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INTRODUCTION 

Whether designing an automobile, a i r c r a f t ,  b u i l d i n g ,  o r  ship, the s t r u c t u r a l  
engineer must cons ider  many load ing  cond i t ions  and meet mu1 t i p l e  design 
c r i t e r i a .  A r r i v i n g  a t  a minimum weight s t r u c t u r e  which s a t i s f i e s  a l l  o f  the 
design cons t ra in t s  requ i res  the i n t e g r a t i o n  of the r e s u l t s  from a l l  analyses 
and load ing  cond i t ions .  This i s  a r e l a t i v e l y  s t ra igh t fo rward  process i f  a l l  
o f  the analyses use the same analys is  model. 
requi res a separate model, each model must s t i l l  vary by the  same amount when 
the design var iab les  change. Typ ica l l y ,  t h i s  op t im iza t i on  process i s  f u r t h e r  
complicated when cons t ra in t s  from the d i f f e r e n t  analyses d r i v e  the design 
var iab les i n  opposite d i rec t i ons .  For  example, t he  s t ress  c o n s t r a i n t  from a 
s t a t i c  ana lys is  m a y  cause a decrease i n  a design var iab le.  However, the 
minimum frequency c o n s t r a i n t  from a v i b r a t i o n  ana lys is  may cause an increase 
i n  the same design var iab le .  

This paper discusses the FESOP ( F i n i  t e  Element S t ruc tu ra l  Opt imizat ion 
Program) program's a b i l i t y  t o  perform minimum weight op t im iza t i on  us ing two 
d i f f e r e n t  f i n i t e  element analyses and models. FESOP uses the  ADS op t im izer  
devel oped by D r .  Garret  Vanderpl aats  t o  sol ve the  nonl i near constrained 
op t im iza t ion  problem. 
response spectrum ana lys is  and model t o  evaluate the s t ress  and displacement 
cons t ra in ts .  However, the problem needs a frequency ana lys i s  and model t o  
ca l cu la te  the na tura l  frequencies used t o  evaluate the  frequency range 
cons t ra in ts .  The paper summarizes the r e s u l t s  o f  bo th  the  successful and 
unsuccessful approaches used t o  so lve t h i s  d i f f i c u l t  weight min imizat ion 
problem. The r e s u l t s  show t h a t  no one ADS op t im iza t i on  a lgor i thm worked i n  
a l l  cases. 
Feasible D i rec t i ons  a1 gorithms were the most Successful (Figure 1). 

However, i f  each analys is  

The design op t im iza t i on  problem i n  the  paper requ i res  a 

However, the  Sequential Convex Programing and Mod i f ied  Method o f  

MlNlNUM WEIGHT STRUCTURAL DESIGN 

*Multiple Analysis Types and Models 

- Static, Vibration, Response Spectrum 

*Multiple Loading Conditions 

*Conflicting Design Constraints 

- Stress, Displacement, Frequency 

*Different Functional Design Groups 

- Static, Vibration 
FIGURE 1 
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PROBLEM 

The engineer faces many conf l  i c t i n g  requirements when designfng equipment 
foundations. The design requirements a re  c o n f l i c t i n g  because a minimum weight 
response spectrum (s t ress )  design w i l l  tend t o  decrease the s t r u c t u r a l  
s t i f f ness ,  whi le  a minimum weight natural frequency avoidance design w i l l  tend 
t o  increase the s t ruc tu ra l  s t i f f n e s s .  Another problem ar ises f rom the f a c t  
t ha t  separate response spectrum and natural  frequency analysis models may be 
required, A much f i n e r  f i n i t e  element mesh m a y  be needed i n  the v i b r a t i o n  
analysis t o  accurately determine the natural frequencies o f  v ibrat ion,  This 
paper presents a m u l t l d i s c i p l i n a r y  opt imizat ion procedure and program which has 
successful ly in tegrated these analysis methods t o  

(1)  

( 2 )  

( 3 )  

solve both the natural  frequency and response spectrum f i n f t e  
element foundation models a t  the same time; 
optimize these foundations f o r  minimum weight whi le meeting both 
frequency avoidance and response spectrum design c r i t e r i a ;  
ar r lves a t  ,producible equipment foundation designs (Figure 2 ) .  

Thus, instead o f  a time consuming t r i a l  and e r r o r  approach t o  performing 
combined response spectrum and natural frequency avoidance foundation design 
an automated process, using the FESOP computer program, now e x i s t s  t o  a r r i v e  
quick ly  and e f f i c i e n t l y  a t  producible and weight e f f e c t i v e  equipment 
foundations designs. The fo l lowing paragraphs describe how FESOP was used t o  
develop producible minimum weight designs. 

FESOP 
(Finite Element Structural 

Optimization Program) 

*Solves Both Natural Frequency and Response 

*Permits Different Finite Element Models for 

*Optimizes For Minimum Weight Using ADS 

*Satisfies Stress, Displacement, and 
Frequency Avoidance Constraints 

*Arrives at Producible Equipment Foundations 

Spectrum Analyses in Same Execution 

Each Analysis 

FIGURE 2 
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SAMPLE PROBLEM 

Figure 3a i s  the  response spectrum (s t ress )  f i n i t e  element model and F igure  3b 
i s  the v i b r a t i o n  frequency f i n i t e  element model. The response spectrum model 
employs the minimum number of f i n f t e  elements needed t o  accurate ly  assess the 
s t r u c t u r e ' s  performance, w i t h  on ly  the equfpment mass p lus  enough lumped 
masses t o  accura te ly  model the foundation mass. However, the v i b r a t i o n  model 
requ i res  a much f i n e r  f i n i t e  element d i s c r e t i z a t i o n  w i th  an element mass 
d e f i n f  t i o n  b u t  no equipment mass t o  accurate ly  determine the s t r u c t u r e ' s  
na tura l  f requencies o f  v ib ra t i on .  
separate ana lys is .  I n  the normal design s f t u a t i o n  the engineer would se t  up 
the two models, run both analyses, evaluate two sets  o f  r e s u l t s ,  change both 
models, re run  bo th  models, and cont inue t h i s  process u n t i l  the "optimum" 
design was establ ished.  A t  bes t  t h i s  i s  a very t ime consuming and very 
imprecise procedure s ince the  engineer re1 i e s  on l y  on h i s  experience and 
i n t u i t i o n  t o  modi fy  the  s t ruc tu re .  I n  FESOP, an automated procedure e x i s t s :  
t o  read i n  both models, t o  perform both analyses, t o  evaluate the r e s u l t s  o f  
both analyses, t o  modi fy  the math models as d i c t a t e d  by the  numerical 
op t im iza t i on  program ADS, and t o  a r r i v e  a t  a p roduc ib le  t r u e  minimum weight  
foundat ion design w h i l e  meeting a l l  c r i t e r i a .  

Each math model , therefore,  requ i res  a 

SAMPLE EQUIPMENT FOUNDATIONS 

a - Response Spectrum 
Model 

FIGURE 3 

b - Vibration Model 



ENG I NEER ' S FUNC T I  ON 

INPUT m-4 FESOP 

While FESOP improves and automates the normal design process, the engfneer's 
knowledge i s  s t i l l  required t o  achieve acceptable results. 
more attempts w i t h  FESOP are required t o  arrive a t  an optimum weiqht euuipment 

Usually two or 

OUTPUT -m 

founda t ion  due t o  the highly complex nature of  
problem. However, FESOP does provide an effic 
desirable result quickly and w i t h  l i t t l e  or no 
properly specifying the design constraints and 
structure will result. 

While a t  f i r s t  glance this would seem t o  be a 

. .  
the frequency avoidince 
ent means t o  arrive a t  this 
guesswork. In a d d i t i o n ,  by 
variables, a t ru ly  producible 

ery expensive process, in the 
long  r u n  the costs will be cheaper because the engineer will- spend 
considerably less time making alterations t o  the design and rerunning the 
required analyses. He will be able t o  devote more cogitative effort  t o  
solving his design problem, and the design will be far superior in all aspects 
(Figure 4 ) .  

WITHOUT ENGINEER 

m I 
I - ENGINEER 

I 

WITH ENGINEER 
FIGURE 4 
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REQUIREMENTS 

A combined response spectrum and v i b r a t i o n  minimum weight design can be 
accomplished us ing  many d i f f e r e n t  approaches wi th FESOP. Sane o f  the more 
impor tant  cons iderat ions f o r  successful  complet ion are the  fineness o f  t he  
f i n i t e  element model ; the choice and number of design var iab les;  the  choice o f  
the o p t i m i z a t i o n  a lgor i thm;  the i n i t i a l  design of the FESOP ana lys is ;  and the 
p r o d u c i b l l l t y  o f  the r e s u l t i n g  s t ruc tu re .  A number of recomnended procedures 
have been developed t o  he lp,ensure the b e s t  minimum weight design i n  the 
quickest  manner poss ib le ,  (F lgure 5). I n  the  fo l low ing  sect ions these 
Important considerat ions a r e  addressed, w i t h  samples o f  both good and bad 
app l ica t ions  t o  emphasize the p o l n t .  
the successful comblnation o f  a l l  o f  these features.  

F i n a l l y ,  a summary sec t ion  discusses 
~ 

Fineness of Finite Element Model 

Selection and Number of Design Variables 

Optimization Algorithm 
* = MFD, MMFD, SLP, SQP, SCP 

Starting Point 
= Upper or Lower Bound 
= Feasible or Infeasible 

- One Step (All Constraints) 
= Multiple Steps (Selected Constraints 

Procedure 

Then All) 
FIGURE 5 

* Defined i n  Figure 9. 
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REQUIRED F I N I T E  ELEMENT MODELS 

I n  the  sample problem, the v i b r a t i o n  f i n i t e  element model, F igure 3b, has 
approximately two times the number o f  f i n i t e  elements as the response spectrum 
f i n i t e  element model, Figure 3a. The v i b r a t i o n  model i s  s u f f i c i e n t l y  complex t o  
demonstrate a combined response spectrum and v i b r a t i o n  foundat ion design 
o p t i m i z a t i o n  wi th FESOP. A1 though the d i s c r e t i z a t i o n  o f  the frequency model i s  
d i f f e r e n t  from t h a t  o f  the s t ress  model, a l l  o f  the reference data (mater ia l  
p roper t i es ,  cross-sect ions,  e c c e n t r i c i t i e s ,  thicknesses, e tc .  ) must be and are 
i d e n t i c a l  i n  the two models. The reason f o r  t h i s  i s  t h a t  as a design va r iab le  
for one model's changes, i t  must change i d e n t i c a l l y  fo r  the o ther  model. The 
impor tan t  t h i n g  t o  s t ress  i s  t h a t  the major  d i f f e rences  between the two models 
a r e  the  number o f  f i n i t e  elements, the  number o f  node po in ts ,  and the  
d e f i n i t i o n  o f  the  mass associated w i t h  each model. 

7015 



THE CHOICE AND NUPBER OF DESIGN VARIABLES 

The choice and number of design variables affects t h e  computer time i t  takes 
t o  arrive a t  an optimum solution; the a b i l i t y  of FESOP t o  give a true m l n i m u m  
weight solution; and the a b i l i t y  o f  FESOP t o  arrive a t  a producible 
structure. The greater the number of design variables, the more f i n i t e  
element solutions are required t o  determine the constraint gradients needed 
for the ADS optimizer, and consequently the longer and more costly the FESOP 
analysis. For example, i n  the sample problem every beam element box 
cross-section has five shape parameters: the depth, the w i d t h ,  the top  
thickness, the bottom thickness, and the side thickness (Figure 6 ) .  Thus, w i t h  
the response spectrum model, there could be 16 different cross-sections (16 
beam elements), w i t h  5 design variables f o r  each cross-section, or a t o t a l  of 
80 design variables. However, specifying such a large number of design 
variable would be ridiculous f o r  two reasons: (1) more t h a n  800 g rad ien t  
evaluations would be required for bo th  the models t o  obta in  an optimum des ign ,  
and ( 2 )  the resulting structure would clearly not be very producible. A more 
reasonable scheme would be t o  specifiy a l l  of the horizontal members as h a v i n g  
the same cross-section and a l l  of the vertical o r  nearly vertical members 
having another cross- section. T h i s  would leave a total  of ten design 
variables and only 100 gradient evaluations for a normal FESOP run. However, 
even i n  this case the structure could be very unproducible with mismatched 
cross-sections a t  the joints. 

ALL WIDTHS AND THICKNESSES 
CAN BE DESIGN VARIABLES 

I BEAM 

PIPE 

RECTANGLE BOX 

MODIFIED I TEE 

ANGLE 

CHANNEL 

Ty p i ca I B ea m C ross- Sec t i o n s 
FIGURE 6 
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SELECTED CROSS-SEC TlONS 

A b e t t e r  so lu t i on  would be t o  al low only f i v e  design variables: the depth, 
width, and top thickness o f  the hor izontal  members; the top thickness o f  the 
v e r t i c a l  members; and the top thickness o f  the i nc l i ned  members (Figure 7). 
The bottom and side thickness of the horizontal members; the depth, width, and 
bottom and side thickness o f  the ve r t i ca l  members; and the depth, width, and 
bottom and side thickness o f  the i nc l i ned  members would a l l  be dependent 
design variables. I n  t h i s  case the bottom and side thicknesses o f  each cross- 
sect ion would equal the top thickness o f  the same cross-section. This would 
mean each box sect ion would have a uniform thickness. The depth and width o f  
the i n c l i n e d  members would be equal t o  the depth and width o f  the hor izontal  
members, and the depth and width o f  the ve r t i ca l  members would equal each 
other and the width o f  the hor izontal  members. Figure 7.shows the f i v e  design 
var iables f o r  t h i s  case. 
sample foundation, the e c c e n t r i c i t i e s  a t  the j o i n t s  are a lso l i n k e d  t o  changes 
i n  the depth and width o f  the members. By doing t h i s  these e c c e n t r i c i t i e s  
which are dewndent w o n  the shaDe o f  the cross-section w i l l  chancre as the 

I n  addi t ion t o  such design var iable l i n k i n g  f o r  the 

design var iables change. With such 1 imi ta t ions , the 
foundation w i l l  be very producible. 

t l  
--b 

HORIZONTAL 

MEMBERS 

1.l t 2  

4 

w1 

INCLINED 
MEMBERS 

FIGURE 7 

resul ti ng optimized 

t 3  

+ 

t 3  c 

m 
VERTICAL 

MEMBERS 

1017 



UNPRODUC IBLE OPTIMIZED STRUCTURE 

Figure 8 i s  an example o f  a s t ructure which was optimized without 
considerat ion o f  i t s  producib i l  i t y ,  The lack o f  l i n k i n g  created an impossible 
s t ructure t o  bu i l d .  

I f  fu the r  r e s t r i c t i o n s  were made t o  the sample problem by making a l l  widths 
and depth o f  each cross-section equal t o  the depth of the hor izonta l  members, 
there would be only fou r  design variables. And if the i n c l i n e d  and v e r t i c a l  
members had the same thicknesses, the number o f  design var iables would be 
three. However, because three design var iables would a l low very l i t t l e  
v a r i a t i o n  i n  the s t ructure,  obtaining a minimum weight foundation could be 
very d i f f i c u l t .  Experience has shown t h a t  w i t h  too few design var iables an 
optimum weight foundation which s a t i s f i e s  a l l  const ra in ts  frequently cannot 
be obtained. Therefore, i t  i s  simply too r e s t r i c t i v e  t o  make a l l  o f  the box 
sections square w i t h  the same width and depth, b u t  a l lowing the depth and 
widths t o  vary independently allows s u f f i c i e n t  leeway t o  permit an optimum t o  
be found. So having too many design var iables o r  having too few design 
variables w i l l  both produce poor resul ts .  The best  r e s u l t s  are obtained by the 
jud ic ious blend o f  design variables, as i n  t h i s  case where there are f i v e  
design variables. 

FIGURE 8 
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THE CHOICE OF THE OPTIMIZATION ALGORITHM 

The ADS optimizer i n  FESOP o f fe rs  the analyst many d i f f e r e n t  opt imizat ion 
algori thms t o  choose fran: 
modif ied method o f  feas ib le  d i rec t i ons  (MMFD), sequential 1 inear  programing 
(SLP) , sequential quadrat ic  programming (SQP) , o r  sequential convex programming 
(SCP). 
a l l  o f  these methods w i l l  a r r i v e  a t  nearly the same minimum weight so lut ion,  
w i th  the only d i f ference being the time i t  takes t o  a r r i v e  a t  the minimum 
weight solut ions.  However, wf t h  the combined response spectrum and v i b r a t i o n  
foundation design problem, which includes frequency avoidance const ra in ts ,  the 
choice o f  the optimizer can make a s i g n i f i c a n t  di f ference. As w i l l  be shown, 
s t a r t i n g  a t  the same point ,  two d i f f e r e n t  opt imizat ion a1 go r i  thms can produce 
two d i f f e r e n t  optimum structures.  I n  addit ion, both methods many n o t  be able 
t o  produce an optimum weight foundation which s a t i s f i e s  a l l  the constrafnts.  
Thus, no one algori thm w i l l  produce the best optimum a l l  o f  the t ime ,  
Therefore, I n  general, a t  l eas t  two o f  the optimizers should be used t o  insure 
the best  chance o f  f i nd ing  an optimum. 

the method o f  feas ib le  d i rec t i ons  (MFD), the 

(See Flgure 9.) I n  problems w i th  'stress and/or displacement constraints, 

I 

MFD 

MMFD - MODIFIED METHOD OF FEASIBLE DIRECTIONS 

SLP - SEQUENTIAL LINEAR PROGRAMMING 

SQP - SEQUENTIAL QUADRATIC PROGRAMMING 

SCP - SEQUENTIAL CONVEX PROGRAMMING 

- METHOD OF FEASIBLE DIRECTIONS 

FIGURE 9 
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For the sample problem shown i n  Figures 3a and 3b, two d i f f e r e n t  opt imizers were 
se lected t o  opt imize f o r  minimum weight and avoid frequencies from 80 t o  120. 
The s t a r t i n g  p o i n t  f o r  the op t im iza t i on  process was choosen as the upper l i m i t  
o f  a l l  design var iab les.  F igure 10 shows the  r e s u l t s  using both the  MMFD and 
SCP algorithms. I n  each case the process was s t a r t e d  w i t h  on ly  frequency 
avoidance cons t ra in t s  and no s t ress  o r  displacement cons t ra in ts .  A t  po in t s  A 
and B the frequency only  ana lys is  was stopped and a l l  o ther  cons t ra in t s  were 
added. This i s  on l y  one of the many ways t o  approach the problem. The SCP 
method a r r i v e d  a t  a v a l i d  so lu t ion ,  b u t  the MMFD method had two frequency 
c o n s t r a i n t  v i o l a t i o n s .  With the MMFD method ADS simply could n o t  f i n d  a way t o  
change the design var iab les  t o  e l im ina te  the frequencies (82.0 and 114.1) 
w i t h i n  the range 80 t o  120. However, Figure 10 a lso  shows the  r e s u l t s  o f  us ing 
the MMFD method t o  avoid the frequency range o f  48 t o  72. I n  t h i s  case, the 
MMFD method was successful. Therefore, the ana lys t  should always attempt more 
than one method when t r y i n g  t o  avoid frequency ranges. Because the SCP method 
i s  the  l e a s t  expensive, I would r e c m e n d  us ing  i t  t o  s t a r t  and then running 
the  same problem with the  MMFD method. 

, 
14000 

" 12000 

0 
L 
U 
M 
E 

0000 

8000 

6000 

4000 

2000 

FREQUENCY AVOIDANCE USING 
DIFFERENT ADS ALGORITHMS 

-'- MMFD (80 - 120) 

-O- SCP (80 - 120) 

-'- MMFD (48 -72) 

INVALID SOLUTION (2 FREQ. 
IN RANGE 82 81 114) 

i 0 
0 1 2  3 4 5 6 7 8 9 10 

ITERATIONS 
FIGURE 10 
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STARTING POINT FOR RESPONSE PECTRUM AND V IBRATION FOUNDATION DESIGN 

The shock and v i b r a t i o n  foundation design opt imizat ion process can begin i n  
any number o f  ways: 

By apply ing a l l  stress, displacement, b / t  r a t i o ,  and frequency 
avoidance const ra in ts  from the s t a r t  
By applying a l l  const ra in ts  except the frequency avoidance 
const ra in ts  t o  obta in  a f u l l y  stressed design, and by then 
opt imizing w i t h  a l l  const ra in ts  
By applying only the frequency avoidance const ra in ts  u n t i l  a 
minimum weight foundation i s  found, and by then inc lud ing  the 
r e s t  o f  the const ra in ts  
By using a minimum frequency cons t ra in t  instead o f  a frequency 
avoidance const ra i  n t  , and by then applying the frequency 
avoidance cons t ra in t  
By s t a r t i n g  w i th  e i t h e r  a feas ib le  s t ress design, an 
understressed design o r  an overstressed design i n  canbinat ion 
w i th  one of the above (Figure 11). 

Based upon t h i s  sample problem, no one s t a r t i n g  procedure works bes t  a l l  the 
time, and some methods for s t a r t i n g  almost never work and, therefore, should be 
avoided. I n  Figure 10 an understressed design was chosen f o r  the s t a r t i n g  
p o i n t  w i t h  a l l  design var iables a t  the upper l i m i t s .  A frequency avoidance 
only s t a r t i n g  procedure f o r  the range 80 t o  120 was i n i t i a t e d  w i t h  two 
opt imizat ion algori thms, MMFD and SCP. S im i la r l y ,  one was s t a r t e d  t o  avoid the 
range 48 t o  72 using only the MMFD algorithm. I n  the f i r s t  case, the SCP 
algor i thm worked and the MMFD d i d  not, however, i n  the second case the MMFD 
algor i thm worked. Looking a t  Figures 12 and 13 where other s t a r t i n g  po in t  
procedures were t r i e d ,  p o t e n t i a l l y  b e t t e r  optimum solut ions e x i s t .  

(1) Apply all stress, displacement, b/t ratio, and frequency 
avoidance constraints from the start 

(2) Apply all constraints except frequency avoidance (fully 
stressed design), and then optimize with all constraints 

(3) Apply frequency avoidance only constraint, and then 
optimize with all constraints 

(4) Use minimum frequency only start, and then all 
constraints 

(5) Vary the inital design (lower or bound, feasible or 
infeasible) in conjunction with the first four procedures 

FIGURE 11 
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I n  Figure 12, the  SCP a lgor i thm was used i n  conjunct ion w i t h  three d i f f e r e n t  
s t a r t i n g  procedures i n  an attempt t o  a r r i v e  a t  an optimum weight foundation. 
This foundat ion was t o  avoid the na tura l  frequencies o f  v i b r a t i o n  f r a n  48 t o  
72 and s a t i s f y  a l l  s t ress  cons t ra in t s .  The three approaches were 

t o  f i r s t  opt imize w i t h  a minimum frequency c o n s t r a i n t  o f  e i t h e r  
48 o r  72 
t o  f i r s t  opt imize w i t h  on ly  a frequency avoidance c o n s t r a i n t  
( i .e. no s t ress  o r  displacement cons t ra in t s  a t  the s t a r t )  
t o  f i r s t  opt imize w i t h  no frequency cons t ra in t s  o f  any type ( i .e. 
i gno r ing  frequencies) 

(1 ) 

(2) 

( 3 )  

The f i r s t  and second approaches were successful i n  producing an optimum weight 
s t ruc tu re ;  however, the optlmum volumes d i f f e r e d  s i g n i f i c a n t l y .  
case, the f i n a l  s t r u c t u r e  had no frequencies o f  v i b r a t i o n  below 72 and a 
volume o f  3300. 
weight s t ruc tu re  w i t h  frequencies above and below the range was obtained, w i t h  
a smal ler  volume of 2250. Attempting t o  f i r s t  opt imize with a minimum 
frequency o f  48 and t r y i n g  t o  f i r s t  optimize by i gno r ing  frequencies, both 
resu l ted  i n  i n v a l i d  so lu t ions .  For  both of these cases, the  f i n a l  s t ruc tu res  
had unallowable frequencies w i t h i n  the  range o f  48 t o  72. 
unsuccessful cases, the  ADS op t im izer  simply could n o t  f i n d  a way t o  change 
the design var iab les  so as t d  move away from an i n v a l i d  s t ruc tu re .  This  
i n a b i l i t y  t o  move t o  a v a l i d  s o l u t i o n  c l e a r l y  demonstrates the need t o  attempt 
more than one approach when t r y i n g  t o  ob ta in  a minimum weight foundat ion w i t h  
frequency cons t r a i  n t s  . 

I n  the f i r s t  

I n  the  second case (frequency avoidance on ly ) ,  a minimum 

I n  these 
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6000 

5000 

V 

L 

M 
E 

0 4000 

u 3000 

2000 

1000 

0 

INVALID SOLUTION (3 FREQ 

0, T IN RANGE 49,69,71) //' 

%VALID SOLUTIONS7 I i 
-O- MINIMUM FREQUENCY - 72 

-I- FULLY STRESSED 
INVALID SOLUTION 

2 FREQ. (50,69) 1 FREQUENCY AVOIDANCE t 
4 : : : : : : : : : I: : : L 1 

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

FIGURE 12 

1022  



I n  Figure 13, two o f  the s t a r t i n g  procedures employed i n  Figure 12 were used 
when t r y i n g  t o  avoid frequencies i n  the range o f  80 t o  120. F i r s t ,  the SCP 

combination successful ly obtained a minimum wei h t  foundation w i t h  no natural  
frequencies i n  the range o f  48 t o  72 (Figure 12 3 , the method was a complete 
f a i l u r e  when seeking t o  avoid the frequencies o f  80 t o  120. S i m i l a r l y ,  
opt imiz ing w i t h  only stress const ra in ts  t o  s t a r t  was a t o t a l  f a i l u r e  i n  Figure 
12, but  provided two v a l i d  solut ions i n  Figure 13, one f o r  the SCP algor i thm and 
one f o r  the MMFD algorithm. The s ign i f icance o f  t h i s  i s  t h a t  one s t a r t i n g  
procedure does not  work a l l  the time. 

I 
a lgor i thm and a frequency avoidance only procedure was attempted. While t h i s  
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By rev iewing the r e s u l t s  i n  Figures 11 through 13, a number o f  conclusions can 
be drawn. 

( 1 )  An optimum weight foundation which avoids c e r t a i n  na tura l  
f requencies o f  v i b r a t i o n  can be found us ing  FESOP's combined 
response and v i  b r a t i o n  capabi l  i ty . 

(2) Because of the h i g h l y  complex nature of the frequency avoidance 
problem, a number o f  attempts w i t h  both d i f f e r e n t  s t a r t i n g  po in ts  
and d i f f e r e n t  op t im iza t i on  a lgor i thms should be used t o  f i n d  the 
bes t  optimum. 

( 3 )  A procedure which should g ive  a feas ib le  optimum i s  t o  s t a r t  w i t h  
a l l  design va r iab les  a t  t h e i r  upper bound l i m i t s  and perform a 
frequency avoidance only  ana lys is  wi th  bo th  the SCP and MMFD 
opt imizers.  

( 4 )  Next, an at tempt from a reasonable design w i t h  e i t h e r  a frequency 
avoidance o r  maximum s t ress  on ly  s t a r t i n g  p o i n t  should be t r i e d  t o  
see i f  a b e t t e r  optimum i s  obtained. 

( 5 )  I f  no v a l i d  s o l u t i o n  i s  obtained, a minimum frequency cons t ra in t  f o r  
the upper bound of the al lowable range should be t r i e d .  This  should 
be the l a s t  r e s o r t  because t h i s  w i l l  always r e s u l t  i n  the heav ies t  

Optimizer 

f ou nda t i on. 

Fo l low ing  these gu ide l ines  w i l l  
foundat ion i n  terms o f  producib 

Starting Point Initial Success Objective Frequency 

Range 

48 TO 72 

80 TO 120 

he lp  t o  nsure the optimum equipment 
1 i t y  and weight. 

TABLE - COMPARISON OF RESULTS 

Constraint 

* Best Optimum For Given Range 
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o f  the o p t i m i z a t i o n  process. The definition of the f in i t e  element model and ,  
more importantly,the design variables must be made with producibility in mind. 
Otherwise, a foundation that  i s  clearly unproducible, l ike  the one shown in 
Figure 8, will resul t .  The f i r s t  step toward insuring a producible structure 
i s  t o  s e t  l imits  on design variables w h i c h  will be b o t h  reasonable and 
producible. However, t h i s  alone is  not always enough because, d u r i n g  the 
optimization process, combinations of design variables which were n o t  
anticipated will probably result. Therefore, l imits  on the relationships 
between design variables shou ld  be made. In  the sample problem the thickness 

*A Primary Consideration at All Stages of the 
Optimization Process 

*Vital to Definition of the Design Variables 

*Must Also Limit Relations Between Design 
Variables 

*Avoids Unproducible Structures 
FIGURE 14 

1025 



RE SULTS/CONC LUS I ON S 

Based upon the r e s u l t s  presented, the f o l l o w i n g  conclusions can be drawn: 

(1 ) One can success fu l l y  opt imize two d i f f e r e n t  f i n i t e  element models 
and analyses w i t h  FESOP. 

( 2 )  No one ADS op t im izer  works bes t  a l l  o f  the time. 

( 3 )  Many s t a r t i n g  procedures are poss ib le ,  and ea 
d i f f e r e n t  "optimums". 

( 4 )  P r o d u c i b i l i t y  i s  a v i t a l  cons idera t  

( 5 )  The engineer's a c t i v e  p a r t i c i p a t i o n  

on. 

i s  essent 

h can produce 

a l .  
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