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outputs, the desired output responses for the specified
inputs, weighting factors for the performance measure, the
type of compensation to be used, the free parameters , and
initial values and constraints on the free parameters.

The program gives a direct search of the optimum values,
within the specified constraints, for the free parameters.
Evaluation of the results is given in graphical plots of
the output time responses including the desired output
response as well as the compensated response.

The Transfer Matrix Method is used to pro 1 e an
analytical check on the accuracy of the method and the
procedure is illustrated with a two—input-two—output
system example.
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ABSTRACT

The BOXP LX of a user specified cost function is evaluated

as a control system design method. The emphasis is on compen-

sator design for multiple—input-multiple—output plants, but the

technique should be applicable to any control system with

adjustable parameters.

The engineer must define the plant dynamics , inputs and

outputs, the desired output responses for the specified inputs ,

weighting factors for the performance measure, the type of com-

pensation to be used, the free parameters, and initial values

and constraints on the free parameters.

The program gives a direct search of the optimum values,

within the specified constraints, for the free parameters.

Evaluation of the results is given in graphical plots of the

output time responses including the desired output response as

well as the compensated response.

The Transfer Matrix Method is used to provide an analytical

check on the accuracy of the method and the procedure is illus-

trated with a two—input-two-output system example.
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I. INTRODUCTION

As control systems become more and more complex , design

engineers are faced with an increasingly difficult problem in

the development of compensators. Single-input-single-output

linear systems can be compensated using Bode plots or root

locus plots and trial and error methods to meet the system

specifications (1]. When compensating multiple—input—multiple—

output linear systems, use can be made of transfer matrix

techniques described by Ogata [2 1 to achieve total decoupling

and the desired output responses. Since decoupling during

the transient period of real systems may require controls

which exceed physical constraints imposed by the system , it is

sometimes desirable to decouple during steady state conditions

and allow coupling during the tr.ansient period £31

Non—linear , single—input, single—ouput systems, wherein the

non—linearity can be lumped into one element, can be analyzed

and compensated effectively using the phase plane method (for

second order systems) and describing function analysis [2 ,4]

Some of these methods require extensive mathematical manipulations

and become rather unwieldy , but do produce the desired results.

In all of the analysis and design approaches mentioned above,

any one of several well established simulation programs can be

used to evaluate the design.

To reduce the tedium involved in the design of compensators ,

frequency domain and time domain computer optimization schemes

have been developed , which will set free parameters in the

compensator to yield a system response which most 
nearly8



approximates a reference response specified by the user. Lima

used this approach to address the problem of controller design

for ships engaged in underway replenishment [5]. MacNamara

applied this method to an autopilot design (61 , and Vines

developed a generalized program for compensator optimization

in single-input-single—output systems (7].

The following chapters present a generalized discussion of

transfer matrix analysis and compensation of multivariable

systems, optimization techniques, and performance measures.

A two—input—two—output system is then compensated using transfer

matrix techniques, and using parameter optimization. The

results are then compared.

9



II. MULTIVARIABLE SYSTEM COMPENSATION

A. TRANSFER MATRI X~,ANALYTICAL METHODS

1. Introduction

A linear, multiple—input-multiple-output or multivariable

system can be described by a transfer matrix, which is simply

an extension of the transfer function concept. Consider the

two-input-two-output open loop plant:

IS~~~~~~
GPtS

~ 

C 1(S)

Figure 2-1 Multivariable Plant

The Block Diagram of the plant can be represented in the

general sense as shown in Figure 2-2.

R if S) 
- _ _ _  

c 1(9)
pfl — 

+

G~21 CS)

R 2CS) 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

c 2(S)

Figure 2-2 Generalized Multivariable Plant

10

p — - - - r ~~~~.— — — -



Algebraic equations for the outputs in the independent variable

5, can be written directly :

Cl( s)  = Gpll(s)Rl (s) + Gp12(s) R2(s) (1)

C2(s) = Gp21(s)Rl(s) + Gp22 ( s)  R 2 ( s )  (2)

If the inputs Rj(s) and the outputs Ct (s) are each considered

as vectors of one dimension (i, ~ = 1, 2) the equations can be

written in matrix form :

f~~l(s)1 
rGpll(s) Gpl2 (s)~~ rRl(S)1

I I = I I I I (3)
LC2(s)J LGp21(s) Gp22(s)J LR2(s).J

The number of inputs and outputs can be increased , and need not

be equal so that in the general case :

Cl(s) Gpll (s) Gp12(s) -—— Gpij(s) Ri(s)

C2(s) Gp2l(s) R2(s)

1 = 1 (4)

1 1•

1 
- 

1

Ct (s) Gpil (s) Gpij (s) R
i
(s)

or: C(s) = G~~(s)R(s) (5)

where Gp ( s )  is the transfer matrix ( ixj ) of the plant .

2. Feedback Compensation

Transfer matrices can be used to describe the compen-

sation of multivariable systems as well as the plant. Consider

the two-input-two-ouput plant above with feedback compensation

11
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as shown in Figure 2-3.

R1(S)~~~~~ 

- 

- 
_ _ _

_ _ _ _ _  

H2,(S)
F

R2 (S)~~~9~ U2(S) 

H~~~~~~~~~

Figure 2-3

Multiva riable Plant with Feedback Compensation

Algebraic ecuations for  R,(s) and R2(s) can be written :

R i ( s)  = UI (s) — H li(s) Cl(s) — H12(s) C2(s) (6)

R 2 ( s )  = t32(s) — H 21(s) Cl(s) — H 2 2 ( s )  C 2 ( s )  ( 7 )

with C, R, and U two element, one dimension vectors these

equations can be rewr itten : -

J~
l(s)1 ~~ll(s) H12(s) Cl(s)

J = I I — i  - J I ( 8 )

LR2 5U L U 2 ( s ) J  LH2 1(s) H22(s)J LC2 5iJ



or in the general case:

R(s) = i(s) — H(s)C(s) (9)

where H(s) is the transfer matrix (jxi) of the compensation .

From the uncompensated plant:

C( s) = G~~(s)R(s) (10)

Substituting equation (9) for R(s) in Equation (10):

C(s) = G (s) ( U(s) — H(s) C(s)] (11)

Rearranging :

+ G (s)}i(s)]C(s) = G (s)U(s) (12)

Since Gp (s) is an ixj matrix , H(s) is a jxi matrix the product,

Gp(s)H (s), is a square, ixi matrix. Assuming that [I + Gp(s)H(s)]

is non—s~ngu1ar the inverse can be taken.

Premultiplying both sides of equation (12) by

C(s) = [I + G (s)H(s)~~~ G (s)U(s) (13)

C(s) = G(s)U(s) (14)

The compensateä system transfer matrix (ixj) is then:

G(s) = CI + G (s)H(s)] 1G (s) (15)

The ~lant with feedback compensation can be depicted more

clearly as shown in Figure 2-4 .

13
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I ~~~~~~~~~~~~~~~~~~ 
c(s)

....>

1 [BCS
Figure 2-4 

-

Matrix/Vector Representation of Multivariable
Plant with Feedback Compensation

To determine the feedback compensation , H(s), required to

achieve design specifications , the dynamics of the plant must

be known and put into transfer matrix form , G (s). The desired

closed ioop dynamics must then be reflected in the closed ioop

transfer matrix, C(s). Then through matrix manipulation the

compensation , H(s), can be computed in closed form provided

that C(s) and G
e
(s) are square and non-singular .

Premultiplying both sides of equation (15) by [I+G~~(s)H(s)]

and then postmultiplying by

I + G~~(s)H(s) = G
9
(s)G(s)~~ (16)

Rearranging :

C~~( s ) H ( s )  = G~~( s ) G ( s ) ~~~ — I (17)

Thenmultiplying both sides of equation (16) by G~~(s)~~

H(s) = G(s)~~ — G~ (s)~~ (18)

3. Cascade Compensation

Cascade compensation can be treated in a similar fashion.

Consider the same basic plant with cascade compensation as shown

14
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in Figure 2—5.

ui(s) (s) Ri(S) c l(s )

~~ 
(s)

- P

~
-
~j GCIZ (S)

U2(S) j  
___

+

+ R2(S)~ _ _ _ _  

C2(S)
~ G~22 (S) — _ _ _ _

Figure 2-5

Muitivariable Plant with Cascade Compensation

The algebraic equations for R1(s) and R2(s) are:

R i ( s )  — G c l l ( s ) t 11( s)  + Gc12(s)U2(s) (19)

R2 ( s) = Gc2 1( s)U1 ( s)  + G c 2 2 ( s ) U 2 ( s )  ( 2 0 )

or ER.L(3)1 r Gcll( s) Gcl2(sfl rU l(s) 1
I I — i  I I  1 (21)
LR2(s)J LGC21(s) Gc22(s)J LU2(s)J

in the general case:

C(s) — Gp(s)Gc(s)U (s) (22)

C(s) Gp(s)Gc(s) (23)

If Cp(s) is a square non-singular matrix the compensation

Cc(s) is given by:

Cc(s) = Gp (s)~~ C(s) (24)

15
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The compensated plant can be depicted as shown in Figure 2-6.

R(S) u(s) c(s)

Figure 2—6

Matrix/Vector Representation of Multivariabie
Plant with Cascade Compensation

4. Cascade and Feedback Compensation.

Cascade and feedback compensation can also be combined

as shown in Figure 2-7.

ER(S) ,c~~E(S) lW(S) C(S)
Cs) 

r 
s _ _ _

B(S)

Figure 2-7

Matrix/Vector Representation of Multivariable

Plant with Cascade and Feedback Compensation

16
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7

E ( s )  — R ( s )  — M (s)C(s) (25)

- = ~~~~~~~ (26 )

C(s) = G~ (s)U(s) = Gp(s)Gc(s) [R(s) — H(s)C(s)] (27)

C(s) Gp(s)Gc(s)R(s) — Gp(s)Gc(s)H(s)C(s) (28)

Cp(s)Cc(s)R(s) [I + Gp(s)Gc(s)H(s)JC(s) (29)

If Gp(s) is an ix) matrix Gc(s) will be a j  x j  matrix, and

H(s) will be jxi, in which case Gp (s)Gc (s)H (s) is a square

matrix ( ixi) . If [I + Gp(s)Gc(s)HCs)] is non—singular , it can be

inverted and:

C( s) = (I + G p ( s ) G c ( s ) H ( s ) j ~~~Gp ( s ) G c ( s ) R ( s )  ( 30 )

C(s) C(s) R(s)

The compensated system transfer matrix C(s) (ixj) is:

C(s) = [
~ + Gp (s) CC (s)H(s)] 1 Gp (s)Gc(s) (31)

Equation (31) contains two unknown matrices, H(s) and Cc(s)

One of these must be selected arbitrarily and then in certain

special cases the other can be solved explicitly. For example:

B ( s) = E~ ~~ 

— I ( 32 )

In which case :

C(s) [~ + Gp (s)Gc(s)]~~ Cp(s)Gc (s) (33)

[I + Gp(s)Gc(s)]C(s) Cp(s)-Gc(s) (34)

C(s) = C-p(s)Gc(s) (~ — C(s)] (35)

If Gp (s) is a square matrix G(s) and Gc(s) will be square. If

Gp ( s) [G ( s ) ~~~ — I], and C(s) are non—singular :

17
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Gp(s)~~ = Cc(s) [G(s)~~ 
— I] ( 36 )

Cc(s) = Gp(s) ~ [G( ) 1 
— ~j

_l 
(37)

If Cc(s)  and ~~G ( s)~~~ - I]Cp(s)} are assumed to be non—singular

equation (37 ) can be rearranged for convenience :

G p ( s ) G c ( s )  = ( G ( s ) ~~~ — I]~~ (38)

Gp(s) = [G(s)~~ — I]~~ Gc( s)~~~ (39)

Cc ( s)~~~ = [C(s)~~ — I] G p ( s )  (40 )

Gc(s) = {[G(s)~~ — I] Cp (s)}
~~ (41)

This result can also be obtained directly from equation (37)

us ing the matrix identity (AB )~~ = 3 1 A 1.

In each of the systems discussed above the compensation

cannot be solved for in closed form , except in special cases

as indicated.

— _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  18 
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B. PARAMETER OPTIMIZATION - COMPUTER METHOD

1. Optimization Technique

The Complex Method of constrained optimization (BoxPLX)

was utilized in this program. The algorithm suggested by

Box (9) was modified by the programmer , R. R. Hilleary , Naval

Postgraduate School, to find the constrained minimum, and

includes an integer programming option, as suggested in (10).

The Complex Method is a modification of the unconstrained , direct

search, Simplex Method introduced in (11) . Direct search methods

compare function and constraint values only in searching for

the minimum value of the function. These direct search methods

have been widely used because of their robustness, reliability,

and ease in programming and use. They have widespread applic-

ability. The one drawback is that they are generally less

efficient than gradiant-based techniques (12). A more ~‘etailed

discussion of the Complex Method is included in the program

documentation.

In this program , the main program simulates the reference

output and then calls FUNCTION BO~~LX which in turn calls FUNCTION

FE. FUNCTION FE calls SUB ROUTINE Plant which simulates the

compensated system. FE then computes the performance measure

and returns to SOXPLX. BOXPLX keeps track of the compensator

parameter values, computes a new set of free parameters and

calls FE again. This iteration continues until termination as

described in the documentation . See Appendix A for more

information on the program.

19
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2. Performance Measures

In order for a numerical method for parameter opti—

rnization to produce a result, a decision process must be com-

pleted, the result of which is the set of parameters which is

defined as “ optimum.” This term optimum is an enigima of sorts.

The program addressed here utilizes a comparison of time domain

response of a compensated system with a reference response

specified by the user. The word optimum above is dependent on

the designer ’ s knowledge of what reference response is best

suited to the output he is trying to control. Furthermore,

with the exception of very simple linear systems, it is diffi-

cult to match a reference response exactly , so the designer

must decide if the comparison at steady state is more or less

important than that during the transient period . Additionally

very high frequencies with periods less than one half the

integration step size may be filtered out by the ~Ligital process

in the computer , and not be present in the simulated output.

The designer is faced with some decisions which he must make

objectively before the “ optimum ” set of parameters can be
computed .

The decision process mentioned above is based upon a

performance measure which is an indicator of the “goodness”

of a given set of parameters being varied in the optimization

process. The designer must select the performance measure; the

performance measure is then minimized by numerical methods ,

since the objective here is to have the system response match

the reference response.

20
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The term selectivity is used to describe a quality of the

performance measures. If three dimensional space is considered

with the performance measure plotted as a function of two free

variables in a compensator of the system, the resultant topology

should include one or more minima for the performance measure.

The minima with the lowest value are referred to as the global

minima, although the minimization performed is constrained .

Selectivity is directly related to the steepness of the slope

of the contour in the area immediately adjacent to the minima.

This selectivity is a function of the performance measure used

as well as the plant and compensator dynamics (2 ,8)

Several performance measures have been suggested in numerous

sources, some of which will be discussed here. In each case

the performance measure will be represented by the variable J.

Cons ider a single—input single—output system with output,

c (t ) , and reference response , r ( t )  . The error, e(t), for this

case is defined as the dif ference between the reference res-

ponse and the ~ystem response or:

e(t) = r(t) — c(t) (42)

Integral square—error. The defining equation for finite

time is:

J f~ e2(t)dt (43)
4)

This performance measure is not very selective and tends to

emphasize large errors and ignore small ones (2,8).

21
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Integral of time multiplied square—error. The defining

equation for finite time is:

J = t e2(t)dt (44)
Jo

Steady state error is penalized more heavily by this per-

formance measure. This performance measure is said to be

more selective than the integral square—error criterion in that

the value of the integral tends to change more rapidly with

changes in the system parameters (2,8).

Integral absolute error. The defining equation for finite

time iS:

(
t

= ( e(t)~ dt (45)
.Jo

This performance measure is slightly more selective than the

integral square—error criterion (2,8).

Integral of time—multiplied absolute error. The defining

equation for finite time is:

ft
= I tle(t) I dt (46)

.10

This performance measure is more selective than those mentioned

previously and , as in the case with the integral of time multi-

plied square—error criterion , this performance measure tends to

emphasize errors late in the transient period and in steady

state and deemphasize those which occur early in the transient

period (2,8).
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The optimization of the performance measure can be addressed

in two categories; the case where the reference response speci-

fied is the forcing function; or the reference response is some

function, usually a second order response , which the designer

believes to be a model response for his application . In the

first case the peak overshoot, setting time, rise time, and

natural frequency , are determined by the dynamics of the com-

pensated system and by the performance measure selected . How-

ever, if the designer desires a second order response with a

certain minimal rise time, he can specify a second order

reference response which meets this requirement, and use the

integral absolute error or integral error-squared performance

criteria to optimize the compensation parameters.

Provisions for both of these approaches have been included

in the program in that the user can reference a second order

response , where he specifies the damping factor , natural frequency

and gain, or he can utilize the table loop—up feature in which

he can specify any reference response he desires.

Other performance measures can be developed using classical

measures of system performance such as maximum cv~rshoot, time

for the error to reach its first zero, time to reach maximum

overshoot, settling time, frequency of oscillation of the

transient or steady state error. However , performance measures

based on these characteristics would be complex and increase

computation time, and their desirability over those previously

discussed is questionable.

The performance measure used in the optimization program



(see Appendix) is the sum of the weighted performance measures

of each output of the multivariable system.

M
J = E (W i) ~~~~ 

(47)

i=l

The subscript i denotes th~ output for which is calculated .

The subscript k denotes one of four performance measures which

can be selected by the user to be applied to each output in

turn:

Integral square error

Ji,l = ~~ (Rj ,i — C. )2 (48)
j=i J , 1

Integral of time multiplied square error

N
Ji ,2 = I ((Rj ,i - C. ~)

2)(i.~T) (4 9 )
j=l

:ntegrai of absolute—error

N
Ji ,3 = Rj,i — C. . (50)

j=1 3,1

Integral of time multiplied square—error

N

Ji ,4 = Rj,i — C~~~ I (i~T) (51)
j=1

N represents the number of integration steps in the simulation ,

~T represents the integration step size , M is the n umber of

outputs being optimized , and W is the weighting factor applied
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to each output.

It should be noted that the performance measures are an

approximation and when the weighting factor is introduced

the performance measure diverges significantly from the defining

integral equation. Comparison of performance measures for a

given plant with various types of compensation should be done

with the same weighting factors. The same performance measure

cculd be achieved for a system using two different compensation

schemes , since the performance measures for each channel may

vary significantly .

25
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C. A TWO INPUT-TWO OUTPUT SYSTEM EXAMP LE

1. Transfer Matrix Solution

In order to demonstrate the program it was decided to

analyze a simple system , synthesize the compensation required

to produce a specified output, and then show that the optimi-

zation program will arrive at the same results. It is emphasized

that this program will not determine the type of compensation

required to achieve the desired res~onse. It will set f r ee

parameters in the compensators (specif ied by the user) to most

nearly produce the desired response.

The analysis and compensation was perf ormed using the

transfer :natrix method described by OGATA (2). The uncompensated

plant and the compensated plant were simulated to show that the

compensation achieved the design ~oecifications . Certain para-

meters in the compensator were defined as free parameters.

These fr ee parameters were offset from their optimal va lues

and constraints were introduced which restricted the range of

values for these parameters during optimization . The plant

and compensators with free parameters were simulatec~ in the

optimization program and optimization was accomplished .

To illustrate , a simple two—input two—output linear

system shown in Figure 3—1 was selected as the plant to be

compensated . The design specifications chosen were :

1. Channel one and channel twO are to be decoupled during

the transient period as well as in steady state.

2. Channel one is to have a second order response to

a step input with a natural frequency , 
~~~~~~

, of 10 , a
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damping factor, ~~~, of 0.4, and no steady state error .

3. Channel two is to have a second order response to a

step input with a natural frequency , W , of 4, a damping

factor, ~~~, of 0.6 , and no steady state error.

To achieve total decoupling the off-diagonal elements of

the transfer matrix of the compensated system must be zero.

The desired compensated system transfer matrix , G(s), is:

100 0

+ 85 + 100
G(s) = (52)

0 2 
16

S + 4.8S + l6

The input/output equations obtained from Figure 3-1 are:

Y1(s) = 

~~~~ (S+7) (S+12) ~ Y2(s) (s+l2)

1 4Y2(s) = U2(s) (s+2) (s+47~T 
+ Y1(S) (~ +2)

Substitution of equation (53) into equation (54) , and equation

(54) into equation (53) produces equations (53) and (56)

U1(s) 2U2(s) 8Y1(s)
= (s+7) (s+12) + (s+2) (s+4.3) (s+l2) ~ (s+2) (s+12)

U2(s) 4U1(s) 8Y2 (s)
= C +2) (s+4.3) 

+ (s+l2) (s+7 ) (s+2) + (s+2) (s+12) (56)

Collecting like terms in equa tions (55 ) and (56) and rearranging:

V t
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s2+14s+l6 
— 

U1(s) 2U2(s)Y1(s) (s+2) (s+l2) — (s+7) (s+l2) + (s+2) (s+4.3) (s+llT (57)

2 4U,(s) tJ. , (s)
5 +.k~!5+].6 — ~.

L 2 ~ (s+2) (s+l2) — (s+12) (s+7) (s+2) (s+2) (s+4.3T

Multiplying both sides of equations (57) and (58) by

(s+2) (s+12)

s2+l4s+16 —

(s+2)U 1(s) 2T32 (s)
= 2 2(s+7) (5 +l4s+16) (s+4.3) (s +l4s+16)

4U1(s) (s+12)U2 (s)
2 + 2 (60)

(s+7) (s +14s+16) (s+4.3) (s +14s+16)

The transfer Matrix for the uncompensated plant is:

(s+2) 2 -

(s+7) (s2+l4s+16) (s+4.3) (s2+l4s+16)
G (s) = (61)p 4 (s+12)

- (s+7) (s2+l4s+16) (s+4.3) (22+14s+16)

The generalized comp~nsdtion to be used is shown in Figure

3-2. Equaticn (41) will be used to calculate the required

compensation; since in this case the feedback compensation

transfer matrix, H(s), is the identity matrix.

9~ (s )  = £[G (s) 1 
— .~]G (s)}~~ (41)

Since G0(s) is a 2x2 matrix in this example Ge(s) and G(s) will

also be 2x2. By inspection (Equation (52)), G(s) is non—singular

and can be inverted.
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The compensated system transfer matrix G(s) is given in

equation (52) . The inverse of G(s) is calculated by equation

(62)

-l COF T
G~s) = (62)

Where COFT is the transpose of the cofactor matrix of G(s),

and I~~(s)! is the determinant of G(s).r 16 0

I s2+4.8s+l6

V COFT I (63)
- 1 100

L 0

IG (s)! = 2 
(1~0) 2 (64)

(s +8s+lOO) (s +4.Bs+l6)

100

G~ s)~~ = 1 (65)

32+4 95+1 6
L 16

r s2+8s 0

I 100

CG(s)~~ — IJ = I (66)

I s2 +4 . 8 s
L 0 16

The plant transfer matrix, G~ (s)~ is given in equation (61) as:

30
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(s+2) - 2
(s+7) (52+142+16) (s+4.3) (52+145÷16)

G (s) = (61)
- 4 (s+l2)

( 5+7)  (5 2+145+16) ( 5+4 .3 )  (s2+l4s+16)

Multiplying equation (61) by equation (66):

r s(s+8) (s+2) 2s(s+8) 
1I 100 (s+7) (S2+14s.

+16) lOO (s+4.3) (s2+14s+l6) I
~~~ 

= J (67)

4 ( s+4 .8) s ( s + 4 . 8 )  (s+12)
L16 s+7 (s2+14s+16) lG (s+4.3) (s2+l4s+l6)

If this matrix is non-singular it can be inverted .

I}G C- ) =

s2(s+~ ) 
(.~+2) (s+4.8) (s+l2) —

(16) (100) (s+7) (s+4.3) ( 2+14 +16)2 (68)

8 2 (_+4 8) (s+8)
(16) (130) (s+7 ) (~+4.3) (s

2+14s+-l6)2

— I]G~ (s) =

(s+8) (52+145+24 8) 
—

(16) (100) (s+7) (s+4.3) (s +l4s+16)

s2(s+4.8) (s+8)

(16) (100) (s+7 ) (s+4.3) (s2+l4s+16)
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/

s (s+ 4. 8) ~s+12) -2s (s+8)
16(s+4_3) (s +14s+16) 100 (s+4 .3) (52+145+16)

COFT (70)

- 
—4s(s+4.8) s(s+8) (s+2)

16(s+7) (s2+l4s+l6) 100 (s+7) (s2+14s+16)

= { [G ( s) ~~~ — 

~1~~
(
~

)} 1 
=

100 (s+7) (s+12) —32(s+7) 71s( s+ 8)  s ( s +4 . 8 )

—400(s+4.3) 16(s+2) (s+4.3)
s(s+8) s(s+4.8)

One of the possible realizations of this compensation is

shown in Figure 3-3. To obtain a confirmation of the design ,

the system was simulated with and without compensation using

International Business Machines ’ Digital Simulation Language ,

DSL (13). Figures 3—4 through 3—9 show the results of that

simulation, which indicate that the compensators used do in

fact achieve the stated objectives of the design. In each plot ,

trace number 1 is the desired response, Z, and trace number 2

the system response, Y. In Figures 3-4B , 3-73, 3-83, and 3—93

the two traces are superimposed. In Figures 3-5A and 3-6A

the desired responses are zero. The reader should note the

scale factors present on some of these plots.

2. Parameter Optimization Solution

The compensated system and the desired response curves

were then simulated and solutions were obtained using the

32
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Figure 3-4B
Yl and Zi vs Time with P.1 - Unit Step , P.2 0.0

For Compensated System
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Figure 3—5B

Y2 and Z2 vs Time with RI = Unit Step , P.2 = 0.0
For Compensated System
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Figure 3—73

Y2 and Z2 vs Time with Rl 0.0, R2 tnit Step
For Compensated System
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Figure 3-9B

Y2 and Z2 vs Time with Ri = Unit Step , P.2 = Unit Step
For Compensated System
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program discussed in this section . The time response results

are shown in Figure 3-10. There is a slight difference between

the desired response curve and the output of the simulated

system.

Next, two parameter optimization was performed . The pro-

portional gain constant of each compensator was selected as

the adjustable parameters. Each of the four performance measures

given by equations (47) through (51) were used in successive

optimizations . All other aspects of the program were unchanged

during this optimization . Equal weighting was applied to each

channel. The gains 100 and 16 were chosen becau se their

variation should have similar impact on the two respective out-

puts. The upper limits were 105 and 21 and the lower limits

were 95 and 11 respectively . The integration step size was

.02 and the final time was 5 seconds . Optimization was begun

with the two gains set at 105 and 11 respectively , and P.]. P.2 =

Unit Step functions . The results are given in Table 3-1.

The system was simulated using these values for  the two

free parameters . The simulation resul ts are shown in Figures

3—11 through 3— 14 . This simula tion indicates the time multiplied

integral square—error performance measure produced the best

results.

40

- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~ _~~~~~~~V - - _ _ _ _ _ _ _ _ _ _ _ _ _  V . V~~~~~~~~~~~~~~~~~~~~~~~~~~ _



Value of
Performance Minimum G100Measure Performance

Measure

Integral 3Square— 1.2026097 x 10 104.9999 20.99998
Error -

V Time
Multiplied
Integral 1.641641 x 10 ~ 102.2554 15.27091
Square—
Error

Integral 3Absolute 1.353197 x 10 104 .9862  14 .82275
Error

Time
Multiplied 4
Integral 9.994698 x 10 103.2728 14.81198
Absolu te
Error

Table 3—1

RESTJLTS OF OPTIMI ZATI ON
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Figure 3-108

Y2 and Reference 2 vs Time Simulated with Thesis Program
Parameters Set at Analytical Optimum
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Figure 3—h A

Yl and Reference 1 vs Time Af ter Optimization With
Integral—Square Error Performance Measure
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Figure 3-llB

Y2 and Reference 2 vs Time After Optimization With
Integral Square—Error Performance Measure
(Curve With Greatest Overshoot is ZZ)
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Figure 3-12A

Yl and Reference 1 vs Time After Optimization With
Time Multiplied Integrai Square Error Performance Measure
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Figure 3-128

Y2 and Reference 2 vs Time After Optimization With
Time Multiplied Integral Square—Error Performance Measure
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Yl and Reference 1 vs Time After Optimization With
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Figure 3—13B

Y2 and Reference 2 vs Time After Optimization With
Integral Absolute Error Performance Measure
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Figure 3—l4A

Yl and Reference 1 vs Time After Optimization With
Time Multiplied Integral Absolute Error Performance Measure
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Y2 and Reference 2 vs Time After Optimization With

Time Multiplied Integral Absolute Error Performance Measure
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CONCIJUS IONS

From the results of the two—input two—output example

system , the f ollowing conc lusions can be stated :

1. The technique of cost function minimization in the

time domain can be used effectively for compensator parameter

optimization in multiple input multiple output control systems.

2. Cost function minimization is not a substitute for

control system design. The user must be able to selec.t the

proper type of compensator which is capable of achieving th�

desired results, before initiating the optimization of the

free parameters.

3. The four performance measures evaluated produced

slightly different solutions to the same problem , with the

time multiplied integral square—error yielding the best

results in the example given .
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C I2M— ~ L~~G FOR ~ESFCR MANCE M EASU RE. C
C C
C ‘HE OEP .F-JRMAN CE MEAS IJQES USED A.RE PROPORT IONAL C
C TO THO SE IND ICA TED BELOW . C
C C
C 1—INTEGRAL SQUARE—ERROR (WE1c ~V!~ED ) C
C 2—TI ME MULTIPLIED IV NT EG R 4 L  SCUARE—ERROR C
C (WE IGHT ED ) C
C 3—IN TEGRAL ABSOLUTE ERRO R (~~EIGiiT ED ) C

4—TI ME MIJ LT IPLIED INTEGRAL A BSOLUTE ERROPV C
C (WEI GHT ED ) C
C C

C CA R DS 4—7 X S ( I )  o
FJP .M~~’~(~~FjJ.5) C

C ALL CF THES E CAR DS MUS T BE OMITTED I~ NOPT= 2 CX S ( I )  ARE THE STARTING VA LUE S OF THE FREE ~ A~~A —  C
C ME~~E 9S. THE NUMBE R -OF CA ~ V J S  PE~ U I R E O  IS  DEPE N— C
C DENT ON NV. ONE VALLE MUST BE R EA D IN FCR EA C H C
C F R E E ~A RAME TES . IE IF NV=~ -ONLY CA R D 4 IS RE— C
C ~J IR EO AND S PARAM ETE R VA L U ES S HOULO BE ON IT C

IN 8~ 1O.5 FOR MAT. C
C C
C C
C CA~ JS 8—11 X U ( I )  C
C C
C FORM ~~ (8F13.5) C

C
C T H E S E  C A P C S  ~RE THE SAME AS C V ~~~DS 4— 7 EXCE2T C

X U ( I I  ARE T HE J PO ER L iM ITS  ON TH E F~~EE PA PA— C
C METERS. OMI I IF NO~ T~ 2. C
C C

C
C ARD S 12—15 XL (I) C
C C
C FO RM AT (8F10.5) C(.

THESE C AR DS A R E  THE 5A~~E A .S C~~R OS ~—7 EXC E~~TC XL (I) ARE THE LOWE R LIM ITS ~N T H E FR EE PA P A— C
C METER S. OMIT IF NC-PT =2. C
C C
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C CARDS l~~,18, AN D 20 IOUT,IWT ,ITAB C
C C
C ~O R - M A T t 3 F 1 O . 5 )  C
C c
C l OUT_THE NU MB ER OF THE BLOCK FROM W H I C H  T)-  OUT— C
C DUT IS TAKEN. IF 2 OR MORE BLOCK S FEED AN OUT— C
C PUT NOOE,A TY~~E 1 BLOCS WITH G=1 MUST BE C
C PLACED BETWEEN THAT NODE AND THE OUTPUT. C
C C
C FOR A 3 OUT’UT SYSTEM ALL 3 CA RDS ARE RE QUIRED . C
C POR A 2 OUT PUT SYSTEM 15 AND 18 ARE REQUIRED. C

C
IWT—AN INTEGER WEIG HTING FUNCTION WHI CH WILL C

C BE CONV ERTED TO REAL *8 .AN D WHICH ALLO WS THE C
C USES TO PENALiZE THE ERROR BETWEEN THE SYSTEM C
C OUTPUT AND THE REFER ENCE RES~ flNSE MORE HEAV I LY C
C AT ONE OUTPUT THAN ANO THER. INTEGERS BETWEEN I C
C AND 10 ARE SECOMMENDE3 . WE IGHTING SHOULD BE C
C REDUCED IF OVERFLOW IS -ENCOUNT ERED. C
C C
C FAB—A FLAG FOR TABLE LOOK U~ OF THE REFERENCE C
C C URV~ S. C
C 1—~ ROGR AM W I L L  READ TABUL A TED D A T A  FOR THE C
C REFERENCE CURVES . C
C 2—PROGR A M ‘WI LL  CA LC’J LAT E A S FCCNC ORDE R RES— C
C °ONSE CURVE. C
C C
C C
C ,A~~3S~~ 7,19, AN D 21—e EIA, ELTA ,’WN,A MQ ,DEL~~Y,LNPL T C
C C
C ~ O R MA T ( 5 F 1 O . 5 ,A 4 )  C
C C
C THESE CAR DS IN PUT THE DAT~ RE QUIRED TO COM0 L~ E A C
C SECOND ORDER RES PONSE CURVE. I~ THE USER DESIRES C
C THE TAB LE LOO K J P FEA TURE THE SE CARDS ARE RE— C
C PLACED BY TABUL ATED DATA. IF A TABULATED REF— C
C EPENCE CURVE IS DESI RED FOR OLTPL’T NC. 1, CARD C
C 17 IS SEOLACEI) BY TABULATED DATA IN EFLO .5 FORMA TC
C THE NUMBER OF DAT A POINT S REQUI RED IS TF/ DT (1 C
C AND DI FROM CAR D 2). C
C C
C C C I )  BETA (I) C
C ————— ————— ——— ——— C
O R (I~ (3**242* QELTA(j)*WN (I)*S÷WN (I)**2) C

- C (1 ) IS THE DESIRED REFERENCE RESPCNSE ASSOC— ~C IA IED -WI TH -OUTPUT IOUT (I1 . C
C ~ (I) IS THE FORC ING FUNCTION S’ECIFIEC ~Y :  C

A MO (I }_ THE AMP LITUD E OF THE FORCING FUNCTION C
-: DELAY (I )— OELAY AFT ER 147 BEFORE THE FORCING C
C ~UNC TLJN IS A P PL IED (TIME ODMAIN ) . C
C I’IPUT (L )— THE TYPE OF F OqCING FUNCTION:STE ’ , C
C RA MP, OR ‘ARA . C
C B ETA (I)—THE GAIN OF THE TRANS FER FUNCT I ON. C
C DELTA (I)—THE DAMP ING FACTOR . C
C W N ( I ) — T H~ -N ATURA L FREQUENCY . C
C C
C CAR J 2~~ 1 C

C 0 M A 1 ( j 2 )
C C
C THE NUMBER OF SLICKS IN THE SYSTEM (UP TO 25). C
C C
C CARD S 2 3—47 IC ( I), DCI), ~E ( I), LV C I ) ,G (I) ,‘( I) ,Z(  I) C
C C
C C
-: F O S M A T ( 4 12, ZX,3F .. C . 5 )  C
C C
C T~~ NUMBER OF CA R D S  REQ IJI PE D IS DETEPMINE D BY N. C
C C
C LCU )— THE NUM BE R OF THE 3LOCK (1— 253 . C
C C
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b
C 10 (I)—ThE TYP E OF BLOCK. SIX TYPES ARE AVAIL A B L E C
C - C
C IEU ) —————— ——— I V C I )  C
C ID (I)=1 I G I C
C V C
C C
C  C
C I E (I ) G I IV ( I )  C
C ID (fl=2 —————  —— — —  ‘ C

L C S+P I C
C C
C C
C C
C I E ( L )  S+Z IV ( I )  C
C ID (I)=3 ———— — G   C

V C 5+° I C
C C
C V C 

—  C
IEU) I G I IV U ) C

C 10( I)  =4    ———C
C ~~~~~~~~~~~~~~~~~~~~~~~ C

C  C
C I UL 1 C
C / C
C IE (1) I 1— 3 IVU ) C
C I D ( I ) = 5  ———— I / I C
C / I C
C —— — - i ’ L L  I C
C —  C
C C
C IV ( I)=G~~IE ( I) FOR G*LE (L ) LE ~~ C
C AND G*IE (I) GE LL C
C IV (I)=U L FOR O-~I E C I ) GT LL C
C IV (I)=LL FOR G*IE (I) LI UL C

C
C C
C I Il C
- I I,

I 5 /  C
C C
C I E U ) I I V ( I )  CC ID ( I ) = a —— ——— —— — ———— C
C - I C
C I I C
C I — B  I C

f I G  C
I / — I  C

C ——— — — —— — — —— — —— C

IV ( I ) = G * I E ( L )  ~O R G * I E C I ) GE B C
C OR LE — B C
C I V ( I ) = O  FOR G*IE (I) LT 3 AND GT — B C
C C
C lE ( 1 )—THE INPUT NODE NUMBED . C
C C
C IV ( 1)—THE OUTPUT NODE NUMBER. C
C G (I)—THE GAIN FIELD. 3 (1) REPRESENT S THE GAIN C
C OF THE SL-JCK . C
C C
C 2 ( 1  )~~T).l~ POLE FIELD. C

FOR ID (I )=2 -JR 3 P (I)=POL E C
C F0R I D C I) =4 ~( I )=OAM PING FACTO R C
C FOR ID (I)=5 P (I)=~~P0ER~~~1M~~T,U~~. C
C ~OS ID (I)=a P (1)=RE FERENCE ,E . C
C C
C Z (I)—THE ZERO FIELD C
C FO R I D ( I ) = 3  l ( l ) = Z E S O  C
C FOR I D( I ) = 4  Z ( I ) = NA T U PA L  F~~EQ uE N CY ,W N .  C
C FO P I D( I) ~~5 Z ( L ) = L C W E R  LZ M I T ,LL. C
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C C
C CAR DS 48~ 72 AM P(I),DELAY (I), 1’4PUT(I),IEE (I) C

FO RMAT ( 2C1Q.5,A4 , 12) C
C 

V 

c
C ONE CA RD IS NEEDED FOR EACH FORCING FUNCTION ON C
C THE SIMU LATED CO MPENSATED SYSTEM . C
C C
C A~A P (I),DELAY (I),ANDI’~1PUT (I) APE AS DESCRIBED FOR C
C CARDS 17,19 ANC 21,EXCEPT THE~Y AP~~LY IC THE CaM— C
C PENSATED SY~ TEM IN THIS CASE. C
C C
C IEE (I)—THE NODE TO WHICH THE FORCING FUNCTION IS C
C APPLIED . C
C C
C :ARD S 73— 78 TI TLE CARDS FOR VERSATEC PLOTS . IF NGRAPH=2 , C
C NOUT*2 TITL E CARDS ARE REQ UIRED (2 PER OUTPUT) C
C TITLES GO ZN COLUMNS 1—48 ONLY. C
C C
C * c
C * NOTE ~ C
C C
C WHEN CPTIMIZING ,ONE FORTRAN CARD ~ER FREF VARIAB L E MUST C
C 3E INSERTED IN SUBRO UTINE PLANT. THE A PORO PRIA TE POSITIONC
C IS  I D E N ~~IFIED BY THE COMM EN T CAR D ‘ ENTER G (I)=C (I) VAL— C
C UES AT THIS POI NT ‘. C
C C
C C
C ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V C C
C T HE FCLLOW ING JCL CAR DS SHOULD FOLLOW JOB CARD, EACH C
C BE G INNI NG IN COLUMN 1. C
C C
C 1/ EXEC FCRTCLGV,SEGION .GO=350K C
C / / POR T . SY S Pq i\ (~ -03 DU MMY C
C //SYSIN 3D * C
C
C THE SEC OND OF THESE SHOULD BE R EMOVED IF A PROGRAM
C LIS’ING IS DESIRED A S WELL A S  OUTPUT D A T A .  C
C C
C C

IM PL ICI T REAL *8 (A— rl ,O— Z)
RE AL*3 xS (25),XL (25 ),XU (25),X (2),XDOT (ZhDELT4(3),

*W (3),qN (3) ,BETA(3),THAOUT (3001,3),XQATA(3001,fl,
LAMD (3),DELAY (3)
DIMENS ION I JIJT (3) ,IWT (3), ITAB (3), INDUT (3)
INTEGER S133,RAM P ,?A R A
DAT A STE°,R A.M~~,~~&R4/4HSTE0 ,4rfRAM P ,4HPARA /C CMMON THAOUT,XDATA ,T,DT ,TF,
IOUT,IIN ,Nv ,M~~,L ONT , ~~ Q,I SKIR , I T F ,  lOUT , NC PT
CO MMON /REGL/ W, LPM

C C
C IN PUT CONTROL FLAGS C
C C

P~EAO 1.5,5C) ‘~RUNS,NOPT,NGR APH,NR EF ,IIN ,NCUT,lPR 1MT,IF REQ
WRI TE( 6, 51) NP UNS, tIN , NOUT
IF (NcJ PT.EQ .1)WR zr E( 5,52 )
I~~(1O .EQ.2)WRITE (5,53)
IF (NGRA P H. EQ ITE ( 6, 54)
IF (NGRAPH .E Q .flWR ATE (5,53 )
IF (~~GRAPH .EQ.3)4RITE (6,56)IF (NREF.EQ.1J i~R1T E(S, 57)EQ .2 ) WRITE ( 5, 58
IF (I PQZNT.EQ .1 )-WR ITE (6,~~O) IFRE Q
IF( IPR I NT.EC,2 )WR ,ITE (6, 5~
~‘O 30 I~~UN=1 NP.UN S

~ EAJ ( 5,61 )~~47,OT, IFI IF ‘1F f 01
IFC ITF.GT.3 00 )ITF=3001
IDP = ITF
NPPLT ‘LOP/S
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WRITE (6 ,62 )T47, DI ,TF
C c
C INPUT OPTIMIZATI ON DATA C
C C

GO TO (1,2),NOPT
1 READ(5,50)N V,NAV,NTA ,NPR,IP,IPM

READ ( 5,61) ( XS( I) ,I=1 ,NV)
READ (5,61)(XLJ ( I ),I=1,NV)
READ (5,61 )(XL (I),I=I,NV)

L WRITE (6,63)NV ,NAV,NTA ,NPR,IP,IPP’
00 31 I=1,NV

WRITE (5,64)I,XS (I),I,XU (I),I,XL (1)
31 C O N T I N U E
2 GO 10 (3 4),NSEF
3 ‘00 32 I j,NOUI

V C C
C INPUT/ CALCULAT E REFE RENC E CURVES C
C C

READ(5, 5O)i)UT( I) ,IWT( I) ,ITAB(I)
I) =IWT( I) /1. QU000 .00

WRITE (6,65) 1,IOUT (I),I, W (I)
IF (IT AB(I ).2Q .],)WRITE (6,75)I
IF (I TAe(I).E~ .2)-W RLTE (6,77 )I
ITA=ITA S (I )
GO TO (5,5),ITA

5 REAC(5,61)(XD 4TA (IDAT -A ,I), [DA TA= [, ITF)
GO TO 32

6 °EAD (5,75)BETA (I),DELTA (I),WNCI),A MP (I),DELAY (I),
ZN PUT (I)
WRITE ( 6,66) I,SETA ( I), I,DEL A (I) ,I, 4~N (I) ,I ,A M P(  I),

* I,INPtJT (11,1, DELAY (Il
T=147
817= 0.00
I DAT A=O
XCI 1=0.00
X (21=0.00
NT ‘0
03 33 J=L,ITF

1]. IF( .GE .JEL A Y ( I ) .A N O . I N P UT ( I ) . E Q . S T E P ) A 17 = A M P ( I )
1 (T.GE.DEL AY(I) .ANO.IN °UT(I).EQ .R8MPLA17=AMP (I)

* *( ..OEL4Y (I))
- IF (T.GE.DELAy(I).AND .I’I PUT (I).EQ .PARA )A 17=AMP (I)
* ‘((T—DELAY( I))**2)

XD~JT( 1)=X (2)XDr~~(2)=~~2.CO*CELTA (1)*WN(I)*x (Z)_ (WN (I)*z2) x
* X Ct )~~BEIA (I )*417

S RKL DE-Q ( 2, X, XD 01,1, OT, NT)

10 WRITE(6,67) I
STOP
XOA TA (J,I)=X (1)

33 :ONTINUE
32 C ONT I NUE

GO TO 12
4 30 34 t=1,ITF

00 35 J’l,NO’JI
XOATAS ( I ,J)—=0.D0

35 CO’ITINUE
34 C ONTINIJE
12 T=T4~IS KI °=O

C
C 1 SI MULATI ON ONLY CALL PLA NT C
C C

IF (NOPT .EC.2) CALL PLANT (C )
IF (NOPT.EQ .2) GO 10 13

C C
OPTIM IZA TION C

C C
~‘1.D O/3 .30
wRITE (6,73)
C ALL BOXP LX (NV,NAV,NPR ,NTA , R ,X$ ,I2 ,XIJ ,XL,YMN ,IER )
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WRI TE (6,73)
W R IT E (6, 68 1
00 36 I’1,NV

W RV I TE ( 6 ,69) 1,  X S (  I)
36 CONTINUE

WRITE (6,70) YMN,IER
C C
C P R I N T E D  OUT PUT C
C C

13 GO TO (14,15),IPRINT
14 WR1TE (S,’1~00 37 I’~.,ITF,IFRE QI P=DI*I

WRI TE(6 ,72) IP, (XDATA (I ,J) ,IHACIJT ( I ,J) ,J=1,NOUT )
37 CONTIN UE

C C
C PLOTTED OUT~ UT C
C C

15 GO 10 (7,8,9),NGRAPH -

7 DJ 38 II’!. NO UT
WR ITEC6,f3)
CAL L PDLT (NP PLT,IDP,II)

38 C O N T I N UE
GO 13 9

8 30 39 II=1 ,NOUT
WRITE (6 73)
CALL PIc~(N2 PLT,IDP ,[L)

3~ CONTINUE
9 WRITE (5,74) IRUN
30 CONT I NU E

STOP
50 FORMA T (815 l
51 FCRM4T ( O~ ,I2,L X ,I SJN (S) W ILL RE MADE I ,4x,12,1X,

* ‘INPUTS’ ,4X,I2,1X,’JUT7LTS’)
52 F-ORMAT( ’O’ ,’O?TI,MI ZATLON CALLED FOR’)
53 FCRMAT (’O’ ,‘SI MULATION CNLY CALLE D FOR’
54 FORMA TC ‘O’ ,’PRINTER PLOT (S) CALLEC FOR1 )
55 F RMA T (10’ ,’VERSAT EC PLOTS CA LLED FOR’ )
~6 ~JRMAT( ‘3’ ,‘NO GRAPHI~~AL JUIDUT C~ LL~ 0 FOR ’
57 FORM AI C ‘0’, ‘REFER ENCE CURVE ALLED F~~R ’)53 FCRMAT( ’O’ ,’NO REFERENCE ~JQ~/ E  CALLED FOR’)
59 ISMAT ( ‘O’ ,’NO ~RINTED SIM ULATI ON DATA CALLED F O P ’ )
60 FORM ,AT( ‘0’ , ‘SIM ULATION DATA PRINT FREQUENCY= ’ ,1X ,tZ)
6’ FORMAT( 8FIO.5 )
à~ F -OR MAT(’0’,’I NI TIAL T IM E= ’ ,F1O.5,3X,’STE’ SIZE= ’,Fl O.S
*,3X , ‘FI NAL TIME’’ ,F]O.5)

~3 ~CRMA ’ (’O’ ,’N V= ’,I2,3 X ,’NAV= ’,I2,3 X ,’-NIA= ’,L3,3 X , ’N2 R=
,t 5, U, ‘I ‘=‘ , 11., 3X, ‘ I~~M= ’ ,11)

~4 FCRMA T (’J ’ ,’XS (’,12,’)= ’,F10.5,5X, ’XU ( ’,I2, ’)= ’,F1Q .5,

65 FOR’4A” ( ‘O’ ,’ID JT ( ‘,I1,1 )= ‘,IZ,SX , ‘W (’ ,Il, ’ ) ’  ,F13.5)
àó FCRMAT (’O’ ,’BETA ( ’,t1 ,’)= ’,~~10.5,3X, ’-JELT A (’,I1, ’)= ’,

*3X,’ (NPU~ (’ ,I1, I ) l ~~ A4 ,3X, ‘DEL A v ’ , I 1~~’ ) = ‘ , F) C . 5)
67 PCRMA (’O’ ,’I NTEGRATIC N 1RC1J3LE—REF !REN C~ CURVE’ )
68 FORMA T( ‘O’ ,’THE FREE ~A RA ME TERS AS SOC IATE D WI TH THE

sMI NI MU M PE RFORMANCE MEAS UR E ARE: ’
69 FCRMA r (’O’ ,’XS (’,12 ‘)s ’,FZQ.l O)
70 F”4~ T( ‘O’,’THE M I NIMUM PERFOR MAN CE MEA SURE IS: ’ ,ZX ,

~F2O .1O,5X , ‘ l E o,’ ,ZX . 11)
71 FOP~ A T (’1’ ,3X,’T1 ME’ , 5X ,’X3A ’~A (1)’ , 7X , ’THAO UT (j)’,

* 5X , ‘ X D A T A (  2 ) ’ , 7X, ‘T HACLj ( 2) ‘ , 6X, ‘XDATA ( 3)’ , 7X,
•T HA O IJ T (3  )‘

72 FJPMA T (S 0’ ,6(F13.5,5X),F1D.5)
73 FOR MA (’l’)
7~,. ~‘ RM4T (’Q’ ,‘RUN NUMBER ’ ,IX ,I1 )
75 FJQMAT (5F 1 0- .5 A 4 )
7~ FOR ,MA 1 (b 0’ ,’P~ F.CURVE (’ ,I1, ’)*’, “AR ’JLATED DA TA ’ )
77 F O R 4 A T (  ‘0’ ,‘REF . CJR~ E (’ ,11, ’ )=SEC ND ORDER RESPONSE’

END
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S U B R O U T I N E  P L A N T ( C )
C C
C SUBROUTINE ~LAN T (C ) SIMULATES THE SYSTE M C
C C

I MP LICIT RE AL*S (A—H ,O—l)
SEAL*9 G ( 2 5 ) , ?( 2 5 )  Z (25),DSIVE (25),THA(25) OMG(25),

1THAD0T (23),CMGDOT (~ 5) ,CP V I Z5), LAC- (25,25j,
2 X2C 25), X2DOT (25), THACUT (300!.,3),
3XDA TA(3001,3),C (25),AMD(25),DEL AY (2!),TAG(25,25)
DI MENSION IC (25),.I0(25),I!(25 ) ,NF (25),IR (25),IV (25),

1 l EE  (25 ) , INPUT ( 25) , IOUT ( 3)
INTEGER STEP,RA -M°,PAR 4
‘0414 STEP,RAMP, PARA/4HSTEP ,4HRAMP ,4HPARA/COMMON THAOUT XDATA T,DT ,TF ,

CNCUT,IIN,NV,M~ ,ICONl,NEQ,IS KI’,ITF,IOUT,NO PT
I F (ISK I~ —L ) 1,~~,51 IS K I~ =

R EAD(5,24) N
Hi * DT -

H2 0.500*H1
Ni!. = 0

= C
M66 0
ICK = 2*N
WRI TE (6,310)
00 3 t=t ,M

C INPUT 3LXK DATA C
C C

REAO ( 5,25 ) ICC 11,10 (1), IE ( I), IV ( I) ,G( I), P( I) • Z( I)IF (IJ (1).E0.1) Nii=N114-!.
IF( 1D (I).EQ.5) ‘155=N55i 1
IF (ID (II .EQ .o ) N66 N66#1
WR I TE (5,26) ICC I ),IO (I),IEC I), I’i(I),G ( I),P( I) ,Z(j)

3 C CNTZNUE
WRI T! (6,312)
00 316 1=1,111

C C
C I N ~ UT F O R C I N G  ~U N C T L C N S  C
C C

R EA O ( 
~A

311 )4M~~( I), DEL AY (I), INP’JTC I), lEE (I)
I1~ ( 6,317) IEE ( I) ,AMO (I) ,INPUT (I) , DELA Y (I)

315 CINTIP’IUE
N!.!. = 4*N1’.

=

N66 4*N66
NEQ = N— !.

C C
C SET POINTE RS C

DC 4 J’t,N
DC 4 ~(‘1,N
~ LAG (K, J) ‘0 • 00
IF (1V (K ).EQ .IE (J))FLAG (K,J)=l .30

4 C CNTINUE
C C
C INITIALIZATI ON C
C C

5 00 5 ICLS’ 1 ,N
T HA ( ICL~ )=O.O()TH AD’JT ( ICL~ l’s.) .00
OMG ( ICLR )= O. -30
JM GDOT ( ICLR )‘O.DO
X Z (  ICL R)’O.DO
x200T ( ICLR ) ‘0.3 0

6 C CNTLNUE
1*0.00

NR2
NR3
NR4 ‘ 1
‘43 a 3
ICONT = 0

Go

_-



IWAIT = 0
I T = 0 -I LA ST 0
I 5LA ST = 0
I6L~ ST = 0
IF (”I3PT.EQ .2) GO TO 7

C C
C ENTE R C (I)=G (I) VALUE S AT THIS POINT C
C C

7 DC 9 MDRV= 1,N
DRIVE (MORV ) =0.00
DRVIN (MDRV)-=0.D0
DO B M=1,N

IF (IV (’4).NE.IE (MDRV )) GO TO 315
DRIVE (M DRV )=OR LVE (MCRV )+T HA(M 1*FLA G(M ,MORv )

315 I~~(IE!(M).NE.IE (MOPV)) GD TO P
IF(INPUT (M).EQ.STEP) GO TO 32
IF (LN PUT (M3 .EQ.RAM P1 GO-TO 33
t~~(IN PUT (M).EQ.PA RA ) GO TO 34

32 IF(T.GE.OELAY (M)) DR ’dIN (MORv )=AMP (’4)
GO TO ~33 IF(T .GE.DELA Y( ’41)ORVIN (M DRV )=AM P (M) * (T—O ELA Y(M 1 )
GO 10 9

34 IF(T .GE .DELAY (Ml )ORV IN(MDRV )=AMO( ’4)* ((T—OELAY(M) )
*3 CONTIM!)E

DRI VE (MORV )=ORIV !(~~ORv~ + .DRvIN (MCRV )
9 CONTINUE
~O M3 s

0 C
C BLOCK SIMULAT ION C
C C

I~ (IWAIT.EQ .0) I = T+~~IF  (10tM3).EQ .1) GO TO 11
I F (I0(M3).EQ .2) GO TO 1~~I~ ( I ’ 0 ( M 3 ) . ! Q . 3 )  GO TO 13
IF ( I D ( M 3 ) . E Q .4 ) GO 10 14
IF (ID (M3).EQ.5 3 GO 10 15
IF (ID (M3).EQ.ô) GO TO 1~WR ITE (6,29 )
STOP

11 T H A ( M 3 )  = G ( ’ 4 3 ) * D R I V E ( M 3 )
IWA IT I I W A I T * 1
[L AST = ILAST+1
IF ((ILAST.EQ .~~L1).4NC. (ICJNT.E~~.NEC )) GO 10 21
GC TO 13

12 THADOT(M3 )
S RKLOEZ ( TH.4 TMADO T,NRZ)
IW A IT = IWAIT4
I F( S—1.DCI!.7,13,Z’

].3 0MG001(’43 ) =— P (M ~~)*O’4G(M3)+G (M 3 )*OqlvE y.43)
S = PKLOE3 (CMG, OMGOOT,NR3)
THA (M 3) = (Z (M3)—P ( ‘43) )*CMG (M3 )+G (M3)’OPI\~E (M3- )
luA u IW~~IT÷tIF (S— ~~.00) 17,18,2114 V :~~PLxc~~,z,G,oRIvE,x2,oMG,Ns 4-)
THA (M3 ) = OMG (’43)
I~~A lI  = IWA I’ +l.
IF (V—]..DC) 17, 19,21

15 T~~A (M3 ) = G (M3)*DRIVE (M3)
I~ (T HA (’43).GT.P(M3)) T H,~ ( ’43) p ( M ~2 )
IF (T HA (M3).LT .Z(M3)) TriA (M3 )aZ (M 3 )
IW AIT = IWAIT*1.
ISL A ST ISLAST+1
IF ((I5LA S~~.EQ.N55).AN3 .(ICONT .E Q .NEO)) GO ~O 21
GO TO 18

16 TH4(M3 ) a G (M3 )*DRIVE (M 3)
IF ((348S (THA (M3)) ).LT.P(M3) )THA(M3)aO .3O
I WA ZI IWAII#1.
b LAST = 1 SLA STf].
IF ((I 6LAST.EQ .N66).ANO .(ICONT .EQ .NEC)1 GO 10 21
GO 10 18
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17 WRI TE (6,29)
STO P

13 ICCNT = I CONT+t
t~ (ICONT—M ) .10,19,20

19 •-~~2 NS2+].
NR3 NR3 +’.

= NR4+1
‘43 a 3
(CONT = 0
1c (IWAIT .EC.ICK) L~~AITaOGO TO 7

20 WR ITE (6,33)
ST~P

STORE OUTOUT DA TA
C C

21 11 a

DC 39 Ia1,NCTJT -
TH-AOuT (IT,L)~~THA (IOUT (I)) -

38 C jNTINUE
IF (7—IF) 22,22,23

22 N R 2 = ! .
= 1

NR4 =
543 a Q
ICON~ 0
( W A LT  = 0
I L A S T  = 0
I5LAS~ a Q
ISLA ST 0
GO T O 7

~3 RET~JR’4
24 FOSMAT (I2 )
25 FOR.M A~~(4I2 2X 3F13.5)Zó~~ CRMAT (/,~ H LK ,i2,I!.,ZH ’,2I2 ,b~ ,3E2O.7)27 FORMA T (//, ZX ,’THET A OUT IS TH4 (l ,12,’)’)
29 FCRMAT (43H *** EQM SWITCH CONTROL DID NOT ~~~~ **~~ )
29 FORMAT (2DM I-NTE~ R A T ZCN TROUBLE )
30 FO AT(58X, ’ERROR IN INTERGA TI-ON .’,2X,

L’ ATTEMPTED TO INTEG . ~C~~E THAN N—ECTh’l
310 FOq’4A ( ‘Q’ ,4Ox,’~~HE SySTEM ~LJCK S A RE: ’
3~~ FCPM AT(2F1-J.5,A4, 12 )
33~ FCRMA T( ‘C’ ,40X,’ THE SYSTEM FORCING F~JNC TICNS A RE: ’)
317 FCR~~A C ‘0’, ‘ C P - I I ’ l ( ‘,I2, ‘ la ’,F10.5,44,F1C.5)

END -

F JNCT I ON RKLCEQ (N ,X ,X JOT, . DI, flIT )

C C
C CA LCULATES RESPO N SE F SECOND C
0 ORDE R RE FE PENC E CJ~~V E  C

C
I ’4P LICI I  R E A L * 8  ( A —- l , O — Z )
REAL*8 X (2) ,X ~~T ( 2 1 , 3 ( 2 5  1
NT a N T + 1
GO TO (1,2,3,4),NT

1 Ml a

~f2 M3.*C.500
h3 a Hi *2.300
‘-~5 ‘ M1/~~.ODO
DC Li .1

11 C C . ) )  = 0.30
A * 0.500
I a T + 

~12
GO TO 5

2 A ‘ 0.’~~2~ 532188134525GO Ti ~3 A = 1. .7071 36731 1865475

GO T O 5
4 DC 41 1 *

41 X C I )  z X C I )  + -(6~~X D O T ( I )  — Q(I)/3.D0
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‘IT 0
RKLDEQ = 2.
GO TO 6

5 DC 51 L =

X ( L ) = X ( L )  + A*(DT*XDOT (L)—Q (L))
51 0(L) = H3*A*XDOT (L) + (1.00 — 3 .DO*A )*Q (LI

RKLDEQ = 1.
6 R ETURN

END

FUNCTION RKLDEZ (X,XDOT,NS2)
IM PLICIT REA L* 3 ( A— H , O— Z )
R EAL*8 THAOUT (3301,3),XDATA (3001,3)
REAL*8 X ( 4 )  , XD3T (4), C(25 )
DI MENSION IOUT (3)
COMMON THAO LJT,XOATA,T,DT,TF ,

CNCUT,II N,NV ,M3,jCONT ,NEC,L5KI~~,IT F,IOUT
GO TO (1,2,3,4) , NR2

1. ML
H2 = H1*O.500
H3 = H1*2.000
H6 = H1f6.000
Q (M3) = 0.00
A = 0.500
GC ~~ 5

2 A = O.2c28932138134525
GO TO 5

3 4 = 1 .707!. 06781 1~ ó5475GO TO 5
4X (-543) = X (’43)-s-H6*XDOT (M3)—Q (.M3)/3.DC

RKLDE2 = 1.
IF ( IC O N T . E C . N E Q )  RKL DE2=2 .
GO TO 6

5 XCM 3 ) = XCM 3 )+A~ (CT *XCCT (M3)_13 (M3))
Q (M3) = H3~ A*XD0T(’43)+(1.0O_3.DO*A)*Q(M3)PKLDE2 = 1.

6 S’~TUP~’1
END

F LNCT ION RKLDE3 ( X , X D CT, NR3)
IMP LICI T ~ EAL *8 (A— M,0—fl
REALE 9 IHAOUT (3001,3),XDATA (3001,3)
REAL*e X (4), X3JT(4), 3(25)
DI’4ENSICN I CtJT (3)
C OMMON THAO UT ,X0ATA,T,CT ,~~.,CNJUT ,L L N, 1V 1M3,ICONT ,NEQ, ISX I0 ,ITF ,IOUT
GL 13 (1,2,i,-i-i, ‘1R3

1. H!. 01
H1*O.500

H3 * HI *2.300
a Hi /6.000

C ( M 3 ) a 0 .00
A * 0.500
GO 10 5

2 4 = 3 .2928932 188 134525
GC IO 5

3 4 a 1.7071J673113-55475
GC TO S

4 X ( M 3 ) = X (M3)+H XD31(’d3 )~~Q (M3)/ 3.00
RKL)E3 = 1.
IF (ICO? ~T.EC .NEQ ) RKLCE3=2 .

S X ( ’ 4 3 )  = X (~~3)+A *~ 3T*XDOT(l3)—3 (M3))
= M3a .ASXDOT (‘43FL (t.30~ 3 .DO*A )*C (M3)R KLJE3 I.

5 R ETUP’I
END

FJ~CTIiN CCPL X (P , Z ,  ~,CR IVE,X2,JMG, NR4)
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IM PLICIT REAL *8 (4—H, O— Z)
REAL *9 THAOUT (3OO ].,3),XCAT4(3OOl .3)TC~GDCT (1)R E A L~ 8 CMG( L),PU),Z(1),U ( 1) ,DRI VE (L) ,x2 (2!T,X2DCT (25 )
DI MENSION IOU.T (3)
CO MMON THAOUT,XDA TA,T,DT,TF ,

CNOUT,IIN,NV,M3,IC3NT,NEQ, I SKIP,ITF,IOUT
OMGDOT (M3) = X 2 ( M 3 )
5$ RKLDE3 (O MG,OMGDOT NR4)
XZDOT(M3 ) = _2 . * P(M 3 ) * ! ( ’ 4 3 ) *X 2 C  M3)—Z (M3)*z2*O MG (M3)+

LG (M3)~~DRIVE (M3 )$5 5 = R KLDE4 (X2 ,X 200T , NR -4 )
CCPLX = SSS
RETU RN
END

P LNCT IO N RKLD !4 C X ,XDCT,NR4 )
IMP LICIT REAL *8 (A—H,O—Z ) -

REAL*8 THAOUT (300].,3),XCATA (3001,2)
REAL *8 X (1) , XDOT (1) , CC (25)
DIMENS ION IOUT (3)
COM MON THAO UT ,X OATA ,T,DT,TF,

C .NOUT , I IN ,NV ,M3,I~~O NT ,NEQ ,I~~KIP ,ITF ,I0UT
GO TO (1,2 ,3,4) , NR4

I H!. = 31
H2 = H!.*C.500
H3 = H1 *2.O DO
MS HL/6.000
CC (M3 ) = 0.00
A = 3.500
G O  TO S

2 A = 0.2928932188134525
GO TO 5

3 A = 1.7071067811865475
GO TO S

4X (M3 ) = X (543)+M6*X3OT (M3)—QC (M3)/3.D0
RKL 0E4 = 1.
IF C ICONT .EQ .NEC) RKLDE4=2 .
GO TO S

5 X (M3) = X (M3)#A~~(DT~ XDOT(M3 )—QC (M3))
CC (~ 3) = H3*A*X3OT (M3)+(1.OO~ 3.30*A )*CC (M3)RKLDE’ = 1~.S RETUR N
EN D

FUNCT ION KE (C )
C C
C EVA L UA TES I4~~LICIT CONSTRAIN TS FOR . BCX PLX C
C C

R EAL*8 C (25 ) -

KE*O
R ETURN
END

FUNCTION FE C C I
C C
C THE ~UNC TI JN M INI~1IZED BY BCX DLX C

IM PLICIT SEAI..*8- (A—H,O—Z)
QEA L *8 THAOUT (3001,3),XOA A (300 ,3),C (25),W(3)
COMMO N THAO’JT,x)ATA ,T , 3T,~ F,

* NOUT, II’I ,NV ,M3 , IC ONT , NEC, ISK IP , LT~~, I’UTC OMMON /REGL/ W ,IPM
DC 1) I =1.,NCUT

THA 0 UTCj . , l )~~O . O 0
10 CONT I NU E

DIFF= 0.CC
P1*0.00
C ALL ~L ANT (C)
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DC 1!. I=t,ITF
00 12 Jt ,N OU T

) I F F = X D A T A ( I , J ) — T HA O U T ( I , J )
GO T O ( L ,2 ,3 ,4 ) ,  1PM
PI =PI+ W (J)*(DIFF*2)
GO 10 12

2 PI=PI+W (J)*(DIFF**2 1*1
GO TO 12

3 0IaPI+ W(J)*D4BS (DIFF )
GO TO 124 P 1 = P i + W (  J ) * 3 4 3 S ( D  1FF )*T

12 CONT INUE
1=14 DI

11 C ONTINUE
FE=) I
RETURN
END

S’JBR.OUTINE PPLT (NPPL.1,IO P, II)C C
C AUTOSCALE S A ND C A L L S  FOR PRINIR. °LJT S C
C C

I MPLICIT REAL~8 (~~—H,C—Z)R EAL *4 XX (9OO),1Y(9O0),~ W (9O0)
REAL*4 1XC4),Ty (4)
REAL *S THAOUT (3001,3),XDATA(3001,3)
DIMENS ICN IOJT(3)
C CMMCN ThAOUT,X DATA,T ,OT ,TF ,

CN OUT, tI N ,N V ,M3 , IC ONT, NEC,I SKID , ITF , lOUT
DC 1 1 1,900
X X (I) = 0.
Y Y ( I)  = 0.

1 W W ( I )  0.
1=0.00
TSTEQ=5 .DO*OT
J = 0
~ IGX= 0.003 I GY = 0 • 00
SMLX O. DO
S M L Y = O .  DC
DC 2 I=1,IOP ,5
J = J+1
X X ( J )  = 7
YY (J) XOATA (I, II )
WW (J) =TH 4O~JT (~~,~~j IX = T
XD = Y Y ( J )
TM = W W ( J )
Y ’~’ A X = 3 M A X L ( X O , T H )
YM LN=OM INL (X D ,TH )
XWAX= OM AX1 (S (GX ,X)
IF  ( 9 I G X . L T . X )  3 IGX = X
iF (BIG’Y.L .Y’4AX ) SIGY=YMA x
IF (SMLY .GT. YMII) SMLY YMIN
I a T+TSTEP

2 C ONTINUE
TX(1) a Q.
TX(2 ) = 0.
T X ( 3  a S M L X
T X ’ 4 )  = ~IGX
T Y ( ’  ) a S I G Y
T’1(~~) SMLY
T Y ( 3 )  a
T’f(~~) = 0.
c~RITE (6,3) 9L,X, BIGY ,SM LY
C ALL OL OTO CTx,TY,4,t)
C A LL ~LC~~ (XX ,WW ,NPPLT ,2)
C ALL. ~~~~~ C XX,YY,NPPLT,3)
~dR lI C (6,4)I C I ~~P.EQ.45OQ) WRI TE(6,5)
~ ETU~ ‘1
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3 F - OR M A T ( 2X , ’ B I G X =  ‘ , E 15 . 7 , Z X , ’ B I G Y  ‘ ,ELS .7,2X ,
I’S ’4LY ‘,El5.7) -
4 ~ORM4T (//,2X,’SYSTE54 RESPON SE FOR PRCBLE~ —— — — I)

5 FO RMAT (//,ZX ,’STJP AT 900 GRAPH POINTS’ )
E ND

~U8ROUTINE PlC (N~ °LT ,ICP ,II )C C
C A UTOSCA L ES AND C A L L S  FOR VERSA TE C ~L O T S  C
C C

I M PLICIT REA L * 8 (A—H ,C—Z )
P EAL *4 XX (900 ) YY (900) ,WU (900)
REAL~ 4TX (41 ,TY t4)
REAL*8 THAOUT(300 ].,3) ,XOA T4(3001 ,3) ,TITLE( !.2)
REA L *SLABC/’ ‘I
REAL *4L48 A / ’ A ‘/ ,LA BC / ’ 0 ‘I
OIMENSION I OUT(3) A
CC ’AMON TH AO UT,XDATA T,DT ,TF, -

*NO (JT,IIN ,t’IV ,M3 , IC -JN+, NEC ,ISKI’ , I~ F, lOUTR E A D  (5,2) TITLE
1=0.00
TSTEP 5.3O*c~1J = 0
SIGX = 0.00
BI GY = 0.00
SMI X = 0.D0
S~~LY = 0.00
DC) 1 I=1,1J~~,5J = J+j
XX (J ) I
Y Y (  J ) = XD4TA (1,11)
W W ( J ) T M A D ’ J T (  1 , 1 1 )
X = T
XO = YY (J )
T M  = WW(J)
Y MA X = C MA ~~1( X D , T M )
YM IN = DMt’4t (XD ,TH)
X M4 X = C ’ 4 A X l ( B L G X , X )
IF (BIG X.LT.X) SIGX =X
IF (~~IGY.LT.Y’44X) SIG’i’=~vM AX
IF (S ’~LY.GT.Y MIN ) SM LY=YM IN
I = T+TSTE~1 C ONTINUE

= 0.
TX (2) = 0.
~~X ( 3 )  = S’AL X

= BIG X
TY (t) = 3IGY
TY (2) = SMLY

a
TY (4) C.
t A I  I~~~~ I ~~ \# ~~ i I . ~~~ T ? l ~~~~ I’ ( t~ ~ 5 I ~ O -,

~~ M~~L J~~. M ’ ~ ¶ P ~~~~ A~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~C ALL DRA W (NPPLT ,xx ,-WW ,2,O ,LA 8A ,TI~ LE,0,U,0,0,0,O,8,8,
~O,L)CALL DR AW (NP~LT , XX ,YV ,3,D,LABD,T ITLE,C,C,C,0,O,O,8,8,
*O,L)
IF (L.NE.O) WR ITE (5,3) L
RET J ~N2 OR~~AT (5A9)

3 F0R’~~~ ( I f , ’ ~~~~PH NOT OMPLETE ’J. ~UTP L~ CODE = ‘ ,12)
END

S USR~ t J T IN E 30X’LX (NV ,NAV,N PR ,NTZ,RZ,XS, IP ,3U,3L,YMN,
* I ES)

~ ***** **************~~ a*****~~ ** * * * * * * * *** * *~~~~~* *~ *****~~*~ C
C C
c SUBROUTINE BOXPLX (CATEGORY MO ) C
-
C ~ti R00SE C
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O BOX PLX IS A SUBROUT IN E USED .0 SOLVE THE PROBL EM C
OF L O C A T I N G  A ~IINI MUM (JR M AXI M UM )  OF AN AR B ITRARY C

C OBJECTIV E FUNCTION SUBJEC T TO AR 81TRA R~ EX PL ICI T C
C AND /OR I MPLICIT CONSTRAINTS BY THE COMPLEX MET HO D C
C OF sq ~~~j •  BCX . EXPLICIT CONSTR4IN~~S A RE DEFINED AS C
C JPOER AND L~ WES aOUNCS IN THE INDEP ENDENT VARIA 8L— C
C ES. I’~~LI CIT CONSTRA INTS MAY BE A R B I T R A R Y  F’JNCTIONS C
C OF THE VA R IA BLES. TWO FUNCTION SUBPROGR AM S TO C
C EVALUATE THE OBJECT IV E FUNCTION AND IMPLICIT CON— C
C STRAINTS, RE SPECTIVELY , MUST RE SU P ~~L I E D  BY THE C
C USER (SEE EXAMP LE BELOW ). 3OXPLX ALSO HAS THE OPT— C
C ICN TO PE RFORM INTEGER P ROG RA MM IN G ,  W H E R E  THE VAL— C
C UES OF THE INDE PENDENT V A R I A B L E S  ARE R E S T R I C T E D  TO C
C INTEGERS. C
C C
C USAGE C
C C
C CALL BCXPLX (NV,NAV,NPR,N ~~A,R,XS, IP ,XU,XL,Y MN ,IER.) C
C - C
C DESC R IPT ION OF ~A RA -’4E T E RS c
O C

NV AN I’I~~EGES INPUT DEFIN ING THE NUMBER OF INDE— C
C PENOENT V~~R IASLE S OF THE OBJECTIVE FUNCTION C
C ~0 BE M INIM IZED. NOTE: MA X I M L ~ r~~ + NAV IS C
C P°ESENTL Y 50. MAXI M UM NV IS 25. IF THE SE C
C LIMITS MUST BE EXCEEDED~ PU NCH A SOURCE DEC K C

IN THE USUAL MANNER , A ND CHA NGE THE CI M EN— C
C S I ON S T A T E M E N T S .  C

C
C ~1A V AN INTE E5 INPUT DEFI NI NG ~HE NU MBER OF A U X I—  C
C LI4RY V A R IABL ES T)-E ‘JSER WISHES TO DEFINE FOR C
C HIS OWN CONVENIENCE . TY2IC ,~LLY HE M4 ~ W I S H  C
C TO DEFIN E T~~E VALUE OF E ACH IMPLICIT CON— C
C STR A INT FU NCTION AS AN A UXILIAR Y V A R I A B L E .  IF C
C THI S IS DONE , THE ~pT1ONAL CUT2IJT FEA T URE C
C CF ~OX~ LX CAN BE USED TO OBSERVE THE VAL U E S C

CF THOSE C ONS T RA INT S 4$ THE SOLUTION ° RO— C
C G R E S S E S .  A U X I L I A RY  V A R I A B L E S  IF USE D ,  SHOU LD C
C BE E V A L U A T E D  IN FUNCTION KE ~0EFINED SELO~~). C
C NAV MAY BE ZER . C
C C
C ~~~ 1NP’J~ I’JTEGE R CONT ~~JL LING THE FREQUENC Y CF C

~J ’~~~ ’JT DES bRED ~CR D I A G N O ST I  C ~~IJP 2 O S C S . IF C
C ~~~ .LE. 0, NJ 2UT~

UT WILL  SE ?SO D LCE D BY C
C B OX DL A.  CT~~ER~~i5E , THE CUR~~ENT CO M P LEX F C

~ =~~* NV  IE~~T I C E S  A N THE IS C EN~~~O IO ~ ILL SE C
-: ~~I7~~ IJT ~FTE~ EACH N~ R ~E S M I S ~~I3LE T

~~IA LS . THE C\~ M~~E~ OF T O T A L  T~~IA LS ,  NUMB ER OF F E AS I B L E  C
C T ! ~~LS ,  N’J M~~~R OF FUNCT !-Th E’/~~LJLT IC NS AN C C
C _

~~ S E~ J~ I~~2 L I C I T  CO’ 1ST ~~A I’4~ EV A L JA ~~iON S ~. RE C
C I 5 -ICL~~D ED (N  THE OU~~ ’JT. 0
C A C 0V I~~~A L . Y ,  ( .it-EN ‘PS - ,GT . 0) 1-E S A - ~E IN— C
C F~~~~~ T i J N  4ILL B E OUT~~UT:

C 1) I THE IN I T I AL  POINT I S NOT F E A S I B L E . C
C 3 )  AF7 E~ THE FIRST COMPLET E C3M °LEX IS C
C GENER A TED.  C
C 3 )  IF ~ FEAS IBLE V E R T E X  CANN O T 35 F-J LNJ A T  -C
0 SO ME TR IAL. C
-: 4 )  IF THE OBJECTI VE VA LUE CF 4 ~E~~~EX AN— -:
C ‘

~~~~~ BE 4ADE N0—LCNGE R—~~~~ST. -:
C 5 )  N T~~5 LIM IT N T RI A L S  (‘~TA ) IS REACHED 0

A ND , I:
C 6) 9~~EN THE OB JE CTI ’ / E ~‘J NCT ION HAS SEEN UN— C
C CHA’~~EJ F O R  2*NV ~P IAL S , i’IOIC~~7I’IG A C
C L O C A L  M I N I M U M  HA S BEEN FOUND. C

0 1C THE USE R ~w I 3 H E S  TO R A C E  THE PR O G R ESS OF C
C 4 SOLUTION , A ~~0 I E  OF ‘-P~~ 25, SC OR 100 15 0
C RECC MMENOEJ . C
C C
C ‘ ITA INT E GER INPUT F ~~~~ ON THE NU MB ER OF C
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• — r~~~ - -~ ~ _J ” L~~’ ~ £ I J ~~~~ I ~~~~ ~~~~ r -‘ ~.—C ~4 E T E R S. O M I T  IF NO PT =2. C
C C

34

- - — —- —— ——----—— •

C T°I ALS A LLOW ED IN ‘HE C A L C U L A~~I3N. IF THE C
C USER INPUTS NTA •LE. 0, A CEFAL JLT VALU E OF C
C 2000 IS USED. W HEN THIS LIMI T IS  REA CHED C
C CONT ROL RETURNS TO THE CALLING PROGRAM ~d ITH c
C THE BEST A T T A I M E C  O BJ E C T IV E  ~‘JNCT1ON V A L U E  IN C
O YMN, 4N0 THE B E S T  A T T A I N E D  SOLU T ICN PO INT l~ C
O XS. C
C C
C A REAL NUMBER INPUT TO DEFIN E THE F I R S T  RAN— C
C DCM NJMBER USED IN DEV ELOP 1MG THE INI— C
C TIAL COMPLEX OF 2~ N’/ V E R T I C E S .  C
C (0 .  GT. R .LT. 1.) IF R IS NOT WITHIN THESE C
C BOUNCS , IT W I L L  BE REPL A CE C BY 1./3. • C
C C
C XS IN~ UT REAL ARRAY DIMENSION ED AT LEAST NV+ NA V .  C
C THE F IRST NV MUST CONTAIN A FE A S I B L E  O R IGI N C
C FOR STARTING THE CA LCULA TICM. THE LAST NAV C
C NEED NOT BE IN ITIALIZ-ED. LP~ N RETURN FROM C
C BOXPLX, THE F I R S T  NV EL EM ENTS O F THE A R R A Y  C
-C CONTAIN THE COORDINA TE S CF THE MIN IMUM OR— C
C J ECT EVE FU NCT ION, ~ND THE R E MA I N I N G  NAV C

( NA V  .GE . 03 C C N T A ! - ’~ THE V A LUES OF THE C
C CO ° R ESPOND I NG A U X I L I A R Y V A R I A B L E S .  C
C C
C IP INT EGER INPUT FOR O P T I O N A L  I NT EG E R P RO— C
C GR~~ M ING . IF IP=I, THE VALUES OF THE INDE— C
C PENDENT VAR IABL E S W ILL SE REPLA CED W ITH C
C INTEGER VALUE S (STILL STORED AS REAL*4 ) • C
C C
C XU A REAL ARR AY DIMENSI ONED A T LEA ST  NV I N P U T —  C
C TI NG THE UPPER BOUND ON EACH INDEPENCEN T C
-: VA R IABLE , (EACH EXPL iCI T CONSTRAINT ). IN~ UT ~VALUES ARE SLIGH TLY A LTEREC BY BOXPLX . C
O C

XL A REAL ARRAY DIMENS IONED AT  L E A S T  NV I Nt Q UT — C
C lIMO THE LOWER SOUND ON EA CH I’ IOEO ENOENT C
C VARI A BLE, (EACH EX PLICI T CCN sTRAI’1T . NOTE: C
C FOR BOTH XU AND XL CHOOS E ~E4SONASLE VALUES C
C IF NONE A R E  31V E~~, NOT V A L L E S  -

~HICh ARE MAG ~ C
C NITUDES AB OVE DR BELOW THE EX ~ ECTED SO LUTIO N.  C
C INPUT V A U E S  A P E  SLIGHTLY A LT E S E C  EY S OX P LX . C

C YMN T HIS O UT DUT IS THE VALUE (~~EA L~ 4 ) OF THE CS— C
C JECT IVE  FUNCTI O N, C O R Q E 5 PO~~O IN G TO THE SO LU— C

lION POINT -OUTPUT IN XS. c
C ZER INTEGE R ERROR R ETU~ N. TO EE INT ERR OGAT ED C
0 UPON RETURN F R O M  B O X ? L X .  IER ~1LL S E ONE OF 0
C TH E F OLL O W I N G :  C

C
C =—1 CANNOT FIND F E A S I B L E  V ES~~EX CR F E A S —  C
C ISL E CENTR~~I0 AT THE S T A R T  OR A RE— C
C START (SEE ‘MET HO d BELOW ). C
C =0 FU NCTION VAL U E UNC HAN GED FOR ‘N’  C
C TRIALS . (WHER E N=6’N V -+L3 ) THIS IS C

THE NORMA L RETURN P A RA M E T E R .  C
C =1 CANNOT DE~ ELO~ FEASIBLE VERTEX. C
C =2 CANN~~ DEVELOP A NO—L CN G E R— MO RS T V E P.— C
O TEX . C
C =3 L IM I’ ON T R I A L S ~ EA C H E D . ( N TA EX— C

CEEDED ) C
NOTE : VALID RESULTS MA Y  BE RET URNE D IN C

~NY OF THE A B O V E  C A S E S .  C
C C
C EXA MP LE OF US~~GE

v-lI S E X A M P L E  ~A NIM1 ZE S THE CSJEC I’IE FUNCTION C
S H O W N  IN THE 5< TERN A L FJNCT I-O N FE( X I  • THERE A RE C

-: T~~O INCEP ENDENT ‘-/ 4R LAELES x (1) ~ X (2 ), AN O T~4O IM— C
~LI t T  CONSTR A INT  FUNCT IONS X ( 3 )  & ~ ( 4 )  W H ICH ARE C

O E V A L J A T E - J AS A U X I L I A Q Y  ‘/ A R I A B L E S  ( S E E  EXTERNA L C
C ~~J~ CTION K E ( X ) 3 .  C
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C C
C DIMENSION XS (4),XU (2),XL(2) C
C C
C STARTING GUESS - c
C X S ( 1 )  = 1.0 C
C X S ( 2 )  = 0 .5  0C U P P E R  L I M I T S  C
C XU (].) = 6.0 C
C XU (2. ) = 6.0 C
C LOWE R LI M ITS c
C X L ( 1 ) = 0 .0  C
C XL (2) = 0.0 c
C C
C = 9.113. C
C N TA=5 000 C
C NPR = 50 C
C N A V = 2  C
C N V = 2  C
C I~~= O  - 

C
C C
C CALL BOX PLX (NV,NAV,N PR ,NTA,R ,XS,IP ,XU ,XL ,YMN, IER ) C
C WRITE (5,1) (tXS (I),I=j,4), YMN, IER ) C
C ~. F O R M A T ( 1 /f /  ,‘ THE PCINT 15 LOCATE D AT (X S (II= ) ‘ , C
C *4(E13.7,5X),//, AND THE FUNCTION VALUE IS ‘ , C
C *E13.7,’ IER = ‘,I5) C
C STOP C
C END C
C C
C C
C FUNCTION KE (X ) C
C C
C EVALUA TE CCMST~ A INTS. SET KE 0 IF NC IMPLICIT C
C CON S T R A I N T  IS VIOLA TED , CR SET KE=1 IF ANY IM PLICIT C
C CON STRAIN T IS VIOLATED . C

C DIMENSION X (4)
C X 1 =  X (l ) C
C X2 = X (2) C

C X (3 ) = Xl -‘ 1.7320511X2
1~~~ ~~~~~~~~~~~~~ I~~~~ ~~ V~~~~~~~~I ~~ L ~ ~~~~~ ~~~~~ Iir ~~~~~~~~~~ .~~~~i • J •  • .J (~~~~ ~~~~~~~~~~ •~ J l  • Q . J  ‘~~~~ I - .J ~~

C X (4) = X~./l.732051 — X 2  C
C IF (X (4) .GE. 0.) ~.ETURN

C I K E = 1  C
C RETURN C
C END

C FUNCTION F E ( X )  C
C DIMENSION X (4) C
C C
C TH I S  IS THE O~~JECTL-/ S FuNCTION.C FE= _ (X (2)**3 t (9.~~(XU)~~3.)~~~~~)/( .7z53B ) C
C R ET U~~N C
C E f ~O C

O ‘4E HOD
C C
C THE CCM PLEX METHOD IS AN EXTENSI:~ AND A o A P 1 :N  CF -~~
O HE S IMPLEX ~4ET HOD C LINEA R ~S~’3R4AM ING . ~~~ R T— :
C INO W I T H  ANY ONE FEA ~~I E L 5  POINT  I~ N—CV 4ENS ~~C S~~A C E A “COMP LEX” OF 2*N VE R T ICES IS C N T ~~L C E D  C
C 3~ SELECTING RANCOM DO FIT S WIT H IN ~HE PE ASN LE C
C R EGION. FOR T H I S  PURPOSE N CCCP INATES A R E FI R S T -C
C RA N DO MLY CHO S EN WITHIN THE S2AC E BO UNDED 3Y E X —  0

~LI C I T  CONST RAI NTS. T HIS DEF I N ES A T R I A L  i’UT IAL C
C IE~~TEX . IT IS THEN CHECKED F-OR POSSI3LE V I2LA ION C
C OF IMPL ICI T CONSTRAINTS. IF ~NE OR MORE A R E  vI-J — C
C LATED, THE TR IA L INITIAL VE~~~EX IS DISPL ACE D HAL F C
C If ITS J ISTAN CE FR-3 M THE CE N T R O ID OF PREVIO ~ SLY C
C SELECTED INITIAL V ERTICES . IF ~:ECSSSARY THIS CIS— C
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C PLACEMENT PROCESS IS REPEATED UNTIL THE VERTEX HAS C
C BEC OME FEASIBLE. IF THIS FAILS TC- HAPPEN 4F~~E R C
C 5*N+l0 DISPLACEMENTS, THE SOLUTION IS ABANDONED. C
C A~~~ER EACH VERT EX IS ACDEO TO THE COMPLEX, THE C
C CJ RRENT CENTROID IS CHECKED FOR FEASI BILITY . IF C
C IT IS INFEAS IBL E, T H E  LAST T~~IA L VERTEX IS ABAND— C
C ONED AND AN EFFORT TO GENERATE ~N ALTERNATIVE C
C TR I AL VERTEX IS MADE. IF 5*N+IC VERTICES ARE C
C ABAND ONED CONSECUTI VELY , THE SOLUTION IS TER— C
C MINATED. C
C C
C IF AN INIT IAL COMPLEX IS ESTABLISHED , THE BAS IC C
C CO MP UTATI ON LOOP IS INITIATED.  THES E INSTRUCTIONS C
C FIND THE CURRENT WORST V E R T EX ,  THAT IS, THE VERTE X C
C WI TH THE LARG EST CORRESPONDING VALUE FOR THE 08— C
C JECTIVE FUNCTION, AND RE PLACE THAT VERTEX BY ITS C
C OVER—REFL ECTION T HROUG H THE CENT ROID OF ALL OTHER C
C VERTICES. (IF THE VERTEX TO BE REPLACED IS CON— C
C SIDER ED A S  A VECTOR IN N—S PACE, ITS OVER— C
C REFLECTION IS OPPOS IT E IN DIRECTION, INCREAS ED IN C
C LENGTH BY THE FACTOR ~..3, AN D CCLL INEA R W ITH THE C
C REPLACED VE RTEX AND CENTROID OF ALL -OThER C
C VERTICES .) C
C C
C WHEN AN OVER— REFLECTION IS NOT FEASIBLE  OR R E MA I N S

WORST, I’ IS CONSIDERE D NOT_ PER M ISS Z3LE AND IS C
C D I S~~LACED HALFWA Y TOWARD THE CEN TR~~ID. AFTER FCU S C
C SJCH ATTEMPTS A RE MACE UNSJCCESSFIJLLY, EVER Y FIFTH C
C ATTEM PT IS MADE BY REFLECTING THE OFFENDING VERTEX C
C THROUGH THE ‘RESENT BEST VE R TEX, I NSTEAD OF C
C THROUGH THE CENTROID . IF 5*N+lO DIS2LA CEM .ENTS AN d C
C OVE~ — REFLECT ION S OCCUR WITH -OUT A SUCCESSFUL C
C (~~ERM IS SIBL E ) RESULT, THE CU Q R E~’T BEST VERTEX IS C
C TAKEN AS AN INITIA L FEASIBLE POINT FOP A RESTA RT C
C RUM OF THE CO M~~LETE PROCESS. RESTARTING IS ALSO C
C !JNOER TAKEN WHEN 6*N\/ +l0 CONSECUTIVE TR IALS HA VE C
O BEEN -M ADE WI Th NO SIGN I~~I C A N ~ CH~ NGE IN THE VALU E C
C OF THE OBJECTIVE FUNCTION . IN A LL CASES, RESTART— C
C I NG IS  INHIBITED IF THE LAST REST ART 010 NOT PRO— C
C DUC E A SIGNIFICAN T IM PROVEMENT IN THE M INI M UM C
O ATTAINED . C
C C
C IT IS REC OMME ND ED THAT THE USER READ THE REFE R— C
C ENC E FOR FURTHER US E FUL INFO RM ATI O N . IT SHO ULD SE C
C NOTED HAT THE A L~ C R 1 T H ~ DEFINE D THER E HAS 8EEN C
C ALTERED TO FIND THE CONS TRA INE D M INIM UM , RATHER C
C THAN THE MAX I MUM. C
C C
C C
C REMAR K S C
C C
C THE INTE G ER ‘RJGRAMM ING OPTION WAS ADDED TO THIS C
C PROGRAM AS SU GGESTE D IN SEFE ~~E N C E  (2). A M I X E D  C
C INT EGE R/CONTI NUOUS V A R I A B LE V E R S I O N  CF S CX P LX C
-: WOULD ~E EASY TO CREA TE BY DECLAR ING “IP” TO BE AN C
C AR RAY OF NV CONT ROL VARIABL ES W I-ERE IP (I)=l WOUL D C
C INDICATE THAT THE I—TH VARIABLE IS TO SE CONF INEC C
C TO INTEGE~ ‘IALJ ES. EACH STATEM ENT OF THE FORM C
-: ‘I~ (12 .EQ. 1)’ ETC. ~O’JLD ThEN NEED TQ BE A L— C

TO ‘IF (IP (I) .EQ. 1)’ ETC., WHERE THE SUB— C
-: SCRIPT IS AP P RO O R LAT EL Y C~ tO S E N .  N O R M A L L Y ,  XU AND C
O XL VALUES A RE A L T E R E D  TO BE AN E~~S I LJ N  ‘W I T H I N ’  C
C A CTUA L VA LUES DECLARED BY THE USE R . THIS ADJUST— C

MENT IS NOT MADE WH EN I~ =l . C
L

C NOTE: NO ‘NON—L INEA R ‘ROGRAMM ING AL GOR ITHM CAN C
O GUARANTEE ThAT ThE AN S~~5R ~OU ND IS THE GLOBAL C

M IN IM UM , RATH ER THA N juST A LOCA L M INI M UM . HO~ — C
C EVER , ACCCR OI ’1G TO REF. ~~, THE COMQLEX METHOD HAS C

AN AO ’/ANTAG E IN THAT IT ENDS ~ O FINO THE GLO BAL C
O M I ’N!MU .M M OR E F R E Q U E N T L Y  THAN MA NY OTHER NCN— C
C LINEA R O RO GR AM ~4 I N G  AL GOR ITH MS.  C
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I.-
C IT SH CULD BE NOTED THAT THE AUXILIARY VARI A BLE C
C FEATURE CAN ALSO 3E USED TO DEAL WITH PROBLE MS C
C CONTAINI NG EQU AL ITY C O NST RAINT S.  ANY EQUALT I Y C
C CONSTRAINT I-4PLIES THAT A GIVEN V A R I A B L E  IS NOT C
C TRULY IN DEP ENDENT. THEREFORE , IN GENERAL, ONE C
C VARIABLE INVOLVED IN AN EQUALITY C~0NST RAINT CAN C
C BE R ENUMBERED FROM THE SET -OF NV INDEPENDE NT C
C V A R I A B L E S  AND ADDED TO THE SET CF NA V  A U X I L I A R Y  C
C VARIABL E S. THIS USUALLY INVOLVES R E N U M B E R I N G  C
C THE INDEPENDEN T VARIABLES OF THE GIVE N PRCBLE~ . C
C C
C SL8RJU TINES AND F UNCT ICN S RE QUI R ED C
C C
C SUBROUTINE ‘BOUT ’ ANC FUNCTION ‘FBV ’ ARE INTEGRAL C
C OA R T S OF N~ BOXPLX PACKAGE. C
C C
C TWO FUNCTIONS MUST B! SUPPLIED BY THE USER. THE C
C F IRS T ,  K E ( X )  , I S  USED 10 EVALUATE ThE I~ P L 1C I T  C
C CONSTRAINTS. SET KE=O AT THE BEGINNING OF THE C
C FUNCTION , THEN EVALUATE THE ITM 0L ICI T CONSTR A INTS . C
C IN THE EX A M PL E ABOVE, THE FIRST CONSTRAI NT, X (3) , C
C MUST SE W ITHIN THE RANGE (0. .LE. X ( 3) .LE. 6). C
C ThE SECOND CONSTRAINT X(4), MUST SE .GE. 0. • IF C
C EITHER CONSTRAINT IS NOT WI THIN THESE &CUNOS, C
C C ON T ROL IS TR A NSFE R RED TO STAT E~1ENT 1, AND KE IS C
C SET TO “~.“ AND CONTROL IS RETUR~SEO TO BCX PLX . C
C C
C THE SECONO FUNCTION THE US ER ~U~ T DROV IDE SV ALU— C
C A lE S NE OBJECTIVE FL~ CTICN . IT IS CA LLEC FE (X ) C
C AS SHOW N IN THE EX AMPLE A BOVE, AND FE MUST BE SET C
C TO THE VALU E OF THE OBJECTIVE ~UN~~~ION C O R RE S— C
C PONDING TO CURR EN T VALUES OF THE NV I NDEPENDENT C
C VARIABLES IN AR R AY ‘X’ . C
C C
C REFERENCES C
C C
C BOX. M. J~~~, A NEW METHOD OF CONSTRAINED OPTIM I— C
C ZATION AN D A CO MP AR ISON WI TH OThER ME THODS” , C
C COMPUTER JOURNAL , 3 APR . ‘65~ ~~~. 42— 52 .  C
C C
C 5-EV ERIOG E G., AND SCHECHIER P .. ,  “OPTIM IZA TION : C
C ThEORY AN D ‘SACTICE” , MC GRAW—HILL . 3.970. C

C C
C QRCGRA MMER

C R . R .  HILLEA RY 3./~~~6~ .C REV ISED FOR SYSTEM 360 4/1967
C CORREC~~EO i/1969
C REVISED/EXTENDED BY L.NOLAN/R .HILLEAR ’r 2/1;75
C CORRECTED 3/1g76

IMP L ICI T REAL *8 (A—H 2O—Z )S E A L * Q  V (5O,5O),FuN (~~o),SuM (25),C!N (25),xS (Nv ),Bu (’Nv ),
~S U NV )C

<v 5
E0

= 2000
I~ (MTZ.GT.O) ‘h A NTZ

=
iF (R .LE.Q.OO.CR .R.GE.1.C0 )~~=1.D0/3.DO

= NV+N~ V
C
-C T3T~L V ARS , EX’LIC IT ‘LUS IMO L IC IT

NT 0
0 CUR~~EMT TR IAL NO.

NFl i 0
C CURRENT NO. OF PERMISSI BLE TR IA LS

= 0
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C CUR R ENT NO. OF TIMES F HAS BEEN AL M OST UNCHANGEDr
C CHECK FEASIBILITY OF START POINT
C

DC 4 I=1,NV
VT = X S ( I )
IF ( B L ( 1 ) . L E . V T ) GO TO 1
II = —I
VT = 3 L ( I )
GO TO 2

1. IF (BU (IJ.GE.VT ) GO IC 3
II = I
VT = BU ( I )

2 IF (NPR.GT.O) WRITE (6,49 ) II
3 V (I,3.) = VT

CEN (1) = VT
IF (IP .EQ.3.) GO 10 4
BL ( I )~ BL ( I)  +D MA X I(  E~~, EP* OABS (  BL ( I )  ) )
BUU )=BU (l)—DMA X1 (EP,E P*CABS (~ U (I)))4 SLM(I) = VT

N C E = 1
C NU MBE R OF C O N S T R A I N T  E V A L U A TI O N S

I = 1
IF (KE (V (1,3.H.EQ.3) GC 105
IF (‘N~~R .LE.O ) GO TO 12
W R ITE (6,50 )
GO TO 3.2

5 NFE = 1
NUMBER JF VER TICES ( K )  = 2 TI ME S NO. CF V A R I A B L ES .

K = 2 *NV
NU MBER OF DISPLACEMENTS ALL-O 4E0.

NLIM = 5~ M’I +t O
C
C NUMBER O~ CON SEC UTI V E T R~~ALS WIT H UNCHANGED F~ TO
C TE RM INA TE.

N CT = NLI M+NV
A L°HA =1.300

= K
F~<M=F K—3. .00
BETA= ALPHA# 1.00

C INSU RE S E E D  OF RAN DOM NUMBER GEME~~ATO R IS 0-OC.
I C - P .  =
IF ( M O D ( I Q R ,2) .E~~.J) t Q R = I - ~°i 1O1

C SET UP IN ITI AL VER~~I C E S
FUN( 1 ) =~~ E (v 1,1H
yMf ~4~~~ F ’ J N( l I

6 Fl = 1.DG
FUNOLD =

DO 15 I=2 ,K
F l  = FI-41 .00
LIMT = 0

7 LI MT = LIMT+1.

C ENO CALCULATION IF FEASIBLE CE’N~~~O I C  C A N N C~ SE FOUND .
I F ( L  IMT .GE .NLI ~) GO TO i:

DC 8 J 3 . ,N V
C
C RANC OM NUMBER GENERATOR (RAN DU )

ICR I CR*65539
I F  ( IQR .LT. 0) I~ R = IQR+2.47483647+1
R CX = I QR
RCX = R Q X ~~.465663. 3 O—9
V (J ,I ) = SL (J)+RQX * (BU (J)~ eL (J~~)IF(  ( V (  J , I )  DO • 31 .2 1474B.5647. ) W~ IT E( 6, 100
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IF (I° .EQ.1)V (J,I )=IDINT (VtJ , I )+.5D0)
8 C O N T I N U E

C
DC 10 L4 ,N L IM
‘IC! = NCE+ 3. 

-

C 
IF (KE (V (1,I)).EQ.0) GO TO 13

DO 9 J 1,NV
V T =  (VtJ,I)+C EN (J))~~.5D0IF ( (  V T+ .500 ) .(T  .2147483647 • ) W P.  IT~~(6,  3.00
IF ( I P .EQ .1, ) VT 3 I D INT  ( V T + .500)
V ( J , l) = VT

9 CONTINUE
C

10 CONT INUE
C

11 IF (N PR .LE.O ) GO TO 12
W R I TE (6 ,51 ) I -

- CALL BOUT (NT,NPT,NFE,NC !,NV ,MVT ,V,I,PJN,CEN ,I)
12 IER = — 1

GC TO 48

13 DO 14 J=3.,NV
SUM (J) = S’JM (J)+V (J,I )

14 CEN (J )  SUM (J) fF1
C
C TRY TO ASSURE FEASIBLE CENTSOID FOR. STARTING.

MCE =
IF (KE (CEM).EQ.3) GO 10 60
SUM (J) = SUM (J~ —V (J, I)
GO TO 7

60 NFE = NFE+).
FUN (I) = FE (V (j ,I ) )

15 CONTINUE

~ END CF LOOP S ETT ING OF IN IT IAL CCMDL!X.
1 (NPR .LE.0) GO 10 17
CALL BOUT (NT ,-N~~T ,NFE,NCE,NV, ’1V~~,V,K ,FUN,CEN,O)C

C IND THE WORST VERTEX , THE ‘J’TH .
J = 1

C
00 16 I=2,K
IF (FUN ( J )  .GE.F’JN ( I )) 3C 16
J I  -

16 C ONTINUE
C
C BASIC LOOP . ELIMI NAT E EAC H flOPST VE RTEX IN TURN . IT
C MUS T BECOME NO LONGER W QRST ,N O T M E R ELY I M P RCV ED . FINC
C NEX T—fl— WORST V~~~TEX,THE ‘JN’Th ONE.

3.7 JN = 3.
IF (J. cQ .1) JN = 2

C
D C ~i3 Iz l,K
IF (l.EQ .J ) GO TO 3.3
IF (FiN (JN).GE .FU NI( I)) GO TO 18
J N  = I

18 CONTINUE
C
C LI’4T=NUMBER OF MOVES DUR ING THIS TR I AL TOW A R D T HE
C CENTROID DUE TO FUNCTION VA LUE.

L I MI = 1

~ CO MPUT E C ENTROID AND OVER EFLECT WCRS~ VE S~~EX.C
-D O 19 I 4,NV
V’ =
SUM (L ) = S U M ( I ) _ V T
C!N(I) SUM (I)/~~KM
VT = SETA *CEN (I)_A LPHA *vT
IF( (‘I T-.’ .5 00 ) .GT .2147 483647 • ) W Q  lIE (6 ,  100)
IF U~~.EQ.1 ) VT = I J I N T (V T + .500 )
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C
C INSURE ThE EXDLICIT CONSTRA INTS A RE OR-SERVED.

19 V (I,J) ~~DM AX 1 (DMIN 1tVT,EU (I)),BL (I))
C -NT = \IT+l

C HECK POR ZM°LICIT CONSTRAINT V IOLA TICN.
C 

20 DC 23 Nz l ,NL IM
NCE = NCE+3.
IF (KE (V (3.,J)).E0 .0) GO TO 26

EVE RY ‘KV’TH TIME,OVER—REFL ECT THE OFFENDING VERT EX
C THR OUGH THE BEST VERTEX.

IF (MOD (N,KV).NE.O) GO IC 22
CALL. FBV (K,FUN,M ~C
DC 21 I~~3 . , NV  -
VT BETA *V (I,M )—AL PHA*v (I,J)
IF ((VT+ .5D0 ).GT .2147433647.hdRITE (6,100)
IF (IP.EQ.3.) VT =IDINT (VT+ .500 )

21. V (I,J ) = DMAX3. (DMIN ]. (VT,BU (I)),SL (l))
C

GC 13 24
C 

CONSTRA INT V IOLATION : MO VE NEW PC Ir4T TOWARD CENTROID.
C

22 DC 23 I=3.,N’/
VT (CEN (I)+V (I,J))* .500

V ’ . ’. 500) • GT. 2 3 .474 8  3647 .)  WR ITE (6 , 100
IF (I~~.EO.3.) VT = IOIN T (VT ~~.5DO )‘ / ( I ,J )  = VT

23 CONTINUE
C

~4 NT = NT+!.
25 CON TINUE

C
L ER = 3.

C
C C A N N O T  GE T FEA SIBL E VERTEX BY MO’/ING T O WARD CEN RCIO,
C OR BY OVER— R EF L ECTING THOU THE BEST VERTEX.

I~ (NPR .LE.0) 33 TO 42
‘WR IT E (6,52 ) NT,J 

-C ALL BOUT (NT ,NP s ,-N FE ,NC~ ,NV ,NV~~,V,~~,F~JN,C:N,J)GC TO 42.
FEASIBLE VERTEX FOUND, EV~~LJ4T E T HE OBJECTIVE CUNCTION .

2~ ~‘IFE = NFE+3.
-
~~ FUNT RY 2 FE (V(3.,J))

TEST TO SEE IF F UNC TI -ON VA L UE HAS -NCT C HAN GED.
AFO = D A B S t FUNTRY ~~P1JNOLD
A. ’X OMAX3. (DA85 (5P*FUNCLC~~,ED)

C ACT IVATE THE FOLLO WING TWO STATEMENTS FOR D I A G N O S T I C
C PUR POS E S ONLY .
C WRITE (6, °)J,AFJ,AMX ,FUNTRY,F’JNOLC, FUN1.J ),FLN (JN ),
C *NTFS,N
C 99 F ORMAT (1X,I3,-6 E15.7,215)

IF  (A F O . G T .A M x )  30 13 27
NTFS = NTFS .3.
IF (NTFS.L T.NCT) GO 10 28
I E R 2 0
IF (NPR.LE .O) GO 13 42
WR I TE C 6~~53) KCALL BOU ( N , -N~ T , N F E , N C E , NV , N V ~~, V , K ,FJN ,C EN , C )
DO 10 42

27 NTF S = 0
C
C IS THE NEW V ERT EX NO L C N~~E W O R S T ?

28 IF  ( F U NT RY . L T . F U N ( J N ) t  33 TO 34
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C TSIAL VERTEX IS STILL W005T ADJ UST Tr,WARD CENTROID .
C EVERY ‘ KV ’ T H  TIME , OV E R_ R E~ LECT THE C~~ !NOING VER T EX
C THR OU GH THE BEST VERTEX.

LI MI = L IMT -.’i.
IF (MOD (LIMI,KV). ’IE.0) GO TO 30
C ALL FBV (K , FUN ,M )

C
30 29 1 1 , N V
VT =
IF ( C VT -.’.5 CO ) • .2147483 647. )-W 0 ITE (6, 100
IF (I P.EQ.t) VT =LDZNT ( VT+ .5)Q)

29 V (I,J) = DMAX 1 ( DM I N 3 . (V T , B U ( I ) ) , B L ( I ) )
C

C 
G3 TJ 32

30 DO 31 1 4, NV
V T =  (CEN (I)-+~/ (I,J ))*.5D 0
IF( C VT + .500 ) .GT .2 147483647 • )WR IT E( 6, 3.00
I~ ( I P .EQ. 1)  VI = I D I N T C V T # .5D0 )
V ( I , J )  V T

23. C CNTINUE

32 IF (L XM l .Lr .NL IM) 30 10 33

CAN -NOT M A K E  THE ~ J ’ TH V E R T E X  ‘10 LONGER -WORST BY
C D I S~~LA CING TOW ARD THE C ENTP--OI D OP. BY OVER—REFLECTING
C THROUG H T HE BES T V E RT Ex .

IE R = 2
I F  (NPR .LE. 0 )  63 TO 42
WR ITE (6,32) NT, J
C~~LL BOUT (NT,N ~~T,NFE,NCE,NV ,NVT ,’,,K ,FUN,CE~~,J)
~~ TO 42

33 N~ = NT +3.
30 10 20

r
C SUCCESS: WE HAV E A R EPL A C E M EN FOR VERTEX J.

34 FUN(J)
FUNOL D = FUNTRY
‘IPT =

C
C EVERY 3 . 0 0 ’ T H  PERMI SSIBL E T IAL ,R E CO M ~;JTE CENTROI D
C S U MA A T I JN TO ~V’)IJ CREEPI N G ERROR.

IF (M1’ D( NPT ,lJO) .NE .J)  GO 13 37
I-

DC 36 1=3.,’) V
SUM(I) = O.D0

C
03 35 NzI,K

35 3UM( I )= SUM( fl 4 .V~~I,N )

C !N(I) =
36 ONTPIUE

C
LC = 0
DO TO 35

C
37 00 38 I= 1 , NV
38 S U M ( I )  = SUM (I)+V (I,J )

L C J
C

IF ( N~~R .LE.0 ) GO TO 40
IF (MOO ( ’ I PT , N P R) . N E . D)  GO TO 40

CALL BOUT (‘1T ,1?T,NFE,NCE,NV,NVT ,V ,K,FUN,CEN , LC )

C HAS THE MAXI M UM NUMBER CF TRI AL S BEEN REA CHED ‘WITHCU ~
~ CO NV E RGENCE? IF NV, GO TO NEW TR IAL.

40 IF (NT.G!.-NTAi GO 10 43.

C NEXT_T O _ WORS T VE RT EX NOW B ECOMES WO R ST.
J 2 JM

75

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



DC 10 17
41 I E R = 3

IF (NPR .G’ .0) WR ITE (6,54)
C
C COL LECTOR POiNT’ FOR ALL E~ D1NGS .
C 1) CANNOT DEVELOP FEASIBLE VER TEX. I~ R. = 3.
C 2 1 CANNOT DEVELOP A NC~~LONGER— WORST VER T EX . I~ R = 2
C 3)  FUNC TION VAL UE UNCHANGED FOR X TRIALS. IER = 0
C 4)  L I M I T  ON TRIALS SEAC HE). IER = 3
C 5 ) CANNOT W IN O FEAS IBLE VERTEX AT START . JER = — t

42 C O N T I N U E
C
C FIND BEST VE R TEX.

CA L L FBV ( K ,F UN, M )
IF ( I E R .G E .3 ) G O TO 44

RESTART IF THIS SOLUTI ON IS SIGNIF ICANTLY BETTER THAN
C THE PREVItJtJS,OR IF THIS IS THE FIRST TRY.

IF (NPR .LE.O) GO TO 43 -

WR ITE (6,531 (M,YMN , FUN(M ))
43 IF ( F U N ( M ) . G E . Y M N ) GO IC 47

rF (DA3s (FuN (M)—yMN ).LE.o ~~Ax :(Ep ,Ep~~
yMN )) 63 10 47

GIVE 1T ANO T HER TRY UNLESS LIMIT ON TR IA L S REA C I-EC .
44 Y~’N = FUN (M)

FLt’1(1) FJN(M)
C

00 45 I=3.,NV
CE NCI ) = V (I, M )
5 I J M ( j )  = V (I, - ’4)

45 V (I ,3. ) =
C

D C ~6 I=3.,NVT
46 X5 (I ) =

C
IF ( IER.LT .3) GO TO 6

47 I~ (N ~ R.LE.O) -GO TO 48
C-ALL B OUT (N T ,”1~~T ,NFE,NCE, NV,NV ,’i,K,FUN,V ( 3.,’~

) ,—3. )
WRITE (6 ,56 ) ~UN (M)

~8 ~E TUR N
C

~; F:FMA I ’JIICE_X ANC DIR ECTIO N OF OL~ LYiNG V A R IA B L E ’ ,
~~I ~~T START’ ,15)

50 F-OP MA T (’O !MD LLCI T CON STRAINT VIOL A TED A T STAR T .,
‘~~ X , ‘ D E A D . END. ’ I

51 FO PMAT( ’OCANN O T FIND FEASIBLE ’ ,I4,
*$TH ‘/ERTEX 10 C E N T R O I C  AT STA RT. ’ I

52 ~~~M 4 T ( t Q A T  TR IAL ‘,I4.’ ANNOT ZINC FEA SIBL~ VERTEX’ ,
*‘WH ICH IS ‘JO LONGER W ORST’ ,I4,’ ~X, ’RE~~TA0T FR~~M BEST’ ,
$‘VERTEX. ’

53 ~O PMAT (4OHOFUNCTLON HAS BEEN A LM C S~ UNCH A NGE D FOR IS,
*7H T R I A L S )

54 FCSMA T (27 HOL IMIT ON TR IA LS EXC EED EC .
55 FO P.MAT (’38~~ST ~EO.TE X IS Na.’ ,I~~,’ OLD

NE W ‘~I N IS
56 ~CRM A1 L’O M L N OBJ3 CTIVE RJ NCTION IS

~OO FORMAT C ‘0’ ,‘TRUNCA TIO N ERROR IN BCXPLX’
END

SU~RDUI IN E FBV (~
(.,FJN, ”)

IV PLIC IT REALZB (A_H,O_ l )
~ E.AL*8 FUN ( 50)4 1

C
DC 3. I = 2 , K
IF (FUN (V ).LE .F~JN (I)) GO TO 3.

1 CONT INUE
RETUON
END
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SUBROUTINE BOUT (NT,1PT,NFE,NCE, N’~,NVT ,V,K,FN,C,IK)I MPLICIT PEAL*8 (4—H ,’J— Zl
R E AL *8  V ( 5 0 , 5 0 ) , F N ( 5 O ) , C ( 2 5 )
W R ITE (6,4 ) NT ,-NPT,NFE,NCE

C
D C  3. 1 ] .,K
WRITE (2,5) FN(I), (V (J,fl,J=3.,NV)
IF (NVT.LE.NV) GO TO 1
NVP 2 NV+1
WRITE (6 , 6 )  ( V ( J , l ) , J = N V P ,NVT )

3. CCNTIrSIUE
C

IF (IK.NE.Q ) GO TO 2
C

W R ITE ( 6 , 7 )  (C (I),I=1,NV )
ETURN

2 IF (IK.GE .O ) GO TO 3 -

WR I TE (6,9) CC ( I) ,1 3 . , N V )
RET JR ‘s)

3 WR ITE (6,9) 1K, ( C (  I) ,  I=1,NV )
R ETURN

C
4 F C R M A T ( ’ O N D .  TOTAL T R I A L S  2 ‘ , I S ,4 X ,
*‘NO. FEASI BLE TRIALS = ‘ ,I5,4X,
*‘NO . FU NCTION EVALUATI ONS
t IN O.  CONSTRAINT EVALU AT ICNS =

F UNCTION V ALUE ’ ,6X,
~~~‘ XNDEPENOENT VAR I AB LES /DEP ENDEN T OR IMPLICIT ’ ,
*ICCNSTRAINTS~~)5 FOR MAT (11-1 ,E1a.7,2x,7E14.7/ (flx,7E1~

..7))
(21X, 7~~ ”.7)7 FOR MAT (IOH CCEN TROID 3.1X,7E14.7/C21X,7E3.4.7))

8 FO0’ ~A ”  (‘3 BEST ‘IER TE.x ’ , 7 X , 7 E 1 4 . 7 / c Z l X , 7 E ’ 4 . 7) )
9 FCRMAT (‘OCENTROID LESS VX’ ,I2,2X,7E1 4.7/(flx,7E14.7H

END
C C
C A I’ C A R C  GOES HERE C
C C
f/DO .SYSIN DO *

1 2 2 1 2 2 3. 10
0.) 0.305 15.0

3.3 53 2
1. 30.0 0.4. 13.3 1.0 0.0 STEP

3.~ 50 2
3 .6  4.3 1.0 3.0 STE P

1 8
1 3 1 3 1130.0  3.3 7.63636363
2 3 1 4 —400.3 3.3 4.3
3 3 2 5 —32.3 4.3 7.0
4 3 2 2 24.C 4.8 5.733333?3
5 1 1 7 130.0

1. 2 3 16 .0
7 2 3 7 1.3 0 .- )
8 2 4 8 1.3
9 2 5 7  ~.O 0.0

1C 2 6 ~ ¶.o o.o
7 7 9 1.3 7 .3
~ 31~~~ ‘ .0 4.3

1~ 2 ~1t 1. 0 12 .3
14 21312 1 . 3  2 .0
~S 112 9 2.0lo 1.41O 4.0
17 l.~ . —1.0
13 112 2 —1 .0
1.) 0.0 STE P 3.
1.0 0.3 SThP 2
M CW REY IQ JAN ‘973
T H E S I S  ~ I 4U LA T !CM Y’!
‘4C’~~EY 13 JAN t5’8
Tr 1ESLS SI’IULATLON Y2
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