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I M P R O V I N G  ENGISEERING SYSTEM DESIGN BY FORMAL DECOMPOSITION, 
SENSITIVITY ANALYSIS, AND OPTIMIZATION 

J. SOBIESZCZANSKI-SOBIESKI 
J . -F . BARTHELEMY 

SUMMARY 

A method f o r  u s e  i n  t h e  d e s i g n  o f  a c o m p l e x  e n g i n e e r i n g  s y s t e m  by 
decompos ing  t h e  p rob lem i n t o  a s e t  of smal le r  subproblems is presen ted .  
Coupling o f  t h e  s u b p r o b l e m s  is  p r e s e r v e d  by means o f  t h e  s e n s i t i v i t y  
d e r i v a t i v e s  of t h e  s u b p r o b l e m  s o l u t i o n  t o  t h e  i n p u t s  r ece ived  from t h e  
system. The method a l lows  t o  d i v i d e  work among many people and computers. 

INHALTSANGABE 

E s  wird v o r g e s t e l l t ,  e i n  komplet tes  Engineer ing System zu e n t w i c k e l n ,  d a s  
man i n  k l e i n e r e  U n t e r s y s t e m e  z e r l e g e n  kann .  Das Zusammenlegen von 
Unte rp rob lemen  kann e r r e i c h t  werden m i t t e l s  d e r  V e r f e i n e r u n g e n  d e r  
A b l e i t u n g e n  von Unterproblemen, zu l o e s e n  einpfangen durch Eingaben welche 
vom System wc-rden. Die Methode t e i l t  d i e  A r b e i t  u n t e r  v i e l e n  L e u t e n  und 
un te r  v i e l e n  Rechnern a u f .  

INTRODUCTION 

E n g i n e e r i n g  s y s t e m s  a r e  f r e q u e n t l y  composed o f  s u b s y s t e m s  which  a r e  

mutually coupled s o  t h a t  a m o d i f i c a t i o n  i n  one  a f f e c t s  t h e  o t h e r s  and 

u l t i m a t e l y  i n f l u e n c e s  t h e  p e r f o r m a n c e  o f  t h e  w h o l e .  Designers  of  such 

systems a r e  confronted wi th  a c losed  l o o p  s i t u a t i o n  whereby t h e  d e c i s i o n  

making a t  the  system l e v e l  r e q u i r e s  in fo rmat ion  about  t h e  subsystems t h a t  

have n o t  y e t  been d e s i g n e d  and  v i c e  ' 9 r s a .  The i t e r a t i v e  a p p r o a c h  

commonly used t o  b r e a k  the  deadlock r c l l e s  on p a s t  exper ience ,  judgment, 

and i n t u i t i o n  a s  s u b s t i t u t e s  f o r  t h e  u n a v a i l a b l e  in fo rmat ion  and becomes 

i n c r e a s i n g l y  i n a d e q u a t e  a s  t h e  s y s t e m s  grow i n  complexity and advance 

f a r  away from t h e  exper ience  base .  



The p a p e r  o u t l i n e s  a  method f o r  improving t h e  i t e r a t i v e  d e s i g n  o f  complex 

sys tems by  mak ing  i t  more s y s t e m a t i c  a n d  b a s e d  on  a s e t  o f  c o h e r e n t  

m a t h e m a t i c a l  c o n c e p t s .  W h i l e  r o o t e d  i n  m a t h e m a t i c s ,  t h e  a p p r o a c h  

d e l i b e r a t e l y  a v o i d s  h a n d i n g  o v e r  t h e  e n t i r e  d e s i g n  p r o c e s s  t o  t h e  

c o m p u t e r .  On t h e  c o n t r a r y ,  t h e  e m p h a s i s  is on  a b r o a d  work  f r o n t  o f  

peop le  and computers  t o  combine t h e  c o m p u t e r  e f f i c i e n c y  w i t h  t h e  human 

i n t e l l i g e n c e  i n d i s p e n s a b l e  i n  d e s i g n .  

DECOMPOSITION 

The key  t o  t h e  p ropose j+  a p p r o a c h  is a f o r m a l i z e d  decompos i t i on  o f  t h e  

l a r g e  d e s i g n  problem i n t r  a s e t  o f  smaller manageable subpsoblems c o u p l e d  

b y  m e a n s  o f  t h e  s e n s i t i v i t y  d a t a  t h a t  m e a s u r e  t h e  c h a n g e  o f  t h e  

subsys t em d e s i g n  d u e  t o  a  c h a n g e  i n  t h e  s y s t e m  d e s i g n .  L e t  ES b e  a n  

e n g i n e e r i n g  s y s t e m  composed o f  t h e  subsys tems SS, , SS2,. . .SSi.. .SSn as 

shown i n  Fig.1 ( t h e  a b b r e v i a t i o n s  a r e  d e f i n e d  i n  T a b l e  1 ,  a n d  T a b l e  2  

g i v e s  e x a m p l e s  f o r  t h e  g e n e r i c  q u a n t i t i e s  i n  t h e  c o n t e x t  of  a i rcraf t  

d e s i g n ) .  The d e s i g n  v a r i a b l e s  a r e  grouped i n  a  v e c t o r  SV f o r  ES a n d  t h e  

v e c t o r s  D V i  f o r  S S i .  The ES h a s  a p e r f o r m a n c e  i n d e x  PS t h a t  s h o u l d  be 

maximized w i t h i n  t h e  sys tem c o n s t r a i n t s  c o l l e c t e d  i n  a v e c t o r  GS. The  ES 

i m p o s e s  demands  on  e a c h  SSi. These demands a r e  q u a n t i f i e d  by e n t r i e s  of  

a v e c t o r  DS. which depends on SV t h r o u g h  a n a l y s i s  o f  ES. S u p p o s e  t h a t  
1 

e a c h  S S i  i s  d e s i g n e d  by m a n i p u l a t i n g  DViso t h a t  i t  meets i t s  DSi, 

r e g a r d e d  a s  c o n s t a n t s ,  w h i l e  m a x i m i z i n g  i t s  s a f e t y  m a r g i n  SMi 

r e p r e s e n t i n g  a  s e t  o f  s u b s y s t e m  c o n s t r a i n t s  GSS These tasks s e p a r a t e  
i ' 

f o r  e a c h  SSi can  be c a r r i e d  o u t  c o n c u r r e n t l y  by w h a t e v e r  means  t h e  SSi  

d e s i g n e r s  choose ,  i n c l u d i n g  t h e  a p p r o p r i a t e  a n a l y s i s ,  o p t i m i z a t i o n ,  and ,  

a l s o ,  judgment and e x p e r i m e n t a t i o n .  

A new e l e m e n t  r e q u i r e d  u n d e r  t h e  proposed  approach  is e v a l u a t i o n  o f  t h e  

s e n s i t i v i t y  of  t h e  maximum (optimum) SMi t o  changes i n  DSi i n  f o r m  o f  t h e  

o p t i m u m  s e n s i  t i  $ i t y  d e r i v a t i v e s  aSMi/aDSi. A t  t h e  ES l e v e l ,  t h e s e  

d e r i v a t i v e s  c o m b i n e d  w i t h  t h e  d e r i v a t i v e s  a D S i / a S V  i n  c h a i n  

differentia ti^:? y i e l d  t h e  s e n s i t i v i t y  o f  SMi t o  changes  i n  SV i n  form o f  

d e r i v a t i v e s  aSMi/aSV. The maximum SMi a n d  i ts  d e r i v a t i v e s  show t h e  ES 



d e s i g n e r ,  w i t h  a l i n e a r  e x t r a p o l a t i o n  accuracy ,  how t h e  change of SV t h a t  

he c o n t r o l s  w i l l  a f f e c t  t h e  SMi f o r  each SSi. Guided by t h i s  i n f o r m a t i o n  

and by t h e  ES a n a l y s i s ,  t h e  ES des igner  can dec ide  which v a r i a b l e s  i n  SV 

t o  change and by how much i n  o r d e r  t o  move toward t h e  g o a l  o f  making a l l  
-. 

t h e  c o n s t r a i n t s  GS and  GSi s a t i s f i e d  w h i l e  maximiz ing  t h e  PS. The SV 

change v i l l  a l t e r  the  DSi. Responding t o  t h a t ,  t h e  SSi d e s i g n e r s  modi fy  

t h e i r  d e s i g n s  and pass updated in fo rmat ion  t o  t h e  ES des igner  who, t h e n ,  

c h a n g e s  t h e  SV a g a i n ,  and s o  o n .  I n  t h i s  manner t h e  ES and  t h e  SSi  

d e s i g n e r s  c a r r y  on a  s y s t e m a t i c  i t e r a t i o n  t o w a r d  t h e  improved sy3tem 

d e s i g n ,  t r a d i n g  t h e  d a t a  p r e c i s e l y  de f ined  i n  form o f  t h e  DSi, SMi, and  

t h e i r  d e r i v a t i v e s .  Each des igner  works on a s e p a r a t e  assignment w i t h  the 

c o n t r o l  of PS ves ted  i n  t h e  ES d e s i g n e r  whi le  t h e  SSi d e s i g n e r s  f o c u s  on 

t h e i r  SSi  f e a s i b i l i t y .  The whole  p rob lem is decomposed y e t  r e m a i n s  

coupled by t h e  ES-SSi d a t a  exchange shown i n  Fig.1.  

OVERALL PROCEDURE 

Based on t h e  a b o v e  q u a l i t a t i v e  d e s c r i p t i o n ,  one  may now f o r m u l a t e  a  

step-by-step procedure t o  implement t h e  decomposit ion approach. 

STEP 1 .  I n i t i a l i z e  t h e  system. 

STEP 2. Analyze t h e  system. C a l c u l a t e  PS, GS, DSi, and aDSi/aSV. 

STEP 3. Design subsystems SSi. The D V .  a r e  manipu la ted  w i t h i n  t h e  u p p e r  
1 

and l o w e r  bounds, Li and U i ,  s o  a s  t o  f i n d  maximum SMi f o r  g iven DSi. The 

l a t t e r  r e q u i r e s  v e c t o r  of e q u a l i t y  c o n s t r a i n t s  GEi f o r  those  DSi t h a t  a r e  

a l s o  f u n c t i o n s  o f  D V i .  These  c o n s t r a i n t s  e n f o r c e  e q u a l i t y  o f  t h e  DSi 

v a l u e s  p r e s c r i b e d  a t  t h e  system l e v e l  and computed as a f u n c t i o n  o f  D V i  

s o  t h a t  GEi=DSi(SV)-DSi(DVi)=O. Formally,  t h e  t a s k  may be formulated a s  

an o p t i m i z a t i o n  

max SMi(BVi,DSi) s u b j e c t  t o  c o n s t r a i n t s  
DVi 

GEi(DVi,DSi) = 0 .  Li S DViS U i  



- 
The o u t p u t  of  t h e  o p e r a t i o n  is: S M ~ = ( S M ~ ) ~ ~ ~ ,  and t h e  op t imal  subsystem 

- 
des ign  v a r i a b l e s  , DVi 

STEP 4 .  A n i l y z e  e a c h  SSi d e s i g n  f o r  s e n s i t i v i t y  t o  t h e  i n p u t s  r e c e i v e d  

from t h e  system t o  o b t a i n  t h e  aSMi/aDSi. 

STEP 5.  Modify t h e  SV t o  improve  t h e  s y s t e m  des ign .  I n  t h i s  o p e r a t i o n ,  

one u s e s  t h e  aDSi/aSV. SMi, and aSMi/aDSi o b t a i n e d  i n  STEP 2 ,  3 ,  and  4, 

t o  e x t r a p o l a t e  each SMi a s  a f u n c t i o n  of t h e  increment AV 

aSMi aDSi 
SMi(ASV) = SMi + - - aDsi asv AS V 

Improvement of t h e  system design may be fo rmal ized  as an o p t i m i z a t i o n :  

a )  max PS(SV) s u b j e c t  t o  c o n s t r a i n t s  ( 3  ) 
sv 

b)  GS(SV) 5 0 ,  c )  S M ~ ( S V )  S 0 ( f o r  a l l  i )  

i n  which t h e  systerfl l e v e l  a n a l y s i s  p rov ides  t h e  PS and GS, and t h e  SMi i n  

eq .3c  is approximated by eq.2.  The bounds i n  eq.3d i n c l u d e  "move l imi t sn  

p r o t e c t i n g  t h e  a c c u r a c y  o f  t h e  e x t r a p o l a t i o n  i n  e q . 3 ~ .  The above  

o p t i m i z a t i o n  problem may have no f e a s i b l e  s o l u t i o n  w i t h i n  t h e  move limits 

i n  e q . 3 d ,  i f  i t  b e g i n s  w i t h  s i g n i f i c a n t  c o n s t r a i n t  v i o l a t i o n s  i n  eq.3b 

and c. I f  a  f e a s i b l e  s o l u t i o n  can no t  be found,  an a c c e p t a b l e  ou tcome o f  

e q .  3 i s  a new d e s i g n  po in t  moved a s  c l o s e  t o  t h e  c o n s t r a i n t  boundary a s  

p o s s i b l e .  The r e s u l t  of t h i s  s t e p  is a new SV d e f i n i n g  a m o d i f i e d  d e s i g n  

of t h e  system. 

STEP 6.  Repeat from STEP 2  u n t i l  a l l  t h e  c o n s t r a i n t s  GS a r e  s a t i s f i e d ,  

a l l  s a f e t y  margins SMi a r e  non-negative,  and t h e  performance index PS h a s  

converged. 

I n  t h e  above procedure ,  a l s o  shown i n  Fig .2 ,  t h e  ~ n a l y s e s  i n  STEP 1 and 2 

are problem-dependent .  The b e h a v i o r  s e n s i t i v i t y  a n a l y s i s  r e q u i r e d  t o  

o b t a i n  t h e  aDSi/aSV c a n  b e  o b t a i n e d  by e i t h e r  a  f i n i t e  d i f f e r e n c e  

t echn ique  o r ,  p r e f e r a b l y ,  by a  q u a s i - a n a l y t i c a l  method,  e . g . , [ l ] .  The 

o p t i m i z a t i o n s  d e f i n e d  by eq.1 and 3 c a n  be c a r r i e d  o u t  by any s u i t a b l e  

a l g o r i t h m  capab le  t o  s e a r c h  an n - d i m e n s i o n a l  c o n s t r a i n e d  d e s i g n  s p a c e ,  



e . g .  , [ 2 ] ,  a l t h o u g h  t h e  u s e  o f  a  f o r m a l  o p t i m i z a t i o n  method is a  

recommenda t ion  r a t h e r  t h a n  a  r e q u i r e m e n t .  T h e  o p t i m u m  s e n s i t i v i t y  

d e r i v a t i v e s  i n  STEP 4  can  be  c a l c u l a t e d  by means o f  t h e  a l g o r i t h m s  

d e s c r i b e d  i n  [33,[43,[5],[61. Extension of t h e  above t w o - l e v e l  a l g o r i t h m  

t o  m u l t i l e v e l  s y s t e m s  is g i v e n  i n  C71, and its a p p l i c a t i o n  t o  aerospace  

systems is d i scussed  i n  [81. 

I n i t i s 1  t e s t s  i n c l u d i n g  t w o - l e v e l  691 and t h r e e - l e v e l  [ l o ]  s t r u c t u r a l  

o p t i m i z a t i o n s  showed s a t i s f a c t o r y  compar isons  w i t h  t h e  r e s u l t s  o b t a i n e d  

w i t h o u t  decomposi t ion.  A s t a t u s  r e p o r t  on a  m u l t i d i s c i p l i n a r b y  t e s t  case  

is documented i n  C1 I 1. It i n v o l v e s  r e d e s i g n  o f  a  wide-body t r a n s p o r t  

a i r c r a f t  wing f o r  improved f u e l  c o n s u m p t i o n  f o r  a  p r e s c r i b e d  miss ion 

u n d e r  c o n s t r a i n t s  imposed by s t r e n g t h ,  a e r o d y n a m i c s ,  a n d  a i r c r a f t  

p e r f o r m a n c e  r e q u i r e m e n t s .  F i g . 3  shows t h e  a i r c r a f t  and  a  t h r e e - l e v e l  

decomposit ion scheme d2v i sed  f o r  t h e  p rob lem.  R e s e a r c h  and deve lopment  

c o n t i n u e  t o  l e a r n  nlore a b o u t  t h e  a l g o r  i t h m l  s c o n v e r g e n c e  p r o p e r t i e s ,  

s e n s i t i v i t y  t o  t h e  e x t r a p o l a t i o n  e r r o r s  and l a c k  o r  s y n c h r o n i z a t i o n  among 

t h e  s u b t a s k s ,  a b i l i t y  t o  handle  d i r e c t  coup l ings  among t h e  S S i l s ,  a b i l i t y  

t o  a d j u s t  t o  d i s c r e t e  o r  judgment&:  d e c i s i o n s ,  and compute r  h a r d w a r e  

dependence. 

SUMMARY AND CONCLUDING REMARKS 

The p a p e r  h a s  p r e s e n t e d  a  method f o r  decompos ing  a  l a r g e  e n g i n e e r i n g  

d e s i g n  problem i n t o  a  s e t  o f  s m a l l e r  s u b p r o b l e m s .  Each s u b p r o b l e m  is 

s e l f - c o n t a i n e d  s o  t h a t  a l l  t h e  subproblems can be worked on c o n c u r r e n t l y  

and a  broad work f r o n t  of  p e o p l e  and c o m p u t e r s  can  be  d e v e l o p e d .  The 

m e t h o d ' s  t e s t i n g  t o  d a t e  h a s  b e e n  s a t i s f a c t o r y  a c c o r d i n g  t o  t h e  

r e f e r e n c e s  c i t e d .  Further deve lopment  o f  t h e  method is f o c u s e d  on t h e  

a l g o r i t h m i c  d e t a i l s  and c o n t i n u i n g  t e s t  a p p l i c a t i o n s  i n  ae rospace  des ign.  

The deve lopment  e n t a i l s  a l s o  t h e  i s s u e s  o f  t h e  d a t a  m a n a g e m e n t  a n d  

u t i l i z a t i o n  of p a r a l l e l  computation c a p a b i l i t  .,a being o f f e r e d  by modern 

computer technology.  
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Tab le  1 Summary o f  Gene r i c  Terms. 

- v e c t o r  of  demand q u a n t i t i e s  imposed by t h e  sys tem on 

s u b s y s t e n  i .  - v e c t o r  o f  d e s i g n  y a r i a b i e s  f o r  subsys tem i. 

- ( e n g i n e e r i n g )  sys tem.  - v e c t o r  o f  e q u a l i t y  c o n s t r a i n t s  f o r  subsys tem i .  

- v e c t o r  o f  s y s t e m  i n e q u a l i t y  c o n s t r a i n t s ;  a n  i n e q u a l i t y  
cons t r2 . in t  is d e f i n e d  as g=(DEMAND/CAPACITY)-1, s a t i s f i e d  
when g  5 0. 

- v e c t o r  o f  i n e q u a l i t y  c o n s t r a i n t s  f o r  subsys tem i .  

- v e c t o r  o f  l o w e r  l imits on SV, and  D V i ,  r e s p e c t i v e l y  (move 

limits i n c l u d e d ) .  
- performance index  f o r  ES ( a  s c a l a r ) .  
- s a f e t y  margin  f o r  SSi ( a  s c a l a r ) ,  d e f i n e d  a s  

SMi=max(CAP.4CITY/DEMAND)-1, o r  i n  t e rms  o f  a s e t  o f  g ' s  

( s e e  GS) : SMi=max(-g/ ( g + l ) )  . 
- subsys tem i .  

- v e c t o r  o f  sys t em d e s i g n  v a r i a b l e s .  
- v e c t o r  o f  u p p e r  limits on SV, a n d  D V  , r e s p e c t i v e l y  (move 

limits i n c l u d e d )  

Tab le  2 Examples o f  t h e  E q u i v a l e n t s  o f  t h e  Gene r i c  Terms T y p i c a l  
f o r  an  A i r c r a f t  A p p l i c a t i o n .  

DSi 
- a t  t h e  m i d d l e  l e v e l :  l i f t  r e q u i r e d  o f  t h e  w i n g ;  a t  t h e  

bottom l e v e l :  edge l o a d s  N x ,  Ny'  Nxy on a wing cover  p a n e l .  

D V i  
- a t  t h e  midd le  l e v e l :  wing bending  s t i f f n e s s  d i s t r i b u t i o n ;  a t  

t h e  bat tom l e v e l :  d e t a i l e d  wing pane l  d imensions .  
ES - a i r c r a f t ,  t o p  ( s y s t e m )  l e v e l ;  
GE; - a t  t h e  m i d d l e  l e v e l :  wing s t r u c t u r e  weight  p r e s c r i b e d  a t  t h e  

J. 

t o p  l e v e l ;  a t  t h e  b o t t o m  l e v e l :  p a n e l  s p a n w i s e  m e m b r a n e  
s t  i f f  n e s s  pnesc r  i b e d  a t  t h e  iniddie l e v e l .  

G S - runway l e n g t h .  
GSSi - a t  t h e  middle  l e v e l :  wing t i p  d e f l e c t i o n ;  

a t  t h e  bottom l e v e l :  pane l  l o c a l  buck l ing .  
PS - f u e l  economy f o r  a g iven  m i s s i o n .  

SSi - t h e  wing box,  middle  l e v e l ;  t h e  wing c o v e r  s t i f f e n e d  p a n e l s ,  

t h i r d  (bo t tom)  l e v e l .  
SV - wing s t r u c t u r a l  weight  and a i r f o i l  t h i c k n e s s  t o  chord  r a t i o .  
aDSi/aSV - d e r i v a t i v e  o f  wing l i f t  w i t h  r e s p e c t  t o  s t r u c t u r a l  we igh t .  

aSMi/aDSi - d e r i v a t i v e  o f  wing pane l  s a f e t y  m a r g i n  w i t h  r e s p e c t  t o  e d g e  

l o a d s .  



Figure 1 Typical two-ievel system. 
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Figure 2 Two-level system optimization procedure. 
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Figure 3 Decomposition for wing optinization. 
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