX)
c PAUSE 18
c CALL USWIFHCZHALAM128 575 ALART2¢ 10, ROXoNUBS, 4)
(A CALL USUFH(ZHALAN22 27+ ALAM22¢ 10 HABS s NOBS . 4)

XIEKKKEXY

TUT=204RG41
READCXUTIREC=4) C(F (XX o XI) o XSmtoNED o XX=1oNY)
TECIFLFWNE<1)GO TO 843
NO 839 X=1.NOX
DA Q37 J=1.NORYS
LAY D =FLOATCO)

039 CONTINUE
DO 040 X=1¢NS
NO B40 J=1oNG
LOILRCD) o ) =F (X0 0D

@40 CONTIRUE
GU TO 846

841 DO 842 Y=1sNOX
no 842 =1 /NOBS
LYo D)=F (Yo )}

842 CONTINUE

0446 CONTIRUE
CLOSECUNYT=XUT STATUS=’KEEP*)
CALL TRANST (1Ls RUXsHE)
PAUSE 19
IFLT =0

CALL USEFMCIHLE 02005 20 RS HUX0 A)
CERELABXXAXAEXE  COMPUTE R SESEIXLEIXRTILIXILLXLALIXLIXSIATLLANLAER
READ T REC=DIRE (N1 s HO
NOBS =N -NO
CALL VHULFF(FTIL2 o ND s NOBS e NUe 1006 100 AHAT 9 00 TER)
no 713 X=1eNX
By 213 p=ieNO
I8 REFRESENTED BY FT1LS .
FriLscXe D =FTILI e ) +A0ATX e D)
74X CONTINUE

=

c }

CEIXRXXAKEXEIXIE COHPUTE F 2XXSREXEEX35K32Y

CALL VHULEF (Lo ALAKI2 ) HORT s RO NOES» 104 205 AHAT» 109 XEK)
N0 714 Y=1,NORY
no 714 JateNODRS
EOBS (X ) =ALAHZ2 (T v J)-AHAT (X o )
754 CONTINUE
CXEXRREEXXEE COMPUTE § XERREITIEXISIEARLSLEX3%X
CALL VHULFF (EORSG Lo HOBSG o HORS o O 10+ 104 6HAT 4 109 XER)
CALL VHULFF (L o GLAHIL s NUBSrHOPNO s 100 100 ALAHDD » 104 XER)
PO 715 (=1+NOBG
DO 715 J=1NO
c G X4 REFRESERTEN BY ALAWLD
ALAH22CX s ) =ALANHZA (X9 0) —ALAKZ2CX o 1) HAHAT(X 4. 0)
715 CONTINUE
CREXXXXRLXET  COUPUTE B-CILDA  SEXXXKEXL%%
CALL VHULFF (Lo BLANL o ROBS 1 NOeN1s 105 100 AHAT» 100 IER)
DO 714 Y=1.,NOBS
N 718 J=19NX
C  AHAT REPRESENTS T-BTILDA
AHAT (X o JY) s BLAHZ (X o D) -AHAT (X 0 D)
716 CONTIRUE
CEXXEEEKKXX DISFLAY RoOoEs% TH  SESIXSEXXXLKILLLILNL
CALL USUFH(YHBATRYY Elr e EDRS 10 R0RS, NOBS,4)
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CAtl USWIFH(YHMATRIY. RE¢7sFTILS s 102HT 1RO 4)
PAUSE 20
CALL USUFH(PHHATRIY G 9sALAKLIL, 10HOBS 1 HO 4 4)
CALL USUFHCROHHATRIX TBLe 800 AHAT o100 HORG NT » 4)
CEEEXXE CONSTRUCT TOTAL SYSTEH MATRIX ATILDA  $XX£X¥£3X

NS=NOBS N0
CALL VHULFE (BLAM FLAHIRS N e HS s 102 100 AHAT» 104 TER)
ny 7258 X=1,N8
no 718 J=1.N8
AUATCY v ) =AHATCL 0 ) HALAHCX 0 )

718 LONTINUE

[ CALL E1GRF CAHAT NG9 105 20 UETB» Lo 10+ UKAREA XER)
4 CALL USWCV(IOHEXGENVALUE s 10 UETGoHSs144)

CALL VHULFF (RLAMFYIL2 s NS o RY s HOBS 2 104 100FT1LY 1 100 IER)
DO 719 X=deNY
bO 719 J=1HUBS
AHATCLo JENSIETIL (X0 D)
719 COHTINUE
po 7220 X=1,HOBY
DO 720 J=uil.NOBS
AHATCX RS s ARSI =EDBS (X0 8D
720 _CONTINUE

N0 717 X=31,NOBG

N0 717 J=3eNY

AHATCXENS 0 D =FLOAT(0)
717 COHTXNUE

IRUU=NSG ¢NOBS

CHARCI)=* ATILDA 1O

CHAR(2) =141 "

c CALL USUFMICHAR» 130 AHAT 10 IROW, TROW, 4)
C CALL EXGRF CAHGT  IROWs £00 20 UEX0G» 20 100 WIAREA TER)
(A CALL USHCV(IOHEXGENVALUES 10:WERD/NS 1, 4)

CEIXXL%122 CONSTRUCT XFORM YO GET X & W COURDINATES  2x%
A

C FIRST HODIFY (. TO BECUME T=L-(.8X))

c

130 721 X=1,NOER
no 721 Jet RO
L{Tsd=~1.(Ye.])

TFJGT o NSIBO T 724
IF (S EQ XL (X JENO =FLOGT (1)
721 conrinue

[
C HOW CONSTRUCT M-INVERSE
0 727 I=1,1ROY
RO 722 FeNS4HL LIROW
HINVCX 9 J)=FLOATCO)
IF (LEQLD) MIRV (X D =FLOATCL)
222 CUNTINUE
no 724 1=11NOKS
NO 724 U=ageNG
HINVCI NS o ) =l CX 0 )
724 CONTINUE

[
C  CONSTRUCT H

b 728 I=15 IROW
N 725 J=HSH1s XROW
HULy D) =F1.0ATC0)
IFCXEQuDHC e D =FILOATCL)
72% CONTINUE
Lo 734 X=A7NURS
ne 724 1o NS
(M ERILEING PN}
7264 CUNTINUE

CALL VHULFFCL s HoeNOBSyNEsNS» 100 10¢FT11L1 9 100 IER)
L0 727 X=i.NORS
N0 727 J=1.NS
HOXHNG» D) =FT1L1 (X0 0)
727 CONTIHUE

PAUSE 21§
[ CALL USWFHCZHMI»20Me 200 IROWY IRON 4)
¢ CALL USUFHMCOSHMYNVS 959 M1NV» 106 XROU» TROW, 4)

CIEX0%3%  XFORH AHAT BY NEUW M SS£888X58Lx5%%8
CALL VHULFF (MXNYs AHAT » IROW» XROWs XRDU s 100 10, F VL1910 XER)
CALL VHULFF (FTILS oMo IROUs XROW» XROW» 109 100 AHAT ¢ 109 TER)
CEEsERseR  CREATE NEW B-HATRIX FOR TOTAL BYSTEM S8$s883%8
READCI2/REC=4) C(BCXTo XS o XI=LoNL) n XX =1 o NG)
RO 728 X=1,NORS
ne 728 a=1yNS
NS PRI NG PN
728 CONTINUE
CALL VHULFF (Lo RLAH s NORS o NS NI 200 105 FTXL 15 109 XER)
1) 729 X=1)NORS
po 729 J=1,NJ
BCIANS» ) mFTXLACX D)
729 CONTINUE
CXEREREL  CONSTRUCY NEW C-HATRIX FOR TOTAL SYSTEM SEXEXKttsd
READCI2)REC=35) (C(CCXT v XD o XImt o NG o XX =1y NOD
NO 730 X=1+H0
N0 730 Ui NS, TROW
CCLy D =FLOATCO)
730 CONTINUE
PAUSE 22
CALL USUFMC(SHAHATI o550 AHAT v 103 TROWe XROW» 4)
CALL EYGRE CAHAT I XROM» 1090 20 0E G129 105 WKARE A XIZ17)
CALL USHCVCLOHEXGENVALUE » 10 WY G XROW, Lo 4)
Call. USUCHCLOHETGENVECTRY 10029 105 IROWY XROW 4)
CRELRRARE  HTORE NEW SYSTEM ABRATyByGCoNSoNT D RXESEEEKEXXEERX
WRXTEC2OoREC=1) IROM N1 e HQ» XDGY ¢ ZLRQ
WRITE (200 REC=3) CORCXY o XD o XA=L o MY ) o 1 X =1 ¢ XI:OM)
URITEC2OrREC=4) CCCCXX e L) o X235 o YRAUY o XX:=1 4 HC1)
(UT=IRON+20%1
OFEHCUNLIT=10T 1 3LE= CURRNT “ s ACCESS=  NIRECT? o RECL=102)
HRIOTECIUCPREC=5) CCANATCIX s XY o X140 XROW) s XL=15 X1I0W)
CRRRREERE ENTER INIUXAL CORNXTIONS GND XEORM TO FIMD W(O) stgkrxs
URITEC(4e731)
741 FORMATCIXeASH ENTER INYTXAGL COMIITIONS FOR ORTGAMAL STATES)
REANCSy R (VOCXs 1) 9 T2 9 NS)
no 882 TayNORS
nu 653 J=ieN8
FTILLCE s JI=—HINV(Y 1Sy J)
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852 CONTINUE
CALL VHULFFCFTILE s VO HOES NS 2 100 102V 104 1ER)
no 732 X=1,NOBS
COCLANS 1) =V0 XN 1) -V (X1 1)
732 CONVINUE
WRITE(6s 733)

733 FURMATCIY s 51H USE THE FOLLOUING XHITXAL COHDITIONS XN TIME REGK

CALL USWFHCSHX (01195 eV 100 IRON 124)

CREESAARRE DO (YHE RESFONSE  BERSESEESRSSRRLARSRLIALLLNE

WEXTE (61 463)

443 FORMATC1X o 25HWIGH TO DO TIME REGFONSET)

READ (S $)KK

IF (KK LE 060 T0 444

CALL MODEA

464 URITE(S0734)
734 FORMATCAX»AOHWIEH T0O REASSIGN OUGERVER AND TRY AGAXN?)

READ (S » KKK

1F(RK BT 060 1D 699
CErxsss  RESTORE INITYAL BYSTEM INFO SEESRssssssssssassessss

READ (329 REC=2) NSy NY ¢ RO

READCE21REC=3) (CACT o 1)y Jml s NG s D=1 1 NED

READ(32ZsREC=A) ((BCXs.0) e Ju ko NT ) s Im L9 NE)

REANC32 e REG=15) (CECT v} v Jx1 o NED ¢ T2 11 NO)

WRITE(20/REGH1INGeNT 9Ny IDGT 9 ZERD

WRITEC207REC=2) (CACX s ) pJetoNS) s 1211 NS)

WRITE (200 REC=3) CUBCX 0 ) 1321 s HT ) o Im 11 NE)

WRITEC20,REC=4) CCCCX o) 9 S s NS) ¢ T=L s ND)

RETURN

END .
CREERFKIRESARERRNERERRRTRARTLERRARAR LA SRARSARERETLRARALEERARRERY

CREAERRRARARRRCEAARERERARERRRERRRRRRLERNIEREABARRRATASARRELENRRRERN
SUBROUTINE TRANSA(As THr IN)
REAL ACL10010)rAT(10+10)

N0 10 XateXH
B0 10 JoieIN
AT 1) =ALy D)
CONTTNUE
Y0 20 X=keXN
DO 20 Jd=1,XH
ALKy DI=AT X )

20 CONTINUE

TRETURN .

LN
CREREEREREXANRRERRA SRR RS RARBE R KR EXNRAERNKERKEREXARLR LR RRAKEREA
CHRRERRAANEARERERERERRARERRRARRBABARARSARAEAIRRLRLERRARKKEKKERAAKA

SURROUT IHE VACT

INTEGER ORXGO

REAL VO (103 102 ¢ LRORGC10) s LTORGCI0) s UFE (105 £0) 1 UDES (105 10)

LrALPHALCL00 10D o RELC100 101 r ALPHAR (101 10) v ETGDIF (16010) »

2UI2C10 100 9 BLAK2 (101 50) s RCLO 10D 2 VRICLO0 1) » IHL €100 10)
ZeMT (100 10D 1UOX (100 1) s VFSTHI (104 1) o UFSTF (100 1) ALAN22 (100 10)

REAL WOy 100 0UC105 100, VIRV L0050 oF €100 80D 1 AIATCLO110)

REAL XXCLO»10) yVAC20) pEC20) 9 X200 1L RE (IO o LECLO) o WICLO)
REAL BXGC20020) o RXGTHVC20520) s UKNXG (400D

REAL AC1O010) s RCLO5 10D s CCLO» 1CF) s WHAREACRI0)
COHMHON/SYS/ZArBy Lo ZERQ2 INGTy #tC e N1 HO
CUHHON/ZAUG/ZF o ANATZ7ETG/LRE L XH/FAR/ 6L /GR/G
COHHON/VEC/ VA 3 X Wy W XXs Vs VIRY

1«

CUOHHON/ZRO/ZORTGU s VO VF Sy UNES » BLAMZy LRGRG s LIORG Yy ALAH2Z
12=0RXGO-NS
ra=0
i fu=10+¢1
IFCARSCLIMCTO) ) o GT o ZERO) XCHFLX =1
CREXARRRRERAXKRER CREATE LAMRDA-OQ X EXXXXEXEERERENEKALE
O 10 XefeX2
NO 10 d=t,X2
REL (1o D) =FLUAT(0) .
YFCTEQad) RELCTo D)=IRECXD)
COMTINUE
[ CALL USWFHCSHREL 2 $2REL» 105 X209 X220 4)
CERXRRXXFRARRREEE CREATE LAHEDA-2 SEERXEEEKRAEENEAARLANRE
o 20 r=1,12
NO 20 g=1ed2
ALPHAR (o D) =0l AH22CT 0 D)
20 CONTINUE
Cc CALL USWFHCSHALFHAR s 6 r ALFHAR» §Os X290 1320 4)
CERXXLAXXRREARAARE REL-ALFHAR SXARER82RRLXRREXRRKNN
DO A0 X=5eX2
N0 40 J=heX2
EIGDIF(X e M =RELC(X e D) =GLPHAR(Xs.])
40 CONTINUE
[ CALL USHFHCOAHETGDXF s A2 EXGNXF e 109 X220 X 20 4)
G PARUSE 40
TFQCHPLYNE.1)G0 TO 34
CHERRRRRRAXRAR CREATE LYHRY S0SAKEREX0ARKNN005RE

1¢

DO 71 (=102
nO 71 =112
THLAX o D) =FLOAT (O)
XFCLoFQ D) IMLCX e D) =LTHCTR)
71 CONTINUE
CRRREEAKKNALRR CREATE BIG SSSRS8RRX0S4KEK0KL05AR
N 72 Y=Lel2
RO 72 JateX2
BIGCY v ) =L XGDIF (X0 )
BIG(14X20J)==XHLC(Xr.])
B1GCY o JHX2) = XML X0 )
BLOCL4 X2y 4 X2)=E1GBIF(Xe H)
72 CUNTINUE
12222812
CALL LIHVF(BYGoI220209BIGYHV XDGT s WKIXG 1ER)
ey 723 A=1el2
No 73 J=4s12
ALFHARC(X s D =BXGXHVC( L0 D)
YHMLCXp Jy=RIGINV (X9 J4X2)
CONTINUE
GO T 3%
CRasaRss84s TAKE XNVERSE OF EXGNIF S2X8XKkXKKEkEE
34 CONTINUE
CALL LINUV2FCETGRI s X290 100 ALFHAR Y IDGT » WKAKEAS XER)
CARXAREERSE PREMULT RY Vi2 SX8EXKREXEERKKEARRERREKE
35 CONTINUE
NO 41 X=1sN§
Nno A1 gt X2
V12¢1y )=V X5 JENS)
AL CONTINUE
c FAUGKE 4%’

7:

&

0¢t



C CALL USWFHCTHYNVERSE s 75 ALFUHAR £05 (29 (20 4)
CALL VHULFE (U2 ALFHARSHS s X2 X225 £00 109 RELy 109 XER)
C FAUSE’REL“
CHRERRREEEE FOSTHULT BY RLAM2 £XSEaRskisikiesssss
LCALL VHULFF (RELy BLAM2 o RE2 X29 N1 9o 102 1Oy ALPHAR Y 100 XER)
G FAUSE ’ Bt A2 *
CHEXXREREEREE FOSTHULT RBY F SEEXEERRRKKEANEERERERE
CALL VHULFF (AL FHARF o NS NE s NS 9 102 LO» REL 9 109 XER)
C FAUSE‘F’
CEXEXRREEEXXEALAN RESULT TO Vi1 SEEXREELAXKAELERK
RO S0 I=1N§
DO 50 J=1HG
ROy D) =RELCX 2 D HVOCT )

50 CONTIHUE
CREXERRRERX FOSY HULTIFLY BY ASSIGHED EXGUNVECTOR SXeseRsx%s
DO 60 X=L1¢NE
VaRCLe )=V (X XQ)

60 CONFINUE
c catl USUFH(IHVARy 31 VRKy 10sNSv 210 4)
c CALL USHFMCIHR» L3R 10 NS NEv 4)

CALL VHULFFC(RIVERoNSoNS» 12102 102 UFETHP ¢ 104 XER)
DO 70 IxLeRS
VFECY o XN =VFETHP (X0 1)
70 CONYINUE
IFCICHPLXGHE 1) GO TO 111
CEXEERRLLREAE PREHULT BY VI2 SESRXSESERAERLLLRAKEARER
CALL VHULFF(VE2 THLONSr X 29X 20 109 109 REL s 109 XER)
CREEERERREARLLE POSTHULT BY BLAN2 SS8835EXSXE8KK88%%
CALL VHUI FFCREL s BLANZ2 s NG9 X20N1 0 109 105 ALPHAT ¢ 100 XER)
CRREERXEAEKARLAER POSTHULT BY F SLRIRSLABEREERE2ERER
CALL VHULFF(ALPHALIFsNSsN1sNS» 105105 MY 9 105 TER)
CHERRRRRLEREAEE COMPUTE EXGENVECTORE S£3X8585888582
DI} BO X=1sNS&
Var(res )=V, XU41)
CONTINUE
CALL. VHULFF(HI»VQRXsNSsNE» 11109 100 VFETHF » 105 1ER)
DO 20 ¥=1eNG ’
UFECX o I =VUF ST e TU) ~VFETHF (X9 1)
CONTINUE
CALL VHULFF(RsVOXrNSoNS» L9200 101 VFETHP 105 IER)
CALL VHULFF (M sVORsNSo NS 2 19105 10:UFSTP1 100 XER)
It 110 I=1sNE
UFS(IsI0+1)=UFBTHP (X o 1) 4VFSTP (X0 1)
110 CONVINUE
10=10+1
111 CONTINUE
LCHPLX=0
XFCYQ.LT.NS) GO TO 1
REVURN
END

H(

9(

CEARRAREERELEANRRAAREEREENARRERARBESEREEEFRALELERAALRLLRRERARERL
[ E23S ST ess e 2R 2833333338333 333332823 30222332 33234

SURROUTINE ROCOST(CD)
IHTEGER ORXGO

REAL XXC(10010)9VAC20) s EC20) 31X (20) s1LRECL0) o IHE10) »WAC10)
REAL HC10910) 9V (100 50) 2 VINV(L0550) v AL (109 10) 2 ALAH22C(10y 10)

REAL. VFS(30,10)yVNES(10s 10} s RLAMZ (102202 V0C10¢10)

REAL ACLOp 10Dy B(10250) o (100 10T CRURLC10) » LIORG (2 0)
COHHON/EYE /Ay Be Co ZERU» XNGTy HE» NT o NO
COMHON/VEC/VA Ko Xo ld e Ws XX eV VIHY
COMHON/ROZORTGO VO VS VRES » RLAH2 o LRORG o L XORG » AL AMZC2
COMMON/EYG/LRE s LIN/FAR/ G,

CREFRER4XX CALCULATE ALTUAL V- XN FULL SYSTEH St sekxtthksasxtiked

C
[N

CALL VACT
CALL USUFHMCIHUF S 30 UFS» 10 e NS o NS 4)
CALL. USWFHCAHUDES 1 A0 VBES 102 HS y NSy 4)

CREXERARXE CALCULATE COST FUNCTXON S$838K$8kXRERKRERXSKERRKRXEX%E

CJ=0

J=0

J=A41

1=0

I=1+1
CITEMP=(UFS (X ) =VNESC s J) ) 282
CH=CHTEMFRAL (T J)4CI
IFCARSULIHGH ) JLEJZERD) GO TO 20
CI=CIHCITEMPRAL (X0 D)

CI=CIHCUFS Xy SO -UDES (X s JH 1) IRE282KALCY 0 JH1)
LFCYJNEWNS)Y GO 10 10

NEN1S

IFCRLNELNS) GO 10 10

IF CA NELHS) GO (D 8%

RETURN

END

CEEXXAEBERETNRRLERLRANOERAIEI ARSI IIRLLRIILIREISIRERCRKAILLAEILRS2%K:
CERXABEXEEERAREEEELEERIRILERLERRIZXIISTLLIXRTRSRESARLLSITXLX32%%%:

SURROUTINE ROGRAD

JNTHGER ORIGO

REAL AUXE (200 30) s AUX2C105 10) e GUNI (100103 9 PVCRE (104 1) s FVOL (2002
AVAUXLCL00 1) o VAUXZCR00 1) o BETARCIOr 1) o ZETARCL1O0 1) »
BOL1C10010) s BETAX (1O S0 ZETAY (X009 139 RIRCLO . £) s QU100 1)
JeRQCLOP L) o ORCEO 1) 1 OCL0010) s AL(10410)

REAL VOC10910) fLRORGCLO) ( LYORGCLO) yVEGCL100X0) 4 UNEG(10010)
Lo ALFHAX (100 10) s REL (100 10) s ALFHAR (100 10) o EXGNDXF (1G4 10D ¢
20120100 10) o BLAMZC(10010) (ROLO210),VOROLO0 1) ¢+ 1ML (104 10)
3oHOO10,10)VRIC105 1) P VFETHP (102 1) s VFSTP (100 1)

REAL. ML OO 10) s HLCLOs10) o HLEC (L0020 o PLECKO520) s HLE(R00220)
REAL. STARC20020) 9 QLC10520) »RL10520)

REAL Q(10¢10)sVC10510) sVINV(10510)1F(10010) s AHAT(10,10)
REAL XXCR010) s VAC20) 2E(20) s X(20) ol RECRO) o ILTH(L10) s UJ(10)
REAL ACR10210)9BC10510) s (106 10) s UKAREACLI30)

REAL MXGC20020) » BXGIHV 20 220) s WKNIG(AE0) o AL AHZZ2 (10 10D
COHHON/SYE A Be Co 2ERD s TDNOT o RE 4 HY RO
CORBOR/RSPAZHLy HL  HLC o PLUSHLCs STAR e RL e RL

COHHONSAUX/ALXL ¢ ALY ALXS
COMMON/AUG/F s AHAT/ETG/ZLRE o). XH/PAROL/GR/G
COHHON/VEC/VALEs Xl Ja e XX Ve VIRY
COHHON/ROZORLGO e VO VF 5o UNES s BLANZ o LRORG ¢ LIBRG s ALAH22
F2=0RXGO-NG

1FLAG=0

Do SO0 X=1oNS

DU 100 9=15R1

G(1l, D=FLOATCO)

100 CONTYNUE
11=0
110 II=1141

12t



=0
120 Q=101
FU=X04220
IFCARS (LXMCIRY )} GY L ZERDIGO TO 34
REANCIURECTS) CONL (I ) o S 1 s ML) 9 1t D)
READCIUREC=4) CCHL (X o0) o el o HID o X1 g HT)
G0 TO 35
34 I5=NSENX
NEz=24N1
NSZ=NG$2
THS=NS 1
READCX1s REC=E) C(NLECX 00D s J=l e 18) ¢ 1red 5 1HS)
READCYUsREC=A) ((PLCCT o) o dn1 4 XS o I=1 s NG)
REAN O REC=5) CORLECT0 ) 00210 15D o 1=1 1Y)
REAIC YU RECT6) CCQL (X 0 J) 0 S 1o RL2) 9 Lt 4 1S)

REANCIUsREC=Z) CARL (X 2 0) s Jx1 s HI2) s X=g g NG
35 CONTINUE

c PAUSE‘£FX%’

CALL PFXCIX o XQ» XFLAW)
[ PAUSE’FFX*

CALL PUP (XX X0Q)
c PAUSL ‘PP

IFCABGLIMCIWD ) o 1E JZERDIG TO 125
IFLAG=L
IFLAGYI=1

125 CONTXNUE

CEEXEELIXRLXE2L CALCULATE ALFHAR 2218588288888 8 12828382825 202%:

CEERERERSLAREXRRL CREATE LAHRDA-Q X $X$I2X38EXXXI338223
DY 10 Yusae X2
D0 10 Jxgn X2
REL (X D =FLOATCO)

WWTEQ ) REL (Y SI=LRECX)
10 CONTINUE
CEIEEXLEARRLIILLE CREATE LAHBNIA-2 S331542 2R3 883535345284
Ny 20 X=g, X2
00 20 J=ieX2
ALPHARC Xy ) =AL AL (Lo 4)
20 CONTLIHUE .
CXXEEXERALRELLEXE REL-ALPHAR SEXLEXI004LXK803232%
N0 40 X=1,X2
ne 40 Jat k2
ELGRIE (X o DI =RELCY 5 ) ~ALPHARC 5 0)
40 CONTINUE
IFOIFLABLGNE 1) GO 0 134
CEIXXXEXXXXIE CREATE LXMEX SEREEXXBLXXRXKKE%
Bo 71 Xe=fg A2
RO 71 =Ly X2
THLCX D) =FLOAY (0)
W EQeDYXHLCX o D)=L IHCAQ)
75 CONCIRNUE
CEAEERRLREIXILEL LREATE NIG SELLXXIXXLIX202 4%
N0 72 k=112
N0 72 =112
RIGCE» DI =ETGNIF (X s,
HIGCEHX2y D =-XHLCX e D)
RIGCT» JHX2) = XML (X0 D)
DIGCT X2 JEUD) =EXGUAF (X o)

72 CONTINUE
I22=228)2
CALL LYNVZEF(RXGe X226 200 BIOXRV INGT« WKRXQ s XERD
Ny 78 I=1,12
DO 7% Pl d
ALPHARCX » J)=BIGINV(Xr.J)
IMLCX o ))=BXGCX o JEX2)
723 CONTINUE
G0 TO 134
CEXXRXXEE32X TAKE XYRVERSE OF EXGDIF ¥E3S8S5L42533%%
134 CONTYNUE
CALL LYNVRFCEXGDYF ¢ X295 106 ALPHAR ¢ 1107 s WKAREA YER)
CHEBXRINEXE PREMULT BY V12 SERSSEXXXBXXLLILRIRRNNRS
136 CONTINUE
20 41 XesdoNS
BO 41 =1 X2
V12T v D) =VOCT s JERS)
41 CONTINUE
CALL VHULFF (V12 ALPHARINS 9 120125 105 100 REL #1100 XER)
CIXLXXXAXRE FOSTHULY BY BLAHD S8R50 XRLLR0E22
CALL VHULFF(REL)BLAM2/NS» 20 H1 0100 100 6LPHAR 109 IER)
CEEARREEIIXREE CALCULATE RETAR SX88EXRR5XREIXXXXLEXXLEXXRERER%SL
DO 130 X=1 NG
PVARE (X s 1) AUXI (X 1)
130 CONTXHUE
CALL VHUILFF(F s PUCRE s R s 0S e 10100 102 VAUXT 9 100 XER)
10 135 X=1,K8
VURCT ¢ 1) =V (X 1N
135 CONTINUE
CALL. VHULFF(UsVORsRLeRSe 16105 102 VAUXL» 109 YER)
DO 140 Y=1sN§ ~
BETAR(X s 1) =VAUXL (X9 1 IHVAUXZ (X 1)
140 LONTINUE
CEEXERASAEELXR CALCULATE ZETAR BESXBEXRETRXXREXRXALEEXILSRILNRSD
DO 145 X=goHS
DO 145 J=1 NG
VL e )=V (Xe.J)
14% CONTIRUE

CALL UNULFF(U!]-PURREvNSrNﬁrlrlOulO:ZElAvaO-IER)

Cilttté:z:*;xafﬁ::lrﬁLEULAYF kR 3t!8133?Xttt!t*#tltlt#ttttx¥$!3$
s ;50 I;l.N;.lMﬁRvBthRvﬂﬁcﬂlrl-iO-iO-UAUXl:lO-IER)

RRCLe1)=2ETARCY 1) 4
150 CUNTINUE VAL
czt:t:iiiiFLku"NE‘l) GO ) 147
EXEEKRLE CALCULATE ALPHAY ftxsstxtetss ;
CREXXXEXILXE FRENULT BY Ui2 lt!tttltt#lttttttl*:::::*“‘**t‘*‘a*
CAL. VHULIF (VL0 XHL o NS X220 124 100 100 REL s 30 X1 )
CEEXTEXXLXERLEE POSTHULT BY BLAMD ERREIRRXIERANLRK LS
CALL VHULFF (REL o BLAM2 v NGy X20NT 0100 10 ALFUIAYX » 10» TI010)
CEXXXXEXRXIRRLLLES CALCULATE BETAHY EERRRERXEENKLRALRKKEANNLARS
M) A5G X1y NG
FPURX (e )=AUXL (T IUED)
155 CONTINUE
CALL VHULEF Py PUE T RE s NS 10 100105 VAUXEr 100 TER)
N0 160 X=§,NS
VArCx» 1)=u(rs Q1)

el



160 CONTXNUE
CALL VHULFF (W VQX o NI NSy 10109102 VAUX29 10+ TER)
DOV 145 X=3sNY
BEYAX (Xr £)=VAUXS (1 1) $VRUY2(10 1)
145 CONTXNWE
CEXEXRXXEEXXEE COMPUTE ZETAY SRS XXETEIELXSRXELEEL88%8
CALL VHULFIE (V11 PVRX o NG o NS e L0 200100 ZETAX s 10+ XER)
CEEEREELRRERREXR CALCULATE QU S3XIEXTBELXEXBEREXXXB 48828588
CALL VHULFF(ALPHAT»BETAX o NGsNXo 10100506 R0 9100 XER)
CEEXEREBERALREE CALCULATE (IR SESAREEEBLLRLTXARLARRENRALAL
CALL VHULFIF CALPHAR e BETAY s NSsRX» 1010105 QR¢ 100 XER)
DO 170 X=1)NG
UR(T v D)= ZETAXCX s L) HOR(X e h)
170 CONTINUE
Cxiseetses SEE XF THIS X8 SECOND TIME THROUGH FOR COHPILEX 23%8
TFCIFLAGRWNEG1) GO TO 148
167 JJ=10
GO TO 169
160 JJ=X(41
1469 CUNTYNUE
CEXAEXEX28X COHPUTE GRADIENT FOR REAL CASE S3SS55XBEXXXER82X448
1P=0
175 IP=XPAL
GUILy I =GO A I HVFS TP XD -UDESCXP o X2 ) S(RRCIP 1 L)
1228AL (I TUY)
IFCIPNELNSG) GO O 175
IFCXFLAGLREL1)G0 10 203
CEELXLEELKE CUHPUTE GRABIENT FOR COMPLEX CALE t3388s88tR28888221
1P=0
1800 XP=xpii
GOIT o Y=Y X 9 MDY~ CUFSCIP s XU -UDES AP X0 ) ) BAQUICIP (1)
TR2KAL (XF e LM ) COVFGCIP XL -UDES CIP e 1R41) ) SCORCXP 9 1)
2HRUCAPr 1) ) R2BALCYP JOH2))
IFCYPHE NS GO TO 180
CER2xE222X% CHECK 1F THXS XS FIRST TIME THROUGH S8325$8£888X%%%1
IFCIFLAGR2.REL1) GO 10 201
IFLAGL=0
NU 164G X=1)NG
BO 185 pef o NS
AUXI (X D)oY 2¢ X 602
185 CONTINUE
DO 190 XwioNX
NO 10 =g e NG

WLy ) =AlXS L0 )
190 CONYINUE
GO T 125
CONTINUE
a=xat1
CUNTINUE
IFCIOLLTNSYGO 1O 1220
YT LT HOGD T 140
CALL. DBHRORHCKX s NS)
RETURN
LEND

20

[
<
[

YA
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APPENDIX B:

DESIGN SESSION EXAMPLE

P332 32s332 X TRETEITFELTIIEEFIIEEIIFEEFIFFETIEFETTEELEEEFEECSIEE SRS LT

koo okokkockokk ke

ENTER BESIREN MODE OF OFERATIONMODE=Qrie2se s o s P

!

SPECTRAL

ASSIGNMENT PACKAGE okl kX

KRGO OO kR MORE TINATA ENTRY ekt e

RRRRREXKKENTER OR CHANGE SYSTEM FARAMETERS?S

FREVIOUS

T

VAL.UES?

Ho= 7

WISH TO CHANGE®

70

MATRIX A& ¢

1

[

b

7

UWTSH

1
&

¢ 15400012300
e 320000C-01

s FTHO0012300
«00OO0CEHQO

« 2490001400
++ 412000401

«OQCOOOEL00
+QOOQQOT 00

L 00000012400
[ elelolelelelngele]

«0QOO00ITE 00
$ 250000L L0

SI00000EL 00
PRelelelelelolg ReTdl

TO CHARGE?

'y
”~

7

« 15400012101
L O00000E+00

« 117000100
I elelelelelel-x Jel¢

SIZ0000EH01
+ OOOOQOEF00

« QOOO00E+00
JOO0000E+00

JO00000E+00
+OODOOOET0O0

«QOOOCOEHO0
+ OQOOQOE 00

«QGOOO00ELO0
— GOO000E+00

= A

= e HRO000E -0
~ 295000E~03
= LOO000E+01
+A00000E+01
L QOOQO0EHO0
PReleleielelel g 2el¢)

LOOQOOBEL00

1N6T=

8

ZERQO=

»OOO000EH00

s 3BS000E~01

s 000000E OO0

Q0000000

+QOQO00EH00

QOO00OELQQ

LQQOOOOEHQ

+QOOOO0T00000

"
4

=+ 744000E400

« 200000E~01

c337000E4+00

g elelelelelel o dele]

=+ 200000E+02

QOO0 +00

[Reicieieielerg gerel



HATRIX

R
1

«QOO000ELOO
«000000E 00
« QO000OEH 00
+QO0000ELO0
2 200000E102
« 00000000

«QO0000LE1 00

WISH T CHARGE?
?Q

HATRIX

4

[P
1
b

«A00000E+01
+00000O0E 100

+QOOO000E 100
+ 000000E+ 00

+000000EH00
+000000LA 00

+ 0000001400
«000000L4-00

W1SH TO0 CHANGE?

0

7R

XK KKKAKKEKKE XK KRR TRk

2
+000000ET00
+QO0000E+00
« QOOOOOE 00
« OOOOOOE OO
+O00000E+00
¢ 250000E+02

« GO0O0CE+00

2

7

«Q00000E+00
=+ 100000E 401

«O0O000OE 00

«OQO000E+00

+100000E101
+OQOO0CEL00

QOO0 00EL00
+0Q00Q0E+00

WISH TO EXIY FROM TH1S MODE?

EXTTING MONE 1

«OO0O0Q00E+00

«100000E+01

<OQO000E OO

«O0000OE 00

TERHINATE THIS RUN OR SELECT NEXT MODE?

WISH T0

TERMINATE?

LOQO000E FOO

«O00000E+00

«O00000E+00

+100000E 01

Y}

sOOO000E 00

«O00000E+00

+QOO000E400

L000000E+00

XKL XKKHKLKLLELKRLRRLL KK

PER$3TETTTTITIITISTTLEFTTLET RS TITRTTIIFILLSITTLTIE LTS TP LEL EEFITR L T2 83
Fkok kRt SFECTRAL ASSIGRUERT PACKAGE KEXXXKAKICKKRLRIREL KK

ENTER RESIRED MONE OF OFERATIONsMONE=0yis2rs0es P8

9

WANT TO ENTIER NEW ORXGIRAL EIGERVECTORS?

T 0.

Y MATRIXS

is

3

1
&

«383021E+00
VI29240E--02

cili6A8EH00
JESTR02E--04

e 103327E101
W A466G2-01

=2 22GP09E+H00
e I BLLLIE-02

2

7

~+117002E400
«QQO00OELH00

«J0PEL7IEH0O0
«00O00001Z+00

~ e IGPPU2EL00
«QOOQO0E 00

+829627E+00
+QCO000E+00

=« 8H1202E-01]

HAEROIE-0F

JA05GP3EL01

~ s 37BTEAELOI

 2A7RABLEHOO

L AG63BBE-01

e GEGGIE -0

FIG3STEROL

W37ALT76E-01

w6465 03

- 1792901E 01

L HFPG0RE~03

125
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WISH TO CHANGE

F QO
alLaMe

1

L
1

+QOOOOVET Q0
«000000E+00

+QO0000EF 00
W LOOO00ELOL

s 1GE69P7E-02
e 2E37G5E-04

1
b

= 881901E--01
«Q0O000IZ100

" e 126948E401
+000000E+00

« Q0000012400
+QQO000EL00

« 00000012400
«QOO000EHO0

+QO00QOOEL Q0
+ 000000EF00

+ 000000200
<4 2500008402

+000000E+00
«O00000LE+00

+ 000000 $00
+ 000000E400

«O00000EF00
+000000E+00

=+ LGO2G1EF00
+100000E+01

aNY VALUES OF 7

:,)

.}
+ 126948E4+01
«Q00000EH00

=+881701E-01
s QO0000ESH00

+ Q00000E+00
A tlefelelelel f 2l

«Q00000E+00
«O00000ELH00

<QQOOQOE+QQ
000000400

+ 000000400
«000000E+00

«QO0000E400
=+ S00000E+00

WISH 10 DISPLAY RO MOMEL?

PoA

RENUCE

MATKR1IX

1

HATRIX

P

HaTRIX

It QRDER MOBEL

Al
1

=~ BRLF0IE--01
~ e i26P48E401
«QO0000EF00
+OOQVOOOEL 0O
s
1
e LOJLISLELOL
«HT0P23E400
e 2T7RIGEL00
e AEP7HIEA00
Gs
i

J38ILSIEH00

2
. 2&948E+01
~+881920iE-01
pRelelelelelel o deled
+OO0000EHOO
2
-+ L6AKA0E-QL
$7229209E-01
=e 287807E+00
e JHR2VHIEH00

3
-

¢ J12495E 01

+ 0QOOOOL 100
]
+ QOOOO0KE 00

W 727GH6E 01

3
< OOOO00EH00

«O00000EL00

«108G45E+01

Q0000000

+OO0000EL00

COOOOO0EFO0O

s O00000E+00

3
< OOOOOOK {00
+000000E+00

- LO8SABE+OT

pyclelelélelel st ¥elel

3

= 177455 H00

+OQQO00R 100

« QOOOOOE 00

$ 2798606E 100

OO0000EH00

<OO0OCOEH00

«QO0000KEH00

!

e 216482E-02

+»QQO000EF00

OO00Q00ELO0

O0O0000E+00

4
[Yedclelelelel o Relel
QOO000ELO0
«O00GO0EL00

~e 21648202

« LOOQOOE +0)

»QOOO00OKE$00

=~ FUP426E-03

«000000E+00

«000000E+00

«000000E+00

«000000E+00

=2 2000008402

«000000E+00

«O00000E$00
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2 = 10332720401 e JUEPPUIEL00 +AOBEP3E40R = HEHALE 01
3 +111648E100 s3098671E400 CHRGFOPE 01 L 2UHIBHE~01
4 < 2R5F02E400 B27627E4H00 ~ 37375400 CZAGAGTUL0L

EKERHOCOCORLRRKERLE REDAUCED ORDER EIGERVALUE ASSTIGNMEHTERXRERKKLE X
LRRRRRRRORRRROkkRRkk MODE 2IETGENVALUE AGSIGHNENT sxxiiconikrks

kkckktkkkkk ERNTER O} CHANGE ETGERVALUESS

PREVIOUS VALUIZSY

7O

LaMiha il

REAL= + OOOOO0ELO0 1866G= sGOO000ES00

WIsSH 10 CHANGET
7 i

ENTER NEW VALUE(S) ¢
Poed b 1eS

LaMila 2IREAL= =+ 150000E4+01 s IKAG =+ 150000101
NEXT EIGENVALUES

PREVIOUS VALUEST

O
LaMpla 38
REAL= +00Q0000LEL00 IMAG= +000000KE+00

WISH 70 CHANGE?

Fod
ENTER NEW VaLUE(S) ¢
T

LAMEDA 4IREAL= = 2000008101y IMAG= = 100000401

LBISH 1O EXLIT FROM THIS KORE?
T i

Ackrdoroioiokocokcebedokd EXTTING MORE 2 cokfokoooeokiokrskoskiokd
ENTER DESIRED PARTIAL EIGENVECTOR ASSIGNHENT

LIGENVECTUR V 1 .
TRO 0670000

CIGENVECTOR UV 3
PO OO0 20 0 -8 -4

USE THE FOLLOWING ¥ MATRIX FOR (H1TIAL ALSIGRUERT
REMEMBER WHICH ¢ ARE COMPLEX

IRITIAL GUESS IFOR Vi

1 ] 3 4
i S 4BAYOBET0OR EPSESOEE01 -, 3088376 L00 «3A3PELEH00
R - iBERIELCT J19A087EH0R < PR0ESIEF00 - 769533E-01
3 CIDALRIEH02 +349015E40% «A78895E 01 STO9RAE-01
4 BIBOPLEL0T - R077S2E400 JAAGTETEROL -~ 500000E4L00

dpokoricrokckkkrkiokkk MORE 3IETGERVECTOR ASSTGRMENT kxekxkrioriis:

fckrkpkrky ENTER OR CHANGE EXGENVECTORS!

PRLVIOUS VALUES?Y

O

EIGEHVECTOR ¢ is (REAL)D (IHAG)
+ Q00000 +00 «OQOOOOIIEG0
«QO0000E+00 «OO0000EH00
«QO0000E+00 OQOOQOEHOQ
«OO0000E+00 <O00000E+00

WISH TO CHANGET
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Pl

ENTER A NEW RESIRED

T OA4G47 6496 <1037 17244 12,
COMIPLEX Wi

VECTOR §

8700012402
+ 174000E402
ACTUAL VECTOR

P ARR27GET02
«178133E402
EREOR VECTOR

‘;04'7' 80 1“2 T

~e 137000E+01
«347000K401

/
«125094E401
«373468E 0L - 81

208

«124000E+02
= 208000E 100

SA27816EH02

LIPS ol
TRUTE-0R

VAETRHRGEHEC - 2EBOPSELCH —dJRIG7IELCC
= 4A3RGEICE oun64q HEHOQ = A2P828E+G0
LENGTH OF THE RESIRED VECTOR = SUL. 055748
LERGTH OF THE PROJECTED VECTOR= 5%399234}
LENGTH OF THE ERRUR VECTOR = 8549250
18 THE ERROR ALCEPTABLE?
[
CIGENVECTOR V28 (REALD (IHAG)

«AQZO00OEHOR
~a 137000E£+01
«124000E+02

«818000E+01

REXT EIGENVECTORS

EIGENVECTIOR © 3¢ (REAL)
«Q00000E+00
2« QOO0O00E400
«O00000KE+00
L QO0000E+00

R1SH TU CHANGE?

Lt

ENTER & NEW DRESIRED VECTOR

P ~2306 +344 —-.981 -,097 A.79

COMM.EX vDe

=4 696000 +01
=+ 124000402
=+ 3492000E+01

«208000E+00

CIMAG)

s 000000EH00
s QOO000EH00
«000000E+00
+000000EL00

0709 1449 -G

=~ e 306000E400
W @70000E~-01

=+ 981 000E+00
70700001

«AT7F000E+01

= SO000OIZH00

AGTUAL VECTOR §
<o 414202100 = 7005604F +00 +A83350L401
e 203737400 CA27419E400 sAPICTIELO0

ERROR VECTOR ¢
CLO8R02E1400
= JQO73ITLAH00
LENGTH OF THE DESIRED VECTOR
LEHGTH OF THE PROJECTER
LENGTH OF THE FRROR VECTOR
1S THE ERROR aCCEFTAERILEY
P
CIGENVECTOR V' 4¢ (RUAL)
=+ JOK000EH00
= 281000100

TP000CE 0L
«142000E+03%
=m=sm==sz=={ONTERTS GF *CURRNT?
ATRIX V¢
4
i CAQRRTAGAIAV V2P ECR

SIG0PAGIALAS102EHE0

2 CRRIEPIBPIILGI 2T ECL

= 280376E 100
~ e GHH174E -

VECTOR

- A38019E 01
01 - 8PRBROE-02
54157807
5138751
440622

(1H4a6)
=+ 34A000F +00
«270000E-01%
=+ 709000F ~01L
s S00000E OO
R&TA& FILLE (NeLunes

tats

« 7BGIPTIBCERLAGELE

FRTeR IR AL E T RALNA
S ATULGEGARTU L nGGI

LSO .

«8i8000E 01

SBOCIS0ELTOI

AT7BTOSERCC

«142000E+01

13795301

27046658 -0i

«HP8000EH01

f7HEIPPELCL

=+ P0G37723E4CO

+ 344000E4+00
CREOPIY

400

~ e APLGIRN-02

S ATAROIPEIEPSCICC

L8870

{LBGS

< AT L 7a s
AT 400
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LROBTISESBESERIHCO

J ¢ SR27BIGTIIGA2CCELCR cI7JSSBAAUTETAAEHCY ABIIECLBTRCHIAE G

L 1274373 7BGH2GLEH00

4 S N BAL LA R T AR I IR TR Woe]
¥ SQUCIRPGTCRET?ELCA

= e 4F3C78777G2403E +CC

BISFLAY THE NORMALTZIER

o 13 R CATL I X OR

= 83VRLEVEDVEAGTE-CL BEELE M0 -

WIGH Ta EIGENVECTURSY

¢

GAIN HATRIX F

PO
ra
N

4

i SAJA2CCRKCER82EHCT - LEULABL 136434 ICH CAEPATVIPEATETTEAOO

=, 172387224888658+C1
2 - 3B430838534669E101 6063470490853 7E400 =, 8305387750715 401
«X1189348648067E402
MATRIX AHATS

1 s 3
A
1 - 21777513887797E+01 CBPUN2RT0L3P616E HOL - 18080540747706E4C0

«2JOLCREB2I21IGEL0L

< ~e FRRPBCLOTA0QGP7EL0O -+ 31648872303 THECO

S120158542931493E40CK

= 1OUI2EAAR08BIPEH0OL

3 $7H61E87L0B8BEEELCO «2QIDP7CAITLET2BEHCO CGAPBETTEARULLLELCO

- BA98835048G8LT7ELOL
4 « 24281 20638957EH00 SIULBETBOUNHAGHEL0O «BALEPTR2773U296E400
=~ 43083517552899E+01
WISH TO EX1T FROM THIS MORE?
* i

AXKKKKIKEXKEXERXKLLERKKKR KK
GaIN MATRIX F§

EXTTING MONE 3 Sckiordrdsopkcksckoor koot

1 2 3 4
i JAZIP0LEH0I ~.065143E+01 V169278EH00 - i723B7EHOI
2 =, 386306E+01 JH0E3A7EF00 -, 5BOBSAELOL «3LABP3E+0R
MATRTX VFS
1 2 3 4
i Vi94354E402 13336326400 -, 1029066400 -, 340320E~01
2 676A60E+0] 724726E401 752159E-0) 97605 2E=-01
3 J106I82E401 -, 974030E-01 2 201980E+02 AL3337E400
4 = 4RARSE+H00 f6BBIUEEF00 - 8541 80E+01 -, 3P1375E401

‘UQNT TO CONTINUE SEARCHY

r 1

KHRKKKKKKKKXKKKKAEKRK RO ELGENVECTOR
WELGHTING CONSTANTS

THFROVEMEN TR KK OIOK KKK K0k XKk K %

WEIGHTS
1 2 3 4
£ +100000E+O] 1GO000E+0Y +1OO000E+OT «100000E+01
2 + LOQOO0E+OT + LO0000E+OL +LO0000E+O1 +100000E+01

3

4

P

« LOCGO00E+0

¢ J00000E+01

WISH TO CHANGE?

+100000E+0IL

+ LOOGOOE+OL

« LO00000E+OL

pideelddel X I3

«LOOOOOKE+OL

«LOQOOOE+01
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ENTER NEW VALUESS

UL IES IES Ui iES dks
CusT= 342993 +08
GRAUIENT SEARCH ROUTINE,SET SEGRCH

167 167 ¢

DFFAULT VALUES ARES

+ OF STEPSsN= | STEF SIZEsl=

WISH TQ CHANGEY

O

HEW CUST= < 305292E+08
COST FUNCTYOMN= $ J08262E408
WISH 10 CONTINUE THE SEARCH?

A

GRALTENT SEARCH ROUTINE s SET SEARCH

DEFAULT VALUES ARES

+ OF STEFSsN= i STEF SIZEsD=

WISH TO CHANGE®?

1

ENTER NEW VALUESS
? 0 i LiE-S
NEW C08(=
LAasT s1er
SVEFR 817K
NEW CO&8T=
LAST STER
STEP S1ZE
NEW CO8T=
LasST STEF
STEF 814
NEW (COST=
NEW CO8T=
2 STERS
LAST STER
NEW (COsTr=
LAST STEP

1284935409
NO'T ACCERTEN]
REBUCED 10

+484935E+08
NOT ACCEPTEND
REMYCE)N 103§

«3i7305E+08
NOT ACCEFRTE
REDUCED TOS

< 2921831K+08

+Xi7305E+08

+S00000E~

+ 250000E-

« L2B000E~

NOT AGCEFPTTEDR]
» 272885E408
NOT ACCEPTEND

STEF SIZE RENUCEDR TO¢ « (250006~
NEW (0SsT= 287571 E+08

NEW L08T= + 2928856408
2 STEFS
LAST STEF NOT aCCEPTEI
NEW COST= » 282891E408
NEW (COST= WBE721E+408
2 STEPS
ILAST STEF NOT (\CCEF"(E)]II
NEW COST= 77427F+08
NEW COST= «279G87E408
2 8STEPS
1LAST STEP NOT &CCERTER]
NEW COST= 272717F+08
NEW CUST= 2753636408
2 STEFS WITH FRESENT GRADLENT
LAST STER NOT ACCEPTER]
NEW CUST= + 267668E108
NEW COST= 2703316408
2 STEPS W1TH PRESENT GRANIENT
1LAST STEP NOT ACCEPTENRZ
NEW COS5T= 2632416408
NEW CUST= 2664346408
2 STEPS WITH FRESENT GRADIENT
LAST STEP NOT ACCEPTEN]
NEW COST= WR2UREIVEF08
NEW COGT1= e 2E1B70E+08
2 STEFS

LGST STER NOT 4UCERTERI
KEW CU5T= $ 2G3477E408
NEW CO5T= 2E3223EHCH
2 BTEPS UITH th SENT GRAGIENT

ILA8T STEP ROT sO00RTERD

W1TH PRESENT GRALIENT AND

WITH PRESENT GRALIENT aND

AND

AND

AND

WI'TH PhhHth GRARIENT 4NN

E7 17 4

FARAMETERS §

+ LOOOOOE~O]

FARAMITERS

«100000E-01

-0l

=01

01

WITH PRESENT GRONIENT AWl IMIR=

o

WITH PRESENT GRADIENT AN BMIN=

NHIN=

DHIN=

BHMIN=

DTN=

BHAN=

IHIN=

HHD NHEnNs

i

D=

HiilNe=

+ 120000E-0IWERE

+ 62TO00E -02WERE

¢ 6AH0QO0E-ORUERE

¢ 62G000E-0ZWERE

2 625000E-02WERE

«S2N0Q0E-QRUERE

«E25000K -

O2UERE

«SAG5000E-02UERE

REGHOE

(CRWERE

«LO0000F -

«LO0000E-

TARKEN

TAKEN

TAREH

TAKEN

TARKEN

TAREN

TAKEN

TAKER

TaHNEN
L 1EN *F AN

06

06
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NEW CO5T= S RASER2VEH08

COBT FURLTION= W 2TCRRTERCE

WIiSH 10 CONTINUE THE SE&RLH?

"THE SEAR CH IS CONTINUED AND A FINAL COST FUNCTION IS CALCULATED.™
ORABIENT SEGRCH RUUTINESET SEARCH PARAMETERS!

CEFAULT VALUES GRES
£ OF STEPS,N= (¢ STEP SIZEsh= $B2G00CE-0D L= + 1O06€60101
COST FUNCTTON= JAESI3GE+O7
MATRIX U §
i 2 3
4
i «AB2646T3L1P2023GE402 « 78674405727 293E 4014 = 4141928603929974E+00
«3G093058134550E4+00
2 Q22536721493 7E401 «A2802803020286E+02 = 700460784651 335E400

+203736861449714E400

2 «AR2641703663988E+02
IR743165758104E400

4 727801 15010709E401
— 449307180141 718E400
MATRIX VFE&

% 2
i » 194545F 402 + 34434086400
2 fS576321E+401 PRH272E401
3 «AN10G3EL00 3324636100
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