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ABSTRACT

- A gereral purpcse computer program is developed to
perfora nronlirear constrained ogtimization of engineering
design rrorlenms, The program is developed especially for
use on rmicrocomputers and is called Microcomputer Software
for Constrained Optimization Problems (MSCO?). It will
accert a nonlinear objective function and up tc 50
ineguality constraint functions and up %o 20 kounded design
variatles.

MSCOP employs the method of feasible directions.
Although developed for microcomputers, for speed of Jdevelzcp-
ment, the MSCOP was implemented on an IBM 3933 usinj stan-
dard lrasic language, Waterloc BASIC Version 2.9. It 1is
directly transportable to a variety of microcomputers.

Typical applicaticns of ¥SCOP program are ir the design
of machine comporents ard simple bean and truss structures.

Solutions to three sarple prokilems are given.
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I. INTRODUCTION

A. PURPCSE

This thesis describes the development of a micrccomputer

oriented program called MSCOP (Microcomputer Software for

Constraired Optimization Problems) for constrained ortimiza-
tion of engineering design protleums. Problems which can te
solved Lty the MSCCE are noniinear progranming frotlems
arisirg in several areas of machine and structural desiyr,
such as the minimum weight design of structures sultject to
stress ard displacement constraints [Ref. 1].

in recert vears, several powerful general purpose cpti-
mization programs have become available for engineering
design problenms, e.g., COPES/CONMIN {Ref. 2], anl ADS-1
[Ref. 37. These prcecgrams can hanlle a wide ranjye of design
rroblems and contain a variety of solutiorn technigues.
Also, several programs are available that incluie optimiza-
tion in an integrated analysis / design code, e.g., ACCESs,
AsC?, ERL, PARS, SAVES, SPAR, STARS and TSO {Ref. 4]. All
of the atove optimization programs are written in TFCRTEAN,
and are tuilt for use on a mainframe compiter. Their use can
e cumbersome, especially for the occasional wuser. Since
many enjineers are now using microcompuiters, there is a nced
to develop an optimization program contained in a microccm-
puter software package £for use on microcomputers. This
thesis fills that need by developing a compact program
written in a standard FEASIC language suitable for a wiie

ranje of microcomputers.
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IEPLEMENTATION

The nature of an
computer and progyramming
ware 1is designed for use
the sreed of developnment
tie IEM

Naval

3032 computer at
?cstgraduate
{Faterloo Rasic) Version

To make
ricrccomjuter, only
are usel. Tor example,
€etc., were used.
MAT (), etc.
MSCOE rrovides

for orptizization of

are lower and
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optimization

Sctool,

sure that the program
starndard
PCR I
The commands and

in all variations of EASIC are avoided,

t. where X 1s referred to as
F(X) 1is the objective functicn
G(X) are inequality

upper tcunds,

program

method available.

on a microcomputer

and testing,
the ¥. F. Church C

ard was Wwr
2.0.

is easi
SASIC

1 TO

comman

DB ..

for

design engineers with a

engineering design problems with

20 bounded design variables and as many
constraints.
C. GENEERAL OPTIMIZATICN MODEL
The general optimization problem to be
form : Find the set of desigr variables X
Minimize F(X)
Subject to 5 (%) <0 j=1,.
3 -
1 u
X, ¢ X < X%, i=1,.
i - i- i

tkhe vector of

which is

constraint functions,

respectively,

"

functions rnot

Jdepends on  the
"he M5CC?2 soft-

=
-or

. However,

MSCOP was Jdevelored on

omputer Center 1in

ittern i WEASIC

lv portakle to a
ds and

« NEX7

functions
I,
availatls

TRN (3,

GOZU3

exanple,

cornvenient tcol
ap to

as ©9 inegquality

solved 1is of the
that will
(1.1
ee, M (1. 2)
ee, I (1. 3)

design variatles.
to be mirimized.
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thke design
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varialles. Althougtk these Lounds or "side constraints"
could be included in the 1inequality constraint set given b
Eq(1.2), 1it is convenient to treat them separately Lecause
of their srecial structure. The objective function and
constraint functions mav be nonlinear, explicit or implicit
in X. However, they must be continuous arnd should have
continuous first derivatives.

In general engineering optimization problems, the otrjec-
tive to e minimized is usually the weight or volume of a
structure teing Jdesigned while the constraints gives limits
cn  conmpressive stress, tensile stress, Eualer buckling,
displacement, frequencies (eigenvalues), etc. [Ref. S5 :
p.2547]. Equality constraints are not included because their
inclusicn complicates the solution tecanigues and because irn
engineering situations, equality constraints are rare.

Mcst optimization algorithms reguire that an initial
value of design variables X0 be specified. Beginning from
these starting values, tlke design is iteratively improved.
The iterative procedure is given Ly

T+ 1
= x e ax gl (1.8)

where q is the iteration numkter, S is a search direction
vector in the design space, and a* is a scalar paraceter
which defines the amcunt of change in X. At iteration g, it
is desirable to determine a direction S which will reduce
the olrjective functicn (usable direction) ~ithout violating
the ccnstraints (feasible direction). After determining the
search direction, the design variables, X, are updated Lty =g
(1.4) so that the minimum objective value is found in this
direction. [Ref. 6].

Thus, it is seen that nonlinear optimization aljorithas
for the general optimization proktlem based on Eq (1.4) can be
separated into two parts, determination of search direction

and determination of scalar parameter ax*.
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D. ORGANIZATION OF THIS THESIS

This chapter has stated the purpose of the thesis ani
has put the general ccrcept of ergineeriny optimizatiorn into
a preliminary perspective. Ckapter 2 will 3descrite the

essential aspects of the optimization algorithm used ir

MSCOP such as finding a search direction, the one-
dimensional search and convergence criteria. Chapter 3
descrites program usage. In chapter 4, there are three

examples which are sclved by the M5C0P. Summary and conclu-
sions are given in cthkapter 5. The program is listed ir the

appendix.

13
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IT. CPTIMIZATION ALGORITHM

A. INTRCDUCTION

Tlere are many ortimization algorithms for constrained
nonlinear protlems =such as generalized reduced gradient
methed, feasible direction method, penalty functicn methols,
Augmented Lagrangian multiplier  method, and seguential
linear programming. The feasible direction method is closen
for develorment in this thesis for three main reasons.
First it r[progresses rapidly to a near optiaum Jdesigrn.
Second it only regquires gradients of oh jective an?
constraint functions that are active at any giver ucirt in
the ortimization process [Ref. 7]. Third, recause it wmain-
tains a feasible design, engineer cannot fail to meet =safetv
requirements as defined by the contraints. However, the
methcd does have several disadvantages in that it is rrcne
to "zig-zag" Dbetween constraint Loundaries and that it is
usually does rnot achieve a preéise optimunm. This metiaod
solves.the nonlinear programming problem by moving from a
feasitle point (can be initially infeasitle) to ancther
feasiktle point with an improved value of the olijective
value.

The following strategy is typical of feasible directior
method : Assuming that an initial feasible point X0 is
known, first €£ind a usable-feasible direction S. The algo-
rithm for this is similar to linear programming and coaple-
mentary pivoting algorithams. Having found the search
direction, a move is made in this direction to update the X
vector according to Eg{(1.4). The scalar a* is found by a
cne-dimensicral search to reduce the objective function as

much as possitle subject to constraints. That is ATA

14

.‘_\

Lo S . : - Tt “ L. y . N 3 s
FULATW S PRI WA ST W0, PGP UL W VRl SR WO VY G Wiy Gbp Uiy SN WG UEUE Voly Wiy Wi S W Gy e PG VPR W S WP GG WL . S,

TETOTEYRE TSI

Sk A

PR

P

dndesbe eI sl e foing conl

el onc et

L—""* athndefbitien




L s Bng S Sl hath Bt Sag Res Shell st 4 S ANE SFEA i dh M J A0 S st s S SR e N - ACHNCERE e b st ahvi il e il St Sbed A S ™ iy w

= es | CHOGSE X*
<Cn:.1 > FOF MINIVUM F
ne l
9 = 6] D)

.x - x!‘

[ =g 1

—————
L F = F{X)

= (X) =],m
‘h 9) ]

CETCiTUE THE SET J FO
WHICH 3, 3 VCC : uVC
AND ACC S g, g VCC & NAC

DIRECTIC: METHLD EOR
INITIAL FEASIDLE E

S : UBABLI-TE3ICLE S : USAELL-TEASIGLE Sz - VF
SIRESTICH METHOZ FCR
ILITIAL INFEASIBLE
|
CLL-DIMENSICLAL [CrE-CIMERSLZN
SEARCH FCP INTEASIBLE ' SEARCH FOR FL,—SIELE
=

. ~
no ~=
CNVERSLED 2

PRINT RESULTS

{T10s REGLUCE TH

DESIGN VARIABLES

L
4 10¢ INCRLASE THE
DESIGH VARIZBLES

Fiqure 2.1 Algorithm for the Feasible Direction Method.

F(X+a*3S) subject to G(X+a*3) < 0. It is assumed that the
initial design X9 1is feasible, but if it is not, a search




direction 1is found which will direct the designr tc the
feasikle region. Pfter updating the X0 vectnr, the corver-
gence test must be performed in the iterative algorithr. A
convergence criteria used inr tinis 1is implementation are
descrited ir section L. The general algorithm used in ¥SCOP

is given in Figure 2.1

B. SEARCH DIRECTION

In the feasible direction algorithm, a usable - feasikle
search direction S is found which will reduce the objec-
tive function without violating any constraints fer some
finite move. It is assumed that at any point in the design
space (at any X) the value of the objective and constraint
functions as well as the gradients of these functicns with
respect to the design variables can be <calculated. Since
these gradients cannot usually te calculated apalyvtically,
the finite difference method Eq(2.1) is used in HMSCOE.

ar (%) F(E+ ge ) - T(X)
i

ax. €
i

where e 1is the ith unit vector
1

€ is a small scalar.
In MSCOP, € is 0.1% of the ith design variable

In the feasible direction aigorithm, there are usually
ore or mcre "active" constraints. A constraint 5(X) < 0 is
"active" at X if g(X) =~ 0. As shown in Figure 2.7, if no
constraints are active the standard steepest descent direc-

tion S = - 9F is used.
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S Feasible
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1. Usatle-Feasiltle Direction

Figure 2.2 Usable-Feasible Direction.
Assume there are NAC active constraints at X. The direction
S is '"uysable" if it reduces the okjective function, i.e.,
VF-5S < 0 (2. 2)

Similarly the directicn is feasible if for a small movement

in this direction, no constraint will be violated, i.e.,
vG+S < 0 (2.3)

This is shown gecmetrically in Figure 2.2
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2. Active Constraints

It 1is necessary to deteraine if a constraint is

active or violated in the feasible direction algorithm. A
constraint G(Y) <€ 0 is M"active" at X0 if C (X9 = 0. 1In crder
to avoiéd ttre zigzagging effect between one or more

constraint toundaries, a tolerance band akout zero is use?
for determiring whetler or not a constraint is active. Fron
the engineering point of view, a «constraint G(3) < 9 is
0 whenever ACC £ G(X) < VCC.

AcC 1is the active <constraint criterion and VCC 1is the

active near the boundary G(X)

violatel constraint criterion 1in MSCOP. Assuming the
feasitle constraints are normalized so that G (X) rargses
tetween -1 anl 0 for reasonable values of X, the constraint
G(X) € 0 1is considered active 1if G (X) > =-0.1. The
constraint is considered to ke violated if 5 (X) > 0.C04.
This is an algorithmic trick which improves efficiency ani
reliatility of the algorithm. However, since in thke ocne -
dimensicnal search, all interpolations for constraint G (X)
are done for zeros of a linear or gquadratic approximaticn to
G(X) in crder to find a*, at the optimum the value of active
constraints are very near zero, but may be as large as 0.004
[Ref. 6]. From an enjineering point of view, ad.u -

constraint violation is considered to be acceptable.

3. Sutoptimizaticn Problem ard Push-Off Factors

Zoutendijk [Ref. 8] has shown that a usable -

feasitkle direction S ray be found as follows :

Maximize 8 (2.4)
Subject to ;

gF(X)-5 + @ <0 (2.5)

18
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TG(X)-S+ 88 <0 jed (2. 6)
J -

S bourded (2.7

Where scalar 3 is a measure of the satisfaction of the
usatility and feasibility requirements. The scalar Qj in
Eq (2.6) is referred to as the "push-off" factor wvhich effec-
tively pushes the search direction away fror the active

v,

Figure 2.3 Push-0ff Factor and Bounding of the S-Vector.

constraints. In Eq(2.6), if the push-off factor is zero,
the search direction is tangent to the active constraints,
anl if it is infinite, then the search direction is tangent
to the objective function. It has been found that a

19
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fush-off factor 1is defined as follows gives good resulits
[Ref. 5: p.167] :

2]
Y- FEERRON)

(2.9)

where 6, = 1. i

7o avoid an unbounded solution when seeking a usatile |
- feasiltle direction it is necessary to impose bonnis on the 3
search direction S. Cne method of imposing bounds on scarch i
direction is to impose bounds on the components of S-vector ]

ct form :

-1 <5< (2.9)
This choice of bounding the S-vector actually biases the
search direction. This is undesirable since we wish tc use
the rpush-off factors as our means of controlling the
search direction. A method whkich avoids this bias in search
direction is the circle as shown Figure 2.3 . The norm here
is .

S5 < 1 (2.9.1)

Vanderplaats [Ref. 5: pp. 168-169] provides the

matrix formulation which solves the above sub~optimization

rroklem by using the Zoutendijk method.

LA o e

vy

P Maximize Py {z.10) |
Surject to ;

A.y <0 (2.11)
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Y - . _P. = . (4. 13)
3 0
" 1
LB L J

. T
261(X), B, ]

96 (X

v 2(). 92

A= . . (2.14)
v G (%)
ys, r 0.
T ] 3
| YF (X)), 1 |

and where j is the number of active constraints (NAC)

WLen the solution to :q(2.10) through (2.12) is found, S may
be normalized to some value other than unity, but the fcrnm
of the ncrmalization is the same. A solution to the above
problem may be obtained by solving the following systen

derived from the RKuhn-Tucker conditions for that proltier

E 1) [:] = ¢ (2. 15)

(2. 16)

=
iV
(@]
<
(V4
o
Ic
I<
1§
O

Yhere
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T
B = =3-A (2.1
= = =
I = Identity matrix (2.18)
¢ =-Ak (2.19)

ALove system can ke solvel using a comnlimentary pivect algo-
ritam. Chcose an initial basic solution to Eg(2.15) 1is to
ke

v =c, u =0 (2. 29)

- —

where v is the set of basic variables and u is the set of
nontasic variables. If all v, > 0, Eg(2.1¢€) is also satis-
fied and problem is solved. If some v; < 0O, the solution

rrocedure is as follcus :

let E;, te the diagcnal element of the i-th nonbasic vari-
atle.

1. Giver the condition that some ¢ 1is 1less thern zero,
we fini1 max (c./By.) which is the incoming row to the
tasis.

2. The incoming column is changed to a tasic
colunn, the takleau 1is updated by a standard sirmplex
pivot on 3y .

3. Until all c¢;> C, repea* steps 1. and 2.

4. 9Ahen all ¢ >0, the iteration is complete. The
value of u is row the desired solation.

5. 3y using Y= B—étg, we get the usable-feasible
search directicn 3 which is first NDV components of
Y-

B2 T B

E' The method of feasible directions assumes that we
[ teqin with a feasible design and feasibility 1is maintained
f throughout the optimization process. If the initial design
b
°
}

22




is infeasilkle, +then a search <3irection pointing towarld the
feasiltle region can te found bty a simple modificaticr to )
directior finding prctlen.

A design situation «can exist in which the violarted

el

constraints are strcngly dependent on part of the desijgn
variables, while the otjective function is primariiy depern-
dert on the other design variatles. This suggests a netlol +
for findirng a search direction -which will simpultanecusly

minimize the objective while overcoming the conrstraint

violaticns. These considerations lead to the £fcllcwing
statement of the direction finding problem [kef. S :
pp. 171-1727 :

Maximize - YE(X)-S + &8 (2.21)
Subject to ;

g6 ()-S5 + 8.8 <0 jed (2. 221
J -

S-S < 1 (2.23)

-

where J is the set c¢f active and violated constriirnts, and

» where the scalar & in Fg(2.21) 1is a weighting factor Adeter-
mining thke relative importance of the objective and the
constraints. Usually a value cf 2 > 10000 will ensure that

| J
r‘ the

region. Incorporating Eq(2.21) and E¢(2.22) into the direc-

resulting S-vector will poirct toward the Cfeasitle

tion £finding algorithm reguires only that we modify the

p-vector given in EFq (z.24) and the A-matrix of Zqg(2.25).

l - ¥F(X) ]
P = (2. 24)
$

bt Shaas e A S G0 Sn S g g

23

YT T,




[

Y ]

OS — MMM

| SO SR

-

T

R dinie ARait Bt et S it M S S AR CR A . R bl Rl i Y S AP B ARA SN 200 N A Ay o alir

8 < 50 (2.26)

He use the simple simplex-like method to £iné tae

search direction toward the feasible region.

C. CNE-DIBENSIONAL SFARCH

1. No Violated Ccnstraints

If no constraints are violated, we find the largest
a* in E,(1.L4) from all possitle values that will minimize
the olbjective on S without viclating any constraints, active

or irnactive.

The procedure in ASCCEF is as follows :

1. Llet a0, al, azZ, a3 be the scalar in =3(1.4) <ccrre-
sgronding to pc:.nts X0, %1, X2, X3, X4.

2. al = 7 at given point X3J.

3. In crder to get al, we can calculate the al to
reduce the objective by at most 10% or to change each
of the design variable X by at most 107,

4. Update the design variables to X1 1sing E3(1.4).

5. Evaluate the ckjective for 1, and check the feasi-
bility. 1If orne or more constrairts is violated, then
al is reduced to al/2, and we go to step 4,

6. In order to estimate a2, we can use the quadratic

arproximation with 2 points X, X1 and the yF.

YW T

T TYW T'wW




7. iUpdate the design variables to X2 by E3(1.4) and
check the side constraints.

2
2. GEZvaluate the objective and constraints. L

9. VNow having 3 a's, and values or objectives anl
ccnstraints for design variables Y0, 21, X2 are
known, so by using 3-point gqualdratic approximaticn, a B
value of a3 is found. L |
10, Jpdate the new optimal point in search directicn by -
Tg(1.4). '

11. “valuate the objective and constraints.

12. Now chonose last 3 values, al, a2, a3 ani f£ird a newv
a3 using 3-poirts Quadratic appro¥imation

15. Choose the a* among the S points which corresgonds to
the minimum objective function value withk no-viclated

ccnstraints.

2. Cne or More Ccnstraints Violated

If one or more constraints are initially violated, a
molifiel usable-feasible direction is found. It is then

necessary to find the scalar a* ir Eq(1.4) which will miri-

mize the mpmaximum ccnstraint violation, 1sirg the most

violated constraint j, a good initial estimate for a* is

=G _ (X)

f J

ax = (2.27
{ vG (X)-3
S J
}
y

Since the gradients of the violated constraints are
krowr, the scalar which is required to obtain a feasitle
design with respect to violated constraint in the search
direction, is given tc a first approximation bty ©3(2.27).

The more detail procedure in “SCO0P is as follow ;

! 1. Choose the most violated constraint 7.
{ 2. Calculate a* for wviolated constraint j usinj
}

EGg(2.27).
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3. Update the design varialtles for a* and check the side

constraints.

=

Tf orne or more violated constraints still exist, then

i, s Adih Sia™ it

calculate the derivative of objective, violated ang
active constraints and find a new search direction
and ther go tc step 1. Otherwise ©proceed with the

optimization in the norral fashiorn.

C. CCNVERGENCE CRITERIA

2 desired property of an algorithm for solving a nonli-
near rrotlem is that it should gyenerate a sequence of points
converging to a glokal optimal point. In manv cases,
however, we may have to be satisfied with 1less faveratle
cutcomes. In fact, as a result of non-convexity, prcblen
size, and other difficulties, we may stop the iterative
rrocedure if a point telongs to a described set, which is
defined in "SCOP as fcllows ;

1.0, = {X 1 1809 - XI < Eg1%001 }

N
.

O
H

{2 1 IF@E2) - F(D < &IFEO 1]

In MSCOE, the algorithm is terminated if a point ¥ is

reacted such that X e Q 0N Q, . E«is 0.001 and & is
approximatly 0.001. <Since in engineering design problems it

is nct necessary to find solutions with more than three

significant digits.

e
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A. INTECDUCTION

Since this MSCOP is written in WATERLCO RASIC Version

N F

2.0, it 1is verv convenient to use. The user —@must first

formulate the design problex with the classical machine

design criteria. Given the formulation of the Jdesign
rroklem as a nonlinear progran, the user then enters the .
problem as a part of a BASIC program. T“he user defires the 'q
objective function and constraint functions wusing EASIC

statements. Other parameters are input as data : the numter

of design variables NDV, the number of ineguality
constraints NIQC, variable bcunds an initial design value

and a prirt control number.

B. PRCBIEM FOBMULATICN

Generally, the experienced design engineer will le atle
to cloose the aprropriate objective for optimization

depending on the requirements of the particular application.

1
]

The physical phenomena of significance should first be

summarized for the device to be designed. The approrriate

|
R
g
. K
R
]

objective <can then be selected and constraints can be
imposed cn the remaining phenomena to assure an acceptatle

design froe all standroints. However, the initial formula-

. O

tion for the optimization proklem should not be more compli-

cated then necessary and this often requires the making of

some sinmplifying assumptions. [Ref. 9].

PR
g s

After completing the formulation of the design crrctlem,

i
2

tl.e design engineer <=hould te able to answer the fcllowing
questions :

1. Yhat are the design variables ?

.‘._.A
: "-‘-'J""

2 7 ‘_.1
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:

} 2. What is the oljective function ?

| 3. Vhat are the ipeguality constraints ?
“ 4. Whkat are the kcunds on the variables ?
;

The engineer is then realdy to input the program to the
MSCOQOE. However, additional study and preparaticn of the
{ problem may be useful. In particular, redundant corstraints
ii stould be avoided if possible. MSCOP will operate with

redundant constraints but it will operate faster without

.. them.  Selection of an initial design point £rom which to
S start this program is important, since it affects perfornm-
_ ance and running tipe. The user shkould use any availatle
! information which gives a good initial approximation. If

side constraints exist, the user must be sure the initial

values c¢f the design variakles do not wviolate the side

constraints. This grogram will automatically handle an

initial design point which is infeasible with respect tc the

G(X) < 0 constraints. However, if the initial point does rot

o B

violate these constraints, convergence will likely be more

rapid.

T, 1

C. PECBLEM ENTRY

Froblem entry 1is accomplished by editing +the mair

T, YU

rrogram directly. As an example, consider the following
simple NIF with two design variables, and three constraint

functions.

2 2
Minimize F(X) = ¥+ 3 XX +23F%-Z~-X+1
1 12 2 1 2

sultject to ;

X1 + Xz -3 f J »

1 1
_.._.4..___-2(0 H
X X -
1

N)
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With the MSCOP loaded into memory and 1listed on the TET,
modifications are made on the program lines as follows to

input this example :

Line 107
Just after the word "jata", three integers are added,
serarated by a comrma. The first number is UDV which is

the numker of design variables, the second is NI{C which
is the number of ireguality constraints, and the third is
IPRT which is print control number ( 0 ; only firal
results, 1 ; given data and final results, 2 ; given data

and iterative subcgtimal results)

for example :
100 data 2,3,2

Lines 2z71-220

Each line here corresponds to a separate desigr variatle,
beginning with X (1) and continuing in order to input
X (NDV) . On each line, three values are separated by
commas. After the word "data", these values are the
initial values of the design variable, the lower bound on
tLhe variable and the upper bound on the variable. If no

bound is to be specified, the entry is filleil by "no".

For the sample prctlem, the input is :
201 data 3.,0.1,no0
202 data 3.,0.1,no

29
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lines 470 - 450

These 1lines are available for Jefinirj the otjective

function. The ctjective function rust be defined irn

terms of subscripted design variables X (1), Y(Z), etc.
Tor the sample protlem, the input is :
OO £n_F = x (1) *x24x (1) *x (2) +2.%x (2) **2-x (1) -x (2) +1.
Lines £920-650

These 1lines are available for definrirng the inequalitv

constraint functicns, which must be expressed using the

format :

€01 if 1 = k ther fn_g = G (x)- b,
i i

For the sample prctlem, the input is :

0C601 if 1 = 1 tten £n_g = x (1) +x(2)-3.
00602 if 1 = 2 tten fn_g = 1./x£1 +1./x(2)=2.
07603 1f 1 = 3 then £fn"g = x (1) *¥*¥2+x (1) -x(2) -2.

If there are many constant values in the constrairnt func-

tions, the  user pay input data for these functiors on
lines 501-600 in order to simplify their statements.

30
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IV. EXAMPLE PROBLENS

A. DESIGN OP CANTILEVERED BEAN
1. Uniform Cantilevered BRean

—— i e | e o . - ——

Assume a cantilevered beam as shown in Pigure 4.1

pust be designed., The objective is to find the minimum

2 P G = 20000 Psi
A

2 E = 30 E 6 Psi
4
2 y = 1.0 inch
z
=
2 P = 10000 lbs
=
A 1 = 200"

Figure 4.1 Design of a Uniform Cantilevered Bean.

[ volume of material which will support the load P.

! The design variables are the width B and height H in

L, the ream. The design task is as follows : Find B and H to

b

E rinimize volume V=BHI1 (4. 1
S

}.

:1 31
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we wish to Jdesign the team subtject to 1limit on Dberndiny
stress, shear stress, deflectiorn and georetric cornditiorns.
The bending stress in the beam must not exceeil 20,000 psi.
Mc & P 1
a = = < 20,2300 (4. 2)
b 2 -
B H

The shear stress must not exceed 10,000 psi.

3P 3 P
qg,= = < 10,000 (4. 3)
2 A 2 BH -

and the deflection under the load must not exceed 1 iach.

P 1
§ = = < 1.0 (4 1)
3 E I

3
wd
|

Additionally, geometric limits are imposed on the team size.

0.5 < B < 5.0 (4.5)
1.0 < H < 20.0 (4.6)
H/b < 10. (4. 7)

Now we can input this problem to MSCOP.
Input NIV, ¥IQC, IPRT

00100 data 2,4,2

Initial starting poirts

00210 data
60220 Jdat

sV}
0’\.

0
0

Evaluation of objective

90400 fr_f = t1%x (1) %x(2)

32
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Fvaluation of constraints

20500 t1 = 200.

0Q5C1 te = 3%.e+6

50502 Ep = 10000.

01503 if i = 1 then fn_ g = 6.*bp*t1/é20000.*b*h**2)—1.
09503 if 1 = 2 then fn”q = 3.*bp/(10000.%2.*b*h) -1,
10572 if 1 = 3 then fn’g = U.*bg*tl**B/(be*b*h**B)—1.
00503 if 1 = 4 then £fn_G = h/Et-10.

TABLE I

The Solution of a Uniform Cantilevered Bean

objective ; 666Uu.0

desiyn variable ;

X{(1) 1.852
X(2) = 17.99

constraint ;

g{1) = 0.000902

3(2) = =-0.9549
g(3) = -0.0109
g(8) = -0.0286

As a result of this froblem are in Table 4.1.

2. Variahle Cantilevered Bean

The cantilevered beam shown in Figure 4.2 1is to be

designel for minimum material volunme. The design variables
are the wid*h b and height h at each of 5 segments. We
wish to design the bean subject to limits on

stress(calculated at left end of each segment), deflection
under the load, and the gecmetric reguirement that the
hright of ary segment does not exceed 20 times the width.
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i= S.m
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Crosy section

Figure 4.2 Design of a Variable Cantilevered Bean.

The deflection y at the right end of segment 1 is
calculated by the following recursion formulas ;

.

y =y =0 (4.8)
[o] Q
P 1, 1, .
L 1 1 ]
= L + — + = 1 + 4.9
Y E I 2 =1 i yi-1 (8-9)
1
2
P 1 . 2 1.
- L fé 1+ z + ' 1 (4. 10)
= - + .
Y= I E I =1L 3 Yoot T Y,
1

34
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where the deflection y is defired as positive downward, y'
is the derivative of y with respect to the X, and 1{ is the
length of of segment i. Yourg's modalus E is the =ame for

all segments, and the moment of inertia £or segment i is

Tte tending moment at the left end of segment 1 is calcu-

lated as

i
M =P [ L +1 - . 1, } (4.12)
i j=1 i

and the corresponding maximum tending stress is

M h,
1 1

OT = —_— (%.13)
1 2 I,
1

The design task is now defined as

ki
Minimize : v= X b h 1, (4. 14)
i=1 1 1 1
Sutject to : (4.15)
—0:5--1<0 i=1,...,8 (4.16)
o‘ -
YN
—-1< 0 (4.17)
Y
R -20b < 0 1= 1,00e,N (U. 18)
i i-
35
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b > 1.0 h > 5.0 1= 1,...,4 (4.19)

where & is the allowable bending stress and ¥ is tae allo-
wable displacenent. This is a design problem in 1) vari-
ables. There are 6 ncnlirear constraints defired by E7 (4.16)
and Eq(4.17), and 5 linear constraints defined bv 25 (4.185),
ani 10 side constraints on the design variables defined by
EG(4.19).

Yow we can input this probklem to “SCOP.

Input NDV, NIQC, IPRT
0710C data 17,11,2

Initial starting poirnts

00210 data 5.,1.,no0
20220 data 5.,1.,n0
00230 data 5.,1.,no0
00240 data 5.,1.,no
00250 3data 5.,1.,n0
00260 data 42.,5.,0n0
00270 data 40.,5.,n0
002810 data 40.,5.,n0
00260 data 40.,5.,no0
703750 data 40.,5.,n0

Fvaluaticn of objective

00400 fn_f = 100. * ( x(1)*x(6) + x(2)*x(7) + x(3) *x (8)
X (U)*x(9) 7+ x(5)*x(10) )

Evaluaticm of constraints.

88ugg gef fn ?O bl(10 1N 10 b (10
4 ir km 1 )y ,sigi( .YPb
10500 pct = }o hes J ) ¥pb (10,75 {10)
33501 be = 200.e+5
09502 t1 = 209.
29503 Sl%b = 14000.
- 005C4 ytb = .5
[ NN50¢% 51 = 49,
' 0J50€ fcr m = 1 to 5
30507 bm(m) = pck*(tl+sl-n*sl)
® 00508 rext m
; 09506 for m = 1 to ©
£ 03510  km = m+5
" sigi (m) = m x m i{(m
: 00513 next % ))
| 29572 120,7.%
i t ypzo = 0.
° 50818 £52°% =71 to ©

36
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03517 b(m Cb*sl* (t1+s1/2.-m*sl)) /(be*bi (m))-ypzo
ons1e ggmé L pcu§¢l**2*€tl -m*¥sl+2,.%sl )5 ( (2))=yp
00516 yh(m) dumm/ (2. *be*bl(m))+ypzo*sl+yzo
90520 YEZoO % b(n
01521 {20 = y
00522 next n
0550 rem_constralnt functlon.. .
00560 if 1 = 1 then _G = sigi (1) /sigb-1, X
n0N0570 i1if 1 = 2 then fn g = sigi(2)/sigb-1. ]
00560 if i = 3 then fn”3§ = sigi(3)/sigb-1.
00590 if i =4 then £fn”g = sigi {4} /siJb-1. -3
COROO0 1f 1 =5 then fn~g = sigi {5 gsiqb-h ol
30610 if i = 6 then fn7g§ = ybiS)/& b-1. T
00€20 1if i = 7 then fn73 = X (6) -20.*x (1 o
N0630 if i = 8 then fn”g = x 7;-20.*x§2 ;
00632 if i = 9 then fn”3 = x({8)-20.%x(3
N9634 if 1 = 10 then fn_ g = x$9b—20.*x( g .
00036 if i = 11 then £n”3 = x(10)-20.*x (5) .{
L .|
TABLE IX ]
The Solution of a Variable Cantilevered Bean
objective ; 62133.35 o
design variables constraints
X{1) = 2.994 G(1) = -0.00219
X(2) = 2.782 G(2) = =-0.00415
X{3) = 2.528 : G(3) = -0.00508
L(4) = 2.2038 G(4) = -0.00406
X{(5) = 1.761 G(5) = -0.0177
£(6) = 59.88 G(6) = -0.4401
X(7) = 55.62 G{7) = -0.0101
X(8) = 50.56 G(8) = -0.02M
X(9) = 44.1y4 G(9) = 0.0000
X{10)= 35.19 G(10)= -0.0248

G(11)= -0.02738

37




~r - - ey -y v , P a™e Tm T T
L A G ACA AP oA En AR Rl T el A it R . - - M - ]

D, SIMPIE TRUSS

p = S0C00 N

63 E = 200 GPa
|| g.= * 14000 N/cm
. :—i—' ¥ £ = 100 cm
3
Feo- ot —
P

Figure 4.3 Desiqgn of a S5-Bar Truss.

A simple truss with S5 memhers as shown in Figure 4.3 is

-designed for the mirnimum volune. The design variatles are

the secticral areas cf the npenters. The constraints are

formed for the stresses of the members not to exceed the

given allowable stress, The lower bound for each design
}. variable is also considered. The stresses are oktained by
E. the displacement methcd of the finite element analysis. The
E~ equaticn to be solved is given by
1 XK-u = P (4.20)
o
! where K is the stiffress matrix, 1 1s the displacement
L vector and P is the lcad vector as follows :
4 L K
: %
; 38 i
ﬁ |
® 1

| 1
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from EJ. (4.20) the displacements are solved Ly

-1

C=E P (4.

Having 3displacements at all nodes, we <can calculate

stress fcr each elemert.
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Tt e design rroblem is given by

A AMEAS .5 8 A .a A

4 minimize v= X a 1 (4.26) '
[ i=1 1 1 y
! Subject tc
| O | . |
5, = ———— -1.0<0 1 =1,...,5 (.27
i g -
{ a
[ #
‘ A > 0.1 i=1,...,5 (4.28) ;
i- )
4
The MSCOF irput for this problem is given as follows : .

Input NDV, NIQC, IPRT

00100 data 5,5,2

Iritial starting point

70200 data 3.,.1,no
00202 data 3.,.1,n0
00204 data 3.,.1,n0
0020€ data 3.,.1,n0
002978 data 3.,.1,no0

Tvaluation of objective

0040N £fn £ = 107 * { x(1) + x{2) + xX{3) + sqr(2.)*x (9 +
scr(2.) *x(9))

S AR Al s sl

Evaluation of constraints

L 0530 dim vv (5)
N8N1 te = 2.e4+7
T 0502 t1 = 100. .
| @ 573 sigb = 14000.
40
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V. SUMMARY AND CONCLOSION

Numerical optimization is a powerful technicue Zor those
confrornted with practical engineering design probleums. Tt
is also a useful tool £for obtaining reasonable solutions to
the classical engineering design problems. Since many engi-
neers are€ now using nicrocomputers for solving design rrob-
lems, the development of microcomputer software which can be
easily used is needed.

In this thesis, an algorithm for constrained ortiriza-
tion prcltlems 1is fprogrammed in standard BASIC langiage
{WBASIC version 2.0) on an IBM 3033. The users can easily
convert this to cther microcomputers.

MSCOE {Microccmputer Software for Constrained
Optimizatior Problems) employs the method of feasible direc-
tions and specific mcdifications of a one-dimensional search
for ccnstraired optimization. MSCOP has been validated bv
tests on three constrained optimization protlens. Its
performance is good and could be made better through refine-
ment cf the algorithm.

Since nmicrocomputers are available with reasonratle
remory size and computational speed, their capabilities will
continue to improve as more engineering software becomes
available. MSCOP 1s considered to be a £firs*t step tcward
more widespread use cf optimization techniques on microcca-

puters.
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APPENDIX A
MSCOP PROGEAM LISTING

CEtion
dim x(
dim th
dim a(
die iwv
dic wrk
rem inpu
gosulk 10000

21)

wb upro

; Jngcv (51,22 (21 ,dg(51,21)

1 1 1
Y81 ié%;zw%2~§ i TR )5?55 )
o) loS( yup?

fem input number of design variables and constrairts

read ndv,nigc,irrt
data 2, 442
for i =  to nav

At d

.

rem input initial value of design variables

read x(1)
x0 (i) = x (1)
if nigc = 0 then 160
read o%,up
if lo2% ‘no' then lowb (i)
valueélo$z
if v no' then uprb (i)
value(upS)
next 1
data 3.5,0 5 10.
data 16.,1. 20.
Lenm evalute the objective-function
okj = fn _fx)
itri =
renm objectlve function.

def fn_f [x)
£n 00.*x (1) *x (2)

frend™
rem evaluate the constraints
for 1 = 1 to nigc

%cv(l) = fn_g(x,1i)
nex

renr constraint functions
def fn g(x,l)

I

hen fn_g
hen fn_g
hen £n_g

N T

[ON
tn
1

hen fn_g

1
»
—~
N
~
~N

ical =

1f ical_> 3 then stop

rem call the ortimization cole.
gosub 2000

fem print results.

rep

rem_re-counting number input.

ical = ical+1

if ical = 3 then 8590

rem 10% reduce the design variables.
fer 1 = 1 to ndv

43

bnlo else lowb (i)

re

Ll

T

y

bnup else uprk (i)

2

. S )

t

“t

L

*x(2))-1.
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te the okj. censtraint fcn.
'

)

= o nigc
%C‘!( fn_g(x,1)
next i

[ g+

) -ALLA P W S

itrg =_itrqg+1 . )
rem calculate the number of active and violate .
constraints. 24
gosub 3500 . . .
fem calculate the _gradient of objective and
active or violated constraints. :
gosub 3800 )
if navc = 0 then 2190 ‘
gosuak 2900 ~
Tfem calculate the push-off factors
gosub 4000 .
ren maklng.the ratrix ¢
rem normalized the d4df (1)
gosuk 4100 .
fem normalized the DG (i)
gosub 4200
if nvc > Q0 then gosub {400 else_gosub 4600 .
rem calaulate thé usable-feasiblé direction s (i)

N NN OOODOODOOO

gosub S000
goto 2230 _ .
Ten normalize the df (i)
for i = 1 to_ndy

s(i) = -(df (1))
next 1 . .
rem normalize tle s (i)
gosub 5700

fem one~-dimensicnal search
1f nvc = 0 then gosub 6000 else gosub 9000
rem update x fcr alph .
gosub 7000
gosuk 7100 ) 5
fem calculate new point value.
nokj = fn_£f (x)
rem convergence test
gosulb 6780
if walp <= accx and delf <= dabf then 2470
itri = itri+} .
if itri > mxit then print 'check the probler’
obj = nobj
for i"= 1 to " ndv
x0{1) = x(1)
next 1i ]
for i = 1 to _nicc

gcv(i) = fn_§(x,1)
next i

if iprt = 2 then 2460
gosub 9200
goto 2010
fer print final results
print '*x*%x%x final results ¥xk%x%x
gosub 9200
return = . . .
rem initialize the integer workinj array
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for i = 1 to nigm

1wrk(1) =0
next 1
return . .
rem initialize the integer working array
for i = 1 to nignm

gwrk(l) =0 ]
nex
return ] . . ‘
rem initialize the one-dimension working array i
for i = 1 to nignm

wrk1(i) = 0. .
next 1
return ] . ) -
res initialize the one-dimension working array
for i = 1 to nigm

wrk2(i) = 0.

next 1 “J
return i . . :
cem initialize the one-dimersion working array ﬂ
for i = 1 to nicc

wrk3 (1) = gcv (i) -
next 1 -
return ]

rem initialize the two-dimension working array
for i = 1 to nignm

for j = 1 tc ndvn

wfky(i,j) = 0.

next j
next 1i
return ] )
rem initialize the derivative of objective DF (i)
for i = 1 to ndvnm

af (i) = 0.
next 1
return n
rem initialize the a(i,j),p(i).,y(1i),c (1) |
for i = to ndvn .

"p rs

L ¢

.J'h

retucn
rem initialize the derivative of constraints DG (i,])
for i =_1 to nigm
for = 1 tcndvnm
dg(l,] = 0.
next
next i
return
rem initialize the b{i,J)
for 1 = 1 to nigm,
for j.=_.1 to niqm
b%l 0

)
8
8
1

=]
o
b
("‘
|,4
L.

return

rem Calculate the number of active and violate
constraints.

gosub 3090

gosub 3100
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if ocvf >= vcc then 3580
if Jcv < acc then 3590
nac = nac+l

goto 3550

fvec = nvc+l
next 1
navc = nac+nvc

if navc = 0 then 3790

nigc
>="vcec then 3720
< acc then 3750

gcv(l)

—_~ HEQQ
W o d -
[GETRN TR JL S N 1 AT Y Ny

return

rem calculate the gradient of £ (x)

osub 3300

or i =

dxi = fdm*ab
if dx {=

x(1) =

dobj = fn_¢f
df(l) = éaobj-obj)/dX1
x (1) x0 (1)

next 1

return

i
é és)ghen dxi = mfis
X 1 +dxi

dxi = fdm*x (i)
1f dX1 < mfds then dxi = mfds
x _= x{1)+dx1
t¢c navc
k = iwrk (J)
dcon = fn é
29(3,1) - con wrk?(j))/1xi
X

l
or

x {i) = x0(1)

ate the push-off factor

to navc

= thtO* (1.-wrk1 (i) /acc) **2
(i) > thta then thta(i) = thtnm

return
rea normalize the DF (i)
osub 3
sq = 0.
for i = 1 to nd
fsg = fsq+df(1)**2
next 1

fsgf_ sqréfsg%en fsq = zro

for i’= to
wrk3(1) = (1 /fsn)*df(l)
next 1
return
rem normalize the DG (i)
osub 3250
or i =1
gsqy 0.

to navc

]

E L R E T E E L ECE et eEeEEE R vWwWULWILILILI LW L 2 Ll Go Ll G U G s ad Lo Lo Ll (o L Ll o LIt i L o 2 L o Lol Lot
[[ET 51,0,V PP i g S Sl P JIF SR SISV & Y S To Tw To T W [V IVo IVo I¥o IV IVs IV I¥6 I¥o o JVo o Vo Jo e To s To s Jo's Yo e Jo X o Yo s Yo o To o Yo o ENS TG R BN BAS B PG To .%o Yo .Y 0 280 Vo1 Y0 1Yo .Y A Y0 16, 18,39, (9,16
S OOOEFWWNININS OO DNEWN = OO NE FWINID= 0OCONNE WWNIN = OQOUIE WSO OONIINE W a owNoOWNE
OUINIOUNOWNO I NOUIDUINIOOOD D20O0MNDNONONONONC OO0 UIOUIOUNIOUNOOOOOODODOODO00OOOOODOVOO

[l

©

a

[¢]

'3

=

3 ue

PP




OB 2 i S A et S WP S R Ml A A A S R A

A DO S Wit —

CEEEE e EEEEERLEEEEEER
SDOOOOOOODNONOUIOUNNIO NOWL

SHEEEESEEEENNNNNNNN

ONEWN aWVRININNEWN

oo b EeFsrEEEEEEEEE
OODDOODICDOONOONOOODOODTO

[0 1Y Yo Yo YooY a¥o Yo Y6, TN, [V, IV, [, 16, [V, 18,16, 19, [V, E =g o

SEWN SO WO NIE WN ODWHRD IO -

seEEEE

OO INNINNILILEOODN

8,10, (0, (8,10, 15, 16, (6, 10, T N IO (6, T6 L T8, 16, 16, [ R g g = o)
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j = 1 tc ndv |
98 = gsq+dg (i, ) **2
J

nex
sq =7sqr{gs
gfggsq E é? ?%en gsq = zro
for’j = 1 to ndv L.
wiky (1,3) = (1./9sq) *d3(1,])
next jJ

for

return, . .
rem exist the violate constraints
osub 3350
for i = 1 to navc

for .= 1 tc nidv |

a}&.J) = wrky (1, 3)

next 3 .

a(i,ndv+1) = thta(1i)
next 1

for 1 = 1 to ndv,
(i) = -wrk3(1)

i
r (ndv+1) = phid
to navc

tc ndv#1
i,3)*p(])
+XX

g
[ PY
[T ]

1
a (
=YY
]

= (=1.)*yy

returr . . .
rem onlg exist active constraints
%osub 3350
or i = 1 to navc
for j.= .1 tc ndv |
a%l.}) = wrky(i,]J)

a(i,n3v+1) = thta (i)

next 1
for = 1 to ndv .
a}qavc+1,j) = wrk3(J)
next jJ
ainave+1,ndv+1) = 1.
ndy+1) = 1.
or i = 1 to navctl
cc = a(i,ndv+1)*p(ndv+1)
c(i) = (=1.)*cc
next 1
ndk = n
return
rem ca
gosub
gosuk
osub
or i
for

+
-

late the usable-feasible direction

I sty
Ao, FoOo-H
- s =00 <
oo 0O

=]
®
]
+tE
<
~

kK = 1 to ndv+)
£ = aél k) *wrky(k,3)
£f = ff+ts

= (=1.)*£ff

u7
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next 1
iter
nmax 5*%n3b .
rem tegir iteration
iter ="iter+1

cbox = 0.
ichk =
for

d
)

then 5340
then 5340
o
o

ii
X then 5349

> nmax then 5550

{ = ichk else iwrk (ichk) =9
k?en b{ichk,ichk) = zre

Ok I A

QS oo g =
O~ Otngm
H
\ .
2O
cr
=

b

—8  pHoOH Qo T N0 %
o

e~ Qe ~
=2

™
-

e
a

[ Nesled

: 20, .
b(i,j)-bbi*b(ichk,J)
i) -bbi*cbmx

0O HO~UHy T ctn

e

o,
P A L]

Q-

n u(i) = c(3j)

r.j = 1 tc ndb,
ff = ff+wrky (i, 3)*u ()
iy -££
AEs
return

rer nornalized the s(i)
ssq = 0.
fof 1 = 1 to ndyv

SSq = sSSqg+s (1) *¥*2
next 1 ( )
ssq = _sqr (ss
ifgfslpg= O.qthen fslp =
for i 1 to ndv .

= (1./s¢q) *s (1)

b ]
+
[ [

Zro

s (1)
rext 1
return . . - 3 . - .
rem ore-dimensicnal search for initial feasible pcirt.
geg calgulate fer slope of f(x)

s p = .

for i = 1 to ndv
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gslp = fslp+df (1) *s (1)
nex
ren icdenfy the initial poirt.
alcw = 0.
Zlcw = obj .
for 1 = 1 to nicc,
wrkl (i) = gcv(i)
next j . .
rem find alst ; the 1st mid-point.
if fslp = 0. tfen fslg = Zro )
alst = abog*flow/abs( slp) "
for i = 1 to ndv ] ]
if s(i) = 0. then s(i) = zro |
walp = alpx*x(lg/abs Sél))
if walp > alst then €095
,alst = walp
next 1
rem update x for ailst.
algk =_alst

e the f1st and wrk1(i)
X

) .
nige .
fn g (x,1)
rem check the feasibility.
ncvl =0 .
for 1 = 1 to nigc
if wrk1(i) <“vcc then 6170
.ncvl = ncvl+
next 1
if ncvl = _J then 6200
alst = 0.5*%al1st
goto €105 ) .
fem f£ind a2nd ; the 2rd mid-point. .
rem 2-points quadratic f£it interpolation
fc§ minimam £ (alpa).
ow
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then a2 = zro
1/ (2.*%a2) .
lirear interpolation for g(alpa)=9.
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cc then 8340

| O A

next 1
if rvcl > 0 then 8390
if fupr > fstr then 8390
alira = aupr
. fstr = fupr
airh = alpa
Ie urn - . - . 3
rem one-dimensicnal search for initial
infeasible fecint.
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gcvam = wrk1(1)
Ior 1 = 1 to navc
1f wrk1(i) <= gcvm then 9014
ii =1

gcvm = wrk1 (i)
next i . .
Lep calculate the slope of badly violation.
slp = 0.
or 1 =1 to ndv .
gSlp = gslp+dg(ii,i)*s(i)

i

D00 WLV OVOOO \DPOWPW

nex
rem calculate the alfh.
1f gslp = ). then gslp
algh = —%cvm/%slp
rem update X fcr alph.
gosub 7000
gosut 7100 . . .
Cem evalute the objective and constraint. i
obj = fn_f (x) . 1
for 1 = T to nigc ,
%cy(l) = fn_g(x,1)
next 1

rew calculate tlke NVC.
gosuk 3590
1f nvc = 0 then return
rem ypdate initial value.
for i = 1 to ndv

x0(i) = x (i)
next 1
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ate d4f(i),dg(i,j) ani1 push-off factor.
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cul

800

900

0090 )
?8%128 the df(i),dq (i, j)
200 ) .

d the search direction.
400
000

0
o
-+
O
O
(@]
-2 O
[
od® s

fem print the resalts
pr;ng !

Print "kAxkkkkkkkk Gata kkkkkkkkkkk? .
prirt ! . : 4
rrint 'The number of design variables . = "ndy : :
print :?he numnker of inegUality constriints = yniqc

p 2 print N
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92235 print 'The objective value = ',00D0j
3240 print . .
324°% print '**%%% design variables *%xxxX!

1 9250 for i = 1 to ngdv .

Lt’ 9255 gr;nt *x(';1;") = ',x (1)

! 9260 next 1

. 9265 print ! . .

} 5270 frint 'the numlter of active constraints = ';nac

b 9275 print " . )

o 9280 print 'the numker of vionate constraints = 'j;avc
9285 print '° . \
92¢0 print '**¥%* constraint value ***%!

6295 print ‘¢ .
3382 or 1_=t1'to'n;qg \ (i

5 rir Hb = Y;gcv (i
9310 nexg i 9t ) J )
3315 return
3500 rem default nurter . .
3510 mxit = 50 ! maximum iteration number
952C fdm = .01 ! finite difference ste i
953¢ mfds = .001 ! maximnum absolute firite difference ste;
9540 vecec = 004 ! violated constraint criteria (thicknress)
a550 acc = -,1 ! active constraints_criteria (thlckness;
956C tht0 = 1, ! push-off factor miltiplier (theta zero
9570 thtm = 50, ! maximum value of push-off factor
9580 phid = 100000. ! weighting-factor used in direc*icn

whell inféasible ) .
9590 accf = .001 ! absolute convergence criteria
9600 accx = 0.001 ! absolute convergence criteriav
€610 zrc = .0001 ! defined zero .
9620 esrl = .005 _! used to prevent division by zero
9630 bnlo = =1.e+70 ! the value of low boundary
964Q bnup = 1.e+70 ! the value of upper boundary
9650 dalp = .01 ! step ﬁlze of alpa in one-4imehsional
searc
9660 akcj = 0.1 ! step size for reduce objective .
5670 alpx = .1 ! reduce thLe design variable factcr
3680 ndvm = 21 ! tike number cf maximum desiyn variable
3690 nigm = 51 ! the number of maximur inequality
ccnstraints

9700 return
9800 end
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