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1. Introduction

This is a manual intended to facilitate the use of the

computer program SENSUMT. This program is capable of solving general

parametr.c nonlinear programs and conducting a sensitivity analysis

using the Sequential Unconstrained Minimization Technique [10]. It has

recently been modified to include the calculation of piecewise linear

parametric bounds on the optimal value function of classes of nonlinear

programming problems for which this function is convex or concave. In

addition, it can calculate similar bounds on a class of separable non-

convex right-hand side programs, once appropriate convex overestimating

and underestimating programs are formulated.

SENSUMT is the outgrowth of a routine [3] which first implemented

a penalty function sensitivity approach. This was motivated by results

given by Fiacco and McCormick [10] for a particular class of perturba-

tions. The algorithmic procedure for this roittine was suggested by

Fiacco. It was later refined and recoded by Mylander (121 making use of
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several subroutines from the SUMT-Version 4 computer program coded by

Mylander, Holmes, and McCormick [13]. These routines were subsequently

completely integrated with SUMT-Version 4 by Armacost and Mylander [7].

Armacost [1] further revised the program to implement the generalized

version of the sensitivity theory developed by Fiacco [9] for general

parameter perturbations. This routine, again following a procedure sug-

gested by Fiacco, was recently modified by Ghaemi to conduct piecewise

linear parametric bound calculation on the optimal value function of

certain classes of nonlinear programming problems subject to large para-

metric changes [111.

This latter version of the model, designated "SENSUMT," is com-

piled at the Center for Academic and Administrative Computing of The

Ceorge Washington University.

The various sections of this manual are airranged as follows.

Section 2 reviews the basic sensitivity results and presents the steps

of the algorithm implementing sensitivity calculatioa via a sequential

unconstrained minimization algorithm.

Sec:ion 3 briefly reviews the procedure for calculating piece-

wise linear parametric bounds on the optimal value function of certain

classes of parametric nonlinear programming problems. It presents the

relevant algorithms that have been implemented.

Section 4 gives the details regarding the procedure for coding

the problems for solution, sensitivity analysis, and bound calculation

with SENSUMT.

Section 5 provides the codes and corresponding computer solution

for two illustrative examples that are taken from Ill]. For clarity, an

annotated computer listing of the input and output for the first example

is also provided.

Section 6 gives a description and listing of the various sub-

routines comprising SENSUMT. This section is included to make the

-2-
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manual self-contained. With the exception of the subroutines BOUND,

PERT, and TRANS, and the new version of program MAIN, the material in

this section with a few minor modifications has been taken from [1] and

[131.

2. Sensitivity Analysis in Nonlinear Progiamming

2.1 Basic Sensitivity Results

The parametric mathematical programming problem considered by

Fiacco [9] is of the following general form:

minimize f(x,E)

xCE

subject to g(x,E)> 0 i=,...,m P(C)

hj(xe) - 0 , j=l,...,p

where x is the usual vector of variables and c is a k-component vec-

tor of numbers called "parameters." It is desired to analyze the behav-

ior of a solution vector x(E) and the optimal solution value f*(F) H

f[x(e),C] near some given value of E . Without loss of generality,

assume that the parameter vector of interest is E=O

The Lagrangian for Problem P(e) is defined as

m P
L(x,u,w,c) E f(x,E)- 7 uigi(x,£) + Y wjh.(x,c) (2.1)

i~l J =i

The sensitivity results are based on the following four assump-

tions:

Al - The functions defining Problem P(c) are twice contin-

uously differentiable in (x,c) in a neighborhood of

(x*,O)

A- The second order sufficient conditions for a local

minimum of Problem P(O) hold at x* with associated

Lagrange multipliers y* and w*

-3-
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A3 - The gradients Vg i(x*,O) , for all i such that

gi(x*,O) = 0 , and Vx h j(x*0) I Ji,... ,p are

linearly independent.

A4 - Strict complementary slackness holds at x* when

E=O [i.e., u*> 0 for all i sutch that

gi (x*,0) = 0 ]

Under the above assumptions, Fiacco [9] established the following gener-

alization of Theorem 6 in [101.

Lemma 2.1 [local characterization of a Kuhn-Tucker triple]: If

assumptions Al, A2, A3, and A4 hold for Problem F(C) at (x*,0) , then

(a) x* is a local isolated minimizing 2oint of Problem P(0)

and the associated Lagrange multipliers u* and w*

are unique;

(b) for E in a neighborhood of 0, there exists a unique

once continuously differentiable vector function y(E) =

(x(C),u(E),w(E)) T  satisfying the second order sufficient

conditions for a local minimum of Problem P(c) such that

y(0) = (x*,u*,w*) T = y* , and hence, x(c) is a locally

unique, local minimum of Problem P(cO with associated

unique Lagrance multipliers u(e) and w(e) ; and

(c) for c near 0, the set of binding inequalities is un-

changed, strict complementary slackness continues to

hold, and the binding constraint gradients are linearly

independent at x(e)

(d) (Armacost and Fiacco [3]), for e near 0, the gradient

of the optimal value function is

V f*(C) = V L(y(e),e) , (2.2)

(e) which also means that, for e near 0, the Hessian of the

optimal value function is

V2f*(C) V2 L(y(c),c) • (2.3)

4-
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The above results provide a characeriation of a local solution

of Problem P(C) and its associated optimal Lagrange multipliers near

E=O .They show that the Kuhn-Tucker tripie y(E) is unique and well

behave!, under the given conditions. Since y(e) is once differen-

tiable, the partial derivatives of the components of y(E) are well de-

fined. This fact and assumption Al also mean that the functions def in-

ing Problem P(E) are once continuously differentiable functions of C

along the "solution trajectory" x(e) near E=O , and the Lagrangian is

a once continuously differentiable function of C along the "Kuhn-

Tucker point trajectory." The above results constitute the structure

for numerous developments and extensions, many of which have been estab-

lished by Fiacco [9] and Armacost and Fiacco [2 - 6).

The realization of this theorem for the parametric right hand

side problem of special interest in the present study is treated in de-

tail by Armacost and Fiacco [4]. The parametric right hand side problem

is the following important realization of P(z):

minimize f(x)

subject to g (x) > C. ,i=l ,...,m, R(s)

h (x)= ,

The Lagrangian for R(e) is

m P
L(x,u,w) E f(x)- i(gi(x)-%E) + wj(hj(x-E J.)

Sj =l

As is evident from the Lagrangian, the results (d) and (e) of Lemma 2.1

for Problem R(E) simplify respectively to

(d') V f*(e) = (2.4)
L-w(CE)

and

2 V Cu(L)
(e') V f*(E) = .(2.5)

-C-V w(E)I -
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Flacco [9] has shown that the class of algorithms based on twice

continuously differentiable penalty functions (specifically, using the

logarithmic-quadratic loss penalty function) can be used to estimate

y(E) and its derivatives in a neighborhood of C-0 , for the general

problem P(C). Minimization of the penalty function with penalty param-

eter r yields a solution of a perturbation of the Kuhn-Tucker system

in a neighborhood of (C,r) = (0,0) . Armacost and Fiacco [31 define an

optimal value penalty function and obtain first- and second-order sensi-

tivity estimates which converge to the corresponding sensitivities for

the optimal value function for Problem P(E).

The logarithmic-quadratic penalty function is

m P
W(xE,r) : f(x,C) - r X in gi(x,E) + (J/2r) Y h2(x,c) (2.6)

ifl J=l

Lemma 2.2 (Fiacco [9, Theorem 3.11): If the assumptions Al

through A4 hold, then in a neighborhood of (C,r) = (0,0) there exists

a unique once continuously differentiable vector function y(C,r) =

[x(Er),u(E,r),w(S,r)]T satisfying

V L(x,u,w,E) = 0

u gi(xE) f r i=l,... ,m , (2.7)

h (xC) = wjr j,...

with y(0,0) (x*,u*,w*) and such that for any (e,r) near (0,0)

and r > 0 , x(c,r) is a locally unique unconstrained local minimizing

point of W(x,e,r) , with gi[x(c,r),e] > 0 , i1,...,m , and

V 2W[x(c,r),E,r] positive definite.x

The relevance of Equations (2.7) is the fact that, under the

given conditions, when r=0 , they are necessary conditions that tust

hold at a local solution of P(0) and, with r> 0 , they are necessary

conditions for an unconstrained minimum of W(x,c,r) . The latter fact

can be made obvious by solving for ui and wj in (2.7) and obtaining
?i

-6-
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V L(xu,w,e) V f - XUiVxg + %w V hX x - Wj x j

= Vx f - r 1(1/g i ) V gi + (1/r) Yh Vxhj  (2.8)

= V xW(x,e,r)

Thus, if y(E,r) is a solution of (2.7), tnen

V W[x(E,r),e r] = VxL[x(c,r),u(E,r),w(C,r), 0 0 (2.9)
x

This explicit connection between the optimality conditions of lo-

cal solutions of P(C) and unconstrained minima of W(x,c,r) makes it

possible to approximate information characterizing a local solution of

P(C) by algorithmic calculations associated with utilizing W(x,E,r) to

solve P(E). In particular, differentiating (2.9) with respect to c

yields

V2W V X + V2 W = 0

an uig h fc ta V2 E

and using the fact that V2W is positive definite (a conclusion of
x

Lemma 2.2) yields

v 2x = -v2 W1 V2 W , (2.10)

evaluated, of course, at x(c,r) . Given V x(c,r) , the derivatives of

the multipliers, V u.(c,r) and V w (E,r) , can then be calculated byC i Eci
differentiating the last two systems of equations of (2.7) at x(E,r)

with respect to c

Lemma 2.3 (Fiacco [9]): For C in a neighborhood of c=O , it

follows that

(a) lim+ y(cr) = y(c,O) = y(C) , the Kuhn-Tucker triple
r-O

characterized in conclusion (b) of Lemma 2.1; and

(b) lim V y(c,r) = V y(E,O) - VEy(C)

r--7-
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Under the conditions of Lemma 2.1, x(Er) is a locally unique

minimizing point of W(x,c,r) . Define the "optimal value penalty func-

tion" as

W*(c,r) E W(x(e,r),c,r) . (2.11)

Armacost and Fiacco [2, Theorem 4 and Corollary 4.1] have obtained fur-

ther results useful for estimating the first- and second-order sensitiv-

ity of the optimal value function f*(c) of Problem P(E).

Lemma 2.4 (Armacost and Fiacco [3]): If the assumptions Al

through A4 hold for Problem P(e), then in a neighborhood of E=O

(a) lim+ W*(E,r) = f*(e)
r-0

(b) V W*(e,r) = V L(y.e) at y = y(c,r)

(c) lim+ V W*(E,r) = V f*(c)
r-*O

(d) V 2W*(c,r) = V L(y(e,r),c) ; and

(e) 11m V 2W*(c,r) = V2f*(C)
r-O+

where convergence is component by component in all cases.

Lemmas 2.1 through 2.4 enable us to calculate an estimate of

y(E) , V y(E) , V f*(c) , and V f*(E) when e is near 0 and r is

near 0, once y(c,r) is available.

In the next section we briefly present the algorithmic implemen-

tation of some of the above results.

2.2 The Algorithm Implementing the
Sensitivity Results

The penalty function algorithm SUMT estimates the solution of the

general mathematical problem P(c) by estimating the unconstrained minima

1 - 8-

WON
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of the penalty function W(x,E,r) at successively decreasing values of

the penalty function parameter r> 0 . Undier conditions weaker than

those assumed here, Fiacco and McCormick [10] have shown that as r ap-

proachen zero, the sequence of the unconstrained minima of W(x,c,r)

will approach a solution of P(C). Each unconstrained penalty function

minimi2ation is thus a "subproblem" associaled with a particular value

of the penalty function parameter r

The successive steps of the algorithm for first order sensitivity

analysis of the Kuhn-Tucker triple with respec. to the jth parameter

that arc implemented in SENSUMT [1] are listed below. Here the notation

x or x(E) denotes the estimate of a solution point of P(Z) calculated

by SUMT for a given value'of the penalty function parameter r , where

E denotes the value of the problem parameter at which this sensitivity

is estimated.

Algorithm 2.1:

Step 1. Compute a representation of V2W = W(x,E,r)- by L-Ux x2
decomposition using the SUMT subrouines. If V2W is

x

not positive definite, terminate the sensitivity analysis.

Step 2. Estimate 3(VxWT)/3E. using the central differencing
formula

a(VWT),/6. ( W VW(xE-Aejr)
T

where A is the differencing inter .al and e is the jth

unit vector.

Step 3. Calculate

= -V2W 1  T(V

Step 4. Estimate VEgi (x,c) and V hi(x,E) using

3g -X /r (L(,xcA gi(X,E.-Ae.) and

-9-
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ah (XE)/acj-(L(,(-EAj - h~ (_X, -Aej

Step 6. Estimate the components of V u(c) for il,...,m using

au(W c % -(r/g i(x'E))(gx )xE/a. + ag i(x,i)/3ac.)

Step 6. Estimate the components of V w(S) for i-l,...,p using

* I1/wi()r)V hi j ( )D()/3E: i-

There are two methods for estimating 7 f*(i) , the first using

V f* = V XfV Cx + V f , with V x obtained from Step 3, and the

second method using the gradient of the penalty function W

or equivalently, the Lagrangian taken with respect to the pa-

rameters [Lemma 2.1, conclusion (d); Lemma 2.4, conclusion

(b)j. Both are incorporated in the computer program but used

for different purposes. The former method gives the most ac-

curate estimate of V f*(i) and is summarized in Steps 7 and 8.

Step 7. Estimate the components of V f(x,E) using the central dif-

ferencing formula

af~xc)/a (-L)(f(-X,Z+Ae) (-,-e)

Calculate an estimate of the components of V f*(e) using the

rejults of Steps 3 and 7 as

3f*(Z)l3- %. V f(xE)3x(Z)/ac + 9f( ,g)/a .
j xj

The second method, using the gradient of the Lagrangian to es-

timate V f*(c) , is computationally less expensive and is used

to obtain rough estimates that single out the more crucial pa-

rameters for further analysis. This approximation is calcu-

lated as follows.

- 10 -
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Step 9. Estimate the components of V f*(c" using the results of Steps

4 and 7 as

m
f*()/3 3f(x, )/a .- ui(,r)agi(x,c)/ac J

p
+ W ( ,r) ahi ,

i=l J

3. Parametric Optimal Value Bounds

In this section we briefly review the procedure for calculating

piecewise linear parametric upper and lower bounds on the optimal value

function of convex problems with right hand side perturbations of the

form CR(S) . It is important to note that the given technique is not

only applicable to problems of this form, but also to any class of prob-

lems which have convex or concave optimal value functions. In addition,

we show how the above technique can be exterded to calculate similar

bounds on the optimal value function of separable nonconvex right hand

side perturbation problems SR(E) , once their (computable) over- and

underestimating problems are available. For a more detailed treatment,

readers should refer to (11].

3.1 Parametric Bounds on the Optimal Value Function
of Convex Right Hand Side Problems CR(C)

Consider the following right hand side parametric programming

problem R(E), discussed in Section 2:

minimize f(x)

subject to gi(x) > Ci , i=l,m R(E)

hj (x) = , j=m+l,p

where xcEn f , g ,and h : En-E and C2 and E p . If f(x)

and -gi(x) , i=l,m , are convex and h (x) , j=r+l,p are linear, then

- 1i -
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the problem R(E) is convex and will be designated by CR(E). It is well

known that f*(c) , the optimal value function of the problem CR(E), is

a convex function of 6 .

The convexity of the optimal value function f*(c) of the prob-

lem CR(E) enables one to calculate parametric upper and lower bounds on

this function when any of the problem parameters is radically perturbed.

This of course requires the solution and corresponding optimal value

function sensitivity information for both perturbed and unperturbed

problems. Before delving into the calculation procedure of these

bounds, we must remind ourselves of the following two basic properties

of convex functions.

(i) Any line connecting two points on the graph of a convex

function does not underestimate that function between

the points.

(ii) Any line tangent to the graph of a c3nvex function does

not overestimate that function.

These two properties lend themselves in a natural wa" to the calculation

of parametric bounds on the optimal value function of the problem CR(E)

under large perturbations of any of the problem parameters, say C.
1*

3.2 Algorithm for Calculation of Bounds
on f*(6) of the Problem CR(c)

In the following we list the successive steps required in calcu-

lation of bounds on f*(c) , the optimal value function of CR(e), as a

function of Ci .when ci is perturbed from il to i2

while the remaining parameters are fixed at their base values.

Algorithm 3.1:

Step 1. Solve the unperturbed problem and obtain f*(F-) and

df*(c )/dci at E = Eil Note that

-12-
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df*(1 ) u~jL 1), 1=,.. ,m(2.4)

d- ) i=m+l,p (2.5)

Step 2. Re-solve the problem and obtain f*(Ei) and df*(i)/dc. at

Ci ~i2

Step 3. Derive the equation of the line pessing through the points

(:=-= f*(-) an *c
i E ' f*( i =  il)) and (i = Ci2 ' f*(Ei d

f*(E:12) This line provides a parametric upper bound f*(ei)

for f*(ci) as a function of Ei c [Cill Ci2 ]

Step . Derive the equation of the tangent lines to f*(Ei) at the

above two points with the slopes

df*(s i) df*.)

dEi' ~ and de.di  E;=- dg. -

calculated in Steps 1 and 2, respectively. These two lines

provide a parametric lower bound f (%i) for f*(i) as a

function of 6ig [E ill C2]

The lines obtained in Steps 3 and 4 form a triangle which en-

closes the optimal value function f*(Ei) over the given range of c.11

An estimate of f*(Ei) can also be made by fitting a convex function

that passes through the points given in Step 3 and having the corre-

sponding slopes at these points obtained in Steps 1 and 2.

It is clear that the fundamental requirement in using the above

algorithm is that the optimal value function be convex and differenti-

able at least at e C 1 and ci 2 As it was given in Section

2, Fiacco, under the assumptions Al - A4 of Lemma 2.1, has established

the differentiability of the optimal value function in a neighborhood of

C=O for the general parametric programming pioblem P(E). Thus, not

-13-
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only Problem OR(c), but all classes of parametric nonlinear programming

problems possessing a convex optimal value function and, in particular,

meeting assumptions Al - A4 at i = l and ei = Cl2 " can be analyzed

for bounds according to Algorithm 3.1.

3.3 Parametric Bounds on the Optimal Value

Function of the Problem SR(c)

In this section we show how Algorithm 3.1 can be extended to cal-

culate piecewise linear parametric upper and lower bounds on the optimal

value function of a separable nonconvex right hand side perturbation

problem, given the over- and underestimating problems.

3.3.1 Separable right hand side perturbation
problems.

The separable nonconvex problem addressed here has the following

structure:

minimize f(x) = f (X)xF-En  j =i x

n
subject to gi(x) = g. (x.) > E. , i=l,...,m SR(e)

j=l '

L < X < U , j1,. .. n

where each f.(x. ) and g ij(x ) is a function of a single variable x

and is differentiable; L and U are lower and upper bounds on the

variable x. , respectively. Note that the discussion that follows is

also valid when Problem SR(c) involves linear equality constraints. Let

n
x g (x) x ) > Ei  =,...

J l

Bj X L <j X UJI5 J=l,...,n,

n
B X B

j=l

! ! - 14 -
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and

S G1B.

The set C , and therefore set S ,depends on E Thus the problem

SR(E) will read as follows:

n
minimize fOx) f (x)

j-l SR(E:)

subject to x EBr1G =_SCE

3.3.2 Convex underestimating problem.

Let f.(X) be the convex envelope of f.i(x. j =1 ,....,m and

gij (x ) be the concave envelope of gij (x .1 j=l,...,n,

over the interval B. Thus, for x .E B.

f.x.) f f.(x.)
and

(x) > g...),il...,;jl...n

Definition: Define the problem CSR(C) as follows:

n
minimize f(x) = ~f(.

xS-En j-l )

weesubject to x E G n' B S

n
C X :i W ~.(X) > C. .. ,

j=l '

It follows easily that problem CSR(c) is a separable convex RHS pertur-

bation problein whose optimal value function underestimates the global

optimal value function of the problem SR(£).

Thus the basic ingredients required to formulate the convex un-

derestimating problem CSR(E) are the convex envelope of each term in the

-15-
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objective function and the concave envelope of each term in the con-

straints of the problem SR(E) over the rectangular polytope B

In the next section we will discuss the formulation of a convex

overestimating problem CSR(E) of the problem SR(E).

3.3.3 Convex overestimating problem.

Let f.(x.) be a convex function which does not underestimate
ZI J

f.(x.) , j=l,...,n , and gi.(x ) be a concave tunction which does not

overestimate g.(x) , j=l,...,n , i=l,... ,m , over the interval B.
ijj j

Thus, for x. B,

f.(x.) > f.(x.)
-j J :i J

and 9i (x) < gi(xj),il..m ~,.,
ij j 121 21

Henceforth in discussion, f (x.) will be abbreviated as convex

"nuf" (nonunderestimating function) of the single variable function

f (x ) , and gij (x.) will be abbreviated as concave "nof" (nonoveres-

timating function) of g ij (x) over the interval B. , i=l,...,,

j=l,...,n

Definition: Let us define the problem CSR(E) as follows:

n
minimize f(x) = f.(x.)

x En ;% 
1

subject to x c (G rB)

where

=n
L3 J= 1j

It is easy to show that problem C§R(s) is a separable convex RHS problem

whose optimal value function underestimates the global optimal value

function of the problem SR(E).

-16-
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rhus, in order to formulate an overestimating convex problem

CSR(C) of the problem SR(C), one must calculate zonvex nuf, f.(x.)

for each component of f(x) and concave nof, tij(xj) for each compo-

nent of gi(x) , i=l, .. ,m , over the interval B. . It must be noted

that cmnvex nuf and concave nof of a given function, unlike its enve-
lopes, are not unique. Thus the overestimating problem CgR(c) of prob-

lem SR(E) is not unique. For further treatment of convex nuf and con-

cave nof of single variable functions, readers may refer to [11].

An important point to be noted here is that formulation of the

convex problems CSR(E) and CSR(e) enable one to calculate parametric

upper and lower bounds on the (global) optimal value function of the

separable nonconvex programming problem SR(e).

3.4 Algorithm for Calculation of Bounds on
the (Clobal) Optimal Value Function of
the Problem SR(E)

In the following an algorithm is presented for calculation of up-

per and lower bounds on the (global) optimal value function of the prob-

lem SR(C) as a function of each RHS parameter E. , where E i E [il I Ci2
]

Implicit in this algorithm is the assumption that the overestimating

problem CSR(C) has a nonempty interior, which is a basic requirement of

almost any nonlinear programming algorithm.

Algorithm 3.2:

Step 1: Calculate f. x) , a convex nuf for each f.(x.) , j=l,...,n

and Iij(x ) , a concave nof for each g ij(xj) ifl,...,m

j=l,...,n , in closed interval Bi 9 and construct the corres-

ponding overestimating problem C8R(E).

Step 2: Solve the problem CgR(E) at Ci C ci and Ei E 12 and ob-

tain f*(Ei at these values of

-17
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step 3: Derive the equation for thp line passing through the points

(E. i , f*() f*(c and (ei El 2  f*(Ei)-

f*(E)). This line provides a parametric upper bound f*(ei)

on the (global) optimal value function f*(Ei) of the problem

SR(C) as a function of . over the interval [ill i2l

Step 4: Calculate f.(x.) the convex envelope for each f (x )

i=l,...,n and ij (x.) , the concave envelope for each

gij (xj) , i= ,...,m , j=l,...,n in closed'interval B , and

conptruct the corresponding underestimating problem CSR(E).

Step 5: Solve the problem CSR(C) at E. = E and = £i2 and ob-

tain f*(si) and ui( e) = df*(ei)/dci at these values of i

Step 6: Derive the equation for the tangent lines to f*(Ei) at E =

Cil and Ci = Ci2 , with respective slopes of u 1i(6il) and

i(Fi2) derived in Step 5. These two lines over the interval

(i, Ei2] jointly provide a parametric lower bound f*(E)

on the (global) optimal value function f*(E of the problem

SR(c) as a function of "

The implicit assumption in Steps 5 and 6 of this algorithm-is

that assumptions Al - A4 of Lemma 2.1 hold at the solution points when

i takes values of -C and e12

Before delving into the next section, we must point out that if

over- and underestimating problems with concave optimal value functions

could be formulated, then the algorithm above, with minor alterations,

can be used to calculate the desired bounds. In this instance Step 6,

when applied to the overestimating problem, will provide an upper bound

- 18 -
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while Step 3, when applied to the underestimating problem, will provide

a lower bound on the optimal value function. For calculation of enve-

lopes, Lonvex nuf and concave nof of single variable functions, readers

may refer to [11]. The entries in Table 1 summarize the concept of con-

vex nuf and concave nof for a variety of single variable functions.

4. SENSt!MT Input Specifications

The coding procedure for nonlinear programming problems for solu-

tion, sensitivity analysis, and bound calculation using SENSUMT closely

follows the coding procedure for SUMT-Version 4 [13]. In order to code

a given problem for the above calculations, one must have (i) a user-

supplied subroutine, and (ii) user's information cards.

4.1 User-supplied Subroutines

User-supplied subroutines will generally consist of four sub-

routines called READIN, RESTNT, GRAD1 and MATRIX. These subroutines are

the only subroutines for SENSUMT that are problem dependent. The com-

munication between these subroutines and the rest of the subroutines of

SENSUMT iE mostly through the COMMON blocks, but partly via their argu-

ments. Each of the user-supplied subroutines must contain the double

precision card

IMPLICIT REAL*8(A-H,O-Z).

The subruutines RESTNT, GRAD1, and MATRIX must contain the COMMON card

COMMON/SHARE/X(45), DEL(45), A(45,45), N, M, MN, NPl, NM1.

Also, depending on the problem being solved, the following COMMON card

may be required in some or all of the user subroutines:

COMMON/SEN/PAR(45), DPAR(45), N1PAR, ISENS.

When bound analysis is desired, subroutine READIN must contain the COMMON

card

COMMON/ABG/LY, LZ, PER(45).

19
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In the following section we discuss the purpose and coding procedure of

each of these user-supplied subroutines. Tbe general description and

listing of the rest of the subroutines comprising SENSUMT will be given

in Seccion 6.

4.1.1 READIN

This subroutine allows the user to read in the data which is

necessary for evaluation of the problem functiors and convey it, through
the COMMON blocks, to the related subroutines. The problem parameters

!for which sensitivity and bound calculation are desired must also be de-

fined and initialized in this subroutine. The initial values of the

parameters must be placed in array PAR. The corresponding perturbation

values for bound calculation must be placed in array PER. NPAR in this

* subroutine must be initialized to the total number of problem parameters

on which sensitivity is desired. Notice that the presence of array PER

in this subroutine will trigger SENSUMT to calcuZate the desirrd bound

calculation. READIN may also be used to read in and print out any per-

tinent information of the user's choice, such as problem title, date,

and so on. This subroutine is called only once for each problem being

solved. For clarity, see Example I and its code in Figure 2. Any input

data read by subroutine READIN must be placed immediately after the

first option card.

4.1.2 RESTNT (IN,VAL)

This subroutine is used to read in the problem functions. For

IN=O, set VAL=f(x) and for IN#O set

VAL = gIN(x, IN=l,2,....m

VAL = hlN(x) , IN=m+l,...,nt+p

For clarity see Example 1 and Figure 2.

-21-
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4.1.3 GRADI (IN)

This subroutine is used to read in the grad!ents of the problem

functions. For IN=O set

DEL(J) = f(x)/3xj ,J=,2....,n

and for IN#O set

h (x)/x , J=l,2,...,n
IN

For an illustration, see Example 1 and Figure 2.

SEPSUMT can internally compute numerical approximations for some

or all of the gradients. To utilize this option, instead of coding the

gradients code the statements

CALL DIFFl(IN)

RETURN

for any desired value of the variable IN (the index of the problem func-

tions, with IN=O corresponding to the objective function f(x) ). Be-

cause of the computational effort involved in numerical differencing,

this option may be prohibitive for large problems.

4.1.4 MATRIX (IN,K)

This subroutine reads in the upper triangLe and diagonal elements

of the Hessian matrix of the problem functions. For TN=O, set

A(I,J) =2 f(x)/axIax3 , 1=1,2,...,n; J=1,2,.... ,n; and I < J

For IN#O set

1 a2IN(X)/ax IaxJ IN-l,2,...,m
~A(I ,J) =

a2 h IN(X)/ax I axi IN r+l,...,p

where i=1,2,...,n; J=l,2,. ..,n; and I < J Before the call is mad* to

this subroutine, all entries of the matrix A(I,J) are set to zero.

-22-



T-434

The second argument K of the subroutine MATRIX is provided so

that the user may communicate to SENSUMT that the Hessian of a problem

function is identically zero. Set K=l if the second partial deriva-

tives of the INth constraint are zero (IN=O corresponds to the objective

function). For an illustration, see Example I and Figure 2.

SENSUMT can internally compute numerical approximations for some

or all of the Hessian matrices. To utilize this option, instead of

coding the Hessian matrices, code the statements

CALL DIFF2(IN)

RETURN

for any desired value of the variable IN (the index of the problem func-

tion, with IN=O designating the objective function). AZthough this op-

tion can be used in calculating an optimal solution, the current sensi-

tivity routines require explicit coding of the closed form of the Hes-

sian matrices. Thus, this option cannot be used for sensitivity and

bound calculations. Again, because of the computational effort involved

in numerical differencing, use of this option is not advised for large

problems.

4.2 User's Information Cards

The other inputs required by SENSUMT are the user's information

cards, i.e.,

- PARAMETER CARD

- INITIAL VECTOR CARD(S)

* FIRST OPTION CARD

- TOLERANCE CARD

• SECOND OPTION CARD.

In the following we specify the type of information, along with the cor-

responding format, name, and description, which must be provided by the

user to SENSUMT via the above cards. All of this information is read by

the program MAIN, which sets up the SENSUNT algorithm to solve and

-23-
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analyze the problem under study. Tables 2, 3, and 4, which follow, are

taken from [131.

4.2.1 Parameter card.

Input specifications of the parameter card are shown in Table 2.

TABLE 2

PARAMETER CARD

Columns Format Name Use

01-12 E12.0 EPSI (c) Tolerance used to decide if an un-
constrained minimum has been
achieved for each subproblem [see
Option 9]

13-24 E12.0 RHOIN (r1 ) Possible initial value of r (often
set at 1.0) [see Option 1]

25-36 E12.0 THETAO (0 1 Tolerance used tc decide if the
solution to the NLP problem P(E)

has been approximated [see Option

5]
37-48 E12.0 RATIO (c) Parameter (>1) used to compute

consecutive values of r; ri+1 =

ri/c (often set at 16.0)

49-60 E12.0 TMMAX Maximum amount of time for solving
problem (in seconds)

61-64 14 M Number (integer) of nontrivial
constraints [see Option 2]
(M+MZ) S 200*

65-68 14 N Number (integer) of variables, N
45

69-72 14 MZ Number (integer) of equality con-
straints

*The limits on M+MZ and N are governed by the size of the arrays in

SENSUMT.

4.2.2 Initial vector card(s).

The Lards designating the initial starting point immediately fol-

low the parameter card. There are six components per card, requiring

n/6 cards for the initial vector. Each card has the format 6E12.6

-24
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4.2.3 7irst option card.

The input specifications for the first option card are shown in

Table 3. This card must immediately follow the user-supplied subrou-

tines.

4.2.4 Tolerance card.

The input specifications for the tolerance card are given in

Table 4. This card must immediately follow the first option card.

4.2.5 Second option card.

The input specifications for the second option card, which im-

mediately follows the tolerance card, are given in Table 5.

Figure 1 shows the arrangement of the data together with JOB and

JCL cards in a coded deck.

-25-
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TABLE 3

FIRST OPTION CARD

Option Column Value Meaning

1 =1 The value for r is made by finding
(normally an approximate solution
set to 3) min{[VW(x0,r)[ 2W(x 0,r)j-1VW(x0,r)]

which is a gcod approximation only
when x0 is close to the boundary
(i.e., for some i, gi(x) is close to
zero) or when V2f(x0 )=0 and when
MZ=O.

=2 r! is given by formula 8.65 [10, p.
191] (can only be used when MZ=O).

=3 r, = RH0IN (see parameter card).

2 14 =1 The requirements (trivial con-
straints) that xi t 0 for i=l,...,n
are to be automatically included in
the problem.

=2 The only constraints on the problem
are those inputted by the user.

3 21 =1 Standard printout (this includes a
(normally call to OUTPUT after the solution of
set to 1) every subproblem). Also the esti-

mates of the "Lagrange multipliers"
and first and second order solution
estimates are printed.

=2 For additional printout (includes
standard printout and every interme-
diate point, gradient of P and the
vector S).

4 28 =1 Final convergence is determined on
(normally the basis of current solution to the
set to I) subproblem.

=2 Final convergence is determined on
the basis of the first order esti-
mates. The first order estimate of
the solution vector must be close to
feasible. See below.

=3 Final convergenze is determined on
the basis of the second order esti-
mates. The second order estimate of
the solution vector must be close to
feasible before the convergence
check is made. If R is a solution
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Option Column Value Meaning

estimate it is ccnsiaered close to
being feasible if gi(R) + 0o > 0,
i=1,2,...,m, %.here 60 is defined on
the parameter card.

5 35 The convergence criterion determin-
(normally ing the NLP p:oblem has been solved
set to 1) (only use =1, when NT4#l).
(see (10, G - ffx(rk)] <0
p. 195]) =1 Quit when G[x(rk)0j(rk),X(rk)] 0

=2 Quit when Ir Z o ngJ[x(rk)]i < 00

=3 Quit when
first order estimate of v 0 - 1 00G[x(rk),p(rk),X(rk)] <0

6 42 =1 After final convergence the program
(normally reads in new data and solves the
set to 1) next problem.

=2 After final couvergence has been de-
termined a call to PUNCH is made be-
fore proceeding on to the next prob-
lem.

7 49 First move after a minimum to a sub-
(normally problem is achieved
set to 1) =1 No extrapolation.

=2 Extrapolate through last two minima.
=3 Extrapolate through last three mini-

ma.

8 56 Not used.

9 63 Subproblem convergence criterion, or
when to stop minimizing P function
for fixed value of r (see parameter
card).

=1 Quit when
IVxwT(xi,r)[ Wxlr] J xXr) < F.

=2 Quit when
IvxWT(xi'r) L Wx~r) J Vx(X'r)l

< W(x i - 1 ) - W(x i )

5

-27-
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Table 3--continued

Option Column Value Meaning

=3 Quit when IVxW(xi,r)l <:

10a  70 =1 At least one nonlinear constraint
=2 Linear constraints
=3 Linear constraints and linear objec-

tive function (i.e., a linear pro-
gramming problem)

awhen option 10=3, MATRIX (the user subroutine supplying the second

partial derivatives) will not be called, and when option 10=2 it will
be called only to get the second partials of f(x).

TABLE 4

TOLERANCE CARD

Columns Format Name Description

01-12 E12.6 XEP1 If some first or second derivatives are
to be gotten by numerical differencing
(see addition option card) this is the
value used to compute them. See the
description of DIFFI. (Usually setting
XEP1 equal to .0001 is satisfactory,
although a good value is dependent on

the scaling of the problem.)

13-24 E12.6 XEP2 When minimizing the W function for a
given value of r (RHO) the value of W
must decrease by an amount exceeding
XEP2 for each iteration after the
first. If it does not, then the code
prints out the message "apparently

roundoff errors prevent a more accurate
determination of the minimum of this
subproblem," and it is assumed a mini-
mum has been found. (Usually we set
XEP2 equal to 0.)
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TABLE 5

SECOND OPTION CARD

Option Column Value Meaning

7 =1 Solve problems without checking de-

(normally rivatives
set to 4) =2 Solve problem after checking only

first derivatives
=3 Do not solve nroblem after checking

only first derivatives

=4 Solve problem after checking first
and second derivatives

=5 Do not solve problem after checking

first and second derivatives

2 14 =1 The method for minimizing the uncon-
strained penalty function is to be
the generalized Newton-Raphson meth-

od as modified to handle indefinite
Hessian matrices. This method re-

quires functic(; values, first and
second derivatives.

=2 Same as 1, except that when an "or-
thogonal move" is made because of an
indefinite Hessian matrix, -VP is
added to the o'thogonal move vector.

=3 Steepest descent is used to minimize
P-function.

=4 The method for minimizing the uncon-
strained penalty function is McCor-
mick's modification of the Fletcher-
Powell method as reported in [101.
This requires function values and
first derivatives.

3 21 =0 Do not conduct a sensitivity analy-
sis.

=1 Conduct a sensitivity analysis at
the final subproblem with a fixed

value for the differencing interval.
=2 Conduct a sensitivity analysis at

each subproblem along the minimizing
trajectory with the value of the
differencing interval depending on
the particular subproblem.

=3 Conduct a sensitivity analysis at
the final subproblem for a range of
differencing intervals.
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Table 5--continued

Option Column Value Meaning

4 28 =0 Do not estimate the partial deriva-
tives of the estimates of the La-
grange multipliers.

=1 Estimate the partial derivatives of

the estimates of the Lagrange multi-
pliers whenever a sensitivity analy-
sis of the solution point is con-
ducted.

5 35 =0 Estimate the partial derivatives of
the optimal value function and elim-
inate those parameters which do not
affect the optimal value functions
from subsequeit sensitivity calcula-
tions.

=1 Estimate the partial derivatives of
the optimal valie function with re-

spect to all parameters, but contin-
ue all subsequent sensitivity calcu-
lations with respect to all param-
eters.

=2 Do not estimate the partial deriva-
tives of the optimal value function
first. Conduct the sensitivity
analysis with respect to all param-
eters.

6 42 =0 Do not transform the results.
=1 The problem being solved, P(x), is a

convex equivalent of a geometric.
programming problem G(t) obtained by
transformation ci = e-Xi. Thus back

transform the results to t space.

7 49 =1 f*(c) is convex. Derive parametric
upper and lower bounds on f*(c).

=2 f*(e) is convex.. Derive parametric
upper bound on f*(c).

=3 f*(c) is convex. Derive parametric

lower bound on f*(E).
=4 f*(e) is concave. Derive parametric

upper and lower bounds on f*(c).
=5 f*(c) is concave. Derive parametric

upper bound on f*(E).
=6 f*(e) is concave. Derive parametric

lower bound on f*(c).
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5. Coded Examples and Input/Output Illustratious

In this section we provide the input liscing and output descrip-

tion of two illustrative examples which are taken from [111.

5.1 Example 1

Consider the following convex RHS programming problem:

minimize f(x) = (xi-4)2 + (x2-2)2

12
subject to g = -x2 + x > C

g1( 1 2 1

g2 (x) = -xl - x2 ' l 2

It is desired to solve and analyze this ?roblem for sensitivity

when Cl =0 and £2 = -3 . Moreover, it is desired to derive paramet-

ric upper and lower bounds on the optimal value function of this problem

when

(i) -1 < E < 0 while = -3, and

(ii) -3 < - while I = 0

5.1.1 Computer listing of the code deck.

Figure 2 shows the computer listing of the code of Example I.

The letters in circles categorizing the input data correspond to those

indicated in the code deck structure depicted in Figure 1. The format

of the listed data is given in Section 4.

5.1.2 Selected pages from the computer output.

Figure 3 lists an annotated computer output for Example 1. An

explanation of the meaning of the corresponding steps follows.
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SUBROUTINE READIN Q~ User subroutines
IMPLICIT REAL*8(A-I.O-Z)
COMMCJN/SEN/PAR(45) ,DPAR( 45) ,NPAR, ISER'S
COMWuN/ABO/LY,LZ,PER(45)
MPAR-2
PARCI ?mO,
PAR(2)-.3.O
PERCI )-i*
PER(2)w2.

RETURN

IMLCTPEAL.*BCA-H,O-Z)
CtOXMON/S~iARE/X(45),DEL(45), A(45.45.NM;'4N,4P ,'VM1
COMMONSEN/PAR(45)DPAR(45),NPAR,ISEJS
COMM4ON/ABG/LY,LZ,PER(45)

20'GO TO (2091,2).!

RETURN
IVAL-X( f-*2+X(2)-PAR( I)
RETURNZ

2 VALm-X( I)-X(2)-PAR(2)I

RETURN

* ~ ~ ~ ~ ~ ~ UUThrffRblIT---------------
IMPLICIT RE.AL*S(A-H,O-Z)
COMMON/SHARE/X(45),0ELC45), A(45,45),N,I,74N,R4P1,4MI
COMMO)N/SEI #PAR(45) *DPAR( 45), NPAR, ISENS
J- IN.I
Do 5 I-I,N
DEL(I)-O.0

5 CONJTINUE
Go To (20,1,2),J

20 DEL(I)-2.*(X(i)-4.)
DEL(2)in2.*(X(2J-2.) .
RETURN

IDEL4I)0-2.*X(f)
DEL(2)-I.C
RETURN

2 DEL(i)u-J.0
DEL(2)-1.0
RETURN_ __ _ _
SUBROUTINE MATRIX( IN.IC)
IMPLICIT REAL*S(A-H,O-.Z)
C00MMUN/SHARE/X(45).DEL(45), A(45.45),N.M.MNNPI ,NIMI
COIOION/SEN/PAR(45),DPAR( 45) .HPAR, ISE.NS

2: A(191)=2.0

RETURN
JA(19I)i-2.0
AC I,2)oO.

2 Kai
RETURN
EN D _________

E IXEC FOROj6.DSt4W(379966) .BnuNDS45',PROG-MA!N QJCL cards
110G).SYSLZO WD

U DD DSNwONU.FnRflID,DISPWSHR
//GA).SYSLIN MO

//DD DSN-ITEMPUNcH.DISPn(OLD.DELETE)

Millert o ton ca

Figure 2.--Computer listing of the code for Example 1.
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1~7 Output for solution of the unperturbed problem, i.e., e= 0

' 2 f -3 (Step 1 of Algorithm 3.1).

O Printout of parameter card data.

O Printout of first option card data.

0 Printout of tolerance card data.

Printout of second option card data.

0 Elapsed time since the start of the problem. (This information

is no' accurate. Subroutine TIMEC, which monitors the elapsed

time, has to be modified.)

0S Initial starting point x and corresponding problem function

values.

Feasibility of x is verified. Note that if x is not

feasible, then SENSUMT invokes the subroutines FEAS and BODY to

find a feasible starting point.

( The solution to the first subproblem. Program took four inverse

product moves to minimize W for

RHO = l0,(r=lO)

T a2  -17
DOTT V W[x(r)T Wx(r)] V Wx(r)L xixj j x~~)]<1 -

MAGNITUDE = JIV W[x(r)]Il (the magnitude of the gradient of W)

F = f[x(r)] (the value of the objective function)

M+MZ 2
W = f[x(r)] - r [jl Xn gji[x(r)] + l [hj[x(r) /]

u~~J-M+l

(the value of the P-function)
~Note: The W-function coded in SENSUMT differs from that

given in (2.6) in the last term by a factor of 2. j

- 47 -
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M
RESIGMA = -r Y Xn g.[x(r)] (note tLat this may be negative)

j=1

M+MZ 2
H Y h [x(r)]/r

G fdual value = f[x(r)] - r*M + 2.*H

(in a convex problem F > v* > G)

where the current value of x is x(r) and the current con-

straint values are g[(r)] and [x(r)]

S Values of F, W (designated by P in the c:omputer output), G,

RSIGMA, and x are repeated. Current constraint values (i.e.,

u. and wj) are r/gj , jffl,M , and Zn,(x)/r , J=M+I,M+MZ.

Note: Since Example 1 has no equality constraint, the entries

relating to h in 8 and 9 are zero.

The solution to the second subproblem (r = 10/4 = 2.5).

The current first order estimates of x (obtained by first

order estrapolation, using the solution of the first and second

subproblems) and the corresponding problem functions.

© The solution to the third subproblem (r = 2.5/4 = .625).

The current second order estimates of x (obtained by second

order extrapolation using solutions of the first, second, and

third subproblems) and the corresponding problem functions.

O The solution to the fourth subproblem.

The solution to the fifth subproblem.

The solution to the sixth subproblem.

The solution to the seventh subproblem.

The solution to the eighth subproblem.

O The solution to the ninth subproblem.

The solution to the tenth subproblem.

-48-
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GThe solution to the eleventh subproblemn.

@The solution to the twelvth (final) subproblem.

I The general information about the sensitiviity analysis including

the value of r ,the estimated final solution point and the

parameter values and associated differeacing intervals.

GEstimates of the sensitivity of the optimal value function ob-

tained by taking the gradient of the Lagrangian with respect to

the parameters as described in Step 9 of Algorithm 2.1.

@ The parameters for which detailed sensitivity results follow.
Here it is both parameters since the optim'al value function is

sensitive to both.

® Estimates of the partial derivatives of the solution point taken

with respect to parameter one as in Steps 1-3 of Algorithm 2.1.

Estimates of the partial derivatives of "he Lagrange multipliers

4 taken with respect to parameter one as in Step 5 of Algorithm

2.1.

Estimate of the partial derivative of the optimal value function

taken with respect to parameter one and obtained by using the

chain rule as in Step 8 of Algorithm 2.1.

Same as , 0® .and®0 but with respect to parameter two.

Output for solution of the first perturbed problem, i.e., £1

-1 , C2 - -3 (Step 2 of Algorithm 3.1).

Printout of the input data and subproblem solutions for the

first perturbed problem.

Printout of the final subproblem for the first perturbed problem.

Same as but for the first perturbed problem.

Samte as ®but for the first perburbed problem.

-49
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Soutput for optimal value function bounds as a function of first

parameter (Steps 3 and 4 of Algorithm 3..).

(f*(e1),EI) of the unperturbed and first perturbed problems

[see © j, and , , respectively].

Equations of parametric upper b on f*(E

Equations of parametric lower bounds on f*(E 1 )

Maximum of these equations over the range of -1 < < 0 pro-

vides a lower bound on f*(e 1 )

Equation of a quadratic estimate of f*(EI) [see the descrip-

tion of subroutine BOUND in Section 6 fcr the method of deriving

this equation].

Value of bounds and the quadratic estimate of f*(c1 ) at eleven

equidistant points over the perturbation range of the first

parameter C

UV output for solution of the second perturbed problem, i.e., ff

0 , E2 = - (Step 2 of Algorithm 3.1).

Description of the output for the second perturbed problem is

similar to that of the first perturbed problem, i.e., - 6 .

I Output for optimal value function bounds as a function of the

second parameter (Steps 3 and 4 of Algorithm 3,1).

The description here again closely parallels that of the first

parameter, i.e., -6.

The graphical depiction of the bounds derived for f*(e) as a

function of c2 , together with a plot of the analytical solution and

quadratic estimates of f*(E) at different value.; of E2  is in Figure

4.

-50-
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It is desired to calculate bounds on f*(e I) of this problem for

E E [-10,5]

i) Problem SR(E).

* Standard format:
x2

Min f(x) = f x1  . - . 125x23
Xl, ...,x5  jff i J 1+.e 15

+ .25(x4 -40)
2 _ .lex5

S.t. x E G n B , where

C = {x : 1  g2 (x).-- -12 , g3(x)>2} , -10<C, <5

and

B = {0<x <5 O<x <5 0 <x , i-1,2,4}
-~3= 5= -

(ii) Problem CSR(), (convex overestimating problem of SR(C)).

* Problem formulation:

f3 (x3) -3.125x + 6.014
Z3 3 3

f5(x5 ) -2.948x 5 + 7.027

Remaining terms are identical to those of problem SR(e);

thus problem CSR(E) reads

Min f(x) =x 2 +.5e 2 -3.125x + .25(x -40)2

X ..x13 4X1 ,. .,X 5

- 2.948x 5  13.041

S.t. x E B , -10 < C 15,

where -

Note: f3 (x3) and f5 (x5 ) were %-hosen here to be the

lowest nonunderestimating lines parallel to the convex

envelopes of f3 (x3) and fN(x5 ) respectively.

-52 -



T-434

(iii) Problem CSR(c), (convex underestimating problem).

Problem formulation:

f3(x3) = -3.125x 3

f5(x5) = -2.948x5

Remaining terms are identical to those of problem SR(C);

thus problem CSR(E) reads

x 25 240)2
Min f(x) = x1 + .5e - 3.12x + .

Xl,...,x 5

- 2.948x5 - .1

S.t. x C GnB , -l0 <E <5

where E G

The computer listing of the code for problem CSR(c) is

shown in Figure 5. The listing of the code for CSR(e)

is identical to that of the problem CSR(E) except for

the constant term in the objective function, which is

+ 13.041 , rather than - .1.

(iv) Bounds.

Figures 6 and 7 depict the calculated upper and lower

bounds via the analysis of the problems CSR(c) and

CSR(c), respectively. These results are summarized

below.

Upper bound:

.*(El 4.825E I + 136.628

Lower bound:

f*(1 max[l.880c + 94.032 , 5.466c + 120.284]
1 1

The graphical depiction of these bounds is in Figure 8.

-53-
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Ja%3tiAEA! T-2 L-2
EIiXEC F)RGI

JUUROUTINE READIN
I\DLICIT REAL*8(A-H-I.O-Z)
COM4UAJ/SEJ/PAR(45). )PAQ(45). 'PAR. ISE'4S
CON4MuN/ABG/LY, LZ, PER( 45)
NPAR-3
PAq~( I)=5.
PAR(2 )=-12.
PAR(3)-2.
PERCI )=-15.
RETURN
F H D
SUL3ROUTINE RESTNT(IN.VAL)
IMPLICIT REAL*8(A-H.O-Z)
CflAM0N/SHARE/X(45),9EL(45), A(45,45),N,,P1, 1%
COMMO0N/SEN/PARC 45) ,D")AR(45) .NPAR, ISE'45

4 CmINO0N/ABG/LY.LZ.PER(45)

GOC To (20,1,2,3,4,5),l
20 VAL-X(l)**2,.5*DEXP(X(2))-3.125*XU3)..25*tX(4)-4O.)**2

* -2.948*X(5)+13.041
RETURN

IVAL=-.5*X(I)**2+6.*X(2)-5.*DrXP(X(3))-.5*((4,**2-.5/X(5)
* -PARC)

RETURN X))2*()*+*XIX()3*()OR)
2 VAL--5.*DEXP(-X )2*C).,.X3.()3*()bR2

RETURN
3 VAL-3.*X(l)+Xt2)-X(3)**2*XC4)-X(5)*2)-'ARJ)

RE ruPN
4 VAL--X(3)+5.

'ETURN
VAL=-X(5)+5.
qETIJRN

EN 9)
SUdPOUTINE GPAI(IN)
14PLLCIT REAL*8(A-HC)-Z)
C04k1ON/SHARE/XC(45), DEL (45) , A(45,45)N,-,Ar1.NP,TM1
Cr 4MP)N/SEN/P ARC45 ),OP D45). ,IPAP. IS E'S
J= IN. I
Do) I5 I-I,N
DEL( )0.O

I t CONTINUE
GOC TO (20,I1.2,3,4,5),J

,,U DEWI)-2.*X I )
I'EL(2 )-.5*DEXP( X(2))
DEL(3)--3. 125
DEL(4)=.5*(X(4)-40.)
P)ELCS)--2.948
RETURN
iEL(I)=-I.*X(I)
l)ELC(2)=6.
D)PI(3)--5.*0E'(P(XC 3))
I)FL(4)--. I*X(4)

2 E!C I)=5.*DEXPC-X( I))

)f- L ( 3) =3.

Figure 5.--Computer listing of the code for the convex
overestimating problem of Example 2.
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3 [DEL( I )=I.
OEIL(? )= .
L)EL(3)--2.*X(3)
DEL(4)I.
DEL(5)=-7.*X(5)
RETfURN

4 DEL(3 )=-I .
REryUP N

5 DEl.(5)=-I.
RETUR N
END
SUdPoUTINE 4ATPIX( I'4.K)
14PLICIT REAL*8j(A-H,O-Z)
CO'4M)N/SHARE/X(45).OEL(45), A(45j45).N,Aj, 4N,NPI ,N'A1
Co ) /SEN/PAR(45),DPAR(45),MIPAR, ISE'JS
L=IN+I
(3(0 TO (20,1,2,3,4,4),L

20 A(1,1)=2.
A(2,2 1=. 5*DEXP( X(2))

PETUPN

A(3.3)=-5.*DEXP(X( 3))
A(4,4)=-.1
AC5,5)1--i./X(5)**3
RETUP N

2 AC I,!)=-5.*DEXP(-X( I))
AC 2.2 )-4.
RE IUWN

3 A(3.3)--2.
4 A(5,5 )=-2.

RETUPI

PETUPN
LNI3

/1 XEC FOR6.DS4-'O799656I .iiU~lJS45' ,P.?)G=MAI'I

//(i).SYSLIN DO
// DD !)i4=&TEMPUNCri,fISP=(OLD.EL-ETE)
//Fi07F)Ol DO) SYSoUT=A

I.OE-08 10.0 I.OE-06 4.0 900.0 5 5 0
3. 3. 4. 1. 4.

3 1 1
0.IE-ja 9).004)

1, 4 1 1 1 0 2

Figure 5.--continued
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UPII4AL VALUL I-UNt IUN l )JNUS WHEN PAKI 1 IS OFRTURB EO

PiI. I OjJIfLt'TURIL) SOLUTIJFJI
PAII IFz 1 ). 5903J00) 0 1 F(PARI 1)I = 0. 16G 5 4*) 03
011,T / F1I:KTU.i f.) SOLUT ION) :

ot( )F -J~),.JOl)02 FFPRf I)-- 10.1,3107ra 02

If 41 'j 1.;I. u FtWrIp(;Ig "iINIS I ,A , 2 _ 4I') I)VI:.: LSTIVi..r' J; F*

.. I.s 53 W:iD 01 * 'Ak( I + '.1366 P770 01

I t .0 JJ) iVALJ'%I ;,:I AT TEN FLJIiJISAWCE PUINTS BIETWEEN POINTS I ANO 2
----------------- --------- : ------ ------- :-----------== = = .= =-_ == = = _-=f- - =~

P,\I Il LJ4FK UOIUNI) UPPEi IIOUNI) QUAD ESTIMATE
------------------------------------------------- ------------- ------------- ---------------

0). 1607547.) 03
54- 0) 0. 15 35! 661) 03

'.0 J 0.1.467050 03
I. .) ). 139' 341) 03

- -)J) .13402 31) 03

J. 145( Y)03t. , -JJ 0. l I73262i) 03

- 1.10233000 03
-I.' U.) O.956P1BFI, 02

- l..') 'J.9837?tO 0?

Figure 6.--Parametric upper bound on f*(cl) via problem CSR(e),
Example 2 (computer solution).
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C#P1i;i14 VAIIJF FUINCTIO4 3OUN)S mHlEN PARI 1I IS PER1JItEO

PilIT I I JIPL10I1Y' 1 i) SLILUT U.ii
PARt( I ,.'.iJUWtJJJ dL I IPAI I1I = 0.1t'uLIt) 03

$Id'I , (.'tKTUIf(HF 2 SUtJT IL)tJI

M II= -'3.i)jj0J');) OZ FIVAR( I)= 0. 75232 .1) 02

LI i . k;IJ.:,( LS IIAII .4% I * AT PUI' I

1 - . ',4659Z10) 0 1i PARI II + 0.1202A4I) 33

141 i '1 W f TI4, II i -A IING Al Pt111NT I

0.I 1tq99tLL) .) I PARI L) + 0.940325OU OZ

ft ).JJ0 iV4LMJTfN AT IN FJUIOI1St4,ICE POINTS 8EIEFN POINTS I AND 2
-- -. ; ... = = ============= == == == == == == = = = = == = =

I'AH( II LO'ER Wi!) UPPFR ROUN) "QUAO FSTIfIAE

410 0.147t) 137) 03

1.u J-00 0.1394149,) a)

- !. ,)') . II .$ L2 Oi
-1?. 5 U) 0. L 061.)L') jr) U.3

-. J4 0 oJ.914ZJ .6J 02
- 0.JO U. l12Z i'81) 02
- .')t}00 U. n J22 701) 0z

L 4): () 9 0. M! 3 . III) U2

Figure 7.--Parametric lower bound on f*(c.) via problem CSR(c),
Example 2 (computer solution).
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f* Legend
0 f*(e computer solution

160.I

150-

-:1140. £ =5

130 0

110

*X

910

80

£ =-7.321

I f*(£) 1 .880c + 94.032

70' 1 C
-10 -5 0 5

Figure 8.--Parametric bounds on f*(E:) ,Example 2
(computer solution).
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6. General Description and Listing of the
SENSUMT Subroutines

The subroutines comprising SENSUMT fall into four categories:

(i) user subroutines,

(ii) SUMT subroutines,

(iii) sensitivity subroutines, and

(iv) bound subroutines.

As mentioned before, user subroutines ar2 generally composed of

four subroutines, i.e., READIN, RSTNT, GRAD1, and MATRIX. These subrou-

tines respectively provide pertinent information about the problem,

functions of the problem, their gradients and Hessian matrices. A de-

tailed description of these subroutines, together with the corresponding

codes for Examples 1 and 2, were given in Section 4 and Figures 2 and 5.

SUMT subroutines implement the Sequential Unconstrained Minimiza-

tion Technique of Fiacco and McCormick [10]. The subroutines, along with

program MAIN, comprising this group are:

. BODY • OUTPUT

• CHCKER • PEVALU

• CONVRG • PUNCH

- DIFFl • REJECT

- DIFF2 * RHOCOM

- ESTIM • SECOND

- EVALU . SECORD

- FEAS • SET

- FINAL • STORE

- GRAD * TCHECK

- INVERS • TIMEC

- MAIN * TRANS

- OPT * XMOVE

With the exception of the subroutine TRANS, the above routines

have been developed by Mylander, Holmes, and McCormick [13]. Some of
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these routines, in particular program MAIN and subroutines BODY and

OUTPUT, have been modified for implementing sensitivity and bound calcu-

lation routines. Subroutine TRANS was recently developed to aid the

user when analyzing a convex equivalent of geometric programming prob-

lems by SENSUMT. See page 104 for a more detailed description of this

subroutine.

Sensitivity subroutines implement the sensitivity analysis Algo-

rithm 2.1 and interface it with the SUMT subroutines. A brief history

of the development of these subroutines was given in Section 1. The

latest version of the codes comprising this group, due to Armacost [1],

are subroutines SENS, PARDIF, LMULT, and PRESEN. Subroutines SENS and

PRESEN have been slightly modified in implementing the bound calculation

routines.

Bound subroutines, developed in [11], implement the bound calcu-

lation Algorithms 3.1 and 3.2 given in Section 3. The two subroutines

in this group are BOUND and PERT.

All of the subroutines comprising SENSUMT are dimensioned to

solve problems having at most 45 variables, 45 parameters, and 200 con-

straints. However, if the computer capacity pernits, they may readily

be re-dimensioned to solve problems of larger size. All of these sub-

routines are separately filed in the Conversational Monitor System (CMS)

component of the IBM Virtual Machine facility 37C (VM/370) at The George

Washington University Center for Academic and Adrtinistrative Computing

under their corresponding names.

To make this manual self-contained, the computer listing and a

general description of each subroutine is provided (in alphabetical

order by name). The descriptions of the SUMT subroutines are largely

taken from [131, and those of the sensitivity subroutines are taken

from [1]. The user subroutines are problem-dependent, thus they are in-

cluded in the following listings. For familiarity with the user subrou-

tines, the reader should refer to the coding of Examples 1 and 2 pro-

vided in Figures 2 and 5, respectively.

-60-



H T-434

6.1 BODY

Subroutine B0DY coordinates the flow among the subroutines that

actually do the calculations required by the v~rious phases of the al-

gorithm. The flow in this routine is slightly different when the pro-

* gram is in the feasibility phase (solving the entry problem) rather than
the normal phase (solving the stated NLP problem). The listing appears

as Figure 9.

6.2 BOUND

* The subroutine BOUND, called by the program MAIN, generates the

equations for the upper and lower bounds of the optimal value function

as functions of the problem parameters. When analyzing a problem which

is known to have a convex or concave optimal value function, BOUND also

derives the equation for a quadratic function which approximates the

optimal value function. If f*(E) is convex (concave), it corresponds

to the higher (lower) of the two quadratic functions, in the perturba-

tion range of the parameter of interest, which passes through the two

calculated points in f*(E),e space and has the calculated slope at

each of these points. Evaluation and printout of this quadratic func-

tion (when applicable), and the upper and/or lower bound at eleven equi-

distant points over the perturbation range of the parameters of interest

are also programmed in subroutine BOUND. The listing appears as Figure
10.

6.3 CliCKER

Subroutine CliCKER evaluates the first partial derivatives for all

the functions at the starting point first by calling the user-supplied

subroutine GRAMi and then by calling DIFF1. The results are printed out

to aid the user in debugging the subroutines used to describe the NLP

problem he wishes to solve.

The matrix of second partial derivatives if each function is also

evaluated by the two methods; first by calling MATRI X and then calling
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FORTkAd IV G LFVFL Za BODY DATE 9 0240 10/OS/54

0021l SUAROUTIF4F BODY O
C 8OD331)
C ALOGUST 1971 ROqOoon

BODY COORDINATES THE FLOW AMJNG THE SUSROUT14ES THAT ACTUALLY 00 THE 80003100
CCALCULATIONS RE4UIRED BY THF VARIOUS PARTS OF THE ALGoRITH4. SflYJOI I

00f)? I 4PLICIT REAL*8IA-HO-Zl 5in~0034 ;tEAL*4 k 00IN, RATIO0,EPSI.THETAO,plPI,XFP2 81000411')
00)4 CqH40N/SIARE/X6455,0EL6455,A45'.5I ,N.MMN,NPI,NMI1 60001140
00-). C1394ON /CPTNS/ NTINT2,NT3,NT4,NTS,NT6.NT7,NT6.NT9NT1O 8000015')
0006 COMMON/VALUE/FGPO,RSIGA,JU60,q.10 010000I61
0)? C2'44DN/CRST/DELX145,ODELX0t45I,RHI!N,RATIOEPSI.THETA. 11000017a

lRSIC;1,G1,1lt45I ,X?645).K34455 ,X62145),X14451,P~i, B00001R2
2P1?,PLFI,RJ I901.OOTF,PGRA0(45,3IAG45,) R0000190
3 PR V 3,AOL X, NTCTR, NU'41NIP NPHASF, NSATIS 60000700

00 04 CON'43N /CONPAR/ENFI;NF2,NF3 SO000210
O0jQ CD 44N/EX0 PT/NEXKUI, NEKOP2,NFXCP3,NEIWP4,NEXOPSXEPIXEP2 80000?71
001') C0,IION/SE,£PAR45),DPAR6451,NPAR,ISENS 6000')e
0011 CDM404/&:G/LYLZ;;ER1451 8000074)
OUL? CO'44ON/ASGI/FEItFE2 1100002')

.1001'. "FZ2 60000273
';0 1 ' NFS.2 B0000280
0016, MN=O 6000029')
001? NU41NI-0 60000100
0014 ISE'4S - 0 80000310

C OPTION OF GETTING INITIAL RHO 60000370
0019 CALL RHOC014 800001130
0323 CALL EVALU 6000034a
0021 10 C ALL X MOVE 80000350
00?? G0 TO £30,205, NT3 80000160
00Y4 21) CALL TIMEC 6000013
0024 CALL OUTPUT 111 60000340
00,15 GO TO 40 1100001190
002e, 103 CALL TCHECK 80000400

C IN FEAS I ILITY PHASE 4 4EANS OEAS ACHIEVED 90000410
002? 40 GO TO 1 50, So,50,2001# NSATIS 80D00420
00?; so CALL C04VRG CIlI 80000430

00?U 160 ~TO 160.10.125), 18040
C 4IN1IMU04 ACHIEVED IF N1.1 8000045)

001) 6u GO TO 670,801, NT3 80000460
003 1 70 CALL TIKEC 80000470
003'1 CALL OUTPUT 111 600004600

C -- NUIIER OF M4INIMA ACHIEVED INCREASED BY 1 60000490

0 031 40 NUkMINI.NUMINI.1 60000500
0034 MN3 80000510
0035 GO TO 1190,90,901, NP'4ASE 8O00052
0036 90 CALL EST 114 40000530

C FINAL NIGHT HAEBEEN CALLED BY ESTIM-COIVERGEO IF 042-1 80000540
003? 1 I"f6XOP3.NE.!2 GO TO 27 80000550
0031J CALL SENS 80000560
003, 27 G0 To £100,110#1201. NT4 80000570

C NT4-1 FINAL CONVERGENCE ON 0 ORDER ESTIMATES. NT4.Z CONVERGt ON FIRSBOOOO54O
C OPOER ESTIMATES, 4143 CONVERGE ON SECOND POER ESTIMATES. 80000590

0 040 100 CALL FINAL (NFL) 8000060o
0041 GO TO I130,1401, NFl 60000610
0042! 110 60 TO 6130,140), NF 810000620
0043 120 GO TO 4130,14019 NF3 80000610
(0044 12S NPHASE.S 80D0064M
00'5S 130 RETURN 80000650
004h 140 040.RHO/RATIO 80000660

C USING PREVIOSLY COM4PUTED VALUES FOR F, AND KJ P IS RECOMPUTED WITH THERO0O6?q
C NEW VALUE OF RHO. 80000660

0347 CALL PEVALU 80000600o
C A VECTOR IS LEFT IN DELXI)I BY EST1IM 80000700

0 048 Or INMIN-2, 10io50,150 80000 710
0044 1S0 GOl To1 1 0,16091601# NT? B0000720
03su 160 CALL GRAD 621 80000730
0051 CALL OPT It0000740
005s? Gn TO 1180o170lo NT3 80000750

0053 170 WRITE 66,2101 80000 760
0054 CAL L OUT PUT I1 I80000 1770
005%) 160 Gn TO S0 80000760
005c. 190 IF IGO 90,90,200 8O00090
0057 200 RETiJAN 110000400

C -- DUAL VALUE GREATER THAN 0 MEANS 4n FEASIBLE POINT EXISTS 3O00010
C 60000420

03501 210 FOR4AT 1611930HNOVED ON EXTRAPOILATION1 VfCTOR I 800006A10
0010 1141 B0000640

Figure 9.--Subroutine BODY.
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*FORTRAN IV G LEVEL 21 SOUND DATE $ 0242 1211.2103

C SUBROUTIN~E BOUND WAS DEVELOPED 8V GNAENIII9791 TO CALCULATE B0U00060
C UPPER AND/ORk LOWER PIECEWISE LINEAR PARAMETRIC BOUNDS ON BOUOO070
C OPTIMAL VALUE FuivCTIONS WHEN THESE FUNCTIONS ARE KNOWN TO BE GOUO0oeO
C CONVEX OJR CONCAVE OVER THE RAN.E OF A GIVEN PARAMETER. BOUOOOO

0001 SUBROUTINE BOUND SOU0OIOO
0002 IMPLICIT REAL*6IA-H,O-ZI souooI to
0003 C0O4ONSEIPARI4SIDPAR(41,NPARISENS 50U000120
0004 CONON/ABG/LY,LZoPER14S I B0UO0133
000S CO4MUN/ABG1lFE 1 wE B0U0014)

0006 CDMMUN/A&G2/0FII4S3,DFZI4SJ SOUOOI sO
0007 COMMON/OPY/NEXOP7 BOU001ba
0008 DIM4ENSION EI201,FQI2OI,FgiQl201.FU12120JFL12(20I BUUOOIIO
0009 EI:PARILZJ 80000180
001 0 E2 PARILZI # PERILZ I S04J00190

CLINE FIT TROUGH, POINT S I AND 2 SDU00200
0011 S12 . IFEI-FE I/IEI-EZ) SOU0O2I1 0
0012 812 - FE _S 122E I BOUOO220J

C TANGENT LINE UNDER ESTIMATING FO AT POINT I SOUOO23)
0013 S1-OF1ILZ) BDU00240
0014 1I-FEI-SI*EI 80U00250

C TANGENT L INE UNDER ESTIMATING F' AT POINT 2 SOO0260

00165 62-FE-S2*E2 B0U0028D
C INTERSECTION OF THE ABOVE TWO LINES 80000290

0017 E3.(82-011I/SI-521 BOUOOIOO
0016 FE3-S1*IIZ-B11/(St-S2) + B1 BOU00310

C QUADRATIC FIT TROUGH POINTS I. AND 2 BOU00320
0019 A.IFE2-E2*SI-PEL+EI*SII/IIEL-E21*021 80000330
0020 C-IIEI.ZI)*IFE2-E2*SIIIFEI-E*SlIE2*2-2.*EISE2II/IE1-E2)**21 BOU00340
0021 B.SI-2.*E1*A BOU003SO
0022 AA-IFEI-E1*S2-FE2*E2*S21/1IE2-ElI**21 SOU00360

0023 CC=44E2**21*IFE1-E1*S23,111E2-E'S*S2)*IE1**2-2.*E2*EIII/IIE2-II**2)S0u00370
0024 BB-S2-2.OE2*AA BOU00380

C BOUND EVALUATION AT 10 OISCRETi POINdTS BOU00393

0025 ElIII.El 80U000400
0026 DE PR(LZI/10. SOUO0A10
0027 00 580 1- 1 B0U100420

0 028 IF(I.EQ.11 GO TO 750 BOUOO4 30
0029 ElI)-EII-1)+DE BOU00440

C QUADRATIC ESTIMATE BOU00450
0030 750 FQ(II-A$EII)*2**EtII*C 80000460

4.0031 FQQlI).-AA*E(11*02*BB*EI 114CC 80U00470
C UPPER LINEAR BOUND a 0U00480

0032 IIZ 111 SZ*Eti%IZ SO12BU00490
C LOWER LINEAR BOUND , BU00500

033 IFIPER(LZJ.GY.0.1 GO TO 5O5 BOU00510
0034 IFIE(I). LT.E3I GO TO 570 80U00520
0035 FL 12 1II=51 E I*B BOUOOS30
0036 GO TO 595 8O00040
0037 570 FLI2IIJ-S2*EIII.S2 B0U00550
0038 GO TO 595 BOU00560
0039 565 IFIEIII.GT.E31 GO TO 590 80000570
004.0 FLI2111.S1*EIII*Bl BOUOOS8O
0041 GO TO 595 BOU00590

0042 590 FL12II)-S2*EIIJ*B2 B800600
004.3 595 CONTINUE BOUOO6IO
0044 S8" CONTINUE 8000620

C CHO ICE ON PROPER QUADRATIC FIT 8O000130
004S IFIMEXOP7 *GE.41 GO TO 810 80000640
0046 IFIFQISl .ST. FQQISII GO TO 800 80000650
0047 A-AA B0U00660

0048 11-118 SU00670
0049 C-CC 80000680
0050 00 100 141010 80U00690jll go"st'GOT 800sf~t BOUDOJ
00534oT B Soo 8U00720

0057 C-CC 80000760
0058 00 110 1-1.10 8000770
0059 PoMI-FQQIII SOU00760
0060 110 CONTINUE O09
0061 600 CONT INUE 80U00900
0062 WRITE16,6001 LZ 80030810
0063 600 FORMAMI921,SW.@PTINAL VALUE FUNECTION BOUNDS5 WHEN PARI'.IZ. 8O00020

V*I IS PiATURED/24 ,5I*'Ia/II 80U0083J
0064 WRITE1696101 LZ@EI@LZvFEt,LZE2.LZPE2 SOUOOS40
0065 610 FORMAT2X*'POINT I IUNPERTURSEO SOL.UTION) f.vl2X,'PARI'*EZ, GOU0OUso

51.'E157,1KFPARI2',IEI.7,1,2,'PINT2 IPERTURBEO' 8O00060
Sol SOLUTION) 1' ,/,2X.'PARI'.12*l-%EIS.7IOX,'FPARI',12, S1OUOOSTO

0066 GO TO 4910,920.930.940,950,9901.NEXOP7 S0U00890
C OUTPUT WHEN NEXOP7-1 80000900

0067 910 INRITE4696201 St2tLZ,512 S0000910
G0AN 670o PFnRATIPX#*LINE PASSING THROUGH POINTS I AND 2 AND OVER$ 1101100920

Figure 1.--Subroutine BOUND.
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S's ESTIMATING F* 8,/,IX,59IS-0)#//,11X*9F - '.E15.7.' 0 PARt', B0U00930
111' # ',I.7#/I6U00940

0069 mRITE(6.6101 51.1.2,81 BOUOO9SO
0010 63U FGRATIZX,*LINE UNDER ESTIMATING Flo AT POINT 1 gofIX,3616-01, B0U00963

S/ *IX, *PEIS.791 to PARE'.12,') * '#ELS.?,//I SOU00970
0071 hRITE16,6401 52,1.2,62 NOu00980
0072 640 FORMAT12X,'LINE UNDER ESTIATIN' . F* AT POINT 219/olK.361'-'8. 80000993

Si/9,IM'F - '.115.7,' * PARI',I2oll # s.ELS.7.///l BOUOIOOO
0073 WRITEf6*6S0)A#LZvboLZ9, S0U310I1)
0074. 650 FORMAT42X,'QUADRATIC ESTIMATION OF FS THROUGH POINTS I AND' B04.51023

S,' Z**/,LE.501'-')v I/91LXo'F -'vEIS.T,l 4 PARI*,IZ, BOU0133)
$'l0*2 + I.115.1,' * PAR119I2.') to' EIS.? v///I RDUOZD'.

007s5 WRlTE4696601 LZ B0u01053
0076 660 FORMAT(2X*'F* BOUND EVALUATION Ar TEN EQUIOISTANCE POWNS'. B0U0I062

5' BETWEEN POINTS ILAND 2',/,1X,711'').o/I.10X.PAR',IZ,'I'e BOUiJI0l0
SLOX:LOWER SOUNO19I0WUPPER BOUNO*10E,'oQUAO ESTINATE's/t SOUDIOBO
SI '-l9,3'')6,3'',6,5')/ S0UO1093

0077 WRITE(6,670)IEE i),FL12II),FUIZII eFQliti).11.0I *0U01100
0076 WRITE(6v6705E2vFE2,FE2,FE2 BOUOIL13
0079 670 FORMArILOXF7.3,7X@.?.76X.EIS.',6XEE1.71 BOUOI120
0080 RETURN B0U01 130

G OUTPUT WHEN NEXOP-2 SOUOI 143

0061 920 WRITEfbv620lS12@LZvB12 BOUG ILSO
0082 w RTE16,6601 LZ OUI6
0083 WRITE(6v92LI1EI1)vFUI2(1). I-1.1.01 S0U01170
00:4 WRITE16.921) E29FEZ SOUDIISO
o1085 921 FORMATtIO~pF7.3@2SXvEIS.TI SOUOII9O

006k RETURN S0U01 200iiC OUTPUT WHEN NEXOP7-3 S0U01210
0067 930 URITFE(4.4301 Sit &.1961 SOUD 1220
0066 WRITE4I.640152@Ll*SZ 501U01230

008 WRTE46:660)LZ IOU 01240
001,0 WRTE 6.31 IE(I)FL12113I.1.1#01 0015
0091 WRITEI6@931PE2,FE2 SOU0 1260
0092 931 FORMAT(IXvF?.3t7XvE15.7I SOUO 1270
0093 RETUAtN B0U01260

C OUTPUT WHEN MEX0P7-4 BOU01290
*00940 940 WRITE4699411 512,LZvB12 80U01 300

0095 941 FORI4ATI2ELINE PASSING THROUGH POINTS I AND 2 AND UNDERI BOU01310
So' ESTIMATING FO Io/#Ix.5918l)IIIXF - '*E15.7.' 0 PARI', S0U01320
612,0) * '*EIS.791//) S0U01330

096 WRITE(699421 51.1.1,61 BOU01 340
0J9 7 942 FORMATI2X,9LINE OVER ESTIMATING FO AT POINT 1 't/IXv361*-'), SOU013SO

S//vIIXv*F - '.115.7,' * PARI',12#91 * 4%E1.7.///I 80U013b
0098 WRITE46.9431 S29LZ962 B0U01370
0099 943 FOR9AI2ZA.LJNF OVER ESTIMATING SF AT POINT 21v/@1E,36f*-*I* SOU01 360

$I/P11XP'F - 69E15.7,' to PARI',12901 * *,EI5.T,II/I 801U01390
0100 WRTEf6v6501A#Lk#8vLZvC 60001400
0 10 1 :IRITE(6,6601 LZ 801101410
0102 WRIIEI6.67011E1 II.FU12II).FL12III.EQtiI,-1,10I 801U01420
0103 WRITE1696701 E2,FE2*FE2#FE2 B01U01430
0104 RETURN B01U01440

C OUTPUT WHEN NEXOPY-S 80U01450
0105 950 WRITE( 6, 9421 51,1.1,61 B0U01460
0106 WRIFE(699431 52,LZ*92 80U01470
0107 WRITEI6*6601 LZ BOU0 1480
0106 IRITEI6*9ZII1E4I1.FLI2l13. 1-1,101 601101490
0109 WRITE16,9211 E2.FE2 B0U01500
01t0 RETURN 80110C OUT PUT WHEN4 NEXOP7*6 60010
0111 960 wRITEI6.941IS12,LZ.612 60001530
0112 WRITE16*6601 Li 801101S40
0113 WRITE1699311 IEII)vFUI2(13. 1-19101 souaIs5O
0114 WRITE(6&9311 E2,FE2 B0001560
0115 RETURN 80001570O
0116 END B0101560

Figure 10.--continued
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DIFF2. Both results are printed out. If it is found that MATRIX

creates a nonzero element below the main diagonal of A , then a switch

is set to cause the statement STOP to be executed in MAIN. Subroutine

CHCKER appears as Figure 11.

6.4 CONVRG

After each iteration of the algorithm to locate the minimum of

the unconstrained function (the W function) subroutine CONVRG is called

to determine if the current point is an acceptable approximation of a

point giving the minimum value of the W function. The argument N2 of

this routine is given a value of I if the point is close enough; other-

wise, it is given a value of 2. C0NVRG appears as Figure 12.

6.5 DIFFi

Subroutine DIFFl computes the first derivatives by numerical

differencing. The user-supplied subroutine RESTNT is called 2n times

for each gradient evaluated by DIFFI. For the function f , DIFFI com-

putes the ith component of the gradient using the formula

(Vf(x0))i = f(x +ei) 2- f(xO - Oe)

1 2e

where ei is a vector of zeroes with a 1 in the ith component and

0 is a small number whose value is assigned by the user. DIFFl is

shown as Figure 13.

6.6 DIFF2

Subroutine DIFF2 computes the second derivatives by numerical

differencing. The matrix of second partials is computed using central

differencing. The differences are calculated using the gradients of the

function. The user-supplied subroutine GRAD1 is called 2n times for

each matrix of second partial derivatives evaluated by DIFF2. DIFF2

is Figure 14.
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FU0:1 4N IV G LEVEL S21 CHCKER DATE . 60242 09/21109

0 0 SU ROUTINE CHCKER CHE 00040
C C HEOGOSO
C MARCH 1971 CHE 00O60
C C14E00370
C CHCKER COMPUTES AN4D LIST THE FIRST PARTIAL DERIVATIVES USING GRADI CHEO0D0RO
C AND THEN USING NUMERICAL DIFFERENCING, IDIFFII. IF REQUESTED THE CHE0009V)
C SECOND PARTIAL DERIVATIVES ARE COMPUTED AND LISTED USING MATRIX AND CHFOOIO
C DIFF2. CHE)oI 10

0002 IMPLICIT REAL*6IA-N,0-Zl CHEOO 120
0003 REAL*'# XKIP,EP2 CHE00130
04 COMMONI/SHARE/X(4S).0EL645).A645,451S4.M.tNNPI.NMI CHE0I41

0005 COMMON /EQAL/ He HI, NZ CHEOGISO

0006 COMM0ON/EXPOPTINEXOPtNEXOP2,NEE0P3,NEX0P4,NEXOIPgXEPIoXEP2 CHEDOO6
0007 MMZ-1.M.MZ CHEDOI 70
0006 00 SJNCHEDOIRO

U09LJ-1*23456?8 CHEOG )19
0010 5 CONTINUE CHE00200
011 D0 10 I.I.MMZ CHE 0210

00012 IN-1-1 CHF0O0220

00 13 WRITE (6,1701 IN CHE00230
0014 CALL GRADI (IN) CHEOO?4).jl0015 WRITE (6,1603 4DEL6JI9JwlvN3 CHEDOlSO
0016 CALL DIF N CEO6
017 WRITE 46.180) IDELIJ#,J-.N C HEOO 270
0016 10 CONTINUE CHE 00240

C...SOMETIMES ONLY FIRST DERIVATIVES AE TO SE C"ECKED CRE00290
0019 IF (NEKOPI.L.T.41 GO TO 160 CHF00300
0020 WRITE £6,190) CHE00310
0021 00 150 I.1,MMZ CHE00O20
0022 IN-I-I C14F00330
0023 WRITE 166,1703 IN CHE00340
0024 IT-2 CHE00350
002S DO 30 K-I.N CHEO0360

0 026 D0 201!;!,N CHE00370
002 1 20 AIKJ.0 CHF00380
00201 30 CONTINUE CHE00390

0029 CALL MATRIX 4Im,1TI CHF00400
0030 IF IIT.EQ.tI GO TO 150 CHE00410
0031 00 50 K-2.N CHF00420
0032 XMI-K-1 CHF00430
0033 00 60 J-199mI C04EQ0460
0034 IF fA6KJI.EQ.O.@I 6O TO 40 CHE004SO
0035 NEXOPI=5 CHEOO460

0036 WRITE (6,2103 K,J CHDO0470
00037 GO TO 60 CHE00460
0038 40 CONTINUE CHE00490

0039 s0 CONTINUE CHEOO500
0040 60 DO 90 Km1,M CHEDOSIO
004 1 DO 70 J.K,N CHE 00520
0042 IF fAiKoJI.NE.0.01 60 TO 80 CHFO0530
0043 70 CONTINUE CHEOOS40

0044 WRITE 16,2201 K CHFOOS5O
0O00 GO TO 90 CHE 00560
0046 s0 WRITE 462003 K,6AI1,JSJ-1vM1 CHE00570
0047 90 CONTINUE CHEGOS@O
0fl48 00 110 K.IN CHEOOS90
0049 DO 100 J-194 CHFOO600
0050 100 AlKJ3.0. CHE00610
0051 110 CONTINUE CHF00620
0052 WRITE46,1t9 IN CHED0630
0053 115 FORMAT IISHO CALL DIFF2612ol"I 3 CHEOO&4O
0054 CALL OIFF2 (10N1 CHEGOOSO
0055 00 140 K-19M CHE00A60
0056 00 120 J.1,N CHEO0670
0057 IF 6A11,Jl.NE.01 GO TO 130 C HF 00680
005S 120 CONT INUE CHE00690
0059 WRITE 69,2203 K CHEOOTOo
0060 GO TO 140 CHE 00710
0061 130 WRITE 4692101 RelftAJJaell CHE0077O
0062 140 CONTINUE CHEOO73O
0063 1SO CONTINUE CHEOO?4O
0064 160 CONTINUE CHEOOSo
0065 RETURN CHE0OT6O

C CHFOO??O
0066 170 FORNAT 6 2SNSCNEKEfR.....CONSTRA(%T NO. , 33 CHEOOTSO
0067 100 FORMAT I1N0.24HCMECKER.....IST PARTIALSI6 IKE20.IE20.SE2O.6,E20.CI 00790

1S.E2.6,E2.633CHEOQOD
0068 190 FORMAT 41N0924NCNECKER.....20D PARTIALS) CHEOORIO
0069 200 FORMAT 44NSRowo is /ltX9E20.gE2041,E2*.$9E2O.SE20.8of2o.olI CNEOO420
0010 210 FORMAT ISM A6.12910H,,I2.10N3 -NE. (.03 CHEOOSIO

001 220 FORMAT 14" ROW,13,1IH ALL. 2EROS.1 CHE 00640
0072 END CMEOOSSO

Figure 11.--Subroutine CliCKER.

-66-



T-434

FORTRAN IV G LEVEL 21 C04IVRG DATE =60242 09/21/37

0001 SUBROUTINE CONVRG 1N11 CO'O004
C CONOOS1
C OCTOBER 1970 C40*
C COt4000lO
C AFTER EACH ITERATION flF THE ALGORITHM TO LOCATE THE MINIMUM OF THE CONOO'IRI)
C PENALTY FUNCTION, CONVRG DETERMiINES IF THE CURRENT POINT IS CLOSE CON00093
C ENOUGH TO THE POINT GIVING THE MINIMUM VALUE OF THEf P FUNCTION. CONO0fl(
C NI SET E QUaL T 0 11F NMINIMUM HA S SE EN FOUN!). CO)NOOIIO
C NI SET EQUAL TO 2 IF MINIMUM WAS NOT SEEN FOUND AND TIME IS NOT UPCON00120
C NI SET EQUAL TO 3 OTHERWISE CONvu 3')
C DOTT SET EQUAL TO IDEL PI(INVERSEEOELIOEL PIJIIDEL P) IN OPT CONOOL4.3

0002 1IMPLICIT REAL*OIA-H0-ZI rCONoOI52
0003 REAL*4 RH0IN,RATI0,EPSITHCTAO,XEPIXEP2 CON00160
0004 COMMON/SP4ARE/XI451.0EL445).A145,4i1,N.,M1NNP1,NMI CON30170
0005 COMM4ON /OPTNS/ NT1,NT2,NT3eNT4.*NT5,NT6,NT7,NTI.NT9,NTIO CONOOIRJ
0006 COMM3N/VALUE/F G*PO*RS I CPAPRJ1901 RHO CONOO19)
0001 COMON/CRST/OFLXI4SS ,DELXOI,51,*RHOINRATIOEPSITHETAO, C(INOOO0

1RSJGIGIX1145),12145),X3645),XR21451,XRI(45),PRI, CON3)o7i0
2Pk2,PIFI.RJt1901,DOTTPGRADI4SI,01AG(45), CON00220~
3 P REV3,ADELX, NTCTR, NUMINI* NPHASE, NSATIS CON00230

0008 COMMON/EXPOPT/NEXOP&,NEXOP2.NEXOP3,NEX0P4,NEX0PSXEPI,XEP2 CONOOZ43
0009 COMMON /TSW/ NSWW CON002SO''10010 NI-2 CON00260
0011 If IMN.LE.1I Q1-PO C0400270
0012 GO 0 110 20,30l, NT9 CONDO280
0013 10 IFIDASSIDOTTI.LT.EPSII GO TOl 70 CON00290
0014 60 TO 40 CON00303
0015 20 IFIOASSIDOTTI.LT.1PI-P0115.01 GO TO TO CON00310
0016 GO TO 40 C0400320
0017 30 IF (AOELX.ET.EPSII GO TO TO70Q03
0018 40 GO TO 150,60), NSWW CON0034.0
0019 s0 IF (MN.LE.!I RETURN CON003SO
0020 IF (PO*XEP2 *LT. Oil GO TO 75 CON00363
0021 WRITE 6,808 C ON00370
0022 GO TO 70 C0N0038D
0023 60 CALL PUNCH CON00392

00 24 WRITE 16,901 CON00400
0025 N1!3 COND0410

C CON00420
C FOUND THE MINIMUM TO THE SUBPROBLEM. C0N00430

0026 RET URN C0N00440
0027 70 NI-I CON004SO
0028 75 0 1 = 0CONo0460
0029 RETURNO C0400410

C C0N00480
0030 so FORMAT 41OOH APPARENTLY ROUNDOFF ERRORS PREVENT A MORE ACCURATE DECON00490

ITERMINATION OF THE MINIMUM OF THIS SUSPROSLEM.1 CON00SOO

0%131 90 FORMAT d46H**** TIME IS UP, CALLING EXIT FROM CONVRG. ***eI CONOOSIO
003 2 END C ONOG0520

Figure 12.--Subroutine CONVRG.

-67-



T-4 34

FORTRAN IV G LEVEL 21 DIFFI DATE $ 0242 09122100

0001 SUBROUTIN4E DIFF1 uIN) 01FO00.
C DIF00050
C FEBUARY 1971 OIFOO040
C OIF00078
C DIFF1 COMPUTES THE FIRST DERI VATIVES %T NUMERICAL DIFFERENCING. DIF00380
C DIFO0090
C--USER CAN CALL FOR DIFFERENCING OF SELFCVE0 FUNCTIONS DIFOOO

0002 114PLICIT REAL*8(A-HvO-Zl DIFOOI 10
0003 REALO'. XEPIOXEP2 DIFOO120
0004 C0M"0N/SAEXt45).DEL45),A145,45.N. 1N.MNNP.t4MI OIFOO130
000S COMMONEXPOT/NEPINEOP2,NEOPs.NEXP4,NEXOPS.XEPI,XEP2 OIFOO1'.0
0006 CORINONSTIRIXSTR4SIXSSSIASI.OOLLI4S) DIFOOISO
0007 00 10 J-.N OI F Ot 60
0003 t0 ESTRIJI-XIJI DI F Ot 70
0009 DO 30 J-19M DIF00)e0
0010 IF IJ.EQ.1I GO0T0 20 DIF00190
0011 JMI*-1- *01F00200

001'. CAiLLllRESN IIZ2 0IF00230
00*5 2 XI)XSTRIJI-XEPI DIF0022.0

0016 CALL RESTNT IIN9ZZII 01FOOZ50
0017 30 DELIJI-1ZZ2-Z1)/1.*XEPII DIF00260
0018 X(NS.KSTRIN) DIFOO,?70
0019 RETURN OIFE00
0020 END D1FO0290

Figure 13.--Subroutine DIFFI.
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FORT9AN IV G LEVEL 21 01FF? DATE 6021.2 09/22/Z1

0001 SUBROUTINE 01FF2 IINS DIFOO040
C q1O005a
C OCTOBER 1910 OIFO00o
C DIFOOO7O
C 05FF? C3MPUTES THE SECONDO DERIVATIVES BY NUMERICAL DIFFERENING. OIFOOOSO
C 01FOO090

0002 IMPLICIT REALOBI "*4O-ZS OfFOOIOO
0003 REALe'. XEPIoXEP2 OlFoollO
000. COMMON/SNARE/X 14S) @ELI 4SI A4S451 @NvsMNvNPI#NM1 OIFoOaO1
0005 COMMON/EXPOPT/P4EXOPI,NEXOP2,NEXOP3,NEXOP4,NEMOPS,XEPI,1EP2 DIF0OI3O
0006 CONJSTlNX/XSTRI45I.ZSSSI45ID0LL(45I DIF00140O
000W 00 10 J=1,N OIFOOISO

0008Mto XSSS-(JI DIFOO10
0009 0 SSSIJS.XEP1 0 F 00210

* 0011. CA.JLLGA!IN OIFOO190
0012 03 XJl-1,ldml DIF00200

0017 2 XIJI-MSSS(JI-XEPI 01FOO21O
0016 CALL GRAD? IIN) DIFOO24O

0019 DO 40 l-J,N DIFOO270
0020 40 AIJ.I).(ODLLI)-OEL(I1I/12..XFPII 01FOO280
0*1 so CONTINUE DIF00290
022 X(NI.ESSSfMI DIF00303

10023 RETURN 0 F 00310
0024 END D1F003Z0

Figure 14.--Subroutine DIFFZ.
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6.7 ESTIM

After the minimum of the W function for a given value of r has

been located, ESTIM is called. When the minimum of the W function for a

given value of r is determined a subproblem is said to be solved.

ESTIM performs the computations to estimate the Lagrange multipliers and

make the first- and second-order estimates of the tinal solution of the

problem. ESTIM is Figure 15.

6.8 EVALU

In the normal phase, EVALU calls the user-supplied routines to

evaluate the objective function and the constrainL functions at the

current point x . As the constraint functions are being computed, the

code performs the calculations to compute the penalty terms of the

penalty function. In the feasibility phase this routine puts the nega-

tive sum of the violated constraints, which is the objective function of

the entry problem, in location F . In Location F the current value

of the objective function is stored for use by the program. After F

has been computed, the value of the penalty function is computed. Also

subroutine EVALU computes a value for the dual objective function. This

value is only correct at the solution to a subproblem and the value is

stored in the location labeled G . EVALU appears as Figure 16.

6.9 FEAS

Subroutine FEAS determines whether the starting point is an

interior feasible point or not. If the variables of a problem are sup-

posed to be nonnegative and some of the components of the starting point

vector are nonpositive, then those components are changed to small posi-

tive numbers. A modification of FEAS must be made if it is desired to

change this number. If the starting point does not satisfy the non-

trivial conEtraints (the constraints other than the nonnegativity con-

straints), then the program goes into the feasibility phase. In this

phase the negative of the sum of all the violated inequality constraints
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FORTRAN IV G LEVEL 21 7 EST[M DATE - 80242 09/27/4S

0001 SUBROUTINE ESTIM EST00040
C E 5100050
C OCTOBER 1970 FST00060
C E STOO070
C ESTIM PERFORMS THE COMPUTATIONS T0 ESTIMATE THE LAGRANGE MULTIPLIERS EST000130
C AND MAKE THE FIRST- AND SECOND-ORDER ESTIMATES OF THE FINAL SOLUTION FST00093
C OF THE PROBLEM. es10oolo

0002 IMPLICIT REALSS4A-H,O-ZI ESTOOIIO

00003 ItEAL*4 RHOINRATIO.:EPSITHETAO ES:00120
04 COMMO4N/S HAtf:IX 14 1 DEL443,Al45,45lvNMMN,NPI.NM1 EST00140

0005 COMM4ON /EGAL/ H, HI, MT ESTOOt4O

0 006 COMMON /OPTNS/ NTINTZNT3,NT4,NT5.NT6,NTTNT8,NT9,NTIO EST00150
000? COMM4ON/VALUE/FG,PO,RSIGMARJ4903,RHO EST00160
000a COMMON/CRST/0ELK4f451 O .0LX3104S IRHOI N, RAT IOs EPS I *THETAO, ESTOO170

IRSIGI,GI,Xl1453,X2(453,X3451 ,XR2(4S),XRI(451,PRI, FSTOOI8JO
2PR2,Pl.FIRJ11903,DOTT,PGRAD445I,DIAG(45). EST00190
3 PREV3,AOELXP NTCTR, NUNINI, NPHASE, NSATIS ESTOO200

0009 COMM4ON /C ONPAR/ NFLVNF2,NF3 EST00210
00 10 CA LL STORE E ST0OZZO
0011 ZIO-RATIO**2 EST00230
0012 Z9-RATIO ES5T00240
0013 Z1=1.01Z9+1.0/Z10 EST002SO

40014 Z2-ZL1../Z9**3 EST00260
0015 Z3-l./19*3 EST00270
0016 Z4-210.29 ESTO0240

~)07 S-)*3 EST00290
0018 Z6 1.014410-I.OI*f29-I.03 F ST 00 300
0019 17=1./T9 EST00310
0020 ZB=1./IZ9-1.1 E-S T00320
0021 RQ-1.O/RHO EST00330
0022 IF (NUMNI14-21 150.80,10 EST00340
0023 10 WRITE 46,330) EST00350
0024 PO-(PR2-14ePR1,25*P13*Z6 EST00360
002S G-IRATIO$G1-Gft13/IRATIO-1.1 EST00370
0026 00 20 I.,N FST00300
0027 20 X41).1XR2413-Z4*XRIIII.Z5*Xl4133926 EST00390
0028 NP-NPHASE EST 00400
0029 NPHASE=4 FST00410
0030 CALL EVALU EST00470
0031 NPHASE.NP EST00430
003? CALL OUTPUT 423 EST00440

C CHECK TO S EE IF ESTIMATES HAVE CONVERGED EST004SO
0033 GO TO 170,30,70), NPHASE EST00460
0034 30 00 50 J=1opM EST004TO
003S IF (RJ(J)I 40,50,50 ES? 00480
0036 40 IF ITHETAO#RJIJ33 70,50,50 EST00490
0037 50 CONTINUE ESTOOSOD
0038 GO TO (70,0,060), NT4 ESTOOSIO

0039 60 CALL FINAL 4NF31 ESTOOS20
0040 70 CONTINUE EST00530
0041 80 WRITE 46,3401 FST00540
0042 PO.4Z90pl-pR13*ZB ESTOOSSO
0043 G-IRATIO*G1-GR1I4RATIO-1.1 F 5T00560
0344 DO 90 1I, E5T00570

0045 90 X113.I19*xt113-XR14133*ZB ESTOOSBO
0044 NP-NPHASE E ST00590
0047 NPHASE-. EST00600
0048 CALL EVALU EST00610
0)049 NPHASE.NP EST00620
0050 CALL OUTPUT 62) E ST 00630

C CHECK TO SEE IF ESTIM4ATES HAVE CONVERGED EST00640
0051 GO TO 4140,100,1403, NPNASE EST006SO
0052 100 00 120 J-1.0 EST00660
0053 IF IRJ(JI) 110,120,120 EST00670
0054 110 IF IRJIJI.THETAOI 140.120.120 F ST 00680

0055 120 CONTINUE EST00690
0056 GO TO 4140,130,1403, NT4 ESTOO7OG
0057 130 CALL FINAL INF21 ESTOO?10
0058 140 CONTINUE ESTOO?2O
0059 150 WRITE 6,350) EST00730
0060 IF 1M1 180,180,140 EST00740
0061 160 00 170 J-1,M ESTOOTSO
0062 170 RJ4J3.RMO/RJI4JI EST00760
0063 too IF 441) 210,210,190 E5T00770

0064 190 00 200 Jft1,MZ ESTOOTBO
005 S NJ-M#J ESTOOT90
0066 200 RJ4MN~JI.2.*mJI4MNJl*RQ F STOO9OG
006? 210 4O TO 42209240), NT2 ESTOOBIO
0068 220 00 210 I-.N ESTOOR20
0049 230 X1I1mRNOlKI4I3 F ST00830
00l0 240 CALL OUTPUT 423 ESTOO64O
Cali CALL REJECT E 5700850
0072 If IwgUMINI-21 280,300,250 FSTOOS60
0073 250 GO TO 4280,310,2401, NT? ESTOOSTO

C SECOND ORDER MOVE FOR NEXT MIMIMi24 ESTOOlso
0074 260 0n 270 1-1,N EST00890

00TS 2?0 DFLXIIIIXI4II-Z2*ERlIII.Z30XR2411 fSTOO900I Figure 15.--Subroutine ESTIM.
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0076 260 PRZ:PRI 
6500910

0011 G 2 Gft1 :ST00920

076 P 1:P1 6STOO930

00?~ ; &:IG1 CST 0094O

0080 00 2901-,1OO1045
008Ig 6( I I11 EST00960

82 290 KRIII 10 111 IS 509?10

0063 RETURN 6 10096

0064 300 6a I0 1280#310# 310), NTT IST10990

0065 310 DO 320 I1.1 fSrOaooo

0066 320 DELNlII.IE1IqI-XRtf133*11 FS101010

006? 60 TO 260 P5101020
C ESIOIO3f2

0066 330 FORMAT 4/2640 2ND ORDER ESTIMATES I EST14'.
0 069 340 FORMAT 1/26H0 151 ORDER ESTIMATES5 I E5101050

0090 350 FORMAT (/25140 LAGRANGE MULTIPLIERS I E1101040

0091 END fSIOI0O

Figure 15.--continued
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FORTRAN IV 6 LEVEL 21 EVALU DATE $0242~ 09/28/17

0001 SUBROUTINE EVALU EVAOOO4O
C EVAOOOSO
C OCTOBER 1910 EVAOOO&3
C EVAOOO70
C IN THE NORMAL PHASE EVALU CALLS THE USER-SUPPLIED ROUTINES TO EVALUAIEEVAOOOBO
C THE OBJECTIVE FUNCTION AND THE CONSTRAINT FUNCTIONS AT THE CURRENT EVA13O190
C POINT. IN THE FEASIBILITY PHASS THIS ROUTINE PUTS THE NEGATIVE SUN OF EVADOIOD
C THE ViOCATED CONST RAI NTS IN LOCATION F. EVAOIIO

0002 IM PLICIT REAL*BIA-H,O-ZI EVAOI20
0003 REALe4 RNOINPRATIOEPSI*THETAO EVA00130
0004 COMN0N/SHARE/X4451.DEL445).At4S,45INN.MNtNPlNM1 EVA00140

005 COMMON /EQAL/ N, HI, NZ EVAOOtSO
*004 COMMON /0PTNS/ NTINT2,NT3.NT4,NT5.NT6,NT7,NTBNT9.NTIO EVAOO160

0007 C0OMNDN/VALUE/FG,P0,RSIGMA.RJ(;.o),RHO EVA0OR7O
000B CONINON/CRSTIDELXI45I .0ELX01451.RHOIN,RATIOEPSI,THETAO, EVA00180

IRS1G1,G1,1145I,X2145).X34S52 ,:R2(445),R1445),PRI, EVA00190
2PR2,PI ,FIRJII 901 ,DOTTPGRAiX4SI .DIAG145), F VA00200
3 PREV3,ADELX, NTCTR, NUMINI. NPI4ASE9 NSATIS EVAOOZIO

0009 MH0.0 EVA00220
0010 RSGA-0.0, EVAOO230
001 F!0.0 E VA00240

0012 NSATIS;2 E VA002S0
0013 GO To 410*100,190,200), NPHASF EVAOO26 0

c :1 FEASIBILITY EVAOO27O
C =2 NORMA EVAO002BO
C 3 GU ESS EVA002 0
C -4 ALL FUNCTIONS ARE TO BE EVALUATED EVA00300
C FEASIBILITY EVA00310

0014 10 GO TO 420,403, NT2 E VA00320
C NONNGTIVIES INCLUDED EVA00330

0015 20 DO 30 11.vN EVA00340
0016 IF I411) 260.260,30 EVA00350
0017 30 RSIGNA=RSIGNA-RHOODL0G4 1411) E VA00360
0018 40 IF (M.EQ.01 GO TO 90 EVA00370
0019 00 80 J.1,M EVA003BO
0020 CALL RESTNT (J,RJIJIl FVA00390
0021 IF (RJI(JI.LE.O.0I GO TO 50 F VA0O403
0022 IF IRJ(JI.GT.G01 GO TO 60 EVA00410

C VIOLATION OF A PREVIOUSLY SATISFIED LONSTRAINT EVA00420
0023 GO TO 260 EVA00430
0024 51) IF IRJ(JI.GT.0.01 GO TO 70 E VA00440

C ALL VIOLATED CONSTRAINTS ADDED INTU OBJECTIVE FUNCTION EVA00450
0025 F-F-RJCJI E VA00460

26 GO TO 00EVA00470
0027 60 RSIGMA.ORSIGN4A-RNO*OLOGIRJ(J)I F VA00430
0028 GD TO 80 E VA00490

C INDICATES SATISFACTION OF CONSTRAINTIIORMO0REI EVA0O500
0029 70 NSATIS-1 EVAOOsIo
0030 RSIGMA.RSIGNA-RIMO*DOG(RJIJ)l EVAOOS20
0031 s0 CONTINUE E VAOOS 30
0032 90 CONTINUE EVAOOS40

C EQUALITIES NOT COMPUTED IN PEAS. PHASE EVAOO5SO
0033 POmF*RSIGMA EVA00560
0034 6=F-RHO.OPLOAT4 N) f VAGOS7O
0035 IF(NT2.EQ.11 G-G-RNO*OPLOATIN) EVAOOSBO
0036 RETURN EVA00S90

C REGULAR PHASE EVA00600
0037 100 60 TO Cl10,1301, NT2 EVAOO61o

C MN NEGATIVITIES INCLUDED EVAOO620
0033 110 00 120 Im1,N EVA00630
0039 IF 4141)) 260,260,120 EVAOQ640
0040 120 RSIGMAwRSIGMA-RHOODLOGI XII)) fVAOO6SD
@041 130 IF IM.EQ.0) GO TO 150 F VA00660
00 42 D0 140 JI,M FVAOOfiO
004,3 CALL RESTNT IJ,RJIJI) E VA00680
0044 IF (RJ(JI.LE.0.OI GO TO 240 E VA00690
004S RSIGMA.RSIGMA-RMO*OLOG4RJ4JlIF))QO
0044 140 CONTINUE E VAOO700

C EVALUATE AND ADD IN EQUALITY C0NSYRAINTS EVAOO?20
0047 150 CONTINUE EVAOOT30
0046 CALL RESTNT 109F) EVAOOT4O
0049 IF 1NZI IBOoIS0,1&0 EVADOlSO
0050 160 DO 170 Ia1,MZ fVAGOlO?
0051 jet+" EVA00770
0052 CALL RESTNT IJ.RJIJS) EVAOOTSO

C AD0 INTO THIRD TERM OF P FUNCTION EVA0OT9O
0053 H.Hol RJ JI1902 E VAOOl600
0054 110 CONTINUJE EVAOO
00115 N-N/AMO EVAO820
D05& 160 POmRSIGMA*N EVAOOS3O
0057 POwF*PO FVAOOB4O
0053 G-2. *-AMOSOFLOAT 1IN) Evaoollso
0059 G.G+P EVAOO860
0060 IFINIZ.EQ.I) G.G-RHO*DFLOAT4I EVAOOBTO

C DUAL VALUE EVA0OBSO
0061 RETURN EVAOOS9)

C GUESS PHASE NOT CODED EVA00900

Figure 16.-- Subroutine EVALU.
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0062 190 RETURN EVAOO91O
C--- STRAIGHT FUNCTION EVALUATION I NAN*FEAS ONLY) EVAOO2o

0063 200 CONTINUE EVAOOD30

0064 IF IN.EQ.0I GO TO Z20 EVAO*940

0065 DO 210 I-leN EVAOOqS0

0066 CALL RESTNT IIRJIIII EVA00960

006? 210 CONTINUE EVAOOT9O

006S 220 CALL RESTNT 10Fl EVAO09O0
C EQUALITY CONSTRAINTS EVA00990

0064 IF (NIl 250.250230 EVAOIO00
0070 230 DO 240 I.L94N EVAOIOI0
DOTI gZ-MN, EVA2OI0

007Z 240 CALL RESTNt (KWoRJMKLII EVAO1030
0073 2S0 RETURN EVA01040

C CONSTRAINTS VIOLATED NOT SO BEFORE EVAOOSO

0014 260 NSATIS.3 EVAOI060
OOT5 PO10.E35 EVAOI07o
0076 RETURN EVAOI00
007? END EVAOIO9O

Figure 16.--continued
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is labeled for use as the objective function in the entry problem. Then

the routine calls BODY to minimize this auxiliary function subject to

the set of satisfied constraints. In the feasibility phase if a vio-

lated constraint is fortuitously satisfied an immediate return to FEAS

is made and a new entry problem is begun, including the newly satisfied

constraint in the set of constraints active for the entry problem. Thus

the entry problem can result in a series of NLP problems being partly

solved.

FAS also contains tests that indicate when a problem does not

contain a feasible starting point. Such information is printed out, and

control is returned to MAIN with indicators set so that MAIN begins to

try the next NLP problem in a stack of problems. When the entry problem

is not a con~ex programming problem the test indicates only that the

program is in a region from which it will be unable to locate a feasible

starting point. The user, by supplying another atarting point, may

cuase the algorithm to generate another sequence of points that does

lead to a feasible starting point. Figure 17 shows FEAS.

6.10 FINAL

Subroutine FINAL contains the test used to determine if a point

satisfies the final convergence criterion of the algorithm. If a point

does satisfy the criterion chosen by use of option 5 then N2, the argu-

ment of this routine, is given a value of 1; otherwise it is given a

value of 2. FINAL is called following the computation of the solution

estimates, which are made after the solution of the subproblem. FINAL

appears as Figure 18.

6.11 GRAD

The gradient of the W function is given by the formula

m m- p 2hi (x)

VW(x,r) m Vf(x)- r Vgj(x) Vh (x)ilgi (x) r "i-m+l
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FORTRAN IV G LEVEL 21 FEAS DATE - 80242 09/Z3133

0001 SUBROUTINE FEAS FEAOO040
C FEAGOOSO
C AUGUST 1671 FEA@0060
C FEAOOOTO
C PEAS DETERMINES WHETHER THE STARTING POINT IS FEASABLE. IF IT IS NOT. FEAOOOGO
C FEAS LOOKS FOR A FEASABLE ONE. IF NONE EXISTS, A MESSAGE IS PAINTED FEA00090
C AND CONTROL RETURNS TO MAIN. FEAOIO

0002 IMPLICIT REAL*BIA-HO-Zl FEAO0110
0003 REAL04 RHOINtRATIOtEPSIPTHETAO FFA*01O2
0004 COMNON/SHAREIXE*SIhDEL(4S)A(.5,*5,NNMNNNPt*N1I FEAO0130
0005 COMMON /OPTNS/ NTINT2,NT3,NT4,NTSoNT6BNTTNTSNT%@NTIO FEA00140
0006 CONMON/VALUE/FGPORSIGNAeRJ(90|,RHO FEAO0ISO
0007 COMMON/CRSTIOELX44S3,DELXOI4ShRHOINRATIOEPSI THETAO, FEAO0160

1RSIG1.GIXI115I,X214S),X314SXR2I4SIR1KRI*ISPRIt FEAOOITO
2PR2,P1,FiRJI(9OIDOTFPGRAO(ISI.OIA(45I, FEAOOI9O
3 PREV3.ADELXE NTCTR, NUMINI, NPHASEv NSATIS FEAO0190

0008 NPNASE-1 FEAOO200
0009 GO TO (10,1501 NTZ FEA*0010
0010 to NFiXi FEAO0220
0011 DO 30 I-1,N FEA00230
OO2 IF IXllI) 20v20O30 FEAO0240
0013 20 NFIX2 FEAOO2SO
0014 XII6I.E-OS FEAOO260
ols 30 CONTINUE FEAO0270
0016 GO TO ISO,403. NFIX FEA00280
0017 40 NPHASE.* FEA00290
0018 CALL EVALU FEAO0300

C JUST GET ALL CONSTRAINTS EVALUATED FEA00310
0019 NPHASE71 FEAO0320
0020 :RITE 16.1301 FEAO0330
0021 CALL OUTPUT 121 FEAO0340
0022 50 IF IMI 90.90,60 FEAO03SO
0023 60 00 70 I.106 FEA00360
0024 IF IRJI413 100,100,70 FEAO0370
0025 70 CONTINUE FEAD0380
0026 s0 CALL TIMEC FEADO0390
002? WRITE 46.1401 FEAO0400
0028 G.O.0 FEA00410
0029 CALL RESTNT (O.F1 FEA00420
0030 CALL OUTPUT 121 FEAOO*30
0031 90 RETURN FEA0440
0032 100 CALL BODY FEAOOSO
0033 IFINPHASE .EQ. SI RETURN FEAO0460
0034 DO 110 I.1Nm FEAOO470
003S IF IRJIlII 120,120IO0 FEAOO4O
0036 110 CONTINUE FEAO0490
003 GO TO S0 FEAOOSO0
0038 12O WRITE 4ti503 FEAOS O

C TO INDICATE TO mAIN TO SART ON NEXT PROBLEM. 
FEAOOSO

0039 NPHASE-S FEAOOS30
0040 GO TO 90 FEAOO54O

C FEAO0550

0041 130 FORMAT 41HO,2X@,SItADE VIOLATED NON-NESATIVITIES SLIGHTLY POSITIVEFEAOOS60
II FEAO057O

00*2 1*0 FORMART 45,4D****.T4E FEASIBLE STARTINU POINT 'TO SE USED IS ... I FEAGOSSO

0043 150 FORMAT 43XS9HTHIS PROBLEM POSSESSES N FEASIBLE STARTING POINT. UFEAOOS90
IfLL LOOK FOR DATA FOR NEXT PROBLEM. i FEAOO600

00*4 END FEAOO6IO

Figure 17.--Subroutine FEAS.
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FORTRAN IV 6 LEVEL 21 FINAL DATE 6 0242 O9/28156

@001 SUSWUTINE FINAL IN21 F INOOSO I
C FINOOA3

C OCTOBER 1970 F ENOOO?0
C Ft NO0OUll
C FINAL CONTAINS THE TESTS USED TO DEVER41NE WHETHER A POINT SATISFIES Fiwooo9o
C THE FINAL CONVERGENCE CRITERION LHOOSEN TO DETERMINE IF THE ULP F 9NO0010
C PROSLEN HAS SEEN SOLVED. F INooIID
C M2 SET EQUAL 10 1 IF CONVERGENCE CRITERION IS SATISFIED. FINOO120
C M2 SET EQUAL TO 2 OTHERWISE. FINI013

0002 INPLICIT RFAL*SIA-H@O-ZI FIN0OI40
0003 RFAL*4 RHOIN*RATIO.EPSI ,THETAO F NOOISO
0004 COIOIHRIESEES,(54I,,,NNIN1FltEOOA0
0005 CON'40N/VALUEIF.GPORSIGHARJG9OI ,RHO FINOOITO
0004 COMONICRST/OELXG4SIOELXOI45IRNOINRATIOEPSITHETAOv FIN00ISO

IRSIG1.GlXl4S),FX2I49X3t.5),'VR2E45).XfA1I4SIPR1 FINOO190
2PR2,P1.FIRJI190),DOTTPGRADI4S).DIAG14SI, FfNOO
3 PREV3*ADELX, NICTR, NUMIN1, NvgHASEP NSATIS FINO2OZI1

0007 GO TO f10*20,301. NTS F IN00220
@008 10 EPSIL-DASSIFIG-1.1 FI 0 230
@009 IF (EPSIL-THETAO) 50,50,70 F IN00240
0010 20 IFIDASSIRSIGMAI-TNETAOI 50,50.70 FIRO02SO
0011 30 IF £NU'4INI-Ll 50,40940 F 1 600260
0012 40 PESrSPRI-(PRI-POffl.-l.ISQRTERAr1OII FJNOO270
0013 EPSIL.DASSIPEST/G-1.). F 1 M00260
0014 IF (EPSIL-T4EI'AO 50.70,70 F1NO0290
0015 so N2-1 FINO0300
got& GO TO 480#601, NT6 Ff N00310
0017 60 CALL PUNCH F INOO320
0018 GO TO SO F IN00330
0019 70 042-2 FIN00340
0020 so RETURN F I NooSio
0021 END FIft00360

Figure 18.--Subroutine FINAL.
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Subroutine GIAD calls the user-supplied subroutine GRADI to compute

Vf(x) , Vgi(x) , and Vhi(x) and performs the computations to evaluate

VW(x,r) . The negative of the gradient of the W function (i.e., -VW)

* left in the array DELXO when GRAD returns control to the calling rou-

tine. When the argument of GRAD has a value of 2 this is all that is

done. However, when it has a value of 1, GRAD also does part of the

computations needed to evaluate the matrix of second partial derivatives

of W at x . Subroutine GRAD is shown in Figure 19.

6.12 INVERS

When Newton's method is used to minimize the W function for a

given value of r , it maps the negative of the gradient of W with the

inverse of the matrix of second partial derivatives of W evaluated at

x . A positive definite matrix will always give a vector along which

the value of W will initially decrease. That is, for iteration i , a

move is made along the vector S , given by the formula

i 2 -1
S = -IV W(x,r)] VW(x,r)

This is equivalent to solving the set of simultaneous linear equations

[V2W(x,r)]S i = -VW(x,r)

for S , where V 2W and VW are respectively the matrix of second

derivatives and gradient vector of W evaluated at (x,r)

Subroutine INVERS solves this set of equations for Si using an

L-U decomposition method (the Crout procedure). If it is determined

that the matrix of second partials is not positive definite, a different

procedure is used to obtain a direction S A complete discussion of

this procedure is given on page 167 of Fiacco and McCormick [10]. When

*In the program the vector Si is called DELX.

-78-
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FORTRAN IV 6 LEVEL 2L GRAD DATE - 80242 12/1/35

0001 sumauuTIME GKAO 41S) G*AOOD4D
C GaAOOOS*
C OCTOJBER 1970 GRA00060
C GA000PO
C GRAD COMPUTES THE GRADIENT OF T14E PENALTY FUNCTION AND THE OUTER GRAODORO
C PAOUUCI FACIU@NS OF TH4E MATRIX Of SECOND PARTIALS OF P. GRAO090
C IF (35.18 ACCUM4. MATRIX OF 2ND PARTIALS IF41SP21 DONT GRAO0IOO

0002 IMPLICIT REAL*81A-HsO-Z) GAAOOI 10
a003 REAL*4 RHOIN,RATICIVEPSIOTNETAO GRA40123
0004 CONNON/SHARE/X 1451 ,DELI 45 ,AI 45,453eN.MMP1.NMIt GRAGO0130
0005 COMMON /EQAL/ He "It NZ GRA00140
0006 COMMUN /OPTNS/ NT1.Nr2.NT3,NT4.'ITS.NT6.NIJ.NTSNT9NTIO 6AtAOOIS8
0007 COMMON/VALUE/fGoPORSIGNARJ(903,RHO GRAOO160
0008 COMMO)N/CRST/DELXt4S)SDELXO(453,RViOINRATIOEPSIsTNETAO, GAAOOI7O

IRSlGIGIX11451,X2(45~1,3IXR2I45.1R1145PI# GRA30180
2PR2.P1,FA,RJ119OI.OOTT.PGRAO(45b.DIAGI451. GRA00190
3 PREV3,AOELX# N7CTR9 NUMINI, NPKASE9 NSATIS GRAOO200

0009 GO TO 110,30)t IS GRA00210
0010 to 00 20 I1.N,9 GRAO0220
0011 00 20 Js, GRA00230
0012 20 AII,J)0O. GRA00240
0013 30 DO 40 4., GRAOZ
0o014 40 OELXOI!l.O. GRAOOZ26O

C THIS SECTION WORKS CORRECTLY IN FEASIBILITY PHASE AS WELL AS NORMAL PHGRA00270
00l5 GO TO 1509801, NT2 GRAOOZO
0016 so 00 70 [.ION GRA00290
0017 DELEOIII.-RHO/XfII GRA00300
0018 Go TO (60,70). IS GRA00310
0019 60 A1IIJs(-DELXOIIIIXIIII GRAOO32O
0020 70 CONTINUE GRA00330
0021 s0 CONTINUE GRA00340
0022 IF IN.L.E.Ol GO TO 180 GRA003SO
0023 00 170 K-.N GRA00360
0024 CALL GRADI (K) GRAOO3?O
0025 IF IRJIK).GT.O.01 GO TO 110 GRA00380

C ALL VIOLATED CONSTRAINT GRADS ADDED TO 08j. FUNCTION GRA00390
0026 00 100 I-ION GA0400
02? IF (DELI II) 90,100,90 GRA00410

00028 .90 DELXOII)-OELXOfII-OELfI GRA00420
0029 100 CONTINUE GRAGO430
0030 GO TO 170 GAA00440
0031 110 TV-RHO/RJIK) G*AO@450
0032 DO 160 I.1.N GRAGO460
0033 IF IOELIJI 120,160,120 GRA00470

C IF DEL(II)0 SKIP ALL THE FOLLOWING COMPUTATION INVOLVING * BY DELIS) 63*0040

0034 120 1.1*OELI itR009
0035 DELXOS II).DeLXOCII-T GAAOOSOO
0036 GO TO (130tI601v 1S GRAOOS1O
0037 130 T-T/RJ(K) GRAOOSZO
0038 DO 150 JJ.1 GRAOOS30
0039 IF IDELIJJ)l 140,150,140 GRAOOS40
0040 140 AiIJJI.A(I@JJI#T*OELIJJ) GRAGOSSO
0041 150 CONTINUE GRAOOS60
0042 160 CONTINUE GRAOOS7O
1043 170 CONTINUE GRAOOSSG

C EQUALITY CHANGES FOR GRAD GRAOOS9O
0044 180 IF INZ.LE.01 GO TO 250 GRAOO&00
004S G0 TO 42S0.190@2S0)* NPHASE 6RAO0610
0044 190 RQ.2./RMO GRA00620
0047 DO 240 J1.vNZ GRAOO630
0048 KaN.J GRA00640
0049 CALL GRAOI IKI GAA0O6SO
0050 TT.RQ*RJ(K) GRAOO660
0051 00 230 Is1,N GRA0O670
0052 IF IDELiII.EQ.0.01 GO TO 230 GRAO0680
0053 OfLKOIII.OELXOIII*EL4II*TT GRAOOI90
0054 GO TO (200,230). IS GRA00700
0055 200 TsRQ*OE4,III GRAOO?10
0056 DO 220 JJwI,l GRAOO?20

0OST IF (OELIJJII 210v2209210 GAAOO3O
0058 210 AIIJJIOAIIoJJI.TNOELIJJI GRAOO740
0059 220 CONTINUE GRAOO75O
0060 230 CONTINUE GADD76O

* (061 240 CONTINUE 6AA00
062 250 60 TO 42609290S. IS GAAOO74O

00063 260 00 270 Im1.N 6RA00790
0064 270 DIAGIII.A4I.E) GAAOO800
0065 280 GO TO 4290033092901s UPHASE GAAOOStO

FC LEAVES NEGATIVE GRADIENT IN1 DELP GRA00820
0066 290 00 300 Iul9N GAAOSO3
0067 300 OELXOIII.-DELX0III GRAO40
0068 310 ADELXO. GRAGOSO

*0069 DO 320 ;I'm, GRAOOS60
0070 320 A0EL~mADELX*DELX0IlI*2 GRAOOI17O
007t AOELX-DSQRTIAOELX9 0RA0080
0072 RETURN GRAOOS90
0073 330 CALL GRANI 401 GAOO900
0074 0O 340 Owl#% GAAOO9IO
0075 340 DELXO(Ils-DELXOIII-OELIID GRA00920

C LEAVES THE NEG. GRAD OF P IN DELIO 6310O0930
0076 GO TO 310 6RA00940

0071 Emu QRAOO95O

Figure 19.--Subroutine GRAD.
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this occurs the program prints out "ORTHOGONAL MOVE." This also warns

the user that the problem is probably not a convex program. Subroutine

INVERS appears as Figure 20.

6.13 LMULT

Subroutine LMULT, called by subroutine SENS, calculates the

Lagrange multiplier sensitivities according to steps 5 and 6 of Algo-

rithm 2.1 (Section 2). LMULT is given in Figure 21.

6.14 MAIN

MAIN is the program that initiates the SENSJMT algorithm to solve

a nonlinear programming (NLP) problem; it is not a subroutine. The in-

put of parameters and options, as well as a starting point, is done in

MAIN, and the call to READIN (a user-supplied subroutine) is made to

allow the user to read in data needed to evaluate his objective function

and constraint functions. Starting point data or blank cards should

always be supplied by the user because starting point data cards are

always read in MAIN. Subroutine FEAS is called to obtain a feasible

starting point by making use of the SENSUMT algorithm to solve the entry

problem if the user-supplied point is not feasible. The actual solution

of the NLP problem using the SENSUMT algorithm is supervised by subrou-

tine BODY. The calls to SENS (sensitivity subroutine) and BOUND (bound

subroutine) are also done in MAIN. When calculating bounds, after the

solution and sensitivity analysis of the unperturbed problem, MAIN re-

iterates SENSUMT to solve the subject problem with the perturbed data.

Perturbations and readjustments in the problem data are done in PERT

(perturbation subroutine), on call by MAIN. Subroutine MAIN is shown

as Figure 22.

3- 6.15 OPT

The purpose of subroutine OPT is to obtain a > 0 such that

W(x + OS) is a minimum with respect to 8 along the vector x + O.

j j - 80-
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FRRNI LEE 21INVERS DATE *80242 12120120

0001 SUBROUTINE I:VERS (NSAE) IV04

C OCETHED IS SED INVO0340
C INVoooIO
C IVES LESTHE S ETMER OF HEQATION. FO H1OEVCO SN HNV0030
C CUU ROUR.IF H ARXI NOTPOSITIVE PIO AOTEI EEAE, TE AMDIFRENTK, INVOOI4O
CETH*PODISUEDI.SDSEP.1718INFAC N ~OMcI INVooSoo
C INVOOI4D
C***IPEF NSM A1 LORIN DECITH IIO A F NEE A ATRIX IF TAK- ING PRAAEIOS INVOOIZO
C**S*AT MAT R Y OFUT HE A HENTRIXH. AD-IE INVooIlo

C****INV ISTENBRO NON-POSITIVE PIVOT CANDIDATE S GENERATED .HNMCOMC, INVOO00

002IPIIcEL6AHO2 INVO0140
0003*I REAL' OINGTIPTHNEW A TRIP1X.P IFIN-2UIN RVOSlVOO22o
0004*** CMAO'I/S UHAVX*5E E RIG.A54ND-ID.MNP INVO010

0005 COMMON /OPTNS/ NTIINT2,NT3,NT4@NT5,NT6,NT7,NT8,N19,NTIO INVO0240
0006 COM'60NCRST/DELXI4S),DELXOI*58.RHOINRATIOEPSISTHETAO. INVoozSO

1R51G1,Gl.X14451 .X24451,X314*51,R21451,1R1145).PRI.t INVO0260
ZPR2.PIFiRJ11901DOTTPGRAD(4#SI,01AG1453, INVO0270
3 PREV3,ADELX, NTC7R, MNINI. NPHASE, NSATIS INVO0260

0007 COMMDN/EXPOPTINEXOPINEXOPZNEXOP3,NEXOP*,NEXOPS,XEPl,XEP2 INV0O290
0006 DIMENSION 614S) I NVO0300

-~I0009 EQUIVALENCE 48@DELXI 1NV003tD

0010 GO TO(ZO, 170)v NSME INVO0320
0011 20 NINV-O 1NVO0330

0012 IF 1AII,111 40030050 INVO0300

0013 30 NINVIo INVOOT3SO
0001* GOTO7 I INV00360
0015 40 NIMV1 INVO0310
0016 s0 AlI.1)-1./AIL,11 INVO0360

2001? DO 60 I-2.N INVO0390
0018 60 AIItI)-AII.I)SAII,1) IINVO0400
0019 70 DO 260 J-2,N INV0O410
0020 JM1.j-1 INVO0420

OOZI -0. NVO0430
0022 00 90 6=1,JM1 1NV00440

0023 IF IAII,J)l 80,90,80 INVO04SO
0024 s0 ?T.TA(JII*AEIJi 1NV00460
0025 90 CONTINUE I NVOO4?0
0026 AIJvJI-A(J.JI-T INVO04sO

0027 IF (AIJ@Jll 110,100,120 INVO0490
0028 100 NINV-NINV~1 INVOosoo
0029 GO TO 170 I NYDOSID
0030 110 NINV-NINV.1 INVOO52O
0031 120 AIJ*J$I1./AIJ,Jl I NVOOS3O
0032 IF (J.EQ.N) GO TO 170 INVOOS40
0033 JP1-J*1 INVOOSSO
0034 DO 150 LmJP1,N INVOOSGO
0035 T-0. INVOOS?0
0036 DO 140 3-1,JM1 INVOOSGO
0037 If IA(IJI) &30vL40*L30 INvOOS9O
0030 130 TwT*AIL.i*AfIJ) INVO0600
0039 14.0 CONTINUE I %V00610
0040 AfL9JI.AlLvJI-T 1NV00620
061 AIJuLI.AfLvJI0A8J#J) INVO0630
0042 150 CONTINUE INVO0640
0043 160 CONTINUE INVOOASO
0044 170 CONTINUE I NV00660
00*5 IF ININVI £80,160,290 INVO0670
0046 160 Bill)BIIISA41,II 1NVO0680
004? 00 210 J029N 1NVO0690
00*8 T-0. INVOOloD
0049 JNISJ-t uwVOO
0050 DO 200 11,.JoM INVOO720
0051 IF 1AIJ9111 190.200,190 INVO0?30

0052 1 90 T8T*AIJ*II*6III INVOOT*0
0053 200 CONTINUE INVDOO
0054 SIjISISjIJI l*A(JJ) I NV00740
00ss 210 CONTINUE INVOOTTo
0054 00 240 11,#NmI IFEVooro0
005? N"KoN-I INVOO?90
005s DO 230 Jo1,I INVO0S00
0059 LaNPI-J Imvoo
0040 IF IAINNK@Lll 220,230,220 INVOO620
0061 220 9 1NMA 108 1NK)-AINN0K 9L 10BIL I INVOO41O
0062 Z30 CONTINUE INVOO840
0063 2*0 CONTIN4UE INVOOBSO
0064 250 GO TO 920#2601t NT3 1"VOO460
006S 260 WRITE 46o4301 INVOOsTO
0066 WRITE 1694201 IDELSOMIIIoNt INVOORSO
0416? 270 WRITE 1*,4*01 INV00890
0069 WAITE 16.4201 IDELXII.II.Nl INVOO900

Figure 20.--Subroutine INVERS.
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0409 260 IETURN INVO0910
C--- COMPUTE ORTHOGONAL MOVE INVO0920

0070 290 CONTINUE I NV00930
0011 00 350 11-19N INVO0940
0072 I.N-5I+i I NVO0950
0073 IF IA(11,II 310.300,320 INVO0960
0014 300 Bi11.0.0 INVOO970
Days GO TO 350 INVO0980
0076 310 SIil.0 INVO0990
all?? 60 TO 330 INVOIOOO
0078 320 6111.0.0 I NVO 1010
00O9 330 IPI.1*1 INVOI020
0080 IF tIPL.GT.Nl GO TO 350 INVOL030
0081 DO 340 J-IPLN INVOI040
0082 340 S(I)-SUII-AI.JI*B4JI I NVOIOso
0083 350 CONTINUE I NVOI060
0084 GO TO 360 INVO1OPO

C- CHECK PIAYBE 00 01FF FOR P.S.O. INYOIosO
0085 360 ZCZ2.0. 0 I NV01090
0086 DO 370 I.N INVOI1OO
0087 370 ZC2-ZC2*DELXIII*SII INVOIIIO
00,18 IF IZC21 380,400,400 I NVO 1120
0089 380 00 390 I.1.N INVOl 130
0090 390 811-~)INVOI140
0091 400 WRITE 16,4S01 INVOIISO

C MCC ZANGWILL ONE MOO INV01160

0092 JIF INEXP2ME2i Go TO 250 INVOIITD
0093 0 41 s1N INVO1180
0094 410 *IKlsBIRI.XOlEKI INVOZ 190

0095 GO 10 250 INVOL200
C INVOI210

0096 420 FORMAT tTE17.81 INVOL220
0091 430 FORMAT 140@6X*12HOEL P VECTOR) INVOI230
009b 440 FQa.SAT(IINO,6X24HSECOND ORDER MOVE VECTOR) 1NVOI240
0099 450 FORM4AT lIHQ.6Xv15HORTNOGONAL MOVE) INVO12SO
0100 END I MVOI260

Figure 20.--continued
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FORTRAN IV G LEVEL 21 LMULT DATE $ 0242 12/09/Z3

LMU00040
0001 SUBROUTINE LM4ULrIIND@DELMu*VEK#OUI L4U1OD~sO

C L14UO0060
C I M4ARCH 1976 L"UOOOTO
C LqUoOO09
C SUbkOUTINE LMULT aS USEU TO ESTIMATE THE PARTIAL DERIVATIVES OF THE LMU00093
C LAGRANGE MULTIPLIERS. 11 IS CALLED SV SENS WHEN NEX0P4 - 1. USING L1MUDOIDO
C THE DIfFERENTIASI1LITY OF MXII, IT TAKES ADVANTAGE OF T HE RELATIONS L14UOOIIO
C U111 - RHO/G( 1 1 2 AND WIJ - O J; Al/RHO# DIFFERENTIATING THEN WITH NUe~Oo120
C RESPECT TO THE PARAMETERS. THIS SUBROUTINE WAS CODED BY R.L. ARMACOSTLMU00130

0002 IMPLICIT REALOIIA-H.O-11 LMU00140
*0003 RFAL*4 RHOltI,RATIO.EPSlTNETAOXEPI.XEP2 LMUODISO

0004 COMMON/SHARE/XIASoDELI4S),A145.4S),N.M,@NNPINNI LM4UO0160
000S COMM4ON/VALUE/FoGPOPRSI GMAvRJ(9Ol *RHO INUODIO
0008 COMMON/EQAL/ H, HIs MZ L14UOOIBO
0007 COMMUN/CRST/ DEL Xf 451,DE LXO4 451RHOI N RATI 0,EPSI ,THE TAO, LMUDO190

INTCTR.NUMINIXI451,X21451,X31451,1R2145),XR1145).PRI. LhIU00200
2PR2,PL,FERJI1903:DOTTPGRAO(451,DIAG44SI, LNU00210

0008 DIMENSION DELMUI9O),0Ul901,KTESTlAs1 LMU00230

0009 MMz= - 0 +Z LMOU00240
0010 GO TU f1.2*3,3it END LMUOO250

C IND -0 LMU00260
0 all DO 100 1-191M"l t.MUOO2TO
0012 100 DELMUIII - 0. LNWU0028O
0013 RETURN L00290

C IND - I LMuDO300
0014 1 DO 50 11,.M"Z L M"vUDO 3 10
0015 s0 DELMUIII - Rill) LM9UO03ZO
0016 RETURN LMU00330

C IND - 2 LUOO34O
0017 2 DO 60 I.1,MNZ LMU003SO
0018 60 DELMUIII - IDELMUINI RJIIII/DEM LM4UO0360
0019 RETURN LOO0370
0020 3 DO 70 I1.19mM LMU00360
0021 CALL GRADIGII LRU00390
0022 CALL RESTNTIIVA&I LM4UO0400
0023 SUM - 0. LMU00410
0024 DO 71 JJ1,*N LMUOO42O
0025 71 SUMN SUM * DELIJJ)*DELXIJJI LNU00430
0028 IFEIND.EQ0. 41 GO TO 80LMU00440
002? OUIII --lSUM + 0ELMUIIfl*RHO/fVAI*$2) LNUO04SD
0028 GO TO 70 LNUOOA6O
0029 s0 DUMl - 2.0(SUM + DELMUIIII/IKHO L04UO0470
0030 TO CONTINUE 1,010O046
0031 RETURN L MU0O490
0032 END LMUOOSOO

Figure 2l.--Subroutine LMIJLT.
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FOR104AN IV G LEVEL ZI 41 MAIN DATE ao8242 12112130

C NA!0O060
C AUG.JST 1971 MA 00070
C MAN 00010
C M4AIN IS THE PROGRAM THAT INITIATES THE SUM? ALGORITHM. THE INPUT OF KAI0O9O

C PARMTROTU~ N TRIGPITI OEI AN FE H MAIOOIOO

C OMON OFOPNI 4TIPROBEMMNT LOCKSN50NT DTANTI.NTANTHER NL RS AIOOI8O
C CMINHASBN MODFIEDGPOR MACOSJ4976)RO INLD SE ITVY MAIOO120

0002 EALI4RHTINLX(*IOEL9TEO(451.R'401N.R TOEPIMEAO MA1000
0003 COMUG/SHAEi4, E45E3 I4.PZ45Io.xR1445,PR1, MAIOO160
0004 COMMON /EQA(/0.OTPRO40A45. Ml 4 AIO0170

005COMMOIN/OPTI NOP7 TtT#NSN6NT*ToN9NL MAIOO300

0006 ~COMMON /AIG6/FX1453 1AR491RH AO9

ISION 12X~445) (5t315#P15@X141 I MA00330
0019 LY-O.91DOTPGAD4SIA44~ MA100220
0018~~ 10 REO4.5,END.40 EPSIRHOUIN, tHEO, ATIMA.MNM 0410030

00208 LL-0. E AR41DPR45.PR-S MA100240
0009 RRR.RONEXPTNXPNE P2NXPXP4NXP XPLE2 MAIOO
00210 2 COMNNUE vZ*E~4S MA100260

0023 IFILY *EQ. 0.1 O TO1MA1 000
00124 IFIMNAOP .E.0. G 1 MA1 003100

0021 5 CUNALL SET YAX MA100310
C01 IONITA VENTORCAR FOMA MA100320

0026 DIMEI N XGZ445GOTOZO NAI00
0021 PREE CA60 RDI).1N MA30040

0028 1 0 4ED(000 D-0 EPI11.N"IDRAINAXNNN MA1003SO
0019 11413.EI MA1 00360
0030 400 CNTNU MA100370
0031 200 RHOINA MAN 00390

0032 20 CNTTR-0 MA100390

0334 NIINXP Q .1G o MA100410
0034 1NMALI STN TMAX MA100420

C SUNRITI A X S UNER AR ORAMRT OTO MAIOOSTO
0035 IFILY *GT. 0.1 GO TO 210 MA100440

0036 CALL00 READ N M4AI00460

C03 OP00IONTCANUEOLW RGRMESOT MA100400

0032 NREA 583N1N2N3NO.r.uN7NeNM1 MAIOOSlO

0038 ~ L T .GO TO 21 14AI00580
003961 CALL READIN MA100550

0040 CALL PERTMA100
0041 IFILZ *GT. NPAR) GO TO 40 MAI0O6Io
0042 215 WRITE 46.1101 MA I00620
004#3 WRITE 46.120) N.MMZ.TMMAX,RHOINRt4iO.EPITiETA0 NAID06lr

044 WRTE :::130) 
mN

0045 :RITE 46.80) TI.NT2,NT3.NT4.MT5.N16.NT7.NTONT9.NTIO MAIOO 06so
C-RAA TOLEANCES MA 100660

0046 IFILY *GT. 0.) GO TO 220 MAIO0670
004? READ (5@60) AEPI. XEP2 MAI 00610
0048 220 WRITE (6.901 04AI00690
0049 WRITE 46,10) XEPI, XEP2 MAIOO?00

C-READ SECOND OPTION CARD 04A 100710
0050 iFILY .GT. 0.) 60 TO 230 MAl 00
0051 READ 45.60) NEBOPINEXOP2,NEXOP3,NEXOP4,NEIOPS.NEXOP6, NEXOPT MAIO3O
0052 230 WRITE 46.100) MAIOO74O
05 WRITE 46,0)1 NEK0PtFEXOPZ.NEKOP3sNEXOP4,NEXOPS.WEKOP6,MEXOP? NAIGOISO
00S.4 CALL TIMEC H0l100760
0055 NPHASe.4 NAl 00770

C -- JUST TO GET AN INITIAL PRINTOUT RAIOO76O
0056 CALL EVALU MA! 00790
0057 P0.0.0 MAl 00800
D0se G-0.0 MA IOaR 10
0059 H-0.0 "Al 00820
0060 RSIGMA.0.0 MAl 0830
0061 CALL OUTPUT 42) 9A100840
0062 CALL STORE "ASoosso
0063 IF INEXOPI.GT.11 CALL CHCxER 4AI066O
0064 IF INEXOPI.EQ.31 STOP 01072 MAIO9O~l
0065 IF INEXOPI.Eg.51 STOP 01104 "AIOOSSO
0066 CALL FEAS HA%1008qa

C NPHASE-S INDICATES EITHER TIME RAN OJJT ORt MO FEASIBLE POINT WAS FOUND MA100900
0067 GO TO) (30,0,30,30st0I, MP1HASE MAIOO91O
00AR in NPs4AF7 PIA100920

Figure 22.--MAIN
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0069 NTCTR-O MA100930
0070 CALL UOY MA, 00940
0071 IF(NPHASE.EO.S) GO TO 1T MAIO09SO

0012 IF NEXUP3.EQ.I GO TO 19 MAI00960
0073 IF I EXUP3oEQ.31 GO TO 19 014100970

C FOLLOWING STAILMENT IS INCLUDED FO% WATER POLLUTION PROJECT ONLY MAI00980
C IT HAS TO BE REMOVED LATER (NTS-5 IMPLIES POLLUTION PROJECT) MAI00990

0074 IFINT8 *EQ. S CALL PROF MAIOIOOO
007I GO To 17 MAIOLOIO
076 18 ISENS - 4 MAIO1020
0077 CALL SENS MA1OiO30
0078 IFILY.GT.O. CALL BOUND MAI01040
0079 LV-LY*1 KAIOOSO
0080 GO T0 17 MA|O1060
0083 19 ISENS - 2 MAIO107O
0082 00 21 1.1,12 MAIOIOUO
0063 CALL SINS MA101090
0084 FILY.GT.O.) CALL BOUND qNA1I1O0
005 LTYLV. MAI011|10
0086 21 CONTINUE MAE01120
0087 17 00 300 I.L*N MAIO130
0088 X111-MI) MAIOI140
0089 300 CONTINUE NAIOIISO
0090 GO TO 20 MA! 0l0
0091 40 STOP MAIOIT07

C MAI01IS0
C PARAMETER CARD MAI1OI9O

@i0l so FORMAT tsELZ.0,3141 "A01200

C INITIAL X VEACTOR CARD FORMAT MAI1210
0093 60 FORMAT 16E12.63 MAI01220
0094 To FORMAT (6E20.71 PA101230

C OPTION CARD FORMAT MAI01240
C OPTION CARD FORMAT MAI01Z50

0095 80 FORMAT (1017 MAIO1260
0096 90 FORNAT(13NO TOLERANCES I NA101270

0097 100 FORMAT (26N0 SECOND SET OF OPTIONS I MAIOIZO
0098 110 FORMAT 156N1 NONLINEAR PROGRAMMING ROUTINE-SUNT VERSION 4 03/01173MAI0129O

1 I NAIO1300
0099 120 FORMAT ilHOSXZHN=I3.bXt2HNM-l3tX,3HMZ.13//8XIOHNAX. TIME.E14.7.MAIOI3IO

14RX2NR.E14.74X.bHATIO.EL4.7,T6XHEPSILONE1%..74X,6HTNETA-EI4.7)MAI01320
@100 130 FORMAT 418Ho OPTIONS SELECTED) nAIO1330

9101~& EN0W1140

Figure 22.--continued
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The vector S , along which the search for the minimum is made, is de-

termined in subroutine XMOVE. The method used to locate the minimum

along the vector is the Golden Section search zethod, which is based on

the Fibonacci search method (see [10, p. 193]).

The Golden Section method is a one-dimensional search method to

find the minimum of the function that does not require the computation

of derivatives. Figure 23 shows OPT.

6.16 OUTPUT

Subroutine OUTPUT contains most of the "write" statements used to

print out information on the results of solving an NLP problem. It is

used to print out information after each iteration and also to print out

the solution estimates and the estimates of the Lagrange multipliers.

OUTPUT is given in Figure 24.

6.17 PARDIF

The subroutine PARDIF is called by subroutine SENS to assign a

differencing increment for use in the central differencing formulas

indicated in Steps 2 and 4 of Algorithm 2.1. It assigns a fixed value

to the differencing interval when the sensitivity analysis is conducted

at the final subproblem, or assigns a value over a specified interval

for sensitivity analysis at the final subproblem. When a trajectory

sensitivity analysis is performed, PARDIF returns a differencing inter-

val which is dependent on the particular subproblem involved, refining

the value as the subproblem approaches the final one. Subroutine PARDIF

Is shown in Figure 25.

6.18 PERT

Subroutine PERT, called by the program MAIN, performs the book-

keeping regarding various parametric changes and adjustments required in

the process of bound calculation. Figure 26 is subroutine PERT.
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FORTRAN IV 6 LEVEL 21 OPT VATE =80243 10/18.039

0001 SUBRUAJINE UPI OPT00040
C OPT0005a
C MARCH 1971 OPT00060
C 0Pl0007,
C OPT LOOKRS FOm A 14INI04UN ALONG THE SEARCH VECTOR USING T14E GOLDEN OPTOODRO
L. SILTION SEARCH METHOD. OPT 00090

00,32 1MPLILI1 REALOR(A-HO-LI o.'roazoo
0003 REAL.4 RNOINtRATIUsEPSIOTHEVAD OPTOOl 10
,1004 CJiN/SHARE/*I51,DELI4),A45,451 ,NNNN,NPI,NMI 0PT00It'0
ouis LONMJN/VALUt'/FGP0,M(SIGNAKJI90I ,.(iO OPTOO130
0006 CONMM04A/RSJ/OEL X 9451 OVELXO14. RHOI NoRATI rEPSI ,THE AO, OPT03140O

lIHSlGlG1,X14452.32145).X3145J,XR21451,XRII45),PRIv OPTOOISO
2Pf2,P1,FIoRJI9OIOOIT,PGRAOI45,I.31AG1451, OPTOJI60
3 PkEV3,ADELX, NTCTR, NUMINI, NPHASE, IISAFIS 'OPTOTO

000? KSw-L OPTOOI SO
0008 N405-1 OPTOOI90

0009 P31 P0 OPT 00200
0010 lSh'1 OPT00210

.10011 0017=0. 1P.0720
Quiz 01) 10 J-1.10 0PT00Z133

0 013 10 0UTT*JOTT+OELXKIsDtLXOIJ) 0PT00240
0014 GO TO0 40 OPT00250
0315 2j DU 30 11#N OT06

0016 30 OELXIIh.-OELXII) OP100270
0017 40 CON4TINUE 0PY00283
0018 N40f40, UPT0

0
290

0019 UNM* PT0O300
MN iS NOW NUM6. OF POINTS AFTER MIN ACHIEVED OPTO03t0

0020 NFCTM=-NT(rI4.1 DP 70320
0021 DO 50 I-1,N OPT00330
0022 50 XZII)-X(I) 0P130340
0023 PXI.PO OPT003SO

40024 A'40t-0 OPT 00360
0025 60 N401-N401#1 OPT00370
0026 00 70 I.7.N OPT003S60
0027 70 R(il-x2(I3.OELXEII 0 T003 0
0028 CALL EVALU OPT00400

C I MEANS SATIS.Of COSsRAImr Nt.PPEv. ZMEANS NOCmANGE 314EANS VIOLATION OPi33410
C If PO'INT IS NOT FEASIBLE GIVE IT AN ARBRITRARILY HIGH VALUE 0P103420

0329 GO TO 15400,60it NSATIS OPT00430
0030 00 PXZ-10.E35 OPT00440
0031 PU-10.E35 OPT 00450
0032 GO TO ICO OP1 00460
0033 90 CONTINUE OPTJO470
0034 PK?-PO OPTOO400
0035 IF (PXI-PX2I 100,100#150 OPT00490
0036 100 IF IN401-2) 130,110,110 OPT00500
UJ37 110 00 120 I-1,N OPTJO513
00311 123 K1(I1=X(1I OPT 30520
0039 P-P X2 OPT 00539
0040 G0 TO 430 0PT00540

C ONLY UNE POINT SO FAR COMPUTED OP?00550
0041 130 00 140 1-19N OPT OOS6o
0042 140 A3111).X2411 OPTOOSTO
0043 PREV3.PK1 OProoseo
004'. GO TO 180 0PT00590
004S IS0 00 160 I1,fN OPT 00600
0046 X31t)-X211) OP10410
0047 X211)-XEII OPI 00010
0048 140 OELXI1lL.618033990DEL1111) 0PT00630
0049 PREVI.PXL OP100640
0050 PAI.PX2 OPT 00650
0051 GO 10 60 OPTOO660

C GOLDEN SECTION SEARCH METHOD. OPT0O6?Q
C 6 VFCTUR GOES TO XlIII OPTOO60

0052 170 .0-..36 OPT00690
0053 N404ftN404+1 DM007000
0054 180 0U 190 11,oN OPTJOFI0
03885 19 ll*XIPTOO?20
0056 PI-PO OTO3
0087 00 200 1.1gM OPT 00740
0058 XEIIa.36196601*IAItiI-X3Ii)14-X311) OPTOS0
0059 ZOO A21I)-Xfi) OPTOOOO
0060 CALL EVALU 0PT03?TJI00.1 GO TO IS40927Toe2101 NSATIS OPTO?01

006? Z10 IF 4N404.LT.301 GO TO 170 OPT 00790
0063 21 1 CO0NT INUE 0PTOO403

CTHERE IS No REFERENCE TO 211, THE ABOVE STATERIENT IS A 004"Y? STATENINTDPT03910
C-17 IS POSSIBLE NO FEASIBLE POINT EXIST* IF NOT TRY MOVING ON DELXO. 0PT00820

C-- IF IT IS NOT PUSSIBLE TO MOVE 3N DELKU THEN WE 1 UST BE AT A 0P103633
C-- SOLUT ION OF MLP PROBLEM. OPTOO640

0064 IF 1IN404.0,T.1001 GO TO 240 OPT 00850
0065 22%) DO 233 1-.14N OPT 00860
0466 lF(OA3S(DABSIX31i)iXIliII-.I..T.I.E-?I GO TO IT0 OPT0OSTO
006? 131 CONTINUE OPT0OSSO
0068 Z2o Gil TO 1250,2601, 440S OPTOOSSO

Figure 23.--Subroutine OPT,



0a6 251 N4US-2 OPT00900
T-434 C-I i'. To mwu. &4 (i1 oltit OPT00910T-44 O, NTCtk.,41LTq _ OPT00920

00Il NdA-1 L PTOO930
0312 G-1 IT 20 OPT00940
01)7 26J) M41TE 16,514) OPT00950
O37. LALL F114EL OPT00960

0.17i .ALL JUI$LJT All OpO0470
001', LALL RLJE(.T OPT .30983
0071 STUP 220'?2 OPTJO990

C OpTlOlno
00"' 211 CoNi INUE OPTOlOIO
001.A N%04.0 OPTOIJ20
U~jPj P1=P.) 0PTO1030
036* 0.) 2ad0 11,N OPT 01040
3q30'7 2aa X(III..381L96601*IIII-X2111A*2411 OPTOILv,0
0383 LALL k:VALJ OPT01360
00ev' GOl TO 4540,290#2201, NSATIS OPTOI 010
Jai,, 290 " A2-PO OPT%011)83

O0A4. N40 1.1 0 Ta 0 0
03141 300 N40L-4401*1 OPT01100

00.'4 It- IN401-25) 340.110,310 OPTOI 110
0)8,1 310 K;d-2 OPTO01120
00yJ IF IN401-401 32U@460#460 OPT01 130
009:)1 320 0a 330 I-LPN OPT 31143
0,9? ILANSIX2(lI/X(lI-t.0).GE.1.E-TI GO TO 340 OPTOIIS3
oo4i 333 CONTINUE OPTOR 160
009. GU TO 460 OPTOL170
.3095 340 IF(OABS(PXI/PX2-lI.LE.I.E-?) GO TO 460 OPTOIISO
0396 IF 4PX1-P8(21 350,460,400 OPTO1 190

C FROM LkFTOMIGHT X311)EPREV4)X241I)IPXI)..lIPX2 XM~IPI 0P101200
03)9? 350 Do 360 0111.2
00014 360 x1iI)=I I 0PTOI2

Ojq PI-PX2 O114
O100 00 310 I-I.N OPTORZSO

CP.JIrTXPI BECOMES XPZ OPTOIZ63
J11 371 XIII.38196601*IAIEI)-14311)I.X34!I 0PT01270

C. TEIIPLRARiLy IN X STORA6,E 0PT01283
UICALL. EVALO OPT01290

O0(1 GO TO (540,380,1701, NSATIS OPT01 303
0104 331 CONTINUE OPTOI 313
J1)5 PX2-PXi OPT01123

C SwITCH4 VECTORS TO PROPER POSITION OPT 0133)
U1"PXI=PO OPTOI1340

UOa 00 393 I-1,N OPTOI1350
0104 XX=14241) OPTO!1360
01.j' 121)-XiII OPT01 370
Olh) 390 8111.88 OPT01383
Ji11 GU TO 300 OPT01 390

C LEFT SIDE TOSSED AWAY OPT01400
C-- CHAN GES FUR NUNUN14UOAL FN OPT01410
C-- GO TO THI(U:_AWAY RIT IN THIS CASEINIT VAL LT FIB PT OPT01420

0112 400 IF IPREV3-P8 35 0,350,410 OT13
OLLi 4.13 DO 420 I-lN OPT0 1440
011. 83(I8211) OPT014SO
ails% 423 X21I.X4iI OPT01460
Jilt, PPREV3-PXI OPT014TO
J111 PXL-PX2 OPT0148.)
Dill 430 D0 440 I-1.N OPbO 1490

O4 4,#0 XII).0.38196601*lII-X2II)).X2III 0PTJ1530
012) CALL EVALU OPTOI5IO
J121 G() TU (S40,450,1701I, NSATIS 0PTO 520
0122 453 CONTINUE 0PT,)1530
0121 P87PP OPTOIS40
J12, GU TO 30U OPTOISSO

A, THE INTkkIOR POINTS N~iw GIVE EQUAL VALUS FOR P. C0ONPUTE MIDOINT. 0PTJIS63
0125 46U 00 410 1-11,1 0PT31570
012c, OEL9OIII.8411 OPTOI 580
0127 8EIl.40*1LAO1III.241)l*0.5 OPTOISVO
0121 41V CONTINUE OPT01600

J14CALL LEVALU OPT01610
U130 GOl TO 4480#4901, KSW OPTO16?3
0131 480 IjhAdS(1P3/PxI-I.I.GT.I.E-7l GO *so 520 OPT0110
0131 440 GU TO IS00,51019 ISW OPT01640
O131 SOU IF iPO.LT.P311 GOL TO 510 OPT016SO
013. IS0.2 OPTO1660

C IF P-FUNCTION OION@T GO DOWN TRY NEG VECT. OPT01670
013" CO TO 20 OPTOI6A0
0136 SI0 RETURN 0PT01690
0131 Sat) 00 530 I-1,N OPTOI 703
013d 530 841).OELA0III OPTOI 710
013q GO TO 350 OPTOI 770

C ARE WE NOiw IN FEASIBILITY PHASE OPTO1 730
014'0 540 00 550 I-1." OPTOI 740
0141 IF 4k041) 56600S&,50 OPTOI 750

Figure 0 1402 Ss CUNT INUE OPTORbO

23.-- 0143 '4SATIS.4 0PT01760O

continued 0)4- PRTURN HAS BECO14E FEASIBLE 0PTOI 790
C P - FUNCTION CHNG~cES If A C3NSTRAINT BECOPIES FEASIBLE OPTOIROO

014" So. MF0 OPTO181O
Ulqt, U0 S70 1-.14N OPTOIRZO
U141 sr' RJIIII.AJil OPT01830

-88 -o ~ AFTUOr, OPTI 640
AC OPTO) 850

011#1 SAO F6140AT A 00N OPT CAN~aT FIND A FEASIBLE POIN1T TNT GIVES A LOWER VOPT01S60
1ALUL OF THE P-FUNCTION. I OPTO1S?0

0150 f Po OPTO) Baa
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FORTRAN IV 6 LEVEL 21 OUTPUT DATE 8 0242 12112150

0001 SUBROUTINE OUTPUT IRE 0UT 00060
C OUTOBOTO
c OCTOBER 1970 OU100380
C 0UTO0090
C OUTPUT PRINT$ OUT INFORMATION ON THE RESULTS OF EACH ITERATION AND THEDUTOO100
C SOLUTION ESTIMATES AND THE ESTIMATES OF THE LAGRANGE M4ULTIPLIEKS OUTOO1IO
C THIS ROUTINE WAS MODIFIED BY GHAEMIIIf99 WHILE INCORPORATING OUIoo12o
C BOUND CALCULATION TECHNIQUE. OUTOOt30

0002 IMPLICIT REAL*SIA-HvO-ZI OUT 00140
0003 REAL** RHOIN&AATIO,EPSI#IHETAO OUTOOI 50
0004 CON4ONIS"ARE/X14S)@DELI45I9aI*5,*5).NMNN.NPI.NMI OUT00160
0005 COMMON /EQAL/ Ho HI. NZ OUITOOI7O
0006 COMMUN /OPTNS/ NT1.NT2,NT3,NT*.NT5,NT6,NTTNTSNAT9,NT1O OUTOOISO

*0007. COMMON/VALUE/FvG#P0.RSI GMAtRJI90I #AND OUTOO190
0008 CONNDNICRST/DELX(45).DELXOI45IRHOIN.RATIO.EPSI ,THETAO, OUT00200

1115G1GX14*53X2(4S),X31*'),XR2145),1R114S1.PRI# OUT00210
ZPR2,PI.Fl,RJI(90),DOTT,PGRADI*51.DIAG(4S), OUT00220
3 PRtEV3*ADELX, NVCTR, NUNINI. NPNASE, tdSATIS OUT00230

0009 CONI4ON/ABG/LYLlvPERf45) OUT 00240
*0010 COMMON/A8G1/FElvFEZ OUT00250

0011 CON1MON/ABG4/XY1*51 OUT00260
0012 CUNMON/ASOZIOFI 1*58 .F2(651 OUTO0270
0013 COMMON/DP6/NEXOP6 DUT00280
0014 C0M0N/ABG5/TX145) qTDELX14SI OUT00290
0015 COMMON/ABG6/II#51 OUT00300
0016 NZ-1.MZ OUTOO 110
0017. GO TO 110920)p K OUT00320

008 10 WRITE 16.601 OUT00330
00019 WRITE f6,70) NTCTR.OOTTiRNOvADELX#.NPHASE OUT00340
0020 20 WRITE (6,80) F9PO,G,RSIGMA,H OUT003SO

*0021 IFILY GT1. 0.) Go T0 200 OUT00360
0022 DO 210 I-IN OUTOO3?0
0023 EYIII-XfIj OIJT00380
0024 210 CONTINUE OUT 00390
0025 FE 1sF OUT00400
2026 GO TO 220 OUT00410
002? 200 FE2;F OUT04*20
0028 220 WRITE 46,90) IXIIIvI-1,N) OUT 0430

C CALCULATION OF GP VARIABLES OUT00440
0029 IFINEXOP6.NE.i) GO TO 315 OUtOO4SO
0030 INOEX-0. OUT00460

031 CALL TRANSIINDEX)..,W OUTOO*70
0032WRITEI69 00)1X11,.1N OUTOO480

0033 DO 410 I*1,N OUT00490
0034 410 11I)=rXl) OUTDO Soo
0035 315 WRITE f6t110) OUTOOSIO
00034L GO TO 130@40)o NT2 OUT00520
0037 30 WRITE f6*1201 OUTOOS3o
0038 WRITE 1691001 IRJII)I.NZ) OUTOOS*0
0039 GO TO 50 OUTOOS50
0040 40 WRITE 16,100) IRJII)I11,NZI OUTOOS60
0041 300 FORMATI/,6X,'CORRESPONDING VALUE OF GP VARIABLE IS' ,/@16E20.7) OUTOOSlO
042 50 RETURN OUT00580

C OUT00593
0043 60 FORMAT l5H*S************.~*.*~. I OUT0O600
044 70 FORMAT I10X,4HPOINT.14, "96H 9OTT.E15.7,Bz,*4HR"o-EI5.?,61o.g.AGNIOUToo61o

0490 FORMAT 6X,29HNE CONRINT VALUE O 5162.1 OUT00650

009 10 FORMAT 126X,34HNOT INCLUDING THE N3N-NEGATIVITIES) OUT006S0
DooEND OUT 00490

Figure 24.--Subroutine OUTPUT.
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FORTRAN IV 6 LEVEL 21 PARDIF DATE 6 B0242 12109/3S

0001 SUBRUTINE PARDIF PARO040
C PAROO0SO
C 15 MARCH 1972 PAROO00
C PARO0070C THIS SUBRUJTINE RETJANS A DIFFERENCING INTERVAL FOR OPARI20I WHEN PAROO08
C CALLED bY SUBRJUTINE SINS. ISENS CONTROLS THE VALUE OF THE INTERVAL PAROOO O
C WITH A MINIMUM VALUE IN THE NEIGHBORNUOD OF I.E-IS DEPENDING ON XEPI.PAROOIOO
C ISENS DEPENDS ON THE KIND OF SENSITIVITY ANALYSIS BEING CONDUCTED. PAROOIIO
C THE SUBROUTINE WAS COOED By R. L. ARMACOST. PAROO20C PARO0130

0002 IMPLICIT REALOgIA-HPO-Zi PAROOI O
0003 REAL*4 XEPI PAROOISO
0004 COMHmN/EXPOPT/NEXKOPINEXOP2tNEXOP3NEOP4-NEXOPS.XEPI.XEP2 PARO0160
000S CONMON/SEN/PARIAS).DPARIAS)NPAReISENS PAROOITO
000. MULl M NINOIISENS,8I PAROO160
0007 XXEPI XEP I 10.**NULT) PAROOI90
0008 IFIXXEPI.LE.O.) XXEPI - I.E-10 PAROOZO,0009 00 10 iIINPAR PAR00210
000O 10 DPAR(II-xxEP1 PARO0220
0011 RETURN PARO0230
0012 END PAROO24o

Figure 25.--Subroutine PARDIF.

FORTRAN IV G LEVEL ZL PERT DATE a 00242 121/33

C SUBROUTINE PERT IS COOED BY GHAENII1979 TO PERFORM THE PARAMETER PERO0060
C ADJUASTHENTS REQUIRED AT VARIOUS STAGES OF BOUND CALCULATIONS. PEROOOO

0001 SUBROUTINE PERT PEROO08
0002 INPLICIT REAL'SIA-HtO-ZI PE R00090
0003 COMMONIABG/LY9LZPER44SI PER001004UOu4 COMMONSEN/PARI4SIDPARI4SINPARISENS PEROI1IO
0005 20 LZ-LZ.1 PEROOIZO
0006 IFILZ *GT. NPARI GO TO 30 PERO0O3
0007 IFIPERILZI *NE. 0.) GO TO 10 PERO0140
0008 GO 1U 20 PEROOISO
0009 10 PARILZ)-PARILZI*PERILZI PEROOL60
0U10 30 RETURN PEROOITO
0011 END PEROOISO

Figure 26.--Subroutine PERT.

6.19 PEVALU

Subroutine PEVALU is used to compute the value of the W function

and the G function. It makes use of the values of the objective func-

tion and the constraint function, which must have been computed before

PEVALU is called. The G function is interpreted as the value of the

dual objective function when the W function has been minimized for a

given value of r (RHO). PEVALU is given as Figure 27.

- 90 -
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FORTRAN IV G LEVEL 21 PEVALU DATE - *024Z 12/11119

8001 SUBROUTINE PEVALU PEVOOO4O
C PEVOOOSO
C OCTOBER 1970 PEVO0060
C PEVOOOTO
C PEVALU COMPUTES THE VALUE OF THE PENALTY FUNCTION AND THE VALUE OF EHEPEVOOOSO
C DUAL USING PREVIOUSLY COMPUTED VALUES FOR Fe AND RJ. PEVOOO 3

0002 IMPLICIT REAL*61A-HO-1I PEVOOIOO
0003 REAL*4 RHOIN,RATIOEPSITHEIAO PEVOO 10
0004 CUMMONISHAIEXI #5 ),DELi45It At 45t45b1 IN ,NPI.NM1 PEVOOI20
0005 COMMON /EQAL/ H, HI, AZ PEV0130
0006 COMMON /OPTNS/ NTINT2,NT3,NT4.NTSNTANT7,NTBNT9,NTIO PEVO0140
0007 COMMUN/VALUE/FeGePO1RSIGMA.RJI9O),RHO PEVOOLSO
000 COMMON/CRST/DELX145) DELXOI45|IRHOINRATIOEPS1,THETAO, PEV00O60

IRSIGIGlXIISlEX2(45)X3145)eXR2(45JIXR1445IPR, PEVOOITO

2PR2.PIoF1RJ11901O0TT.PGRAD1I45,IAG(451, PEVOOISO

3 PREV3@ADELX. NTCTR, NUMINI, NPHASE, NSATIS PEVOOI90
0009 H.0.0 PEVOO200
0010 RSIGMA-0.0 PEV03Z10

C NON4EGS IF INCLUDED ARE ADDED TO P-ARE POS. IN ALL PHASES PFVO0220
0011 GO TO 410,30), NTZ PEV00230
0012 10 DO 20 |-.1N PEV00240
0013 20 RSIGNA-RSIGNA-R"O*DLOGI XlII)I PEV002SO

0014 30 GO TO I40,SO.SOI, NPHASE PEVOO260
C OBJECTIVE FUNCTION - SIGMA VIOL. CGAiSTS. PEVO0270

0015 40 F-0.0 PEVOOAOD
0016 s0 IF (MI 100,100.60 PEVOO290
0017 69 00 90 J-1.M PEVOO300
@016 IF RJ|J) 60,60,70 PEVO03O
0019 10 RSIGMARSIGNA-RHUDLOG(RJ4JI) 4PEVOOO)

0020 Go TO 90 PEVOO330
0021 0 FF-RJJI PEVOO34O
0022 90 CONTINUE PEVOOISO

C EQUALITIES NOT ADDED IN FEAS. PHASE PEVO0360
0023 100 CONTINUE PEVOOlO
0024 IF (MZI 140,140,110 PEVOO80
002S 110 GO TO 11409120915O)o NPNASE PEVOO390
0026 120 DO 130 I1hZ PEV00400
002? K.M.I PEVOO410
0429 130 HHKJIK)S02 PEVO0420
@029 HH/RHO PEVOO43O

0030 140 HS-H*RSIGNA PEV00440
0031 PO.F*HS PEV00450
0032 HMS-2.*H-RHOODFLOATI(M) PEVO0460
0033 G-F#HMS PEVO047O
0034 IFINT2.EQ.11 G.G-RHOODFLOAT(NO PEVOO004
0035 10 RETURN PEV00490
0036 END PEVOOSO0

Figure 27.--Subroutine PEVALU.

6.20 PRESEN

This subroutine calculates the gradient of the optimal value

function, using the gradient of the Lagrangian when taken with respect

to the parameters (Step 9 of Algorithm 2.1). In addition, PRESEN (when

invoked) performs a preliminary screening of the problem parameters to

which the optimal value function is practically insensitive. The cri-

terion used for this purpose is that if the change in optimal value

function is less than 0.1 percent of its current value as a result of

the introduced increment of a given parameter, then that parameter is
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eliminated from further consideration. This parameter screening is

invoked when the fifth variable in the second option card takes a value

of zero, as shown in Table 4. Figure 28 lists PRESEN.

6.21 PUNCH

When a call to PUNCH is made, the current value of the array x

is punched, along with some of the control cards that can be used to

restart SENSUMT. Subroutine PUNCH is shown in Figure 29.

b.22 REJECT

Subroutine REJECT puts values of the poirt at x and the asso-

ciated values of the objective function, constr&int functions, and W

function back into their normal locations. These values were temporari-

ly stored in other locations by subroutine STORE. STORE appears as

Figure 30.

6.23 RHOCOM

This subroutine is used to compute the initial value of r (RHO)

for each NLP problem. As previously stated, the search for a feasible

starting point can result in a sequence of NLP problems. The initial

value of r is computed by the formula specified for the use of option

1 (NTl). RHOCOM is given as Figure 31.

6.24 SECOND

SECOND is used to query about the computer's clock. This is made

possible by an internal clock which is called by this subroutine. The

elapsed time obtained and monitored by this subroutine is used by the

subroutines TIMEC, TCHECK, and SET. Figure 32 is subroutine SECOND.
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93 -T-43417FORTRAN IV G LEVEL 21 PRESEN DAIE * 024'2 12/13/50

0001 SUBROUTINE PRESENIOUoKTESTI PRE00060
C PREOoTO
C I MARCH £976 PE00010
C PRE00090
C SUBROUTINE PRESEN IS USED TO CALCULATE THE GRADIENT OF THE OPTIMAL PREOOIOO
C VALUE FUNCTION USINGl THE GRADIENT OF THE LAGRANGIAN TAKEN wITH PREQOIBO
C RESPECT TO T HE PARAMETERS. PRESEN IS CALLED BY SENS WHEN VARIABLE PREoDIzo
C NEKOPS -0 OR -1. ADDITIONALLY. WH4EN NEXOPS - 0, THE PARAM4ETERS WHICHPREODI3O
C AFFECT THE OPTIM4AL VALUE FUJNCTION BY LESS THAN 0.001 TIMES ITS PRE00140
C CURRENT VALUESARE E:LIMINATED .AGM FURTHER CONSIDERATION. THIS PRE00ISO
C SUBROUTIE WAS OE B0 R. L IA COST. PRE001I60

0002 IMPLICIT REALSIA-H@D-Zi PREOOI?0

006COMMON/SEN/PARI*5IDPAR145),NPAR.ISENS PRE00210
07COMMON/ABCJLV#LZvPER(4S) PRE022

00008 COMNON/ABGIFEIvFE2 PREOOZ30
0009 COMMON/ABG2/OF 1S)*0F2f4Sf PRE00240

0010o OIENSION GXI90IDU(901,KTEST(4!si)KLIST445I PREOO25O
0011 MPML - " * MlZ PRE 00260
0012 FTEST - 0.001 * DASSIF) PRE00273
0013 00 100 J1I.NPAR PRE00260

0014 KIESTIJI a 0 PREOOZ90
Co001s PARIJ' PAR 'JI - OPARIJI PRE00300
0016 CALL RE;TN II O.OFI PE003 10
WIT 01 IFfMPMI.EQ.01 GD 10 20 XRE0320
0016 Do 10 I.1,MPmz PRE 00330
@019 CALL RESTNTIODU(I) PRE00340
0020 10 CONTINUE PRE00350
0021 20 OEM - 2. 6 DPARIJ) PRE 00360
0022 PARIJI - PARIJI - OEM PREOO370
0023 CALL RESTNTIO#XF) PRE00380
0024 IFIMPNL.EQ.01 GO TO 40 PRE00390
0025 DO 30 I=1,MPNZ PREOO4,00
0026 CALL RESTNTI.GXEI)I PRE00410

002? 30 CONTINUE RE00420
0020 40 OFEP S - IOP - XF)OEM PREOO*30
0029 IFIMPHZ.EQ.0I GO TO 60 PRE00440
0030 DO S0 I-1,NPMZ PRE 00*50
0031 50 DU(l) - IOUIED - 6XIIII/OEM PRE00460
nl032 60 SUM -OFEPS PRE00470
0033 IFIN.EQ.01 GO TO S0 PRE 00490
0034 DO 70 I-11M PEO04 D
0035 70 SUM4 - SUM - RO/ftJlUIII~lPEOO
0036 so IFIMZ.EQOI G0 TO 95 PRE0Osio
0037 TSUM - 0. PREOOSZO
0039 00 90 1-1.M4Z PRE00530
0039 1IM - f.M PREOOS40
00*0 90 TSUM - ISOJM * RJ(IM)*DUIIM) PREOOSSO
0041 SUM - SUM + TSUM * 2./RHO PRE 00560
00*2 9S DELIJI - SUN PREOOS7O
00*3 PARIJI = PARj JD PARIJ) PREOOS80
0044 OIT I IAS IDELIJ 11 (00590
00*5 IFIDTEST.GE.FTEST) KTESTIJ) - I P1(00600
0046 100 CONTINUE PRE00610
004? WRITEI6v6001 ONEOD4Z0
00*6 600 FORMATI2K,34HOPTIMAL VALUE FUNCTION SENSITIVITY /11 PRE00630
0049 00 200 I.MPAR&S PR&0040
0050 IfININOII*4,NPAR) PAE 00650
0(lSt WRITEI6,601) IIJJtDEL(JJI). JJ-19111 PREOO4,6O

0052 40L FORMATI 511H DF/DA(#12v2HI-vGI4.7l) PRE00670
0053 200 CONT INUE PREO060
0054 IFILY *GT. 0.) GO TO 500 PRE00690
0055 DO 400 J.1,NPAR PRI O00
P056 DFIfJI-DELfJI PRE00710
0057 *00 CONTINUE P1100720
0056 6O TO 700 PREOO?3O
0059 500 DO 410 J=INPAR PRE001*0
0060 0F2(JI*DELIJ) PREDOlSO
0041 610 CONTINUE PREOO?6O
0042 IFILV *EQ. 0.1 GO TO TOO Pftf00770
0043 PARILZI-PARILZI-PEROLZ) P11001,60
004 RETURN PRE00790
0065 700 JJO- PREODIOD
0046 00 250 J*1,NPAR PRE00610
0067 IFIKTESTSJI.EQ.01 GO TO 250 PRE0OOZO
0046 jj - JJ#I PREOOS03O
0049 ILISTIJJI - J PRE00
00t0 250 CONTINUE PFI 0065
0071 IFqJJ.EO.sI GO TO 300 PRE 00860
0072 WRITE1694021 P1(004170
@071 402 FORMATI /SIN DETAILED SENSITIVITY RESULTS FOLLOw FOR PARAMETERS )PREOOsUo
0074 WRITES4*6031 lRLIST4ZI, I.1.JJI PREOO890

0075s 403 FORM4ATILN 4041292H oil PREOD900
0074 WRITE46641 PRE00910
9077 64 FORMAT I/I PRE 0920
0016 RETURN PRED0930
0079 300 wRifEI6960S8 PREGO940
0080 405 FORMIATI 42H THERE ARE 40 DETAILED SEASITRVIVV RESL.TS /f PRE00990
001 RETURN PRE 00940
0062 END PRIOO970

Figure 28.--Subroutine PRESEN.
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FURTRAN IV 6 LEVEL 21 PUNCH DATE *80242 12/t2/21

0001 SUbRU11INE PUNCH PUN00040
C PUN00350
C OCTOBER 1970 PUN1OOJ6O
C PUNOO O
C THIS SUBROUTINE PUNCHES THE STOPPING POINTS AND ASSOCIATED PARAMETERS PUI40008IC $0 TH4AT ANOTHER RUN MAY SE MADE STARTING WHERE THE CURRENT ONE PUN00090
C STOPPED) PUNOOIOO

C THISROUTINEIS CALLED IF NT6-2. PUN3OIIO
0002 IMPLICIT RAL*RIA-H.D-Z) PUN00120
0003 REAL 4 RHOiN.RATIOEPSItTHETA0,KEPIXEPZ,T PUNOOI)0
0004 CO1MON/SHARE/X (451 v ELI 45 )@A 145v451 vNvMN9NPtvNM I PUNOOI'.0
0005 COMMON /EQAL/ H, Hi, NZ PUNOOI 50
000l6 COMMON /OPTNS/ NT1,NT2.NT3.NT4.NTSNTANT7.NTB,NT9,NTEO PUNOO160
0007 COMMON/VALUE/F@GPO,RSIGMARJ6903,RHO PuNOOETO
0008 COM4MON/LRST/OELXI4SI.DELEOI4SI.RHOIN.RATIJ,EPSITHETAO, PUNOO180

IRSI.,;lGl,X1£451.E24453,X34453,XR2I451,XR1(4S)hPRI, PUNO00190
2PR2.PIFIRJ119O),DOTT,PGRA0I451gOIAGI45s3 PU3400200
3 PR V3 A DEL X, NTCTR, NUMINI, NPHASE, NSATIS PUNOOZIO

0009 COmRoqN/EXPUPT/NEXDPINEOP2.NEXOP3.NEXOP4.NEXOPS,XEPI,XEP2 PUN00220
Ou 1=60.0 PUN00230

0011 WRITE 479101 EPSI,RHU,JHETA0,RATIOTvMvNM2 UNO2.

C TMMAX.IS SET Ta 60. SECONDS PUN0025O

0012 WRITE 47,20) £XI113,IoN) PUN00260kc.10013 NTI-3 PUNG00270
C SET R:HO OPTION SOTIS VAU DFROW IL SE USE FCR THE RESTART. PUNOOZSO

0014 RITE (7.03 TfN 2 eNT3f#NTFNTSN6@.N7 NT&,NT9@NTLO PUN00290
0015 WRTE £7,20 XEPI, XEP2 PUN00300
0016 WHITE (17.301 NEXOP1,NEXOPZ,NEXOP3 PUNOOTIO
0017 RETURN PuNO00320

C PUN00330
03018 10 FORMAT I5E12.S.314) PUNJO)4O
0019 20 FORMAT (6E12.5) PUN003SO
0020 30 FORMAT (1017) PUN00160
0023 END PuM00370

Figure 29.--Subroutine PUNCH.

FORTRAN IV G LEVEL 21 REJECT DATE -00242 1211 03

JU01 SUhkUTINE REJECT RF J00040
C REJ~ooso
C OCTOBER 1970 REJDO360
C REJODOTO
C REJECT RETURNS THE STORED VALUES OF THE OBJECTIVE FUNCTION, THE REJOO~oO
C CONSTRAINT FUNCTIONS AND THE PENALTY FUNCTION TO THEIR NORMAL LOCATIONREJ00090

0002IMPLICIT REAL*OIA-H,0-Zi REJODIDo
0003 REAL*'. RHOIN,RATIOEPSITHETAO 1EJ1OI 30

0004 COMMON/SHARE/X(451,DELE4S3.A445.453.N.MMNN,4P1,N1 :RJOO0120
0005 COMMJN f E AL/ H, Hi, NZ REJ001 30
0006 COMM0N/VALUE/FG,PO,RSIGM4ARJl90IRHD REJ00140
0007 COMMON/CRST/DELEi 453,DELXOI453,RNOINRATIOCPSITHETAO, REJOOISO

IRSIGIGl,111453,K2(45),X3145),KRZ(453,KR14453,PRIt REJOO160

2R,:l,,RJ1490),OOTTPGRAD1451,01AG(45). REJOO17O
3 PREVSAD L, Nv TCTR, NUMINI, NPHASE, NIATIS REJOOIGO

0008 DU 10 I11,N REJO0190
0009 10 EIII)X1113 REFJ00200
0010O MMZ.M+14Z REJ00210
0011 DO 20 J-.04141 REJ0020
0012 20 RJIJI.RJIIJ) REJ00? 3D
0013 PO-PI REJ00240
0014 RSIGMA.RSIG1 REJ002SO
001 5 G-GI REJ00260
0016 F-Fl REJ00270
oi17 H;H I REJ002R0
0018 REItTURN R1J00290
0019 ENO R EJOC 300

Figure 30.--Subroutine REJECT.
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FIJ*TkAf IV G LEVEL 21 ANUCOM DATF *80242 J2/39/21j

0C0 SUBROUTIINE R340C03 13400004D

4C OCTOBER 1910 *3400006-3

C SUBROUTINE TO COMPUTE INITIAL RHO VALUE *34000080
C CUNTROLLED BY CIA. 7 ON OPTION CARD *400090)

000? IMPLICIT REAL*8IA-H.0-Z) *34000100
1 0003 REALO. AMOIN,RAI'IO,EPSI,734ETAO R14000110

0004 COMMON/ SHARE IX 44519DELI4S I vA (45.451 vNo M.M1N 9NP 1 9NMI *34030120
0005 COMON /OPTNS/ N11,NT2,N73.N14,NTS.NT6,NT7,N8,34T9,NTIO *34O000130

0006 COMMON/VALUE/F.G,PO,RSIGMA,RJ490,R40 k&3400040
0007 CCJNMUON/C*Sr/OELX(4)4,DELX0I4SI,*IIOINRATIO,EPSI ,T3ETAO, *340001s0

IRSIG1,GI,X1451,X2(45htX3145XR2451,CR1145).PRI@ RHO000160
2PR2,PItfi,RJ1(901 ,DOTrPGRA01451,DIAG14S), RNGO0l10
3 PREV3.ADELX. NICTR, NUMINI, NPHASE, 345*115 *3400180

0006GO TO (110,50,10,190), NtI *34000190
0009 10 *340R3401N *34000200
0010 20 IF 1*3402 30,30,40 R34000210
0O11 30 RHO-. RHOO400220
0012 40 RETURN M3000231
0313 so NPAR1. R4000240
0014 i0 RHOO *4002S0

C 2 MEANS *341 WHI4CH4 MINIMIZES GRADIENT NAG. *34030260

0015 CALL GRAD 42) H027
0016 00 70 [-ION *34000280
0017 10 PGRADITI)OELXOII) *34000290
0016 *340.2 *R4000300
00 19 CALL GRAD 422 *34000310
0020 DO 80 1-.3 134000320
0021 DELXOIII=DELXO(11-9GRADIII PH4000330
0022 s0 PGRADI 12.PGRADI I -DELXGOII R *400340
0023 GO T0 (90,130). NPARI *RHO00350
0024 90 001 1.0. *34000360
0025 0072-0. *RH000370
0026 DO 100 I-1,4 *RH000380
002? DOTZ-DOTIODELXOI I)*PGRAD4l RHO3400393
0028 100 00TZ-DOT2*DELXOII)4*2 *34000400
0029 R340.0A8540071/DOTZI *R4000410
0030 GO T0 20 R34000420

C 3 MEANS CampurE RH~O SO AS T0 MINIMIZE DEL. PI/DDP/l.)DEL P *R4000430
0031 110 NPAR2.1 R34000440
0032 120 NPARI-2 *34000450

C USE DF AND DR SUBROUTINE RH4030460
0033 GO TO 60 *34000470
0034 130 *340.1. *R4000480

C ASSUME SIGM4A TERM IS CONSID. GRTER THAN F TERM *R"000490
0035 CALL SICORD 421 *34000500
0036 DO 140 1-2,M4 *4000510
003? 14#0 DELXII).PGaADIIJ *RH000S20
0038 CALL INVERS (1) R*34003

0039 DO 150 1.:';N *3400040
0040 E1(:).0e X11 *34000550
0041 150 DELEI).DELKOIII *R4000S60
0042 CALL SECORD (22 *34000570

0043 CALL (IVERS I12 *34000580
0044 DO 160 I-.3 *34000590
0045s 160 XR241)aDELXI12 R34000600
0047 110 0011.,0. R34000620
0046 DOT2.0. *34000630
0049 00 180 1.1,34 *3000640

0050DOTI:DOT;*PGRAD(1*E(1 H3000650
000510 1SO D0JOT2 OT E0I IO 3*1*24, *34000660
0052 RODSQRTiDASSIDOT1IOOTZ2) *34000670
0053 go TO 20 R34000680
0054 190 NPAR2-2 *34000690

C RHO0 MINIMIZES 2340 ORDER MOVE *34000700
0055 GO TO 120 *34000710

C USES INTERNAL SUB. T0 CON iDDPI-I OF AND /DDP/- OR *34000720
0056 200 0011.0.0 *34000730
0057 0012-0.0 *34020760
0058 00 210 11,34 *34000750
0059 DOTI.E1(IIO*Z#DOTI R#4000760
0060 210 DOf2.K14118R21I)40T2 *34000770
0061. RN0.DAS(00T110T21 R34000760
0062 GO TO 20 *34OOO0
0063 E34 *34000600

Figure 31.--Subroutine RH0C0M.
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FORTRAN IV 6 LEVEL 21 SECUND DATE 8 00242 12/14/02

0UO! SUBROUTINE SECOND(SECS) SECOOOSO
0002 CALL CLOCKIAI SECOO060
0003 SECS - I SECOOO7O
0004 SECS - SECS / 100.0 SECOO080
O00S RETURN SECOO090
000 ENO SEC0OIOO

Figure 32.--Subroutine SECOND.

6.25 SECORD

Subroutine SEC0RD evaluates the matrix of second partials of the

W function. It calls on the user-supplied subroutine MATRIX to evaluate

the upper triangle of the matrix of the second partials of the objective

and the constraint functions. Subroutine SECOR is listed in Figure 33.

6.26 SENS

This subroutine calculates the solution point and optimal value

function sensitivities for each subproblem (if required), as well as the

final problem, by implementing Steps 1-3 and 7-8 of Algorithm 2.1 of

Section 2. The various choices for sensitivity calculations are given

in options 3, 4, and 5 of the second option card (see Table 4). SENS is

called by the program MAIN and the subroutine BODY. It calls subroutine

LMULT to calculate the Lagrange multiplier sensitivities. SENS is shown

as Figure 34.

6.27 SET

Subroutine SET is called once by MAIN at the start of the attempt

to solve a problem. It obtains and stores the value of the computer's

clock. It obtains the value of the clock by calling a system library or

user coded subroutine that queries the computer's clock and returns its

value as a floating point number in seconds. Figure 35 lists subroutine

SET.
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FORIR&N IV G LEVEL 21 SECORO DATE =80242 12/46/L2

0001I S UBRUUTINE SECORO IISI SECO0040
C SECO0050
C OCTOBER 1970 SECO0060
C SECO0370
C SECOND EVALUATES THE MATRIX OF SECOND PARTIALS OF THE PENALTY SEC00080
C FUNCTION. EC 00090
C SECOOJOD
C_ (11 M EANS DONT COMPUTE GRAD. OUTER PRODUCTIIN SECORDI SECOollo

0002 IMPLICIT REAL* (A-H;O-Z) SECO0120
0003 REAL*4 R HoIN,R:T 10, PSI,THETAO SECO01 30
0004 COMMUN/SHARE/X1451,DEL(45).A145,451,N.NMIN,NPIN1 SECO0143

0 005 COMMON /EQAL/ H, HI@M SECOOISO
0006 COMMUN /OPTNS/NNTINT2.ZNT3,NT4,NT5,NT6.'7?,NTB,NT9,NTIO SECOO160
000? CONMON/VALUE/FG,PO.RSIGNARJI90I.RHO SECOOI7O
0006 COMJN/CRST/DELXI45IOELX0I4ShRNOIN,RATIO.EPSI,TMETAO, SECOOLBO

IRShdGI.X11LJ459);X21i451,X15 .R2145),XR114519PRI, SECooI9o
2PR2pPL ,FIRJIt0I# OTrPGRADI45),DIAG14S)o SECO0200
3 PREV3,ADELX, NTCTR, NUMINI NPIIASE, NSATIS SECO0210

0009 00 10 I-1,N SFC00220
0010 00 10 J-.N SEC00230
0011 10 A(IJI0 SECOJ240
0012 Go TO 1;230,. is 5C05

CGRAO. TERM4 NOT PREy. COMPUTED SECOO?60
0013 20 D0 30 11I.N SEC00270
0014 Do 30 J 1.1 SECO0280
0ols A(IJ)0O.0 SEC0O2 0
0016 30 CONTINUE SECO0300
0017 GO TO (40,601, NT2 SECO03LO
0318 40 D0 50 1-1,N S ECO0 320
0019 50 AfII)-RIIU/X(II**2 SEC00330
0020 60 CONTINUE SEC00340
0021 IF IM.L.E.01 GO TO 130 SECO03SO
0022 00 120 1" 1,M SECO0360
0023 IF IRJIINII 120,120.70 SEC003TO
0J24 To CALL GRADI IlM) SECO0380
0()25 XI - R*4O/RJIIN)**2 SECO0390
0026 00 110 I-u SECO0400
0027 IF (DELIIII 180.110,80 SECO04 1O
0028 so T TT*DELfI) SECO0420
0029 00 100 J-1,1 SEC00430
0030 IF (DEL(JI) 90,100,90 SECO0440
0031 90 AII.J)%A(IJ)#T*OELIJI SECO0450
0032 100 CONTINUE SEC00460
0033 110 CONTINUE SECOO470
0034 120 CONT INUE SEC 00480

C EQUALITY CONSTRAINTS SECO0490
003!p 130 I F ( MZI 210,210,t140 SECO00500
0036 140 GO TO (210,150,2301, NPt4ASE SECOOSIO
003? 150 RQ-2./RHO SECO0520
0038 DO 200 J.I1.Z SEC 00530
0039 IN-M*JJ SECO0540
0U40 CALL GRADI IIN) SEC 00550
0041 Do 190 I;NL6@996 SECOOS60
0042 IF IDELIE) 6,10.6 SECOOSTO
0043 160 T-RQ*OELII) SECOOSSO
0044 00 180 J-1.1 SECO0590
004S IF IDELIJJI 170.1809170 SECOO60a
001#6 170 A(I#J)-AI1.J)*TODELIJI SECO0610
0047 180 CONTINUE SECOO62O
0048 190 CONTINUE SECO0630
004Y 200 CONTINUE SECO0640
0050 210 DO 220 I1,oN SECOObso
0051 DIAGII)-AlI,II SECO0660
0052 220 All,I)-0. SECOO67O

C READY NDw FOR MATRIX OF 2ND PARTIALS OF RESTRAINTS SECOO68O
0053 230 6O TO t240,510pS20Iv NTIO SECO0690
0054 240 IF IM.L.E.0I GO TO 340 SECoO?00
005s DO 330 IN-1,M SECOOTIO
0356 LORN.2 SECOO?2O

C CONSTRAINT ASSUMED NONLINEAR SEC0OT3O
0057 CALL MATRIX IIN.LORM) SECOOT4O
00!8 IF ILORN.LT.20 GO TO 330 SECOO7SO
0059 IF IRJIIN) *GT. 0.01 CPO TO 280 SECOO?60
c060 0O 260,1029N SECOTTO
00 1 IMI=-1 S C 0TSO
0062 00 260 J.I,INI SEC00790
0063 IF IAIJII) 250,260.250 SECOO800
0064 250 A(IvJI-A~l,JJ-AIJlI) SECOOS 10
0065 A(JoII.0. SECOOSPO
0066 260 CONTINUE SFEOS30
0067 D0 270 1.1gM SFC00940
0068 DIAGEI).OIAG41)-A(I.11 SECOOGSO
0069 2?0 A41,11-0.0 SECOOS160
007U GO TO 330 SECOOUTO0
0071 280 T--NO/RJE IN) SECOOSSO
0072 00 300 Io.N SECOOS9O
0073 141.-- SECOO900

Figure 33.--Subroutine SEC0RD.
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0074 00 300 J-=,IMI SEC00910
DoS IF IAIJ.l11 290.300,290 SECO0920

0076 290 AIIJj.AIIJI.TSAIJII SECOO93O
0077 AIJ, II-. SECO0940

0078 300 CONTINUE SECOo9SO
00?9 DO 320 I-IN SEC00960
0060 IF IAIII1 310,320.310 SECOO97O

0061 310 OIAGIII-DIAGIII.T*AIII SEC009m0
0062 A4I1.1.0. SECO0990

0083 320 CONTINUE SECOIOOO
0064 330 CONTINUE SECOIOXO
0085 340 CONTINUE SECIO020

0006 GO TO 1520,350,5201& NPHASE SECO1030
0067 350 IF (ML.EQ.0I GO TO 420 SECO1040

C-- EQUALITY SECOND PARTIALS HERE SECOIOSO
0086 IF INTIO.GE.21 GO TO 420 SECOI060
0069 00 410 1I-.1Z SEC01070
0090 IN-NIf SECOI 060
0091 LORN-2 SECOO9O
0092 CALL MATRIX £INLORNI SECOIICO
0093 IF ILOKN.LT.21 GO TO 410 SECOIIiO
0094 T-2.*RJIINI/RHO SECOI120
0095 DO 380 i-2vN SECOI130
0396 IN-I-1 SECO1140
0097 00 370 J-1@1i1 SECOiISO
0098 IF SAIJ@Ill 360,370,360 SECOi160
0099 360 AIIJI-AIIJ1,T*A(JII SECOI170
OLO0 AIJ, I-0.O SECo160
0101 370 CONTINUE SECOI190

0102 360 CONTINUE SECO0ZO0
0103 00 400 |11N SECOI2IO
0104 IF IAIlA' I) 3900400,390 SECO1220
0105 390 DIAGII-OIAGII+T*AII.II SEC01230
0106 AIII3-0.0 SECO1240
0107 400 CONTINUE SECO1250
0108 410 CONTINUE 5EC01260

C GET MATRIX OF 2ND PARTIALS OF OBJECTIVE FUNCTION SECO1270
0109 420 LLL-2 SECO1280
0110 CALL MATRIX I0vLLLI SECO1290
0111 IF ILLL.LT.21 GO TO 490 SECOi300
0112 00 440 1-29N SECO1310
0113 1=1I-1 SECOI320

0114 DO 440 Ju1&,N1 SEC01330
0115 IF IA(JIbI 430,440.430 SEC01340

0116 430 AII,J)=AIiJI AIJIS SECO1350
011T 440 ASJEL-A11.J5 QC01360
0118 DO 470 1-1,N SECO137O

0119 IF (A(i.11 450,460,450 SECO1380
0120 450 AIII.-DIAGIII A(II) SECO130
0121 GO TO 470 $ECOI400
0122 460 Alil)DIAGIil SEC01410

0123 470 CONTINUE SEC01420
0124 480 RETURN SECO430
0125 490 00 500 I-1,N SECO1440
0126 AII.I-DIAGIII SECO1450
0127 00 500 J-IN SECO1460
0128 500 AII,JI-A(JII SECO1470

0129 GO TO 480 SEC01480
0130 510 GO TO I520,350t35019 NPHASE SEC01490

0131 520 00 530 1-2,N SECOI$00
0132 IMI-I-1 SECOISIO
0133 00 530 J ',INI SECOIS20
0134 S30 AIJ,II-A(IIJI SEC01S30
0135 DO 540 I-1,N SECOIS40
0136 540 AII,II-OIAGII) SECOISSO
0137 GO TO 480 SECOI560
0138 END SECOISTO

Figure 33.--continued
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FORTRAN IV G LEVEL 21 SENS DATE 8 60242 121211SS

0001 SUBROJTJNE SENS SENOOO O
C SENOOTO
C I MARCH 1976 SENO080
C SEN00090
C THIS VERSION OF THE SENSITIVITY ANALYSIS SUBROUTINE IS USED TO SENOOIOD
C COMPUTE THE OIRECTI1NAL DERIVATIVLS OF X AND F WITH RESPECT TO SEo0110
C CERTAIN PARAMETERS COOED IN THE ARRAY PARI20). THE DIRECTIONAL SENO01?O
C OEkIVAIIVES AkL ESTIMATED FUR ONE PARAMETER AT A TIME WITH NPAR BFINGSENOOI30
C THE NUMBER OF PARAMETERS INVOLVED la: THE SENSITIVITY ANALYSIS. THE SENO0140
C USE OF THE PARAMETERS PAR4201 MUST A4 CONSISTENT THROUGHOUT THE SENO0ESO
C USEkRS SUBROUTINES. SFN00160
C THE SUBROUTINE IS USED FOR A SENSITIVITY ANALYSIS AT THE FINAL SUB- SENO01O7
C PROBLEM OR FOR A SENSITIVITY ANALYSIS AT EACH SUBPROBLEM ALONG THE SFNO0180
C MINIMIZING TRAJECTORY. OPAR(2O) IS THE ARRAY OF DIFFERENCING SENOO190
C INTERVALS CORRESPONDING TO THE PARAMETERS PARI20. OPARI20 IS SENO0200
C ASSIGNED VALUES IN SUBROUTINE PARDIF. SEN00210
C THIS APPROACH TO SENSITIVITY ANALYSIS IS DUE TO A. V. FIACCO. THE SENOO220
C FIRST VERSION WAS CODED BY B. CAUSEY. THE SECOND VERSION WAS CODED SENOO230
C BY W. C. MYLANDER. THE THIRD VERSION WAS AN EXTENSION OF THE SENO0240
C SECOND VERSION TO PERMIT SENSITIVITY ANALYSIS ALONG THE MINIMIZING SENO0?SO
C TRAJECTORY, AND WAS CODED BY R, L. ARMACOST. THIS IS THE FOURTH SENOOZ60
C VERSION WHICH INCORPORATES THE OPTION TO CALCULATE THE PARTIAL SENOOZO
C DERIVATIVES OF THE LAGRANGE MULTIPLIERS ISUBROUTINE LMULT) AND TO SENO0280
C CONDUCT A PRELIMINARY SCREENING OF THE PARAMETERS BY ESTIMATING THE SENO090
C FIRST ORDER SENSITIVITY OF THE OPTIMAL VALUE FUNCTION ISUBROUTINE SF'00300
C PRESEN). THIS VERSION WAS COOD BY R. L. ARMACOST. SEN00310
C THIS ROUTINE TOGETHER WITH OTHER SENSITIVITY ROUTINE MERE SENO0J2O
C REDIMENSIONED TO 45 I.E. X1451 AND PARI45). FURTHERMORE SENO0330
C IT WAS SLIGHTLY MOIFIED TO INTERFACE BOUND CALCULATION SENOO340
C ROUTINES. G1AEMiI19?9). SENO350

0002 IMPLICIT REALSBIA-HO-Z) SENJ0360
0003 REAL*4 RHOINRATIOEPSI,THETPOXEPI.XEP2 SENO03?O
0004 COMMON/SHARE/XI4SIoDELI4SlA145,45)N.NMMNNPINM1 SENO038O
0005 COMMON/EQAL/HrH1,MZ SFN30390
0006 COMMON/OPTNS/NTI.NT2eNT3tNT4vNTS.NT64NTT.NTBNT9,NTLO SENOO400
0007 COMMON/VALUE/FGPORSIGMARJI9OIRHO SENOO410
0006 COMMON/CRST/OELXI4SItDELXO(45)R!IOINRATIOEPSI.THETAO SENO04?O

INTCTRNUMIN~tXI1445)X21451,X3145).XRZI4SI,XRII4SI.PRI, SEN30430
2PRZPI.F1.RJI(90)DGTTPGRADI4SIDIAGI4SI, SENO0440
3PREV3.ADELXRSIG1,GINPHASE.gSATIS SENO04S0

0009 CDMMON/SEN/PARI4S).DPARIA5).NPARISENS SENO0460
0010 CDNMON/EXPOPTINEXOPLtNEXOP2tKEXOP3.NEXOP4,NEXOPSXEPLXEP2 SEN00470
0011 COMMONiABGILYLZ*PERI45I SENOO460
0012 COMMONIABGI/FEI.FEZ SENOO490
0013 COMNON/ABG2/OF11451,OF21451 SENOOSOO
0014 COMMON/ABGS/T145) tTDELXI458 SENOOSIO
0015 CGMMON/OP6/NEXOP6 SENO0520
0016 DIMENSION OELTI451bDELTXI45IrX2H451,X3HI45I SENOO530
0017 DIMENSION DELNUI9OIvOUI9OIJKTESTI4Sj SENOO540
0018 DO 5 Im1MN SENOOSSO
0019 DELIXEII D OELXII SEN00560
0020 5 DELTIil * DELXOIII SEMOOSTO
0021 CALL STORE SENOOSa8
0022 AVAL - I.OE-10 SENO0590
0023 MPMZ - M * MZ SENO0600
0024 ISENS a ISENS * I SENO061O
0025 CALL PARDIF SENOObZO

C WRITE OUT X, RHO AND PAR. SEN00630
0026 WRITE46@10I RHO SENOO640
0027 10 FORNATILH //30XEZOHSENSITIVITY ANALYSIS 11 SENO06SO

1SX,22HTHE VALUE OF RIRHO) IS wE12.SI SENO0660
0026 WRITEI6t201 SENO06?O

0029 20 FORMATI/6Xt 64HTHE POINT AT WHICH THE ESTIMATE OF SENSITIVITY WILLSENO0683
IE MADE IS I SENO0690

0030 Do 40 1 I:N,6 SE-OOl00

0031 IINMINOIi*5,NI SENOOIO
0032 WRITE(6E308 ((JXIJII, J619liD SENDO720

0033 30 FORMATI 612X,2HXE(p2v2HM.G614.? I SENOO7O

0034 40 CONTINUE SENO0?40
C CALCULATION OF GP VARIABLE VALUE SENOO7SO

003S IFINEXOP6.NE.11 GO TO 640 SENOOT60

0036 INDEX.O. SENOOlTO
0037 CALL TRANSIINOEXI SENOO07O

0038 WRITE1696001 SENOO?90

0039 600 FORMATII6X.SCORRESPONDING POINT FOR GP PROBLEM ISI) SENOOBOO
0040 00 640 11,N96 SENO01ID

0041 II-MINO(I*SN) SENODO82

0042 640 WRITEI,3)0IIIJXIJS)*J I.lll SENOO830

0043 00 SO 1i9" SFNOOSAO

0044 650 XlII*TXIII SENOOBSO
0045 60 CONTINUE SENO0860
0046 WRITEIeeSOI IIIPMIIIOPARIIII. I.INPAR) SENOTO
0047 50 FORMATIASHO PARAMETER VALUE DIFFERENCING INTERVAL I SEMOOSSO
0I I114,v2,6I4.6p6X9GI4.S) I SENO:uqO

0, 048 W RITE1699SI St O0,0O3

0049 S5 FORMATIIII SENOO910
C EVALUATE F. 6 AND H. SCNO0920

Figure 34.--Subroutine SENS.
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ooz00 SOJ-194PI SENO0950
0051 CALL KESTNT(JPRJIJII SEN00960
005'. 80 CONTINUE SE1400970
DOSS IFINEXOPS.EQ.21 GO TO 65 SENCO980
0056 CALL PRESENIOU*KTEST) SEN00990
0057 IFILY.GT.01 GO TO 4.00 S"lo

C C04PUTE DEL F. SENO 1010
0058 85 CALL GRADIIOIEN302

0059 00 90 1-19M SfN01330
0360 X3ISE - DIEL(Il lEMON 3'
0061 90 CONTINUE SEN010S3

C COMPUTE IOEL1002 P - STORED IN A. SENO06O
0062 CALL SECORD121 SENOROTO

C PERFORM THE L-U DECOMPOSITION OF A. SENO1OSO
0063 DO 100 1I. eN SF1401090
006. OELXEI=I0.0 SENOR 100
0065 100 CONTINUE SENOR 110
0066 NP-14T3 SFN011320
006? NT3.1 SFRO01I30
0066 CALL INVERSEIl SEN01140.

C CHECK TO MAKE SURE AN ORTHOGONAL HOVE IS NOT ATTEMPTED. SENOB 150
@069 DO 110 I.1.N SENOR1160
0070 ZFIDELXIII.EQ.0.01 GO TO 110 SENO1I7O
0071 wRITEI6,105) SENOI 180
00 72 I05 FORMEAT 194HO THE MATRIX OF SEC3O PARTIALS IS NOT POSITIVE OEFINITESFOII190

It 1 SENSITIVITY ANALYSIS IS TERMINATED I SEN01200
0073 GO TO 202 SFN01?I0
0074 110 CONT INUE SEN01220
0075 00 120 11,oNPAR SENORZIO
0076 X2H(1N - PARII SEN0124.0
0077 120 CONTINUE SEN0 1250
0078 00 200 J-1.NPAR SFN01260
0079 IF(NEXOP5.NE.0I GO TO 115 SEN012?0
0080 IFIK7EST(JI.EQ.01 GO TO 200 SEN401260
0061 115 IFINEXOP'..EQ.OD GO TO 121 SFN01290
0082 CALL L4ULT(OpDELNUoDEM.OUI SENOR 100

C COMPUTE DIDEL PI/DAIJ) AND DIFDIDAIJI USING CENTRAL DIFFERENCING. SEN01310
0083 121 PAR(J) -PARIJ) # OPARIJI Sf1N01320
006'. CALL RESTNTIO.OFI SENO01330
0O85 I FfM.EQ.05 GO TO 126 SENO01340

*0086 DO 125 1-1,11 SEN013SO

0087 CALL RESTNT91,RJ4111 SENO01360
008:8 IF(RJIII.GT.AVALI GO TO 125 SEN013?0
008-P 123 DPARIJI-0.1*DPARJii SEN01380

0090 PARIJI - 2IJ EN01390
0091 MRTI,1 D ePARIJI E010
092 124. ORATII6N RESETTING DPARI.I2.3NI. .G14.S) SENO1410
0093 IFIDPAR(JI.EQ.0.1 6O TO 201 SEN014.20
009. GO TO 121 Sf1401430
0095 125 CONTINUE SENO1440
0096 126 IFI1NZ.EQ.01 GO To 128 SEN014SO
0097 DO 127 I.1.MZ SEN014.60
0098 MZPI.N4*1 SEN014.70
0099 CALL RSTMPIJMLI SE1401480
0 100 127 CONTINUE SEN014.90
0101 126 IFINEXOP4.EQ.03 GO TO 129 SENOISDO
0 102 C ALL LMULTIDELMUvOEMoDul SENOR 510
0103 129 CALL GRAD421 SENOIS20
0 10'. 00 130 1.1cMt SENOR 530
0105 DELX41I I.ELXOI II SENOIS4.0
0106 130 CONTINUE SENOISSO
0107 DEM42.OOOPARIJ) SENOIS60
0108 PARIJImPARIJ) - OEN SENOR 570
0109 CALL IfSFNTIOVALI SENDISSO
0110 IFISS.EQ.OI GO TO 136 SENOIS90
0111 DO 135 Is1,M SEN01600
0112 CALL RESTNTIN.RJIIII SENOR 610
0113 IF(RJ4II.GT.AVAL) GO TO 135 SENOI620
0114 GO T0 123 SENO01630
0115 135 CONTINUE SfNOR&'.0
0116 136 IFIMZ.EQ.01 GO T0 138 SEMOI6SO
01l7 00 137 Io1,MZ SENOI660
0118 "ZPIN.*I SENO167O
0119 CALL REST14TomiPJ.JIM01111 SEN01660
0!20 137 CONTINUE SENOI,69O
0121 138 IFINEXOP'..E9.01 Go TO 139 SENOITOO
022 CALL LMULTIZ@DELNIJtDEM.OUI 511401710

0123 139 CALL GRADIZI Sf1401720

0 12. OF-IOF-VALI/DEM 511401730
012S DO 140 I-ttN SENOR 740
0126 OELRIIIN.DELM(I - DELXOIIII/DEM 511401750
0127 140 CONTINUE 511401760
0128 PARIJI a K2NIJI SfIO 7

C HAVING ALREADY FACTORED At SOLVE A*X-S FOR K, SENOR 710
C WHERE BaDE1LX AND XE.DUSAIJI. SENOR 790

Figure 34. -- continued
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P01AE29 CAL32)KS2 S1:O1:00

0130 wRITE46,15O) JJ.EKJ SENOISIO

013S 160 IPORMATI 614H1 OX(@12,211),6j4.71 I 51101670
Olie 170 CONTINUE StNOIAAO

C CALCULATION OF GP VARIABLE SENSITIVITY SEN0I9

0137 IFINEXOP6.NE.11 GO TO 670 OF90

0141 60FORNAT12X,*CORRESPONDING DEIAIE FG5VRALSWT EN01940
I** PARAMEIER*9I2,4REOP Sf11019S0

0142 Do 680 3.1,11,6 Sf1101960

0 143 II-M11I+5.NI SEN10970
0144 WRtITEI6,160IIJJDELXIJJ),JJIII)1 Sf1101960
0145 680 CONTINUE Sf1101990

0146 00 69 'N11 Sf1102000
0147 690 DEL6E(I.TOELX4I Sf1102010

0 148 670 CONTINUE Sf1102020
0 149 IF I Me OP4.EO.O) GO TO 375 Sf1102030il0150 IF(hI.EO.OI GO TO 301 SE1102040
0151 CALL LWULT13@DELPNUPOEMPOU) SEW120S0

015 MItTE46,3501 J Sf1102060
?0153 350 F0MAT I/ 41H1 U-DERIVATIVES KITH RESPECT TO PARAMETER .321 Sf1102010
0154 00 351 5110,6 Sf1102060
0155 II - MINOII+.mI SEW12040
0156 WRITE46#3521 fIJJsOUtJJ)IJJwIvIII SENOZIGO
GIS7 352 FOR1MAT(6141 OUI.1292HI-vG14.71) Sf1102110
0158 351 CONTINUE Sf1N02120
0159 301 IFI11L.EQ.01 GO TO 375 SEN102130

01 60 CALL L*JLTI44.ELMU.0EMOUI SENO2 140
0161 WRITE4693601 J Sf1102150
0162 360 FORMATIf 4111 W-DERIVATIVES WITH RESPECT TO PARAMETER 9121 SE1102160
0163 DO 361 3.1.112.6 Sf1N02170

0164 11 - MINOII.5.NZI SE1102160
0165 N*ITEI&93621 I(JJvDUIJJ.N?). JJ0I@lI) SEN102190
0166 362 FORNATI6G4H OWI#1292111,614.711 Sf1102200
0147 361 CONT INUE SEN102210
O168 37S CONTINUE Sf1102220

C COMPUTE OT/DAIJI. SE1102230
69 00 80 1.1Sf1N02240

017?0 DOF - OF * 31411)*ELXIII Sf11022S0
0111 ISO CONTINUE SEM102260

C PRINT OEIOAIJI. SE1102270
0172 WRITE1691901 OF SEM102260
oi13 190 FOAAATI/ I0A,13H10fx141)J/OA. #G14.6/10N *'O .sJSf1N02290
0174 200 CONTINUE SE1102300
Otis GO TO 202 Sf1102310

016201 WRITEIA.106) J SEN02320
0,176 106 FORMATEIt 92IITERMINATING PARAMETER913 1611 DUE TO OPAR =0 is SE1102530
0178 GO TO 200 Sf1102340

0179 202 11T3&1NP SEN02350

0180 CALL RNJECT Sf1102340-I0161 00 209 fa.1 SEN02310
0182 OSLX1,*ITIII SENT23I0
0153 205 DEL01 RD DELTWill SEN102990
0184 400 CON? INWA SF N02400
Cla5 S00 RETURN 5EN02410
016 Also SEN02420

Figure 34.--oontinued
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FORTRAN IV G LEVEL 21 SET OATE - 80242 12/14/52

0001 SUBROUTINE SET ITMM4X) SETO0040
C SETOOOSO
C FEBUARY 1971 SETO0060
C SET00070
C SET STORES THE TIME AT WHICH THE P4OLEN IS BEGUN SE1O000

0002 COMMON /TSW/ NSNW SETOOOO
0003 COMNON /TMX/ TMOEXT@EXT9O SET00100

C SETO0110
C SECOND GIVES JOB CPU EXECUTION TIME IN i/O100 OF A SECOND SET00120
C SETOOI 30

0004 CALL SECOND ITMOi SETO0140

000s EXI-TMMAKXTMO SETO01SO
0006 EXTOO- TMO * 0.90*TMAX SETO0160
0001 NSiN-1 SETOOIXO
0000 RETURN SIETOOI 0
0009 ::0 SET0019O

Figure 35.--Subroutine SET.

6.28 STORE

Subroutine STORE stores the values of the current point x and

the associated values of F, W, and G in a temporary storage area. These

values are restored by a call to REJECT. The listing for subroutine

STORE appears as Figure 36.

FORTRAN IV 0 LEVEL 21 STORE DATE 00242 12IIS22

0001 SUBROUTINE STORE STO0040
C ST000SO
C OCTOBER 1970 STO00060
C STOOOOTO
C STORE STORES THE VALUES OF THE CURRENT POINT AND 14E ASSOCIATED ST00000
C VALUES OF THE FUNCTIONS IN A TEMPORARY AREA. ST000090

0002 IMPLICIT REAL*BIA-HO-ZI STO00100
0003 IEAL*4 RHOINeRATIOEPSevTHETAO STO00110
0004 COMMON/SHARE/XI451.EL|OBI.AIOS4SINMNMMNP.NNI ST000120
0005 COMMON /EQALI H, H Z ST000130
0006 CUMNUN/VALUE/F.GPORSIGNA.RJ1901RH STOOO140
000? CONMON/CRST/DELXU45I.DELX01459RH0IN.RATIOEPSI THETAOP STOOISO

1RSIGoGLoX1C, Ix 5 X2145S1tX3)4SIoXIt2519X)RII4SItR1. STOOO0
2PR2ePI.F1eRJL|9OIDOTTPGRADI4SI01AG451, STOOOI O
3 PREV3@ADELX, NTCTRv NUMINI0 NPHASEv NSATIS ST000

0006 DO 10 loN STOO00
0009 10 X141)1ex|i ST000200
010 MMZ-M*MZ ST000210
UUll 00 20 JwI#MMZ ST000220
0012 20 RJI(JIoRJIJI ST000230
0013 PI-PO ST000240
0014 FI-F Sf0002SO
001S GIG- ST000260
0016 RSIG1ASIGNA Sf000270
0011 HIsH STOO0280
0016 RETURN S1000290
0019 END STO00300

Figure 36.--Subroutlne STORE.
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6.29 TCHECK

If the print option has been set so that printouts occur only

after a subpzoblem has been called, then TCHECK is called after each

iteration of the algorithm used to minimize the W function. The elapsed

time is computed as is done in TIMEC but it is not printed out. If the

elapsed time exceeds 90 percent of the estimated time limit, then the

print option is changed so a printout occurs afLer each iteration of the

procedure being used to minimize the W function. If the elapsed time

exceeds the user specified time limit, then the routine will cause ter-

mination of the attempt to solve the problem by setting NSWW equal to 2.

Subroutine TCHECK appears as Figure 37.

FOATRAN IV G LEVEL 21 TCHECK DATE - 0023 1OO07

O.UI SUBaOUTINE TCHECK TCHOOOSU
C FESUARY 1971 TCH03U6U
C TCHOOO?3
C TCHfLK CHECKS THE NUMBER OF SECONDS THAT HAVE ELAPSED SINCE THE STARTI 1CHOO0v9
C Of THE PRUeLEM. IF THE SOLUTION IS TAKING LONGEk THAN 90 PEtR-CENT TCHOnO90
C UF THE ESFIMAIE3 MAXIMUM TIME@ A SWITCH IS SET TO GIVE MORE OUTPUT. TCHO0|00

0002 COMMO /TSW1 NSMW TCH300io
00.1 COMMON /OPTNS/ NT iNT2,NT3.NT4,NTSeNTNT7,NTSNT9,NTIO TCHOOI20
OUU4 CUMMIN ITMX/ TMOExT,EXT9O TCH0013)
0005 CALL SLCUND ISECS) TCH0014U
OOb IF ISECS.LT.EXT90I RETURN TCHOO150

C GETTING CLOSE TO EXCEEDING THE TIME LIMIT SET OUTPUT OPTION TO GIVE TCH0016i
C MORE OUTPUT. TCHOO170

0U0? NT3=2 TCHO0180
Good X.SECS - TMO TCHCOI'4
@009 WRIIEI6,10 X TCH30200
U013 10 FORMAT I6X.!HTIME-,F9.3SH SECONDS I TCHJO210
*il1 IFISELS *GT. EXT) NSWW-Z TCMO)223
0012 CALL OUTPUT III TCHOU230
O031 METURN TCHO02tO
0I1 ENo TCHO02SO

Figure 37.--Subroutine TCHECK.

6.30 TIMEC

Subroutine TIMEC calls the same routine as called by SET to ob-

tain the current status of the computer's time clock. It then prints

out the elapsed time since the call to SET. If the elapsed time is

greater than the user specified maximum time limit, TIMEC will cause

the termination of the attempt to solve the problem by setting NSWW
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equal to 2. The listing for subroutine TIMEC is shown below in Figure

38.

FORTRAN IV G LEVEL 21 TIMEC DATE - 80242 12/1$3

0001 SUBROUTINE TIMEC TIMOO130C T 4OOA
FESUARY 1911 TIMOOOSO

C IMOO60
C TlMEC CHECKS THE NUMBER OF SECONDS THAT HAVE ELIPSED SINCE THE START 1TMOOO?0
C Of THE PROBLEM. i PRINTS THIS NUMBER. IF THE SOLUTION IS TAKING TIMO0000
C LUNGER THAN THE ESTIMATED MAXIMUM TIME. A SWITCH IS SET TO TERMINATE TINJO090C THE kUN. lIM00100

0002 COMMON /TSWI NSWW TINOOISO
0003 COMMJN /VMX/ TMOEXT#EXT9O TIMOO120

C TI1OOI30
C SECOND GIVES JOB CPJ EXECUTION TIME IN 1/1000 O A SECOND FIOI040
C TIMOOISO

0004 CALL SECOND ISECS) TIMOOL60
0005 X-SECS-TMO TIMOOLTO
0006 WRITE 46,201 X TIMOOISO
0007 IF ISECS.LT.EXT) GO TO 10 T iM0190
0008 NS ow2 TIMOOG20
OO 10 RETURN TIM0021O

C TIM00220
0010 20 FORMAT I6X.5HWIME-F9.3vSH SECONOSI TIMOO23O
0011 END TiNO0240

Figure 38.--Subroutine TIMEC.

6.31 TRANS

TRANS is a special purpose subroutine that performs an exponen-

tial transformation of the solution vector and sensitivity results.

This subroutine is useful when solving problem ccx) , the convex

equivalent of the geometric programming problem G(t) The former
-K.

problem is obtained from the latter via the transformation t = e
i=l,...,n. TRANS is used to transform the results to the original space
of the variable t . The motivation for coding this subroutine was the

computational difficulty experienced by some users while solving geo-

metric programming problems with SUMT. TRANS is called by the subrou-

tines OUTPUT and SENS. Figure 39 is a listing of subroutine TRANS.

6.32 XMOVE

Subroutine XMOVE contains most of the logic of the algorithm used

to minimize the W function for a given value of r (RHO). First, a
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PO0IKAN IV C *LVL 21 TRANS DATE $ 0241 1219/130

0)01 U-I' 4|E IRNSIIN0FA) TRAO35O

C SUdAetwlillf TKANS CUiu BY GHAENIII97q9 TRASFUk4% TiE OPTIMAL TRAOOJab

CA* AN) StNSIIIVITY Mf$ULFSIO T SPACL WHERE TRAO0010
L. I-fPI-XJ. THIS kIJUTIJN IS USFFJLL WHEN USER SOLVES THE CONVEX TRAOJOR3

C fQOJIVALLENT Ur GP PKOBLEAS OBIAI140 al THE ABOVE EXPUENTIAL TRAO0)9
C TaA.,StUk4AIIUN. TRAO 10.)

000Z 14PLICIT RLAL*,IA-HO0-LI TRAOIIO
0003 LOMi4/SHAPk/XI4|IDELI4SIAI4*54SINNNNP,NNE TMAal,|)
0,)0 COMPJN/CRS/DOLX|45l,0ELX0|45PKHOiNKtATI|,EPSI IHETAO, 1RAOr)13

IRSIl,.I .|,54J5,X21|S*,X34451XR2I4*5,XKIJ145PRI, TRAO0141
2P2,PI.FIRJII9),DOTTPGRAD#S5)eOJAG|45), TRAOISO

3 PKEV3,AOELX, NITCIR uuNINI, NPAiASE9 NSATIS TRA10160
0005 COH'4)-*/AdS/T(1451,TOELKX451 TRAOO 10

0006 GOM4iJA5AG6/XA4I5I TRAOOlA'

0001 IFIIiJLX.EJ.1) GU TO 20 rRAOOI90
000.4 00 1' i-IN TAO00
000IXlI-XI TAAO02IO
0010 X-I. PI-XIII, TRAO0220
0010 I')xIXIIITA*.J0230011 10 XVlI)-Xll) TRAU0230

0012 RETURN TRA)3240
003 20 00 30 £.1.N TRA002SO
0014 tOELXII=-ELX(I| FRA4OZ60
01S 30 UCLAII- -EXPI-XIIIODEL)I| TRAO0270

0016 AETOR% TA%0J260

0017 *NoD TRA00290

Figure 39.--Subroutine TRANS.

direction is chosen in which it is believed the W function will initial-

ly decrease. Then OPT is used to find a minimum of the W function in

that directioI. Having generated a new point giving a lower value of

the W function, XMOVE returns control to BODY.

Subroutine XM0VE contains three procedures foz generating a di-

rection vector. The choice of the procedure used ft controlled by ex-

perimental option 2 (NEX0P2). If NEX0P2 = 1, then Newton's method is

used to choose the direction vector S , that Si = -[V2W(xrk) -VW(x i)

If V2W(xi,rk) is not a positive definite matrix, Si is generated by

rules outlined on page 167 in Fiacco and McCormick [10].

If NEX0P2 = 2, then the negative of the gradient is used as the

direction vector, Si = -VW(x i,r k

When NEX0P2 = 3 a variable matrix method is used to generate

S This method is McCormick's modification of the Fletcher-Power-

Davidon, as described on pages 170-175 in Fiacco and McCormick 110].

Subroutine MOVE is shown as Figure 40.
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FORTRAN IV G LEVEL 21 XMOVE DATE $ 0242 12/16/26

0001 SUIINUUTINE IMOVE 911000040
C XMOOOOSo
C MARC.H 1971 XM000060
C EMOODO?.)
C XMOVE DETERMINES THE VECTOR ALONG WHIChO THE SEARCH FOR A MINIMUM IS EMODOOe2l
C USING OPT. X9030390

0 002 1IMPLICIT REAL*8IA-HO-ZI x"OD0loD
0001 REAL*4 RIOINRATIOtEPSITHFTAOEPi.XEP2 1M000110
0004 COMI4ON/SHARE/X(45)@DELI45IA143,451.NMMN.NPi.NMI X*1000120
0005 CUMMUNICRST/OELX1451.OELXO(4S).RHOINRATIO.EPSI.TmETAO. XM000130

IRSIGI.GI,XL(451.12145).X31455.XR2Z(451gXR1I45I.PRit XMOO0140
2PR2,P1.fIRJII9OIDOTT.PGRADI45IDIACC4SI.* 1*100013
3 PREV3,ADELX, NTCTR, NUMENI, NPHASE9 NSATIS X0M000160

*0006 C0MM0IIEXPOPf/NEXOP1.NEXOP2.NEXOP3.NEX0P4.NEXOPSXFPIXEP2 X040001 T0
0007 COMMON/XVE/SIGI4SI1V14S1,XXXI4SIDELLI44S 1*1000180

*C--kEXOP2 DETEPHINES HOW MOVE IS TO BE MADE XMIOO90
C NEXOP2 - I USE MODIFIED NEWTON RAPMSDN METHOD. 1M00020(1
C - 2 USE MODIFIED NEW7ON RAPHSON METHOD. BUT ADO DELZO TO 1*000210
C ORTHOGONAL MOVE VECTOR IF HESSIAN IS IN0DEF INI TE. X$4000220
C *3 USE STEEPEST DESCENT METHOD. XM000230
C 4 USE MCCORICKS MODIF ICAl ION OF THE FLETCH4ER-POWELL XPM000240
C METHOD. X060002S0

0008 GO TO 110,10,180#30), NEEOP2 XM000260
*C--NEWTON -RAPH ITH4 WHATEVER METHOD IS IN INVERSE 1*1000270

0009 10 CALL. JtA9 aI X9000260
C-ONECIII MEANS ACCUMULATE MATRIX OF SECOND PARTIAL DERIVATIVES XM000290

0010 CAL SECORD III XMOO0300
00011 20 020 I:1M XIO00310

0013 CALL INVERS III 104000330
C IF A NONPOSITVE PIVOT IS ENCOUNTERED IN INVERSE AN ATTEMPT IS MADE TO XM1000340
C COM4PUTE A VECTOR HAV ING A POSITIVE DOT PRODUCT WITH A NEGATIVE KM000350

CEIGENVECTOR AND THE NEGATIVE OF DEL P. KM030360
0014 CALL STORE X1O030370
0015 CALL OPr 1MOOO390
0016 RETURN X14000390

C--F-P-D-MCC MOVE X*100040040011 30 CAL L GRAD 421 XMOO04.10
* I 018 C--MN is NO. OF MOVES FOR THIS VALUE OF RHO KM000420

I081F IMN.NE.0I GO TO TO X*1000430
0019 40 IREPw0 XMOO0440
0020 IT-0 1M000450

C--SET INITIAL GUESS INVERS MATRIX OF SECOND PARTIAL DERIVATIVES 1*1000460
C-- USk PARTIAL INVERSE IF KNOWN X*100470

0021 DO S0 I-19N XM000480
0022 DO SO J.1,N 1*1000490

0 023 so AII@J#.0.O XP4000500
0024 DO 60 l.1N 1*1000510
0,12S 60 A11#11-1.0 Xu0eooosza
0026 70 DO 60 I-1.N X*1000S30
0027 s0 DELXIII-DELKOI!) XM000540
0023 IF 1IAEP.GT.N) GO TO 40 INDOOSSO

0029 IF IIT.EQ.01 GO TO 130 XM000560
0030 DO 90 1.1gM 1*1000570
0031 SIGIII.1lii-11IIII IMODOSso
0032 90 YYII~aDELL(II-DELXOIII XM000590

C-NEGATIVE GRADIENT STORED AND COMPUTED 1*1000600
C--COMPUIE NY 1M0061 0

0033 DO 100 I1190 XM000620
0034 OELXII)w.O XM0000030
0033 DO 100 Ju1,N 1*1000640
0036 100 OELXIII.OELIIII*RII.JI*YYIJI 1M000650

C--COMPUTE WISIG -HYl-I XM000660
0037 ZCOM-O.O XM000670
0033 DO 110 181.11 K1M000680
0039 110 LCONuZCON.YYII1eSIGIII-DELXIISI 1M000690
0040 IF 11COM.E4.0.OI GO TO 130 IMOOTO
0041 IREPmIREP#I 1*1000710
0042 ZC-1./lCON X04000720

C- UPDATE H MATRIX USING MCC FORMULA MHEN SCALAR ME0 1*1000730
0043 DO 120 I.N X"000740
0044 TI-ZCOISIGIII-DELXIIII 1M000750
@043s 00 120 JsI.N 14000760
@046 AII.JI.AII.JI.TI*I-DELXOI)SIGIJiI 1*1000710
0047 120 A(Joi)*AlIJl 1*100078

C- STORE CURRENT POINT AMD CURRENT GRADIENT (MEG) 110?90
0043 1)0 DO 140 ImleN IMOOOSOO
0049 IllII)SgIII 111110006O
@090 140 DELLII~sOELXOIII XMOOOszO
@0s1 DO 130 I110 110100RI 0
0092 DELki*.@.0 1M000840
03 00 ISO Jm1,N INOOGISO
0034 1SO DELXIIS-SELIII.AI,JISDELXOIJI 1*1000360
O0SS ZCIs.. 110001170

Figure 40.--Subroutine MOVE.
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0059 O 110 i11,N INo0910
0040 170 DELAIMI.DELMIIIMC XXNOo9o
0061 CALL STORE XRO00930
0062 CALL OPT xNoooq40
0063 1T17i1 XMOOO9SO
0064 RETUkN E1000960
0065 180 CONTINUE x4o409ro

C STEEPEST OESCENT XR000980
0066 CALL GRAD 123 XROO0990
0061 DO I-1,N 0NO01000
006: 190 DELEII-DELXOIII ENOOI010
0049 CALL STORE X OdInzo

0070 CALL OPT xNO01030
6011 RETURN xoo040U 0
ola GOD xOOIOSO

Figure 40.--continued

- 107 -



T-434

REFERENCES

[11 ARMACOST, R. L. (1976). Sensitivity analysis in parametric non-

linear programming. O.Sc. dissertation, The George Washing-

ton University.

12] ARMACOST, R. L. and A. V. FIACCO (1974). Computational experience

in sensitivity analysis for nonlinear programming. Math.

Programning 6 (3), 301-325.

[31 ARMACOST, R. L. and A. V. FIACCO (1975). Second-order sensitivity

analysis in NLP and estimates by penalty function methods.
Technical Paper Serial T-324, Institute for Management Sci-

ence and Engineering, The George Washington University.

[41 ARMACOST, R. L. and A. V. FIACCO (1976). NLF sensitivity analysis

for RHS perturbations: A brief survey and recent second-

order extensions. Technical Paper Serial T-334, Institute

for Management Science and Engineering, The George Washington

University.

[51 ARMACOST, R. L. and A. V. FIACCO (1977). Exact sensitivity analy-

sis using augmented Lagrangians. Technical Paper Serial

T-349, Institute for Management Science and Engineering, The

George Washington University.

[61 ARMACOST, R. L. and A. V. FIACCO (1978). Sensitivity analysis for

parametric nonlinear programming using penalty methods. Com-

puters and MathematicaZ Prograning, National Bureau of Stan-

dards Special Publication 502, 261-269.

[71 ARMACOST, R. L. and W. C. MYLANDER (1973). A guide to a SUMT-

version 4 computer subroutine for implementing sensitivity

analysis in nonlinear programming. Technical Paper Serial

T-287, Institute for Management Science and Engineering, The

George Washington University.

[81 CAUSEY, B. (1970). A method for sensitivity analysis nonlinear

programming. Unpublished manuscript.

-108-



T-434

19] FIACCO, A. V. (1976). Sensitivity analysis for nonlinear program-

ming using penalty methods. Math. Trograming, 10 (3), 287-

311.

[10] FIACCO, A. V. and G. P. McCORMICK (1968). Nonlinear Programing:

Sequential Unconstrained Minimization Technique. John Wiley

and Sons, New York.

1il] CHAEMI, A. (1980). Computable stability analysis techniques for

nonlinear programming: Sensitivities, optimal value bounds,

and applications. D.Sc. dissertation, The George Washington

University.

[12] MYLANDER, W. C. (1971). Estimating the sensitivity of a solution

of a nonlinear program. Unpublished manuscript.

[13] MYLANDER, W. C., R. L. HOLMES, and C. P. McCORMICK (1971). A

guide to SUMT-version 4: The computer program implementing

the sequential unconstrained minimization technique for non-

linear programming. Technical Paper RAC-P-63, Research Anal-

ysis Corporation, McLean, Virginia.

- 109-



w 4-W

r) cope 'wit the ei xpading tecIliogy, o)ur society miust
hC aS~ILIrel Of di continuing suIPly Of ritrgOruSly lriinCCJ
anld educatedcri girneers, The School of Erfgineering and
Applied S(-ie(,re( is completely committed lo ti is ob-
jective.


