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1 .  I N T R O D U C T I O N

Structural optimization may be defined in various ways. One 

definition could be the design and construction of a quality 

structure at the lowest cost. This definition often turns out to 

be inappropriate due to both the difficulty of giving a precise 

definition to cost and the dependence of the cost function on 

highly variable factors. In common practice the weight or volume 

of the structure is taken as the objective function. Therefore, in 

all further developments the objective of structural optimization 

will be to minimize the weight while maintaining high reliability 

and rigidity without failure. To ensure that failure will not 

occur, the stresses in any part of the structure and certain 

displacements should remain within specified limits. Also, no 

buckling should occur in any part of the structure, and in many 

cases the fundamental natural frequency of the structure must be 

considered, in order to avoid a resonance problem. Judging from 

this, in order to discuss the theory of structural optimization it 

is necessary to be able to analyse any structural configuration 

for these considerations. The finite element method will be used 

to obtain stresses, displacements, natural frequencies, and any 

other response quantities.

The history of structural optimization is long and the
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l i t e r a t u r e  is  e x t e n s i v e .  The m a in  c l a s s i f i c a t i o n  b a s e d  on th e 

o p t i m i z a t i o n  m e th o d  can be d e s c r ib e d  as e i t h e r  M a th e m a t ic a l 

p ro g ra m m in g  m e th o d s  o r  O p t i m a l i t y  c r i t e r i a  a p p ro a c h e s  M J .  The 

f u l l y  s t r e s s e d  d e s ig n  is  th e  e a r l i e s t  o p t i m a l i t y  c r i t e r i a  a p p ro a c h 

u se d  in  s t r u c t u r a l  d e s ig n  [ 2 3 .  By d e f i n i t i o n  th e  f u l l y  s t r e s s e d 

d e s ig n  is  th e  one  in  w h ic h  th e  m axim um  s t r e s s  in  e a ch  o f  th e 

e le m e n ts  re a c h e s  i t s  l i m i t i n g  v a lu e  a t  le a s t  u n d e r  one  lo a d in g 

c o n d i t i o n .  T h is  c r i t e r i o n  is  v a l i d  i f  th e  s t r u c t u r e  is  s t a t i c a l l y 

d e t e r m in a t e  b u t  is  o n ly  a p p r o x im a t e ly  t r u e  f o r  i n d e t e r m in a t e 

s t r u c t u r e s .

H i s t o r i c a l l y ,  th e  a p p l i c a t i o n  o f  m a th e m a t ic a l  p ro g ra m m in g 

m e th o d s  to  s t r u c t u r a l  o p t i m i z a t i o n  was i n i t i a t e d  by S c h m it  [ 3 3 . 

M oses [4 3  r e v ie w e d  th e  r a p id  d e v e lo p m e n t  o f  th e  m a th e m a t ic a l 

p ro g ra m m in g  a p p ro a c h  to  s t r u c t u r a l  d e s ig n  o p t i m i z a t i o n .  He d i v i d e s 

th e s e  a p p l i c a t i o n s  i n t o  t h r e e  c a t e g o r ie s  : ( 1 )  e le m e n t  d e s ig n ,  ( 2 ) 

s y s te m  d e s ig n ,  and C3) d i s c r e t e  d e c i s io n s .  Some o f  th e  e a r l y 

m a t h e m a t ic a l  p ro g ra m m in g  t o o l s  t h a t  w e re  a p p l ie d  to  th e  s t r u c t u r a l 

d e s ig n  o p t i m i z a t i o n  p ro b le m  in c lu d e  : th e  s e q u e n t ia l  u n c o n s t r a in e d 

m in im iz a t i o n  t e c h n iq u e ,  b a s e d  on an i n t e r i o r  p e n a l t y  f u n c t i o n 

f o r m u l a t i o n ,  and  th e  s e q u e n t ia l  l i n e a r  p ro g ra m m in g  a p p r o a c h , 

p a r t i c u l a r l y  th e  c u t t i n g  p la n e  m e th o d .  M oses c o n c lu d e s  t h a t  th e 

a p p l i c a t i o n  o f  m a th e m a t ic a l  p ro g ra m m in g  m e th o d s  to  th e  o p t im u m 

d e s ig n  o f  s t r u c t u r a l  e le m e n ts  and s im p le  c o m p o n e n ts  is  a w e l l 

e s t a b l i s h e d  and  p r o f i t a b l e  t e c h n iq u e .  He i n d i c a t e s  t h a t  a m a jo r 

c o n s i d e r a t i o n  in  s t r u c t u r a l  s y s te m s  o p t i m i z a t i o n  w i l l  be to  re d u c e
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the number of analyses.

In Ref. (51, Haug and Arora used a design sensitivity 

analysis coupled with a gradient projection method for the optimal 

design of trusses and frames. They also use a substructuring 

concept to deal with large structures. The objective function was 

to minimize the structural weight. The constraints imposed 

limitations on the design variables and on quantities describing 

the structural response (behavior constraints) such as stresses 

and displacements under multiple static loading cases, natural 

frequencies and critical buckling loads.

T R U O P T , 16), 17), is applicable to general space truss 

structures. It uses approximation concepts and the generalized 

reduced gradient method.

In Refs. (8) through I10J, structural optimization with 

material selection, large and continuum systems, and optimization 

of geometry and topology are discussed.

Now, we wish to develop an efficient algo r i t h m  based on 

combining a finite element analysis method and a nonlinear 

programming method for structural optimization problems. This 

algorithm can be simultaneously applied to general structures, 

such as trusses, frames, etc, and use both sizing and geometric 

variables. However, a conventional nonlinear programming approach



was found to require many finite element analyses and resulted in 

an extremely long computer run time. Because of this major cost of 

analysis, approximation concepts and approximate analysis methods 

are used to improve the efficiency of the optimization process. 

The approximation concepts are used to replace an original 

nonlinear and implicit structural optimization problem with a 

sequence of explicit and high-quality approximate problems.



5

2 .  I L L U S T R A T I V E  E X A M P L E S

A s im p le  s t r u c t u r a l  o p t im iz a t i o n  p ro b le m  t h a t  w i l l  be used  to 

i l l u s t r a t e  b a s ic  id e a s  and f o r m u la t io n  is  th e  t h r e e - b a r  t r u s s .  The 

f i r s t  s te p  in  o p t im iz in g  a s t r u c t u r e  is  to  i d e a l i z e  th e  s t r u c t u r e 

as an a s s e m b la g e  o f  f i n i t e  e le m e n ts .  The t h r e e - b a r  t r u s s  s t r u c t u r e 

is  m o d e le d  by th re e  e le m e n ts ,  as shown in  F ig .  2 . 1 .  The d e s ig n 

o b je c t i v e  is  to  ch o o se  th e  e le m e n t r a d i i  ( t h e  d e s ig n  v a r i a b l e s ) , 

so t h a t  th e  t r u s s  is  as l i g h t  as p o s s ib le ,  w h i le  s a t i s f y i n g 

c o n s t r a in t s  on s t r e s s ,  b u c k l in g ,  d e f l e c t i o n ,  n a t u r a l  f r e q u e n c y , 

and member s iz e .

The o b je c t i v e  f u n c t io n  F is  th e  vo lu m e  o f  th e  s t r u c t u r e 

3
F ( X ) = E L ( ( X ( X ,) r r  ( 2 . 1 )

i =1

S u b je c t  to  G j(X )> 0  j = 1 , 2 ...........m ( 2 . 2 ) 

I u 
and X <X <X i= 1 , 2 , 3 ...................................( 2 . 3 )

i i i 

w h e re

G = s t r e s s ,  d is p la c e m e n t ,  and b u c k l in g  c o n s t r a in t s

X = d e s ig n  v a r ia b le s  ( r a d iu s  o f  each  m em ber) 

I 
X = lo w e r  bound f o r  v a r ia b le  i 

i 

u 
X = u p p e r bound fo r  v a r ia b le  i 

i

L ( = s p e c i f i c  le n g th  o f  i - t h  e le m e n t

D e s ig n  d a ta  f o r  t h i s  t r u s s  is  g iv e n  in  T a b le  2 . 1 .
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This is a constrained nonlinear optimization problem. The 

functions G are not explicitly given. Instead, for given values 

on the variables X, we shall assume that the constraint values are 

to be obtained by finite element method calculation. Since such

calculations may be comparatively expensive, it is necessary to

Figure 2.1 Three-bar truss

Table 2.1 Design Data for three-bar truss

Modulus of eI astici ty = 2.07 10* ksi 
Material density =0.15 Ib/in* 
Lower limit on radius=0.15 in 
Upper limit on radius=None 
Displacement limit at node 
1 in x d i r e c t i o n = ± 0 .15 in 

in y d i r e c t i o n =±0.06 in
Stress limit=±25 ksi 
Lower bound on freque n c y = 13.316 HZ 
Number of loading conditions=1

Load Data

Direction of Load, Ibf 
N o d e 
Numbe r F M F y F «

1 -28300 28300 0.0
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find methods which require.as few function evatut ions as possible

in solving this problem.

It is, for example, hardly realistic to solve this problem by 

a 'conventional* method such as the generalized reduced gradient 

(GRG) method (nonlinear programming method, using forward 

difference gradient calculations and a normal line search 

procedure). The number of function evalutions required by this 

method is empirically known to grow rapidly when the size of the 

problem grows. Even a modestly sized problem could require several 

hundred constraint evaluations. This implies several hundred 

finite element method calculations which would be unacceptable.

In next sections, Eqs. 2.1 

'conventional* method, followed 

comparison of the results.

and 2.2 will be processed by a 

by an approximation method, with a

2-1 Nonlinear Programming Method

Central to any optimization scheme are two elements - the 

optimizer and the analysis processor. The analysis processor 

accepts values of the design variables X, and produces the 

constraint values. For the structural optimization problem, the 

analysis processor essentially provides a structural analysis of a 

given configuration and finds the stresses, deflections, and

natural frequencies. The optimizer provides the input to the
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Figure 2.2 Flowchart of GRG
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analysis processor and based on the information returned from the 

analysis processor, determines what changes should be made in the 

variables to both reduce the objective function and to remain in 

the feasible region.

2-1-1 Optimization A l g o rithm

In Eqs. 2.1, 2.2, and 2.3, either the objective function F or 

constraints G(X) may be nonlinear functions of the design 

variables X. These equations are solved by the generalized reduced 

gradient code, OPT (12). The flowchart of the GRG method is shown 

in Figure 2.2, and a detailed description of the a lgorithm will be 

given in this subsection.

Consider the constrained nonlinear programming problem:

Minimize F(X) s lX]=[Xi,x 2 ,... . . . , X N ] T (2.4)

Sub ject to H , ( X ) =0 1 = 1,2,.. . . , L (2.5)

G k ( X)>0 k = 1 , 2 , . .. . , K (2.6)

X'<X<X“

where

X= a column vector of design variables

(2.7)

N= total number of design var i ab 1 es

F(X) = the objective function

H। (X ) = L equality constraint funct ions

G k ( X ) = K inequality constraint functions

X ’ ,XU = Lower and upper bounds on the design variables



1 0

With no loss of generality, this problem can be transformed 

into the following set of equations which are handled by the 

reduced gradient method

Minimize F(X); X=(xi,x 2 ,...... ,xN ]T (2.8)

Subject to Hm (X)=0 m = 1 , 2 , ...... ,M (2.9)

X'<X<X“ (2.10)

The inequality constraints of Eq. 2.6 are included as 

equality constraints by using the following transformation

H H (X)= G k ( X ) - S h =0

0< S k <« k = 1 , 2 ..... ,K (2.11)

where

Su = nonnegative slack variables which are added to the 

original set of design variables.

The parameter N represents the total number of original 

design variables plus the number of slack variables, and the 

parameter M represents the total number of equality and inequality 

constraints. L e t ’s divide the design vector tX] into decision and 

state variables (Z,YJ

[Z] = ( Z i . Z a , ...... ,ZoJT decision variables

(Y) = [ y i , y2 , ....... , Z M ) T  state variables

Q = N-M
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The d e c i s io n  v a r i a b l e s  a re  in d e p e n d e n t ,  b u t  th e  s t a t e 

v a r i a b l e s  a r e  s la v e s  to  th e  d e c i s io n  v a r i a b l e s  and  a re  u se d  o n ly 

to  m a in t a in  c o n s t r a i n t  s a t i s f a c t i o n .

In  o r d e r  to  d e r i v e  th e  re d u c e d  g r a d ie n t  v e c t o r  . l e t ’ s e x a m in e

th e  f i r s t  v a r i a t i o n  o f  F (X )  and H (X )

d F = V .F ( X ) d z + V y F ( X ) d y 

d H = V « H (X )d z + V y H (X )d y = O

F ro m  E q . 2 .1 3  we can g e t 

dy  = - V x -  ’ Hy  • V «H «dz

( 2 . 1 2 )

( 2 . 1 3 )

( 2 . 1 4 )

S u b s t i t u t i n g  E q . 2 .1 4  i n t o  E q . 2 .1 2  w i l l  y i e l d

V r F ( X )  = V « F ( X ) - V y F ( X ) - V y - ’ H (X ) - V « H ( X )  ( 2 . 1 5 )

The v e c t o r  V r  F ( X ) as d e f in e d  by E q . 2 .1 5  is  c a l l e d  th e

re d u c e d  g r a d i e n t .

A m in im u m  o f  th e  u n c o n s t r a in e d  n o n l in e a r  p r o b le m  o c c u r s  when 

th e  e le m e n ts  o f  th e  g r a d ie n t  v a n is h  a t  th e  o p t im u m  p o i n t . 

S i m i l a r l y ,  a m in im u m  o f  th e  c o n s t r a in e d  n o n l in e a r  p r o b le m  o c c u r s 

w hen th e  e le m e n ts  o f  th e  p r o je c t e d  re d u c e d  g r a d ie n t  v a n is h .  Now, 

b y  c a l c u l a t i n g  th e  p r o je c t e d  re d u c e d  g r a d i e n t ,  and  th e  n o rm  o f 

V r F ( X )  ( l l V r F ( X ) l l  = l I  V r F 2 ( x । ) I l ) ,  we can see i f  is  w i t h i n  some 

t o l e r a n c e  f o r  c o n v e r g e n c e , 

I lV r F ( X )  I I < €

I f  i t  is  w i t h i n  t h i s  t o l e r a n c e ,  th e n  a c o n s t r a in e d  r e l a t i v e

m in im u m  has b e e n  o b t a in e d  w h ic h  can be show n to  be a Kuhn T u c k e r
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p o in t  [ 1 3 3 .  I f  i t  is  n o t ,  th e  a lg o r i t h m  c o n t in u e s  by d e t e r m in in g  a 

new s e a r c h  d i r e c t i o n ,  P 2  and  P v » f o r  th e  d e c i s io n  and  s t a t e 

v a r i a b l e s  r e s p e c t i v e l y .  P , is  d e te r m in e d  u s in g  V r F (X )  by a n y 

g r a d ie n t  b a s e d  u n c o n s t r a in e d  s e a rc h  t e c h n iq u e  w h i l e  an 

a p p r o x im a t io n  f o r  P y  is  d e te r m in e d  f ro m  th e  f o l l o w i n g  e q u a t io n .

P y ^ y - ’ H C X l’ V iH C X ) • P ( 2 . 1 6 )

A l i n e  s e a r c h  is  th e n  p e r fo r m e d  to  lo c a t e  a lo c a l  m in im u m  o f 

F (X )  a lo n g  P , and PY  . F ro m  a s t a r t i n g  p o in t  I Z , Y ] ,  we m ove to  a 

new p o in t  [ Z 1 ,Y 1 ] a c c o r d in g  to  th e  s te p  p r e s c r i p t i o n

Z + «Pz

Y + «P y

w h e re

a = s te p  le n g t h  p a r a m e te r

In  E q . 2 . 1 3 ,  we c o n s t r u c t e d  l i n e a r  a p p r o x im a t io n s  f o r  th e 

p ro b le m  c o n s t r a i n t s .  H o w e v e r ,  w h i le  th e  l i n e a r i z a t i o n s  a re  goo d 

e n o u g h  to  d e te r m in e  lo c a l  d e s c e n t  d i r e c t i o n s ,  th e y  a re  n o t  good 

e n o u g h  to  a c t u a l l y  c a l c u l a t e  f e a s i b l e  m in im u m  p o i n t s .  T h is  is  due 

to  th e  f a c t  t h a t  th e  f i r s t - o r d e r  a p p r o x im a t io n  ca n  be r e p r e s e n t e d 

by a p la n e  t a n g e n t  to  th e  e x a c t  c o n s t r a i n t  s u r f a c e .  F o r n o n l in e a r 

c o n s t r a i n t s ,  P« and  P y  may n o t  be a f e a s i b l e  d i r e c t i o n .  H e n ce  w hen 

n o n l i n e a r i t i e s  a r i s e  in  th e  c o n s t r a i n t  f u n c t i o n s ,  th e  p o i n t 

[ Z 1 , Y 1 ] is  l i k e l y  to  be i n f e a s i b l e .  H o ld in g  th e  d e c i s io n  v a r i a b l e s 

Z 1 c o n s t a n t ,  th e  s t a t e  v a r i a b l e s  Y 1 a re  a d ju s t e d  to  o b t a in  a 

f e a s i b l e  p o i n t ,  [ Z ^ Y 1 ] .  T h is  s te p  is  e q u iv a le n t  to  th e  s o l u t i o n
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of the set of n o n l i n e a r  e q u a t i o n s

H ( Z ’ , Y ’)=0

This step t e r m i n a t e s  at some point X 1 = [ Z ’ ,Y 1 ) 

w h e r e  F C X ’ ) < F(X)

If, as a result of the line search , any el em en t of Y 1 is 

equal to ei th er of its bounds, then a r e p a r t i t i o n i n g  of the de si gn 

v a r i a b l e s  is c a r r i e d  out by c h o o s i n g  some a p p r o p r i a t e  d e c i s i o n 

v a r i a b l e  Z r to take its pl ac e in the state v a r i a b l e  set and 

a s s i g n i n g  Y e to the d e c i s i o n  v a r i a b l e  set.

After r e d e f i n i n g  X=[Z,Y) to X 1 = [ Z 1 , Y 1 ) , the ab ov e steps are 

repeated.

2- 1- 2 A n a l y s i s  P r o c e s s o r

As was d i s c u s s e d  earlier, a 

the a n a l y s i s  ro u t i n e  by the opt 

d e s i g n  v a r i a b l e s ,  this rout 

d i s p l a c e m e n t s ,  and f r e q u e n c i e s 

Here, the finite el em en t p a ck ag e 

E l e m e n t s  for S y s t e m  A n a l y s i s )  is

finite element code is used as 

imization program. Gi ve n a set of 

ine must return st re ss es , 

wh en re q u e s t e d  by the o p t i m i z e r .

NI SA ( N u m e r i c a l l y  I n t e rg ra te d 

used (11).

The NI SA p r o g r a m  in co r p o r a t e s  a va r i e t y  of i sopa r ame trie

e l e m e n t s  in its el em en t library. The el ement re l a t i o n s  are



developed using displacement models. The basic idea of the finite 

element technique is to express the displacement or deformation of 

a body in terms of known functions and displacements at 

predetermined points on the body. These points are selected as a 

systematic network of grid points called nodal points and their 

displacements are called nodal displacements. Therefore, in finite 

element techniques the displacements at all points of system are 

known once the nodal displacements have been determined. The nodal 

displacements are calculated from a system of algebraic 

equilibrium equations for the entire structure.

Let fUJ be a vector of independent generalized displacements 

and (P) a cooresponding vector of equivalent nodal forces for the 

entire structure. Then the equilibrium equation in term of 

displacements for the entire structure is given as

[KI (U) = IP) (2.17)

where (KI is a structural stiffness matrix that relates nodal 

displacements and nodal forces. If the stiffness matrix for each 

element of the structure is known, then the stiffness matrix for 

the entire structure may be obtained by the assemblage of the 

eI emen t ma t r i c e s . •

Rearranging E q . 2.17 we have
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(U)= (K)- 1 (P) (2.18)

For structural analysis, the quantities so obtained will be 

nodal displacements. Stresses for each element of the system can 

be calculated using these computed displacements.

The basic relations for an element can be expressed as 

fol lows: 

lu) displacement field for a finite element

IS} nodal displacement vector

1€ } strain vector

Iff) stress vector

IE) elasticity matrix

(NJ shape function matrix 

tKe ] element stiffness matrix 

IB) relates the nodal displacement vector and the strain 

vector, that is obtained from differentiation of terms 

in matrix CN 3 

then 

(u)=(N) IS} 

1€}=[B) IS} 

la)=(E] 1€} 

[K.)= | CB)T (D) [BJ dV 
J v

The NI SA code can analyze a wide spectrum of problems 

encountered in the engineering mechanics field, like static
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analysis, dynamic analysis ,etc.

The finite element model created for the static analysis can 

be used for a dynamic analysis with minor m o d ification and vice 

versa.

Input data in NISA is in a free format. The input data deck 

for the static analysis of this three-bar truss is shown as 

f o i l o w s :

STAT I C
* A 1
0 STRUCTURAL OPTIMIZATION TEST PROBLEM (3 BAR TRUSS) 
*B 1
1,3 $ 0,0,3,0,5 
*B2
3,4 , 4,2,6 
*C1 
1,12,1 
*D1

1.600000, 0.200000, 0.200000,
0 
0,0,0,0,1,0, 0.713517,0.

0.070686 0.000398 0.000398
0
0,0,0,0,1,0, 0.150000,0.

0.070686 0.000398 0.000398
0
0,0,0,0,1,0, 0.150000,0.

0.400000

0.000795

0.000795

*E1
1 ,2 $ 1,1,1
1 , 3 * 1,1,2
1 , 4 * 1,1,3
*F1
1 ,0 $ 0. , - 1 00 . ,0
2,0 t -100. ,0. ,0
3,0 $ 0 , 0 . , 0 .
4,0 $ 100.,0.,0.
*H1
EX , 1 ,0,2.07E7
NUXY , 1 ,0,0.3
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D E N S , 1,0,.15
* I 3
1 $ 0,0,3,0 $« 1
*15
1,1, 0 ,NOD
1 , 3 , 1 ,ELE
*J1
2 , U X , 0 , 4 , 1 , U X , U Z , R O T X ,ROTY
1 ,UZ,0 $ ROTX,ROTY
*M1
1 ,FX,-28300.
1,F Y ,28300.
*Z1

The first line is the analysis ID. The group *B1 is used to 

control selective loading, analysis logic and the reading of other 

data groups. The data group *B2 defines the total number of 

elements, total number of nodes, etc. *C1 selects the elements 

from the NI SA element library. In the *D1 data group, we assign 

quantities of cross sectional properties. *E1 data cards define 

the element c o n n e c t i v e t i e s . The data groups *F1, *H1, *J1, and *M1 

define the nodal coordinates, material properties, boundary 

c o n d i t i o n s ,and concentrated nodal forces respectively.

2-1-3 Coupling Finite Element And Optimization

In order that NI SA or any finite element code can become an 

integral part of the optimization procedure, OPT and NI SA must 

interact with one another. To do so, it is necessary to link NI SA 

with OPT. When structures (like trusses, frames, etc) are analyzed 

using existing finite element programs, we first prepare the 

required structural data, as shown in the previeous subsection.
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Next we input this data into the computer and let the program run. 

Then, the finite element method program computes all quantities 

necessary for the design phase directly following the step of 

structural analysis. With the conventional use of finite element 

programs pre- and postprocessors have been introduced, in order to 

save valuable time in data preparation and evalution [8], [141, 

(15J. The optimizer communicates with the analysis processor 

through a pre-processor and the analysis processor supplies the 

analysis information to the optimizer through a p o s t - p r o c e s s o r . 

The function of the pre-processor is to convert the variables of 

the optimization process to a set of input parameters written in 

the format required by the analysis processor. For structural 

optimization, these parameters are the structural member sizes 

such as cross-sectional area, moment of inertia, and nodal point 

coordinate data. These quantities are the actual physical design 

variables and are seldom in a one-to-one direct equivalence 

relationship with the variables of the optimization process. Thus, 

in a typical application, the conversion within the pre-processor 

is not only limited to format changes but also must include such 

commonly used techniques as variable linking, conversion from 

radius information to cross-sectional area,etc. The function of 

the post-processor is to compute the constraints, and their 

gradients, if required, and to provide them in the format required 

by the optimizer. To do so, the p o s t - processor extracts the 

pertinent behavior variables from the analysis output and compares 

them with the allowable value of these quantities in the equations
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specific to the design problem at hand.

The subroutine NISOPT was written to generate the input data 

for a NISA analysis, and to drive NISA. In the optimization 

process with OPT, in order to find the minimum, the design 

variables must be updated before each evaluation. NISOPT must 

alter the data for NISA corresponding to design variables which 

are being changed. For the example under consideration, the design 

variables are the element radii (the size of the transverse 

dimensions of the elements). Thus in the input data, only the data 

group *D1 must be changed. The *D1 group defines the cross 

sectional properties (cross-sectional area, moment of inertia). 

The other data groups remain fixed. In the subroutine NISOPT, we 

create a new data file which is constructed from the data file 

which has been generated previously. When reading the *D1 data 

group, the new variables are used instead of the old ones. This 

data file is then used to drive the NISA program. If the geometry 

of the structure is also to be optimized, The data group *F1 will 

be modified in addition to the *D1 group.

Each time NISA is run, it creates an output file. But this 

output file has a fixed format, so it can't be accessed by the 

optimizer. We use a subroutine called FILEH to condense NI S A 's 

output file to a uniformly formated file that can be called by 

subroutine CONST which calculates the constraint functions.
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The output file from subroutine FILEH for the three-bar truss 

example is shown in Table 2.2.

Table 2.2 Output File From FILEH

- 0.25454E+5 
-0.23880E+0

1 
-0.25453E+5 
0.00000E+1

2 
-0. 1 4 071E + 4 
-0.23880E+0

2 
-0.1 5124E + 4 
0.00000E+1

3 
0.23922E+5 

-0.23880E+0
3 

0.23921E+5 
0.00000E+ 1

1 
0.00000E+1 
0 . 73063E-2

2 
0.00000E+1 
0 . 00000E+1

1 
0.00000E+1 
0 . 73063E-2

3 
0.00000E+1 
0 . 00000E+1

1
0 . 00000E+1 
0 . 73063E-2

4 
0.00000E+1 
0 . 00000E+1

0.00000E+1 
0 . 0 0 0 0 0 E + 1

0.00000E+1 
0.00000E+1

0.00000E+1 
0.00000E+1

0.00000E+1
0.00000E+1

0 . 0 0 0 0 0 E + 1 
0.00000E+1

0.00000E+1
0.00000E+ 1

0 . 00000E+1 
0.00000E+1

0.00000E+1 
0 . 00000E+ 1

0 . 00000E+ 1 
0 . 00000E+1

0.00000E+ 1 
0.00000E+1

0 . 0 0 0 0 0 E + 1 
0.000 OOE +1

0.00000E+1 
0.00000E+1

0.00000E+1 0.00000E+1
0 . 0 0 0 0 0 E + 1-0.12571E-2

0.00000E+1 0.00000E+1
0 . 0 0 0 0 0 E + 1 -0.12524E-2

0.00000E+1 0.00000E+1 
0 . 0 0 0 00E+1-0.12571E-2

0.00000E+1 0.00000E+1
0.0 0 0 0 0 E + 1-0.29535E-2

0.00000E+1 0.00000E+1 
0.0 0 0 0 0 E + 1 - 0 .12571E-2

0.00000E+1 0.00000E+1
0 . 0 0 0 0 0 E + 1 -0.12767E-2

The first line defines the element and node number. The 

second line contains the normal and shear stresses. The third line 

contains displacements in the X, Y, and Z-directions and rotations 

about the X, Y, and Z-directions respectively.

During each iteration of the GRG method, finite element 

solutions are required every time the constraint subroutine 

'CONST' is called. After each analysis is complete, subroutine 

CONST must retrieve the results from FILEH which serve to 

constrain the design. The flowchart of subroutine "CONST" is given
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in F ig u re  2 . 3 .

(  START ) 

Cal I S u b ro u t ine NISOPT

CaI I S u brout i ne FILEH |

___________________S ___________________
C a lc u la te  the c o n s t r a in ts  v a lu e

( RETURN )

F ig u re  2 .3  F lo w c h a rt of s u b ro u tin e  CONST

2 - 1 - 4  N u m e ric a l R e s u lts

The o p t im iz a t io n  p ro b lem  of the t h r e e -b a r  t ru s s  is

m a th e m a t ic a l ly  fo rm u la te d  as fo l lo w s :

3 
Min FCX) = E L , (X j X j) ir 

j = 1

S u b je c t  to

a 
d - l  d, (X ) l> 0  i = 1 ..................., mdi

a 
o’ - I f f  । (X )  l>0  i = 1 ...................... mff

i

b ( CX) >0 i = 1 .....................,mb

P-Po 2:0

I u
X <X SX j = 1 , 2 ,3
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where

X = des i gn variables 

F(X)= the volume of the structure

di(X)= the displacement of a given node in a given 

direction under a given load condition.

(TJX): the relevant stress in a given element under a given 

load condition.

b|(X)S0 a buckling constraint in a given element under a 

given load condition.

I u
X ,X = explicit lower and upper bounds on the variables.

a a
d ,0 = largest permitted values of di(X) and 0|CX).
i i

Po = specified lower bound on eigenvalue related to the 

natural frequency.

Optimum results for this example are given in Table 2.3. For 

the solution considering stress constraints only, the optimum 

volume is 239.338 in3 , and three constraints are active at the 

optimum design. These are the stress constraint for element 1, and 

minimum-size constraints for elements 2 and 3. For the case with 

stress and displacement constraints, the optimum volume is 273.626 

in 3 . The displacement constraint at node 1 and the minimum-size 

constraint for element 3, are active at the optimum. For the case 

with stress, displacement, and buckling constraints, the optimum 

volume is 1482.59 in3 . The buckling constraints for all three 

elements are active at the optimum for this case. When all the 

constraints (stress, displacement, buckling, and natural
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frequency) are imposed, the optimum volume is 1507.36 in3 . The set 

of active constraints include buckling in elements 1 and 2, and 

the frequency.

Tab 1 e 2.3 Optimum three-bar truss

E 1 emen t 
Numbe r s

Opt imum rad i us , in 

1 II III IV

1
2
3

0.70731 0.75928 1.44664 1.44125
0.15000 0.15448 0.81000 0.81652
0.15000 0.15000 0.88336 0.91286

At opt imum 
Vo 1u m e , in® 239.338 273.626 1482.59 1507.36

where
I : with only stress constraints

II : with stress and displacement constraints
III : with stress, displacement, and buckling constraints
IV : with all constraints

Table 2.. 4 Design Data for three-bar truss (circular tube)

Lowe r limit on mean radius=0.15 i n
Lowe r limit on th i ckness = 0.075 i n
Upper limit on mean radius=1.1 i n
Upper limit on t h i ckness = 0 .8 in

The next example is also a three-bar truss, but the cross 

sectional area was allowed to become a circular tube instead of a 

solid bar. Therefore, the design variables are the cross- 

sectional dimensions of each element (radius and thickness). The 

design data and optimum results for this example are given in

Tab les 2.4, 2.5 and 2.6.
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The d e s ig n  v a r i a b l e  n u m b e rs  1 , 2 ,  and 3 a re  r a d i i  (m ean 

r a d i i )  o f  e le m e n t  n u m b e rs  1, 2 ,  and 3 , r e s p e c t i v e l y .  The d e s ig n 

v a r i a b l e  n u m b e rs  4 , 5 , and  6 a re  th e  t h i c k n e s s  o f  e le m e n t  n u m b e rs 

1, 2 , and 3 .

B e c a u s e  th e  s t i f f n e s s  m a t r i x  o f  th e  t r u s s  is  o n ly  r e l a t e d  to 

th e  a re a  o f  th e  e le m e n t ,  th e  o p t im u m  v o lu m e  f o r  th e  c i r c u l a r  tu b e 

and  s o l i d  c i r c u l a r  c r o s s  s e c t i o n  is  sam e. The d e s ig n ,  h o w e v e r ,  is 

d i f f e r e n t  in  t h a t  th e  o p t im a l  v a r i a b l e s  a re  d i f f e r e n t .

T a b le  2 .5  R e s u l t s  f o r  t h r e e - b a r  t r u s s  ( c i r c u l a r  tu b e )

O p t imum d e s ig n , i n

D e s ig n S t r e s s
S t r e s s  and 
d i s p 1 acem en t

Va r i a b 1e c o n s t r a i n t s c o n s t r a i n t s

1 0 .9 3 1 0 8 0 0 .8 0 4 7 9 6
2 0 . 150 0 00 0 .1 5 9 2 5 1
3 0 .1 5 0 0 0 0 0 .1 5 0 0 0 0
4 0 .2 6 8 6 5 9 0 .3 5 8 1 5 0
5 0 .0 7 5 0 0 0 0 .0 7 5 0 0 0
6 0 .0 7 5 0 0 0 0 .0 7 5 0 7 4

A t op t i mum
Vo 1u m e , i n * 2 3 9 .3 3 7 6 2 7 3 .6 3  1 8

T a b le  2 .6  C r i t i c a l  C o n s t r a i n t s  a t  O p tim u m

W ith  s t r e s s  c o n s t r a i n t s :
L o w e r l i m i t  on d e s ig n  v a r i a b l e  n u m b e rs  2 ,  3 ,  5 , and 6 ;  and 
s t r e s s  c o n s t r a i n t s  f o r  e le m e n t  1.

W ith  s t r e s s  and d is p la c e m e n t  c o n s t r a i n t s :
D is p la c e m e n t  in  th e  X and Y - d i r e c t i o n  a t  node  1; lo w e r  l i m i t 
on d e s ig n  v a r i a b l e  n u m b e rs  2 and 5 .
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2-2 Approximation Techniques

As was discussed in the previous section, we consider the 

design task to be automated structural design generated by 

combining a finite element structural analysis method with the GRG 

nonlinear programming method. However, this approach can create 

difficulties which result from too many analyses which result in a 

long computing run time. In order to reduce the number of detailed 

analyses required during the optimization, while still maint a i n i n g 

the salient features of the design problem, what we term 

approximation techniques will be used.

2-2-1 Active Constraint Logic

In structural optimization problems, there are a great many 

constraints that must be considered. For example, when designing 

an aircraft wing, the analysis model is a finite-eI ernent 

idealization composed of hundreds of elements. Therefore, if we 

require that the stress in each element never exceeds specified 

limits, it is clear that hundreds of constraints must be included 

in the optimization. However, a large percentage of these 

constraints may never become active during the design optimization 

process and so could be excluded from the constraint set. The 

concept of constraint deletion is to identify constraints which 

are far from being active and simply omit these from 

consideration, at least for a portion of the design process. We
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c a n ’t, in general, identify nonactive constraints at the beginning 

of the optimization and delete them entirely because they may 

become active as the design progresses. Therefore, we will only 

temporarily delete constraints from consideration, allowing them 

to be included later if necessary.

At every iteration, we may delete any constraints whose value 

is more than some cutoff value go > then , proceed with the 

optimization including only the retained constraints. If we are 

using approximation techniques (discussed in next subsection), we 

must update the set of retained constraints after each approximate 

optimization. From this discussion, we see that constraint 

deletion can conserve computer storage, reduce computational 

effort, and enhance the practical use of optimization techniques.

2-2-2 Linearized Constraints

In the previous subsection, we considered ways of improving 

the design optimization procedure using constraint deletion. 

Whenever an analysis was called for, a complete, detailed finite 

element analysis was performed. These evaluations are generally 

very expensive. Here we wish to look at ways in which the analysis 

itself can be simplified. Linearizing the constraints through the 

use of approximation creates a simplified analysis model of the 

original complicated analysis problem. These approximations are 

processed using OPT, instead of original problem.
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Following the approximation concept described above, the 

constraints given by Eq. 2.2 are approximated by introducing a 

first-order Taylor series expansion.

The expansion takes the form of

G j = G j (x *) + V G j (x *)(x -x*) (2.19)

at the specified design point X * .

Using the explicit form of the objective function and the now 

explicit form of the constraint functions which result from the 

Taylor series approximation, the function, constraints, and 

gradient evaluations required during the optimization process are 

both simple and fast. Because the first-order Taylor series 

expansion is used to approximate the original behavior 

constraints, during the optimization process, all the constraints 

are linear. Thus,linear constraints will always be satisfied 

automatically, since a linear approximation to a linear constraint 

will be the constraint itself. The Newton iteration which 

maintains feasibility for nonlinear constraints will not be 

r equ i red.

The subroutine ‘C O N S T ’ now contains the linear functions. The 

original subroutine ‘C O N S T ’ , as shown in Fig. 2.3, changes name to
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'FINIT', which is used to obtain

the right-hand side of Eq. 2.19.

the first and second terms for

Now, the approximate method is used to design the three-bar

truss, shown in Fig. 2.1. The following four problems were solved:

Case 1: Stress constrained

Case 2: Stress and displacement constrained

Case 3: Stress, displacement and buckling constrained

Case 4: All constrained (stress, displacement, buckling and 

natural frequency.)

The iteration histories for these four problems are

summarized in Tables 2.7, 2.8, 2.9 and 2.10. Constraint deletion

was not used in this example.

It should be recongized that the linearization is in most 

instances a very gross approximation, and must be used with great 

caution (12). One way to ensure the approximation is adequate is

Tab Ie 2.7 Iteration history for Case 1 problem

Stage Xi x 2 x» Vo Iume (in 3 )

1 0.8000 0.5000 0.5000 473.9560
2 0.6743 0.1500 0.1500 219.0564
3 0.7070 0.1500 0.1500 239. 1693
4 0.7073 0.1500 0.1500 239.3542
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Tab 1 e 2 .8 I t e r a t i o n  h i s t o r y f o r  C ase 2 p r o b le m

S ta g e X 1 Xa x a Vo Ium e ( in ® )

1 0 .8 0 0 0 0 0 .5 0 0 0 0 0 .5 0 0 0 0 4 7 3 .9 5 6 0
2 0 .7 5 5 9 7 0 . 1 7352 0 .1 5 0 0 0 2 7 3 .3 6 4 4
3 0 .7 5 9 2 0 0 .1 5 1 9 3 0 .1 5 0 1 9 2 7 3 .3 4 4 8
4 0 .7 5 9 2 9 0 .1 5 4 3 3 0 . 15000 2 7 3 .6 2 0 1
5 0 .7 5 9 2 7 0 .1 5 4 5 1 0 .1 5 0 0 3 2 7 3 .6 2 5 4

T a b le  2 .9  I t e r a t i o n  h i s t o r y  f o r  Case 3 p r o b le m

S ta g e X i Xa Xa Vo Ium e ( i n 3 )

1 2 .0 0 0 0 0 2 .0 0 0 0 0 2 .0 0 0 0 0 4 8 1 0 .9 3 9
2 1 .6 1 2 7 2 1 . 530 5 3 1 .5 4 3  18 2 9 4 9 .4 8 2
3 1 .4 3 7 2 3 1 .2 0 5 5  1 1 .2 3 6 8 6 2 0 5 3 .9 7 8
4 1 .4 2 5 7 5 0 .9 9 0 7  1 1 .0 4 1 0 1 1 6 9 2 .9 6 1
5 1 .4 4 1 3 5 0 .8 6 5 8 4 0 .9 3 0 4 6 1 5 4 3 .1 7 2
6 1 .4 4 5 9 5 0 .8 1 7 5 4 0 .8 8 9 4 7 1 4 9 0 .3 7 9
7 1 .4 4 6 6 2 0 .8 1 0 2 2 0 .8 8 3 5 0 1 4 8 2 .7 9 2
8 1 .4 4 6 6 3 0 .8 1 0 0 6 0 .8 8 3 3 7 1 4 8 2 .6 3 2

T a b le  2 .1 0 I t e r a t i o n  h i s t o r y  f o r  C ase 4 p r o b le m

S ta g e X, Xa Xa Vo Ium e ( in ® )

1 2 .0 0 0 0 0 2 .0 0 0 0 0 2 .0 0 0 0 0 4 8 1 0 .9 3 9
2 1 .6 1 2 7 2 1 .5 3 0 5 3 1 . 5 4 3 1 8 2 9 4 9 .4 8 2
3 1 .4 3 7 2 3 1 .2 0 5 5 1 1 .2 3 6 8 6 2 0 5 3 .9 7 7
4 1 .4 2 5 7 5 0 .9 9 0 7  1 1 .0 4 1 0 1 1 6 9 2 .9 6 0
5 1 .4 4 1 3 5 0 .8 6 5 8 4 0 .9 3 0 4 6 1 5 4 3 . 17 1
6 1 .4 4 4 7 7 0 .8 2 1 3 9 0 .9 1 0 1 3 1 5 0 7 .3 7 0
7 1 .4 4 4 9 9 0 .8 1 6 6 2 0 .9 1 2 8 0 1 5 0 7 .3 6 0

to  im p o se  l i m i t s  on th e  a l lo w a b le  in c r e m e n ts  in  th e  v a r i a b l e s .

T h a t  i s ,  f o r  e a c h  s u b p ro b le m  c o n s t r u c t e d  a ro u n d  a b a s e  p o i n t  X * ,

we im p o s e  th e  b o u n d s
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_ t t
-8 < X -X < 8

i i i i
i = 1 ,...., N C 2 .20)

where S t is some suitably chosen positive step-size parameter.

To solve a problem we first choose a starting point X* and 

linearize the constraints in the neighborhood of X*. We solve the 

approximate problem of Eqs. 2.1, 2.19, and 2.20 and redefine X ’ as 

the optimum solution to the preceding subproblem. If either a 

worse rather than an improved value of objective function is 

obtained or the actual constraints are further outside the 

feasible region than its predecessor, we may reduce the value of 

the bounds S ’s, and continue. For computational efficiency it is 

desirable to choose large values for these bounds, so that the 

imposed limits will not slow convergence to the vicinity of the 

optimum. Convergence is assumed if the change in objective 

function for two successive approximate subproblems is smaller 

than a prescribed value and the nonlinear constraints are 

satisfied within a prescribed tolerance.

The approximation concept consists of the following 

fundamental procedures:

A) Construct a first-order Taylor series expansion of the 

response quantities around the current design point.

B) Create an approximate optimization problem by substituting

the expansion in (A) into the behavioural constraints.
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C) Select pontentially critical constraints in order to 

temporarily remove all unnecessary constraints.

D) Solve the approximate problem with OPT.

E) Repeat steps (A) to CD) until convergence is attained.

The comparison between the results of the conventional 

nonlinear programming method and approximate method are shown in 

Tables 2.11, 2.12, 2.13 and 2.14.

Table 2.11 With only stress constraints

Final radius, i n
t 1 81710 n T
Numbe r Non . Appro.

1 0.707312 0.707338
2 0.150000 0.150000
3 0.150000 0.150000

Vo I u m e , i n* 239.3397 239.3542
Detailed structural
analysis number 7 1 12

Tab 1 e 2.12 With stress and d i s p 1 acemen t constraints

Final radius. i n
c i e m e n  i
Numbe r Non . Appro.

1 0.759276 0.759266
2 0.154485 0.154508
3 0.150000 0.150029

Vo I u m e , in* 273.6263 273.6254
De t a iled structural
analysis numbe r 232 1 6
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Table 2.13 With stress, displacement, and buckling 
constraints

E I erne n t 
Numbe r

Final radius, in

N o n . Appro.

1 
2
3

1.446638 1.446632
0.809995 0.810059
0.883357 0.883376

Volume, in’ 1482.592 1482.632
Detailed structural
analysis n umber 125 28

Table 2.14 With all constraints

E 1 emen t 
Numbe r

Final radius, in

Non . Appro.

1 1.444999 1 . 444991
2 0.816524 0.816617
3 0.912858 0.912804

Vo 1u m e , i n® 1507.366 1507.360
De t a i led structural
ana 1 ys is number 180 24

where
Non. : nonlinear programming method
Appro. : approximate method

From the above Tables, we can see that the approximate method 

provides similar results but greatly improves the efficiency of 

the optimization process. It can be noted that the savings in CPU 

time due to the use of approximate methods is 83.1 percent, in 

Table 2.11, 93.1 percent, in Table 2.12, 77.6 percent, in Table

2.13, and 86.6 percent, in Table 2.14.
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Because a sensitivity analysis capability is not currently 

available in NI S A , even this method proves to be expensive 

computationally. This is especially true when the number of design 

variables is large. This is due to the fact that the derivative 

information must be obtained by a forward difference approach. 

This means running the finite element analysis for the nominal 

value of a design variable and repeating the run for a slightly 

perturbed value of that design variable. We will discuss how to 

calculate such a derivative (also called sensitivity) directly 

later. So far, however, such algorithms seem to have limitations 

and may not be suitable for general finite element programs.

2-3 Multiple loading conditions

In reality, a mechanical system must operate over a range of 

loading conditions. For example, applied loads on a structure may 

act over a range of positions and angular orientations. At every 

point where stress and displacement constraints are imposed, these 

constraints must be satisfied for every load condition. Therefore, 

it is necessary to develop an optimization technique which will 

allow multiple load cases to be applied to the structure.

To demonstrate the implementation of mu I ipIe load cases, we
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Table 2.15 Load conditions for three-bar truss

Load
Condi t ion

Load component (Ibf) in direction 
N O (je -----

Number F w F y  F*

1
2
3
4
5

1 -28300 28300 0.
1 -15315.85 36975.73 0.
1 0 40022.24 0.
1 15315.85 36975.73 0.
1 28300 28300 0.

will again consider the three-bar truss problem. For the truss 

shown in Fig. 2.1, we will determine the radius of each element in 

order to minimize the volume of the structure, under constraints 

that must be satisfied for every load condition. Assume that five 

load conditions, as shown in table 2.15, are applied to the truss.

When each of these loads is applied to the truss, the truss will 

be subject to different stresses, displacements and any other 

responce quantities (except natural frequency). Because the truss 

must function under each specified load case without failing , it 

is necessary to choose the worst case to constrain the design.

Thus the i-th constraint Gi SO may be expressed as

G,=mi n l G t r (X))>0, r = 1 to NLC (2.21)

where NLC is the number of loading conditions. Then 'active 

constraint l o g i c ’ can be used in order to eliminate redundant 

constraints.

For each of these load cases applied to the truss, only the
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magnititude and direction of the loads or points of application 

are different. The element dimensions and boundary conditions are 

the same. When a call is made to the finite element program 

CNISA), the decomposed stiffness matrix from the first load case 

can be reused for the other load cases, so that significant 

recomputation can be avoided. This is accomplished by using the 

restart capability of NISA.

Table 2.16 Optimum Design for Three-Bar Truss 
under multiple loading conditions

Design

Variable

With Only Stress 
Constraints

With Stress and 
D i spI acemen t 
Constraints

Start i n g 
Values

Final
Values

Starting 
Values

Final
Values

1 1.0000 0.8384 1.0000 0.8977
2 0.8000 0.6953 0.8000 0.6916
3 1.0000 0.8343 1 . 0000 0.8974
4 0.5000 0.2378 0.5000 0.2856
5 0.4000 0.1647 0.4000 0.1515
6 0.5000 0.2363 0.5000 0.2858

Vo I u m e , i n3 1089.64 424.5356 1089.64 521.5534

Table 2.16 shows the results of the optimization of the 

three-bar truss problem under five load conditions. The results 

show that with only stress constraints, the three stress 

constraints for elements 1, 2, and 3 become tight for load cases 

1, 3, and 5 respectively. For the case with stress and 

displacement constraints, the displacement constraint in the X-

direction is tight for load case 1.
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The displacements at node 1 are restricted to be w i t h i n i 0 . 1 2 

inch both in the X and Y-direction. The design variables are the 

same as those listed in Table 2.4. Design variable numbers 1, 2, 

and 3 are mean radii, and design variable numbers 4, 5, and 6 are 

the thicknesses, for elements 1, 2, and 3 respectively.

On comparing the optimum volume obtained for this three-bar 

truss under multiple loading conditions with those under the 

single loading condition, it is evident that the former is much 

greater than the latter. This is not unexpected as the design in 

the former case has to be such that it can function under each of 

the five assumed loading cases, while under the single loading 

condition, only one load needs to be considered.

2-4 Optimization of Geometry

In the above discussion, the geometry of the structure is 

held fixed, i.e. the coordinates of the nodes are not allowed to 

change. What remains to be optimized are the sizes of the 

transverse dimensions of the elements, e.g. cross sectional area® 

of the bars and the thickness of membrane plates. In this section 

the optimal design of the geometry of the structure is discussed, 

i.e. it is not assumed that the geometry of the structure is 

fixed. Thus, the design variables consist both of element sizes

and geometric variables. Geometric variables may represent the
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coordinates of nodes, or some arbitrary curve in space along which

the nodes may be placed.

Using the finite element method of analysis, the optimal 

design problem of geometry and element sizes can be formulated as 

follows [see Eqs. 2.1 through 2.3J : Find the member sizes X, and 

node coordinates C, such that

objective function F(X,C) ----- > min (2.22)

subject to

Gj(X,C)>0 j = 1 ,2,....... m (2.23)

X ’<X<X“ (2.24)

C'<C<CU (2.25)

Eqs. 2.24 and 2.25 are bounds on the design variables X and 

C. Eq. 2.23 represent stress, displacement, etc, constraints. The 

problem given by Eqs. 2.22 through 2.25 can be solved by the 

approximate method using a procedure similar to that discussed in 

section 2-2 for problems with only member sizes as variables. 

However, in the present case derivatives must be computed with 

respect to both X and C.

Consider the three-bar truss shown in Fig. 2.1. The 

geometrical variables are the coordinates of nodes 2, and 4 in the 

X direction. The element size variables are the radius of each

e I erne n t .
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Figure 2.4 Optimal layout

X ,=0.71438 in 
Xa =0. 15000 i n
X a =0. 16493 i n

V=234.784 in*

The optimal layout and the corresponding m i n i m u m  volume are 

shown in Fig. 2.4. In order to investigate the effect of changes 

in geometry, a comparision is made between the results of the 

fixed geometry and variable geometry problem in Table 2.17.

Table 2.17 Comparsion of results, three-bar truss

Case Minimum Volume, in®

Fixed Geome try 239.3379
Va r i a b 1e Geome try 234.7842

The variable geometry problem simultaneously considered the

size of the transverse dimensions of the elements and the node

coordinates, so it must get an equal or better result than that

from the fixed geometry problem.
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2-5 Ten-Member Cantilever Truss

A ten-member cantilever truss is shown in Figure 2.5. This 

problem has been used in the literature [5,7,8] to compare various 

techniques of optimal design. The problem is to find the cross-

sectional area of each member of the truss n order to minimize

its weight, subject to stress, displacement, and member size

constraints. Design data for this problem is given in Figure 2.5.

Design Data :

Modulus of elasticity = 10* ksi 
Material density = 0.1 lb/in* 
Lower limit on area = 0.1 in a 
Displacement limit = 2.0 in 
Stress limit = 25 ksi

Figure 2.5 Ten-member Cantilever Truss
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Table 2.18 presents a comparison of the optimum solution 

obtained using the algorithm of this chapter with results 

available in literature. The optimum weight found is 5056.473 lb. 

The downward displacement constraints at nodes 1 and 2, the stress 

constraint for member 5 and mimimum-size constraints on members 2, 

5, and 10 are active at the optimum.

Table 2.18 Comparison of final designs for ten-bar truss

Member -----------
No. Ref. 5

Final cross-sectional area (in1 )

Ref. 7 Ref. 8 Ref. 8 NISOPT

1 30.031
2 0.100
3 23.274
4 15.286
5 0.100
6 0.557
7 7.468
8 21.198
9 21.618

10 0.100

30.463 30.730 30.521 30.352
0.100 0.100 0.100 0.100

23.848 23.941 23.200 23.031
15.133 14.733 15.223 15.203
0.100 0.100 0.100 0.100
0.515 0.100 0.551 0.570
7.436 8.341 7.457 7.282

21.204 20.951 21.036 20.636
21.082 20.836 21.528 22.259
0.100 0.100 0.100 0.100

Weight 506 1 . 6 5062.2 5076.7 5060.8 5056.5

From the comparison made with the other available programs in

this example, it is shown that NISOPT provides the least weight

design.
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3 .  P R A C T I C A L .  E X A M P L E

We now want to turn our attention to the application of the 

formulation described in Chapter 2 to the solution of an actual 

seat frame structural design problem. This is a space frame 

problem. The vehicle seat frame considered herein is assumed to 

have a preassigned geometric configuration and is constructed of a 

fixed structural material. This structure, shown in Figures 3.2­

3.5, is idealized using 71 beam elements and 60 nodes. The total 

number of degrees of freedom is 351. Design variable linking is 

employed, which limits specified groups of finite elements to be 

the same type with identical design variables.

The following grouping of elements, as shown in Table 3.1, 

where elements of each group are required to have the same cross­

sectional area, is used to maintain symmetry in the structure.

Table 3.1 The element group of seat frame

Group N o . Element Number

1 1 ,2
2 3-8,46-51
3 9-15,39-45
4 22-29
5 52-57,62-67
6 58-61
7 68-7 1
8 16-21,30-38
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In  t h i s  e x a m p le  b o th  h o l lo w  c i r c u l a r  and r e c t a n g u la r  s e c t i o n s 

a re  c o n s id e r e d .  The h o l lo w  s e c t io n s  a re  u s e f u l  due to  t h e i r 

e f f i c i e n c y ,  e s p e c i a l l y  when w e ig h t  and a p p e a ra n c e  becom e im p o r t a n t 

d e s ig n  c o n s i d e r a t i o n s ,  o r when w e ig h t  s a v in g s  may be a s u b s t a n t i a l 

e c o n o m ic a l c o n s i d e r a t i o n .

The e le m e n t  g ro u p s  o f  1, 6 , and 8 h ave  r e c t a n g u la r  c r o s s

s e c t io n s  and th e  o t h e r s  h a ve  c r o s s  c i r c u l a r  s e c t i o n s .  In  th e

o p t i m i z a t i o n  a l l  e le m e n t  c r o s s - s e c t i o n a l  d im e n s io n s  i n c l u d i n g

w id t h s ,  h e i g h t s ,  mean r a d i i  and t h ic k n e s s e s  a re  c o n s id e r e d  to  be

d e s ig n  v a r i a b l e s ,  w h ic h  a re  19 in

fra m e  is  g iv e n  in  T a b le  3 . 2 .

n u m b e r. D e s ig n  d a ta  f o r  t h i s

F ig u r e  3 .1 R e c ta n g u la r  and c i r c u l a r  c r o s s  s e c t i o n s

The o b j e c t i v e  f u n c t i o n  is  ta k e n  as th e  t o t a l  v o lu m e  o f  th e 

fra m e  w h ic h  is  e x p r e s s e d  as

NG
F= E V, 

i = 1

F o r c i r c u l a r  s e c t io n  V i = 2 n L | R i t i

F o r r e c t a n g u la r  s e c t i o n  V t = L r  ( (H i+ t।  ) ( W i+ t।  ) - H i  Wi )
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where

L|= length of the i-th element group 

t ( = thickness of the elements in the i-th group

Ri = mean radius of the elements in the i-th group (circular)

Hi = inner height of the elements of the i-th group ( r e c t a n g ­

ular)

W| = inner width of the elements in the i-th group ( r e c tangu­

lar)

NG= total number of element groups

Table 3.2 Design Data for Seat Frame

Modulus of elasticity =2-10* ksi 
P o i s s o n ’s ratio = 0.3
Lower limit on mean radius =0.0866 in
Lower limit on thickness =0.0472 in
Displacement limit at node

48 in X-direction = 0.7874 in 
Stress limit = 25 ksi

The frame is designed for two cases :

Case 1 : The structure is optimized under stress constraints. 

Loads of 326.9 and 138.8 LBF in the positive X- 

direction and negative Z-direction are applied at 

node 48.

Case 2 : The frame is optimized under stress and displacement 

constraints. There are four loading conditions. The 

first condition uses the same loads as in case 1. 

The second loading condition is to have a 1349 LBF

normal force and 3147.3 LBF tangential force
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distributed over the elements of group 2. The third 

condition is a load of 285 LBF in the positive 

X-direction applied at node 48. In the fourth 

condition, loads of 270 LBF in the positive 

X-direction and 135 LBF in negative Z-direction 

are applied at node 46.

The elements of a seat frame are usually subjected to an 

axial force, bending moment, shear force, and/or torsional moment. 

Thus, we need to consider the effect of combined stresses in 

formulating the stress constraint. Compared with the normal 

stress, the shear stress is generally smaller. In this example, we 

will neglect the shear stress, and only consider the normal 

stress. In general, the normal stress is a m a ximum at the outer 

edges of the beam element. In this problem all the normal stresses 

are calculated at the outer edges.

Table 3.3 gives the results for this example for Case 1, and

Fig. 3.6 shows the variation of the cost function with respect to 

the iteration number. The set of active constraints at the optimum 

includes : m i n i m u m  element thickness for element groups 1-7, 

m i n i m u m  element mean radius for element group 4, and stress limits 

on elements 32, 39, and 66. It is also noted here that many 

thickness variables are at their lower bounds at the optimum. In 

many practical design problems it may be possible to fix the 

element thickness. This will result in further computational
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s a v in g s .

T a b le  3 .3  R e s u l t s  f o r  S e a t F ram e S t r u c t u r e

G ro u p  —
Numbe r

Op t i mum d e s ig n ,  in

Mean R a d . H e ig h t W id th T h ic k n e s s

1 0 .2 8 8 0 2 .4 5 3 4 0 .0 4 7 2
2 0 .3 3 3 3 0 .0 4 7 2
3 0 .7 1 6 6 0 .0 4 7 2
4 0 .0 8 6 6 0 .0 4 7 2
5 0 .6 2 9 1 0 .0 4 7 2
6 2 .6 8 6 9 0 .7 2 1 1 0 .0 4 7 2
7 0 .2 2 9 0 0 .0 4 7 2
8 0 .8 5 9 6 0 .8 5 9 6 0 .0 6 8 8

A t op t i mum
Vo 1u m e , i n® 38 . 1 322

Tab Ie  3 .4 R e s u l t s  f o r  S e a t F ram e S t r u c t u r e

G ro u p
Numbe r

O pt imum d e s ig n ,  in

Mean Rad . H e ig h t  W id th T h ic k n e s s

1 0 .4 1 0 2  2 .5 1 4 6 0 .0 4 7 2
2 0 .6 9 4 0 0 .0 4 9 4
3 0 .7 0 7 9 0 .0 4 7 2
4 0 .0 8 9 5 0 .0 4 7 2
5 0 .5 7 1 7 0 .0 4 7 2
6 2 .7 5 0 9  0 .7 8 2 4 0 .0 4 7 2
7 0 .2 9 0 2 0 .0 4 7 2
8 0 .7 9 8 3  0 .7 9 8 3 0 .0 8 0 2

A t op t i mum
Vo 1u m e , i na 4 4 .0 0 7 3

F o r C ase  2 , th e  op t i mum v o lu m e  is  4 4 .0 0 7 3  , n a . The s t r e s s

t h i c k n e s s  c o n s t r a i n t  on g ro u p s  1 and 3 -7  a re  a c t i v e  a t  th e

c o n s t r a i n t s on e 1 emen t s 46 ( f o r  lo a d  c o n d i t i o n  2 ) , 66 ( f o r lo a d

co n d  i t i on 1) and 32 ( f o r lo a d  co nd  i t i on 4 ) , and th e m i n i mum
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optimum. Optimum results for this case are given in Table 3.4. 

Figure 3.7 shows the iteration history for this example.

As can be seen from Figures 3.6 and 3.7, the method possesses 

suitable convergence properties. In this example, approximation 

techniques worked well. In this chapter we only considered the 

seat frame with a given geometry. However, it is easy to extend to 

geometric optimization, and even to include material selection.
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4  . E N H A N C E M E N T S  T O  T H E

S T R U C T U R A L  O P T I M I Z A T I O N  P R O C E D U R E

4 -1  R e s p o n s e  G r a d ie n t s

In  c h a p t e r s  2 and 3 , we u se d  an a p p r o x im a te  m e th o d  to  s o lv e 

th e  p r o b le m s .  B e c a u s e  a s e n s i t i v i t y  a n a ly s i s  is  n o t  c u r r e n t l y 

a v a i l a b l e  in  N IS A , t h i s  m e th o d  is  n o t  v e r y  e f f i c i e n t .  Now, we w a n t 

to  c o n s id e r  some te c h n iq u e s  w h ic h  w o u ld  make th e  d e r i v a t i v e 

c o m p u ta t io n s  m o re  e f f i c i e n t .

4 - 1 - 1  D is p la c e m e n t  c o n s t r a i n t s

The g r a d ie n t  o f  a c o n s t r a i n t  f o r  th e  n o d a l d is p la c e m e n t  o f  a

s t r u c t u r a l  s y s te m  can be o b t a in e d  by t a k i i ng th e  p a r t i a l d e r i v a t i v e

o f  th e  e q u i l i b r i u m  e q u a t io n  w i t h  r e s p e c t

IK )  t i n  = (PJ

t 0 th e  d e s ig n

( 4 . 1 )

v a r i a b l e s .

D i f f e r e n t i a t i n g  E q u a t io n  4 .1  w i t h 

v a r i a b l e  j ,  we g e t

d I K 1 d IU )  d (P )
-------- (U ) + ( K J ----------- = -----------

r e s p e c t  to

( 4 . 2 )

th e  d e s ig n

dX j dX j dX j

The g r a d ie n t  o f  IU )  b ecom es
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d(UJ -1 d(P) d(K)
= [KJ (  -- ------ (UJ ) 

dXj------------- dXj dXj
(4.3)

We will assume that (P) is independent of X, so that Equation

4.3 r educes to

dfU) -1 d(K)
---- = -[KJ ------ (U)
dX j dX j

(4.4)

4-1-2 Stress Constraints

Let p and u represent composite vectors of element forces and 

displacements respectively, and k is the composite stiffness 

matrix for all elements of the structure. Then the equilibrium 

equation for all elements is compactly written in matrix form as

(p]=tkl(u) (4.5)

Now, a compatibility relationship between (u) and (U) is 

expressed as 

(ul=tA) (U) (4.6)

where (A) is a Boolean matrix. 

Therefore 

d(u) d(U)
= ( A ) ------  (4.7) 

dX,------- dX,

From (u), we can find (u) ( , where ( u} ( is a vector of

displacements for i-th element in the global coordinate system. We
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now t r a n s f o r m  f r o m  a g lo b a l  to  a lo c a l  s y s te m ,  h e n c e

( uJ । = [ R ] । { uJ । ( 4 . 8 )

w h e re  I R ) |  is  a t r a n s f o r m a t io n  m a t r i x .

F ro m  c h a p t e r  2 we h ave  show n 

[G } = [ B ] ( u } , ( 4 . 9 )

w h e re  (GJ is  a v e c t o r  o f  s t r a i n s  and [B ]  is  a m a t r i x  t h a t  is

o b t a in e d  f ro m  th e  d i f f e r e n t i a t i o n  o f  th e  te rm s  in  th e  sh a p e

f u n c t i o n  m a t r i x .  A t r u s s  e le m e n t  o n ly  has a x ia l  s t r a i n ,  h e n c e ,  th e 

m a t r i x  [B ]  is  j u s t

1
[ B ] = rs—  [ - 1 0 1 0 ]  ( 4 . 1 0 )

L i

To e x p r e s s  th e  e le m e n t  s t r e s s ,  one n e e d s  th e  s t r e s s - s t r a i n 

r e l a t  io n s h ip

( a )  = [ E ) (G ) ( 4 . 1 1 )

w h e re  la )  is  a v e c t o r  o f  s t r e s s e s  and (E )  is  m a t r i x  o f 

e l a s t i c  c o n s t a n t s .

R e a r r a n g in g  E q s . 4 .5  th r o u g h  4 .1 1 ,  th e  e le m e n t  s t r e s s e s  can

~ d l a  ’ 
be w r i t t e n  as e x p l i c i t  f u n c t i o n s  o f  n o d a l d is p la c e m e n t s .  So --------

d X j

d (U ) 
is  a ls o  an e x p l i c i t  f u n c t i o n  o f  -------- .

dX j
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4 - 1 - 3  F r e q u e n c y  c o n s t r a i n t

The f r e q u e n c y  g r a d i e n t  can be o b t a i n e d  by t a k i n g  the p a r t i a l 

d e r i v a t i v e  of the c h a r a c t e r i s t i c  e q u a t i o n  w i t h  r e s p e c t  to the 

des i gn v a r i a b l e s

[KJ £ y ( )= w [Ml ( y , } C 4. 12)

w h e r e  [MJ is the m a s s  m a t r i x  , w  is the n a t u r a l  f r e q u e n c y  in 

rad. per s e c . ,  an d  (yi) is the v i b r a t i o n  m o d e .  Th e  m o d e  is 

a s s u m e d  to be n o r m a l i z e d  so that

£ y । J T [MJ t y । 1 [ I J £ 4 . 1 3 )

D i f f e r e n t i a t i n g  Eq. 4 . 1 2  w i t h  r e s p e c t  to the d e s i g n 

v a r i a b l e s ,  g i v e s  us

d £ y , }
C E K J - w  I M J ) 

i dX

d (Wi )
------ [MJ(y, J

d(K)

dX
C --- 

dX

d [MJ
----- ) ( y j

C 4 . 1 4 )

If o n l y  the d e r i v a t i v e s  w i t h  r e s p e c t  to f r e q u e n c y  are 

r e q u i r e d  the c a l c u l a t i o n  is m u c h  s i m p l e r .  P r e m u l t i p l y i n g  Eq. 4.1 4 

by f y »J T , we get

2 
d C w ( ) T 

£ y * } (
d[KJ 2 dtMJ

dX
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The f o r m u la t i o n  f o r  g r a d ie n t  c o m p u ta t io n s  g iv e n  h e re  is 

in te n d e d  to  p r e s e n t  o n ly  th e  b a s ic  c o n c e p ts .  In  p r a t i c e , 

c o m p u t a t io n a l  e f f i c i e n c y  may be d r a m a t i c a l l y  im p ro v e d  by  c a r e f u l 

a n a l y s i s  o f  th e  m a t r i x  o p e r a t io n s  in v o lv e d  in  r e l a t i o n  to  th e 

n um be r o f  c o n s t r a i n t s  f o r  w h ic h  g r a d ie n t s  m u s t be c o m p u te d .

A l t h o u g h  g r a d ie n t  c o m p u ta t io n s  r e q u i r e  c o n s id e r a b le  e f f o r t , 

t h i s  m u s t be c o d e d  o n ly  o n ce  f o r  c o m p u te r  s o l u t i o n .  I t  can  th e n  be 

a p p l ie d  to  a n y  s t r u c t u r e  m o d e le d  by th e  e le m e n ts  f o r  w h ic h  th e 

g r a d ie n t  i n f o r m a t i o n  is  a v a i l a b l e .  W ith  t h i s  in f o r m a t i o n  a v a i l a b l e 

as p a r t  o f  th e  a n a l y s i s ,  m a jo r  e f f i c i e n c y  g a in s  in  th e 

o p t i m i z a t i o n  a re  a c h ie v e d .  T h u s ,  when d e v e lo p in g  a g e n e r a l  p u rp o s e 

s t r u c t u r a l  o p t i m i z a t i o n  p ro g r a m ,  th e  e f f o r t  n e c e s s a r y  to  e v a lu a t e 

g r a d ie n t s  is  w e l l  w o r t h w h i l e .

4 -2  A p p r o x im a te  M e th o d s

In  th e  o p t i m i z a t i o n  o f  a s t r u c t u r e  i t  i s  o f t e n  n e c e s s a r y  to 

e m p lo y  a p p r o x im a te  r e a n a ly s e s  f o r  i n t e r m e d ia t e  d e s ig n s ,  w h ic h 

r e q u i r e s  le s s  c o m p u t a t io n a l  e f f o r t .  In  c h a p t e r s  2 and  3 , th e 

T a y lo r  s e r ie s  e x p a n s io n  has bee n  u s e d . T h e re  a re  o t h e r  a p p r o x im a te 

m e th o d s  w h ic h  a re  d is c u s s e d  in  th e  l i t e r a t u r e .

In  R e f .  [ 6 J ,  th e  re d u c e d  b a s is  m e th o d  h as  been  u s e d  to 

p e r fo r m  a p p r o x im a te  s t r u c t u r a l  a n a l y s i s .  The c o n c e p t  o f  s t r e s s ­

r a t i o  d e s ig n  ( fu  I I y - s t r e s s e d  d e s ig n )  may a ls o  be in c o r p o r a t e d  in
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th e  p ro g ra m . T h is  f e a t u r e  g e n e r a l l y  g iv e s  a good s t a r t i n g  p o in t 

f o r  th e  o p t im iz a t i o n  m e th o d  ( 5 , 6 , 8 , 9 ] .  S u b s t r u c t u r in g  te c h n iq u e s 

a re  an e f f e c t i v e  way o f  a n a ly z in g  la r g e  and c o m p le x  s t r u c t u r e s 

[ 5 , 9J .

A c o m b in a t io n  o f  a p p ro x im a te  m e th o d s  may le a d  to  b e t t e r 

r e s u l t s .  T h e r e fo r e  i t  is  n e c e s s a ry  to  i n v e s t i g a t e  m e th o d s  w h ic h 

can use o th e r  a p p r o x im a t io n  m e th o d s , in  a d d i t io n  to  th e  T a y lo r 

s e r ie s  e x p a n s io n .  T h is  may re d u c e  th e  num ber o f  s t r u c t u r a l 

a n a ly s e s  r e q u i r i n g  th e  use o f  a f i n i t e  e le m e n t m e th o d .
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5 .  C O N C L U S I O N

N u m e r ic a l o p t i m i z a t i o n  is  a p o w e r f u l  t o o l  f o r  s t r u c t u r a l 

d e s ig n .  A l l  m em bers o f  th e  s t r u c t u r e  a re  s iz e d  f o r  th e  m o s t m ass 

e f f i c i e n t  w ay o f  c a r r y in g  th e  p r e s c r ib e d  lo a d s .  I f  th e 

o p t i m i z a t i o n  o f  g e o m e try  is  a ls o  c o n s id e r e d ,  th e  b e s t 

c o n f i g u r a t i o n  o f  th e  s t r u c t u r e  can be s im u l t a n e o u s ly  d e t e r m in e d . 

T h is  is  c l e a r l y  a m a jo r  im p ro v e m e n t o v e r  th e  t r i a l  and  e r r o r 

d e s ig n  p r a c t i c e  f o r  d e t e r m in in g  th e  m o s t w e ig h t  e f f i c i e n t  d e s ig n 

t h a t  w i l l  a d e q u a t e ly  c a r r y  a l l  th e  lo a d s .

In  th e  p r e v io u s  c h a p t e r s ,  we h a ve  p r e s e n te d  in  d e t a i l  an 

e f f i c i e n t  a u to m a te d  m in im u m  w e ig h t  d e s ig n  p r o c e d u r e  f o r  th e 

s o l u t i o n  o f  th e  s t r u c t u r a l  o p t i m i z a t i o n  p r o b le m .  The e x a m p le s  o f 

th e  t h r e e - b a r  and  t e n - b a r  t r u s s e s  h a ve  in d i c a t e d  t h a t  th e  l i n e a r 

s e q u e n c e  o f  th e  e x p l i c i t  a p p r o x im a te  m e th o d  w h ic h  is  u se d  to 

r e p la c e  th e  o r i g i n a l  p r o b le m ,  is  a p o w e r f u l  and  a r a t h e r  g e n e r a l 

a p p ro a c h  to  s t r u c t u r a l  o p t i m i z a t i o n .  The a p p r o x im a te  m e th o d s 

in c lu d e  te m p o r a r y  d e l e t i o n  o f  n o n c r i t i c a l  c o n s t r a i n t s ,  d e s ig n 

v a r i a b l e  l i n k i n g  and T a y lo r  s e r ie s  e x p a n s io n s  f o r  re s p o n s e 

v a r i a b l e s  in  te rm s  o f  d e s ig n  v a r i a b l e s .  The s u b r o u t in e s  N ISO PT and 

F IL E H  w h ic h  a re  u se d  to  l i n k  NI SA w i t h  OPT p la y  an e x t r e m e ly 

im p o r t a n t  r o l e  in  th e  p ro g ra m m in g  p r o c e d u r e .  In  o r d e r  to  s h o r te n 

th e  c o m p u te r  ru n  t im e  , i t  is  n e c e s s a r y  to  in c lu d e  th e  s e n s i t i v i t y
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analysis in the finite element code. Although the sensitivity 

analysis is presently unavailable in N I S A , it is hoped that it 

will be completed in the near future and, thus, increase the 

overall efficiency. All the examples included in this thesis 

considered only truss and frame structures. Extensions can be made 

to include plate, shell and solid elements which would enhance the 

potential applications of the method.
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Appendix A : Description of Subroutines

N I SOPT : This subroutine provides the input data for NISA, the 

finite element package, and to drive NISA.

FINIT : Calculate the original and accurate constraint values, and 

delete the unnecessary constraints.

F I LEH : Condense NI S A 's output file to a uniformly formated file 

that can be called by subroutine FINIT.

PARTGR : Calculate numerical first partial derivatives of the 

original constraints with respect to the design variables using 

forward differences.

CONST : Calculate the approximate constraints which construct a 

first-order Taylor series expansion of the original and accurate

constraints.
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Appendix B : Submitting A Program to OPT

To submit a program to OPT we must supply three basic 

elements, (1) a function subprogram defining the objective 

function , (2) a subroutine defining the constraints, and (3) a 

calling program.

1. The Objective Function Subprogram, F(X)

The objective function subprogram returns the value of 

objective function given design variables X. The required format 

is as f o i l o w s , 

FUNCTION F(X) 

DIMENSION X(1) 

COMMON /ONE/ NF,NC 

N F = N F + 1

F=value of objective function

RETURN

END

The objective function in the structural optimization is the
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v o lu m e  o r  w e ig h t  o f  th e  s t r u c t u r e .

2 .  The C o n s t r a in t  S u b r o u t i n e ,  CONST

The c o n s t r a i n t  s u b r o u t in e  r e t u r n s  th e  v a lu e s  o f  c o n s t r a i n t s 

g iv e n  d e s ig n  v a r i a b l e s  X . The r e q u i r e d  f o r m a t  is  as f o l l o w s ,

SUBROUTINE CO NST(X .CO N)

DIM ENSION X ( 1 ) ,C 0 N ( 1 ) 

COMMON /O N E / NF.NC 

NC=NC+1 

C O N (1 )= 1 s t  e q u a l i t y  c o n s t r a i n t 

C O N C 2)=2nd e q u a l i t y  c o n s t r a i n t

C O N (L )= L th  e q u a l i t y  c o n s t r a i n t 

C O N C L + 1 )= 1 s t i n e q u a l i t y  c o n s t r a i n t

C O N (L + K )= K th  i n e q u a l i t y  c o n s t r a i n t 

RETURN 

END

3 . The C a l l i n g  P ro g ra m

The c a l l i n g  p ro g ra m  s e rv e s  tw o  p u r p o s e s ,  ( 1 )  i n i t i a l i z a t i o n
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o f  p ro g ra m  p a r a m e te r s  and ( 2 )  th e  c a l l i n g  o f  OPT.

The f o l l o w i n g  a r r a y s  m u s t be d im e n s io n e d  in  th e  c a l l i n g 

p ro g ra m  w i t h  th e  v a lu e s  s p e c i f i e d

DIM ENSION X ( N ) , X M A X (N ), X M IN (N )

COMMON /V A R B / D C N SIZE ) 

w h e re  N is  th e  num ber o f  d e s ig n  v a r i a b l e s ,  and N S IZE  is  u se d  f o r 

a r r a y  D in  t h i s  p ro g ra m  to  p r o v id e  the m  w i t h  e n o u g h  s t o r a g e  a r e a . 

The f o l l o w i n g  COMMON s ta te m e n t  is  a ls o  r e q u i r e d .

COMMON/PAR I / C R I T , E P S , I PR,MAXM, I DATA, N E , NI , LB D , NCON, E P S LS , EPSBD

The f o l l o w i n g  p ro g ra m  p a r a m e te r s  m u s t be s p e c i f i e d  b e f o r e  th e 

c a l l  to  OPT

N = num ber o f  d e s ig n  v a r i a b l e s

NE = num ber o f  e q u a l i t y  c o n s t r a i n t s

N l = n um be r o f  i n e q u a l i t y  c o n s t r a i n t s

IPR = o u t p u t  c o n t r o l  p a r a m e te r

MAXM = m axim um  num ber o f  re d u c e d  g r a d ie n t  s ta g e s

C R IT  = c o n v e rg e n c e  c r i t e r i a

EPSLS = l i n e  s e a r c h  s t o p p in g  c r i t e r i a

EPSBD = a c t i v e  c o n s t r a i n t  r e g io n

EPS = d i f f e r e n c i n g  p a r a m e te r  u se d  in  th e  n u m e r ic a l  d e te r m ­

i n a t i o n  o f  f i r s t  d e r i v a t i v e s .

X C I)  = s t a r t i n g  v a lu e s  o f  d e s ig n  v a r i a b l e s

X M A X (I)=  u p p e r  b o u n d s  o f  d e s ig n  v a r i a b l e s

X M IN ( I ) =  lo w e r  b o u n d s  o f  d e s ig n  v a r i a b l e s



67

After specifying the above program parameters the call to OPT 

can take place. The required format is, 

CALL O P T (X ,X M A X ,X M I N ,N )
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A p p e n d ix  C : L i s t i n g  o f  S u b ro u t in e s

1. SUBROUTINE CONST

SUBROUTINE CONSTCX.CON) 
DIMENS ION XC 1 ) , CONC15)

10

20

COMMON /PRO X/ PAGRC1 5 , 6 ) .COEFC1 5 ) ,N
COMMON /XQ O / XOC6),NW,DEC
COMMON /P A R I/  C R IT .E P S ,IP R .M A X M ,ID A T A ,N E ,N l
COMMON /O N E / NF,NC
NC=NC+1
DDW=0. 
DO 20 I = 1 ,N I
DDW=0.
DO 10 J = 1 ,N
DD W =DDW +PAG RCI,J)*CXCJ)-XO CJ))
CONT I NUE
C O N C I)= C O E F (I) + DDW
CONT I NUE

LBD.NCON.EPSLS

RETURN
END

2 . SUBROUTINE NISOPTCX) ( f o r  s t a t i c  a n a ly s is  o n ly )

SUBROUTINE NISOPTCX) 
DIMENSION XC1) 
COMMON / I UN I /  IU N 1 , IUN2 
CHARACTER*! STUFFC80) 

C OPEN INPUT F IL E  AND TEMPORARY OUTOPT F ILE 
IUN1=52 
IUN2=53 
OPENCUNIT=IUN1, F IL E = ' TRUSS’ , STATUS=' UNKNOWN’ ,E R R =100) 
OPENCUNIT=IUN2, F IL E = ' TRTMP’ , STATUS= * UNKNOWN’ , ERR=100) 
P l= 3 . 1415927 
ICASE=0 
NA = 3 

C READ IN DATA DECK ONE CARD IMAGE AT A TIME 
8 READCIUN1,1 0 )  CSTUFFC I ) , I = 1 ,8 0 ) 
10 FORMATC80A1)

IFCSTUFFC1 ) . NE. ‘ * '  . OR. STUFFC2 ) . NE. ‘ D ’ . OR. STUFFC3 ) . NE . ‘ 1 ’ ) 
*  GO TO 25
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C GENERATE SETS OF THREE CARD IMAGES W ITH BEAM PROPERTIES 
WR I TEC IUN2 , 1 0 ) ( S TU FF( I ) ,  I = 1 ,8 0 ) 
DO 20 I = 1 , NA 
A R E A = X (1 ) * X C 1 )* P  I 
Y Y I= . 2 5 * P I * X C I ) * * 4 
Z Z I= Y Y I 
X J = Y Y I+ Z Z I 
WRITEC IU N 2 , 1 3 ) AREA, YY I , ZZ I , XJ

1 3 FORMAT C F 1 1 . 6 , * , ’ , F 1 1 . 6 , * , ’ , F 1 1 . 6 , ' , ’ , F 1 1 . 6 ) 
W R IT E C IU N 2 ,1 4 ) 

14 FORMATC’ O ’ )
WRI TEC IU N 2 , 1 5 )  XC I ) 

15 FORMATC * 0 , 0 , 0 , 0 , 1 , 0 , ’ , F 1 1 . 6 , ' , 0 . ’ ) 
C BURN THREE E X IS T IN G  CARDS 

DO 18 J= 1 , 3 
READC I UN 1 , 10 )  CSTUFFCK) , K= 1 , 80 ) 

18 CONTINUE 
20 CONTINUE 

GO TO 8
25 IF C S T U F F C 1 ) N E ‘ * ’ .O R .S T U F F C 2 ) .N E . ‘ Z ’ .O R .S T U F F C 3 ) N E . ‘ 1 ’ ) 

*  GO TO 50
WR I TEC IU N 2 , 1 0 ) CSTUFFC I ) ,  I =1 , 8 0 ) 
C O LS E C U N IT = IU N 1) 
CLOSECUNI T = I UN2) 

C REOPEN F IL E S  AND COPY BACK TO O R IG IN A L TRUSS F IL E 
OPEN C U N IT = IU N 1 ,F IL E = ‘ TRUSS’ ,S T A T U S = 'UNKNOWN’ , ERR=1 0 0 ) 
O P EN C U N IT=I U N 2 ,F IL E = ’ TRTM P’ , STATUS= ‘ UNKNOWN’ , ERR=1 10 ) 

30 READC IU N 2 ,1 0 ) CSTUFFC I ) ,  I =1 , 8 0 )
W R IT E C IU N 1 , 1 0 )  C S T U F F C I) , I = 1 ,8 0 )
IFC S TU FFC 1 ) . EQ. ’ * ’ . AN D . S T U F F C 2 ). EQ. ’ Z ’ . AND. STUFFC 3 ) . EO. ' 1 ’ ) 

*  GO TO 45 
GO TO 30

50 WRI TEC IU N 2 , 10 ) CSTUFFC I ) , I = 1 ,8 0 ) 
GO TO 18 

45 CONTINUE
C LO S E C U N IT = IU N 1) 
C LO S E C U N IT= IU N 2) 
CALL NISAFFC6HTRUSS ) 
O P E N C U N IT = IU N 1 ,F IL E = ‘ TRTM P’ , S TATU S=‘ UNKNOWN’ ) 
W R IT E C IU N 1 , 6 0 )

60 FORMATC 'F IX D A T A ’ ,30 C 1 H  ) , / ,  ‘ TROUT’ , 3 0 C 1H ) , /  , ‘ 0 ’ , /  , ‘ 1 00 ’ , /  , 
*  ’ TRUS’ ,3 0 C 1 H  ) , / , * 1 0  ’ , / , ’ 26 ’ )

WR I TEC IUN1 , 6 5 )
6 5 FORMATC ’ 3 3 ' , / ,  * 8 ’ , / ,  * 2 4 ’ , / ,  * 25 ’ , / , *  9 9 ’ , / , ‘ 2 7 ’ , / ,  * 9 9 ’ ) 

CLO SECU NIT=I UN 1 , STATUS= 'KEEP ’ ) 
C IN IT A T E  N IS A  JOB 

CALL PROG1 
RETURN 
END
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