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PREFACE 

A s  human i n t e r v e n t i o n s  i n c r e a s e  i n t o  n a t u r a l  hydro- 
l o g i c a l  p r o c e s s e s  and t h e  world wa te r  demands con t i nue  
t o  grow, t o o l s  of  systems a n a l y s i s  are r e q u i r e d  t o  d e s i g n  
and o p e r a t e  economical ly  and s o c i a l l y  e f f i c i e n t  w a t e r  
r esou rces  systems.  The IIASA Water Resources P r o j e c t ,  
t h e r e f o r e ,  seeks  t o  i n t e g r a t e  e x p e r t s  of  d i f f e r e n t  d i s c i p -  
l i n e s  t o  a t t a c k  wa te r  problems of  world-wide concern.  
F loods are s t i l l  menacing a  g r e a t  number of  c o u n t r i e s  a l l  
over  t h e  world and t h e  immense economic and s o c i a l  l o s s e s  
caused by f l o o d s  c a l l  f o r  p r o t e c t i v e  measures which seem 
t o  be i n  a sense  (e .g .  economic) a t  l e a s t  - op t ima l .  

T h i s  i n t e r i m  r e p o r t  i s  a j o i n t  e f f o r t  o f  t h e  IIASA 
methodo log ica l  and wa te r  r e s o u r c e s  p r o j e c t s  as w e l l  as 
t h e  Hungarian Na t i ona l  Water Au thor i t y .  Hungary i s  a  
f l a t  l and  coun t r y  where h a l f  of t h e  popu la t i on  and one 
t h i r d  o f  t h e  c o u n t r y ' s  a r e a  must be p r o t e c t e d  a g a i n s t  
f l oods .  Methods e l a b o r a t e d  t o  cope w i t h  f l o o d  problems 
t h e r e ,  however, can be t r a n s f e r r e d  t o  t h e  s i t u a t i o n  i n  
a number of  o t h e r  c o u n t r i e s ,  e .g .  I n d i a ,  P a k i s t a n ,  Japan,  
Rumania, etc. 





ABSTRACT 

An economic opt imal  development of a  l evee  system 
along a r i v e r  i s  i n v e s t i g a t e d  and a dynamic programming 
( D P )  approach i s  used t o  f i n d  t h e  optima under va r i ous  
cond i t i ons .  The system c o n s i s t s  of a  number of l e v e e  
reaches o r  s t a g e s .  A random inpu t  of f l ood  wave i s  
regarded a t  t he  upstream p o i n t  of t h e  system. There 
a r e  two f a i l u r e  modes cons idered and, consequent ly ,  
two parameters of t h e  f l ood  wave ( s t a t e  v a r i a b l e s )  t o  
t r i g g e r  f a i l u r e  modes i n  every s t a g e s .  S t o c h a s t i c  DP 
i s  used s i n c e  t h e  s t a t e  t r a n s i t i o n  f u n c t i o n s  ( f l ood  
rou t i ng  along t h e  s t a g e s )  a r e  random func t i ons .  Three 
methods a r e  d iscussed.  I n  Method I ,  t h e  expected va lue  
of t h e  o b j e c t i v e  func t i on  i s  taken f i r s t ,  then  DP i s  
used a s  a  numerical  technique.  I n  Method 11, a f i x e d  
des ign  f l ood  i s  chosen a s  an i npu t  under which both  
optimum c o s t  and p o l i c y  i s  determined. I n  Method 111, 
t h e  va lue  of t h e  expected optimum o b j e c t i v e  func t i on  
i s  c a l c u l a t e d .  I t  i s  shown t h a t  t h e  f u l l  power of DP 
cannot be used i f  Method I i s  app l i ed .  Future r e s e a r c h  
invo lves  comparing t h e  s o l u t i o n s  of t h e  t h r e e  methods. 





I .  INTRODUCTION 

The pu rpose  o f  t h i s  p a p e r  is  t o  d i s c u s s  v a r i o u s  me thodo log ies  

f o r  s o l v i n g  l e v e e  d e s i g n  prob lems under  random f l o o d  i n p u t .  F lood  

p r o t e c t i o n  by means o f  l e v e e s  i s  j u s t  one  a l t e r n a t i v e  f o r  f l o o d  

p r o t e c t i o n  measures  (Yev jev i ch ,  1974) b u t  it i s  v e r y  commonly used  

i n  f l a t - l a n d  r i v e r s  such  a s  t h e  T i s z a  i n  Hungary ( S z i d a r o v s z k y  

e t  a l l  1 9 7 6 ) ,  t h e  V i s t u l a  i n  Po land ,  t h e  L o i r e  i n  F r a n c e ,  or  t h e  

M i s s i s s i p p i  i n  t h e  USA. 

G e n e r a l l y ,  a  r i v e r  s e c t i o n  i s  d i v i d e d  i n t o  s t a g e s  or  r e a c h e s ,  

t h e n  f l o o d  p r o t e c t i o n  i s  examined s t a g e  by s t a g e .  The f l o o d  i n p u t  

i n t o  t h e  ups t ream s t a g e  i s  t o  be  r o u t e d  s o  a s  t o  s a t i s f y  c o n t i n u i t y  

e q u a t i o n s .  One s t a g e  c o n s i s t s  g e n e r a l l y  o f  a  l e v e e  s t r e t c h  of  

10-60 km; one gag ing  s t a t i o n  w i t h i n  t h e  s t a g e  c h a r a c t e r i z e s  f l o o d  

c o n d i t i o n s  f o r  t h a t  s t a g e .  

F lood p r o t e c t i o n ,  t h a t  i s ,  t h e  r e l i a b i l i t y  o f  t h e  l e v e e  

w i t h i n  t h e  reach ,  c a n  b e  ana lyzed  by r e g a r d i n g  t h e  s t a g e  i t s e l f  

a s  a s t o c h a s t i c  s y s t e m  (BogArdi e t  a l l  1975 ) .  The sys tems  ap- 

p r o a c h  is  w a r r a n t e d  s i n c e :  

- t h e r e  are v a r i o u s  f a i l u r e  modes ( o v e r t o p p i n g ,  b o i l i n g ,  

s l o p e  s l i d i n g ,  wind-wave a t t a c k )  a l o n g  t h e  s t a g e ;  

- t h e  r e s i s t a n c e s  a g a i n s t  f a i l u r e  modes a r e  u n c e r t a i n ;  and  

- t h e r e  are d i f f e r e n t  f lood-wave p a r a m e t e r s  (peak  f l ow ,  

volume, d u r a t i o n ,  etc. )  o f  random c h a r a c t e r  t h a t  may t r i g g e r  

f a i l u r e  modes. 

A p r e s e n t  l i m i t a t i o n  o f  t h e  above approach is  t h a t  subse -  

q u e n t  s t a g e s  a l o n g  t h e  r i ve r  a r e  c o n s i d e r e d  s e p a r a t e l y  w h i l e  i n  

r e a l i t y  t h e  r e l i a b i l i t y  o f  s u b s e q u e n t  s t a g e s  a r e  n o t  indepen-  

d e n t ;  e .g .  an  ups t ream l e v e e  f a i l u r e  r e s u l t s  i n  g r e a t e r  s a f e t y  

f o r  a downstream s t a g e .  

I n  t h i s  p a p e r ,  s e v e r a l  s t a g e s  a l o n g  a r i v e r  form a s y s t e m  

where s a f e t i e s  o f  t h e  i n d i v i d u a l  s t a g e s  a r e  n o t  i ndependen t .  

For  e a c h  s t a g e ,  v a r i o u s  f a i l u r e  modes a r e  c o n s i d e r e d  which c a n  

b e  t r i g g e r e d  by d i f f e r e n t  random f l o o d  p a r a m e t e r s ,  b u t  r e s i s t a n c e s  

a g a i n s t  f a i l u r e  modes a r e  assumed t o  b e  known w i t h  c e r t a i n t y .  



The methodologies examined he re in  a r e  based on economics: 

cons t ruc t i on  c o s t s  and f l ood  l o s s e s  a r e  t raded  o f f .  Furthermore, 

s i n c e  t h e  problem becomes unwieldy by ca l cu lus  when more than  a 

few s t a g e s  a r e  cons idered,  dynamic programming i s  used t o  decompose 

t h e  problem. 

I n  t h e  nex t  s e c t i o n ,  t h e  problem is descr ibed  i n  mathematical 

terms; t h a t  is,  f l ood  rou t i ng  equat ions and l o s s  func t i ons  a r e  

given. Method I ,  which minimizes t h e  expected l o s s ,  may be so lved 

by s tandard  dynamic programming. Then, a dynamic programming 

formulat ion wi th  s t o c h a s t i c  i npu t  i s  descr ibed ,  l ead ing  t o  methods 

I1 and 111. F i n a l l y ,  a numerical example o f  method I1 i q  presented 

and t h e  n e c e s s i t y  of developing f u r t h e r  t h e  methodology t o  so l ve  

l evee  des ign problems i s  po in ted ou t .  

11. Problem Statement 

Phys i ca l l y ,  t h e  s i t u a t i o n  we cons ider  i s  t h a t  of  a r i v e r  l evee  

system composed of M reaches.  The system i s  t o  be designed t o  

balance op t ima l l y  t h e  c o s t  of cons t ruc t i on  a g a i n s t  t h e  l o s s e s  due 

t o  f lood ing ;  should  a f low of s u f f i c i e n t  magnitude breech some p a r t  

of t h e  system. S ince t h e  p rospec t  of f lood ing  i s  a d i r e c t  conse- 

quence of t h e  unknown r a i n f a l l  i npu t  t o  t h e  system, t h e  s i t u a t i o n  

i s  t r e a t e d  a s  a c o n t r o l  process w i th  s t o c h a s t i c  i npu t  i n  which t h e  
. . 

r e s i s t a n c e s  of each reach a g a i n s t  d i f f e r e n t  f a i l u r e  modes a r e  t h e  

des ign ( c o n t r o l )  v a r i a b l e s ,  s e l e c t e d  t o  minimize t h e  t o t a l  expect-  

ed l o s s .  I n  t h e  fo l low ing ,  two common f a i l u r e  modes--overtopping 

and s l o p e  s l i d ing - -a re  cons idered;  t h e  f lood  parameters t r i g g e r i n g  

t h e s e  modes a r e  t h e  h e i g h t ,  h of  t h e  f lood  and t h e  so-ca l led  

f lood  exposure,  w ( t h e  a r e a  of t h e  s t a g e  hydrograph above bankful  

capac i t y )  (Bog&rdi, 1968)  . 
The elements of  t h i s  problem, c a s t  i n  system t h e o r e t i c a l  

terms s o  t h a t  a dynamic programming approach may be used, a r e  

a s  fo l lows:  . 

Stage: r i v e r  reach k c  ( 1 , M ) ,  where 1 i s  t h e  i n i t i a l  

(downstream) s t a g e  and M t h e  f i n a l  one; a d i s t i n c -  

t i o n  i s  made between l e f t  ( L )  and r i g h t  ( R )  banks. 



S t a t e  ( a t  s t a g e  k ) :  a  v e c t o r  xk = (hk ,wk) ,  i n  which hk i s  

t h e  f l o o d  s t a g e  h e i g h t  and wk is t h e  f l o o d  exposure.  

I n  t h i s  problem t h e  f i n a l  (upst ream) s t a t e  xM is 

random. 

Decis ion v a r i a b l e :  a  v e c t o r  vk = ( H  W ) i n  which Hk is t h e  
k '  k  

des ign  l e v e e  h e i g h t  a g a i n s t  over topp ing  and Wk i s  

t h e  des ign  f l o o d  exposure  a g a i n s t  s l o p e  s l i d i n g .  

S ince  r i g h t  and l e f t  banks a r e  assumed t o  be d i f f e r -  

e n t ,  Hk and Wk a r e  decomposed i n t o  HRk,HLk and WRk, 

WLk, r e s p e c t i v e l y .  

S t a t e  t r a n s i t i o n  f unc t i on :  a  f l o o d  r o u t i n g  e q u a t i o n  t o  be 

s p e c i f i e d  l a t e r ,  w r i t t e n  i n  a  gene ra l  form a s  

Loss f unc t i on :  ( 1 )  a t  s t a g e  k: Gk(xk,vk1, which i s  t h e  sum 

o f  c o n s t r u c t i o n  c o s t s  and 

f l o o d  l o s s e s .  

( 2 )  o v e r a l l :  z = Gk(xk,vk) , k  = 1 , .  . . ,M . ( 2 )  
K 

The problem i s  t o  minimize t h e  expec ted  va lue  of  Z ;  t h e  

e x p e c t a t i o n  i s  t o  be taken  w i t h  r e s p e c t  t o  t h e  random v a r i a b l e  xM. 

Throughout t h e  remainder o f  t h e  l e v e e  sys tem,  t h e r e  a r e  no 

e x t e r n a l  i n p u t s  from e i t h e r  underground sou rces  o r  r a i n f a l l .  

To d e s c r i b e  t h e  e v o l u t i o n  of  t h e  v a r i a b l e s  h,w, a s  w e  p a s s  

through t h e  l e v e e  system, equa t ions  of  "mot ion" ,  co r respo id i ng  t o  

a  l i n e a r  r o u t i n g  o f  f l ood  waves a r e  p o s t u l a t e d  (Lengyel and Horka i ,  

1974).  These equa t i ons  g i v e  t h e  v e c t o r  (hk+ l ,wk+ l )  a s  a  f u n c t i o n  

of  (hk ,wk) .  TWO c a s e s  a r e  d i s t i n g u i s h e d :  e i t h e r  t h e  l e v e e  ho lds  

o r  it f a i l s .  

L e t  H3Rk, H3Lk be t h e  r i v e r  s t a g e s  below which f l o o d  ex- 

posure  cannot  cause  damage. Then t h e  l e v e e  does n o t  f a i l  e i t h e r  

i f  t h e  r i v e r  s t a g e  hk i s  below t h e  s m a l l e s t  of  H3Rk, H3Lk ( f o r  



any value of flood exposure) or if both h and wk are below k 
their threshold values. Using the logical symbols V= "or" 

and A = "and", we can write: 

hk < min { H ~ % , H ~ L ~ $  v [hk <miri{~%,~~~} A 

A W ~  < min IWR~,WL~II (3) 

The levee fails if ( 3 )  does not hold, that is, if an event ARk 

occurs on the right side (or ALk on the left bank) such that 

Note that ARk and ALk are truth-valued logic variables, and not 

numerical quantities. The equations of motion or state transition 

equations may thus be written as: 

akhk + bk , if (1 ) holds 
- 

hk+ 1 
- 

[ckhk + dk , otherwise, if (A%) v (ALk) occurs 

ekWk + fk , if (1) holds 
W - - 
k+ 1 

otherwise. 

Here ak, bkI Ckt dkI ekI 5, gk are parameters characterizing the 
system. 

Equations (4) and (5) describe the manner in which the flood 

height and flood exposure are influenced by a choice of the 

decision variables HRk. HLk, WRk, and WLk. Simple linear relation- 

ships can be used to express state transitions between neighboring 

stages (Linsley et al, 1958). 



The f i n a l  i n g r e d i e n t  needed t o  c h a r a c t e r i z e  t h e  c o n t r o l  

v e r s i o n  o f  t h e  l e v e e  d e s i g n  prob lem is  t h e  s p e c i f i c a t i o n  o f  a  

c o s t  f u n c t i o n .  A s  ment ioned,  c o s t s  a r e  i n c u r r e d  i n  t w o  s e p a r a t e  

ways: i) t h e  l o s s e s  a s s o c i a t e d  w i t h  f l o o d i n g  l a n d  beh ind  t h e  

l e v e e ,  i i) c o s t s  a s s o c i a t e d  w i t h  b u i l d i n g  a  r e a c h  o f  a  g i v e n  

h e i g h t  and  s t r e n g t h .  C l e a r l y ,  t h e  o p t i m a l  d e s i g n  is  a  b a l a n c e  

between t h e s e  t w o  c o s t s .  

A s  a  measure o f  loss due t o  f l o o d i n g  a t  r e a c h  k ,  w e  u s e  t h e  

f u n c t i o n  (Horka i ,  1975) : 

where I F $ ,  I L  are g i v e n  p a r a m e t e r s .  I t  is assumed t h a t  t h e r e  is k  
no s i m u l t a n e o u s  l o s s  on  b o t h  s i d e s  of t h e  r e a c h ,  b u t  r a t h e r  t h e  

l o s s  i s  t a k e n  t o  b e  t h e  g r e a t e r  o f  t h e  t w o  l o s s e s  i n -  s u c h  i n s t a n c e s ;  

a l s o ,  t h a t  l o s s  i n  one r e a c h  is  i ndependen t  o f  l o s s e s  i n  a d j a c e n t  

r e a c h e s .  

The r e i n f o r c e m e n t  ( b u i l d i n g )  c o s t s  on t h e  r i g h t  s i d e  o f  

r e a c h  k  are g i v e n  by t h e  f u n c t i o n  (Horka i ,  1 9 7 5 ) :  



A s  above,  t h e  q u a n t i t i e s  J R k ,  LRk, KRkf  MRk, NR a r e  pa rame te r s ,  k  
w h i l e  HROk and WROk r e p r e s e n t  t h e  c u r r e n t  l e v e e  c o n f i g u r a t i o n s  

(HROk = WROk = 0 f o r  t h e  des i gn  c a s e ) .  An e x p r e s s i o n  comp le te l y  

ana lagous  t o  C: h o l d s  f o r  t h e  l e f t  s i d e  o f  r each  k  upon s u b s t i t u -  

t i o n  o f  R by L  i n  a l l  q u a n t i t i e s .  The o b j e c t i v e  f u n c t i o n  Gk i s  

t h e  sum o f  ( 6 )  and ( 7 ) .  

A s  d e s c r i b e d  i n  Eq. ( 2 ) ,  t h e  t o t a l  l o s s  (29 f o r  t h e  sys tems 

i s  t a k e n  t o  be  t h e  sum o f  a l l  l o s s e s ;  

I n  t h i s  e x p r e s s i o n  and wM a r e  random v a r i a b l e s .  For  example, 

l e t  t h e  f i n a l  o b j e c t i v e  be  t o  minimize t h e  expec ted  v a l u e  o f  , 
i . e . ,  t h e  o b j e c t i v e  f u n c t i o n  i s  chosen a s  

where E  d e n o t e s  t h e  mathemat i ca l  e x p e c t a t i o n ;  t h e n  method I ,  

d e s c r i b e d  n e x t  can  be  used.  

111. Methodology 

By s u b s t i t u t i n g  e q u a t i o n  ( 1 )  f o r  k  = 1 , 2 , .  . . , M ,  i n t o  

e q u a t i o n  ( 2 ) ,  t h e  o b j e c t i v e  f u n c t i o n  becomes 

which may b e  s o l v e d  by s t a n d a r d  dynamic programming u t i l i z e d  a s  

a  numer i ca l  t e c h n i q u e ,  which becomes more e f f i c i e n t  t h a n  c a l c u l u s  

whenever M 3 ,  o r  4 ;  n o t e  t h a t  t h e  number o f  independent  v a r i a b l e s  

i s  2M. 

However, shou ld  a  methodology be  d e s i r e d  t h a t  can  accommodate 

random t r a n s i t i o n  f unc t i ons ,  f o r m u l a t i o n  (10)  would b e  i nadequa te ;  

i n  such  a  case, t h e  dynamic programming ( D P )  f o rmu la t i on  shou ld  be  

c a r r i e d  o u t  b e f o r e  t a k i n g  e x p e c t a t i o n s  a s  it i s  done when Markov 

t r a n s i t i o n s  o c c u r  f rom one s t a g e  t o  t h e  n e x t .  L e t  t h e  o p t i m a l  

v a l u e  f u n c t i o n  be  



F k ( h k I w k )  = l o s s  f o r  a  sys tem wh ich  b e g i n s  a t  r e a c h  

k  i n  s t a t e  (hk,wk)  when an  o p t i m a l  d e c i s i o n  

p o l i c y  i s  employed t h r o u g h o u t  t h e  r e m a i n i n g  

r e a c h e s  o f  t h e  sys tem,  k  = 1 , 2 ,  ..., M. 

With a  s e l f  e v i d e n t  d e l e t i o n  o f  i n d i c e s ,  t h e  r e c u r s i o n  e q u a t i o n  

i s  (Bel lman,  1957) 

A s  i n  Eq. ( l o ) ,  t h e  o b j e c t i v e  f u n c t i o n  depends  upon t h e  random 

i n i t i a l  s t a t e  xM, b u t  i n  ( 1 1 )  it is  c a r r i e d  t h r o u g h o u t  c a l c u l a t i o n s  

by  means o f  t h e  r e c u r r e n c e  r e l a t i o n s h i p .  I n  t h e  s p e c i f i c  t e r m s  

o f  o u r  c a s e  s t u d y ,  Eq. (1  1 )  is  w r i t t e n  as 

By i t e r a t i n g  r e l a t i o n  ( 1  2)  u s i n g  t h e  i n i t i a l  f u n c t i o n  ( 1  3 )  , an 

o p t i m a l  c o n t r o l  f o r  e a c h  s t a t e  o f  e a c h  r e a c h  is  produced.  

For  c o m p u t a t i o n a l  p u r p o s e s ,  a  DP t a b l e  i s  c o n s t r u c t e d  a s  a  

f u n c t i o n  o f  t h e  r e a l i z a t i o n  o f  xM u s i n g  Eq. (1  1 ) .  o r  (1  2 )  and ( 1  3 ) .  

The columns o f  t h i s  t a b l e  a r e  a s  f a l l o w s  (La rson  and C a s t i ,  1976) : 

Stage M 

I 

Stage M- I .... 

FM-l(%) 

Stage 1  

vM-l($) 



Th is  DP t a b l e  i s  t h e  b a s i s  f o r  two a lgo r i t hms  f o r  s o l v i n g  

ou r  l e v e e  des ign  problem, which a r e  l a b e l l e d  methods I1 and 111, 

r e s p e c t i v e l y .  

Method I1 uses  t h e  f a c t  t h a t  t h e  t a b l e  c o n t a i n s  t h e  o p t i n u n  * 
p o l i c y  co r respond ing  t o  any f l ood  i n p u t ;  t h u s  a  des ign  f l o o d  xM, * 
s a y  t h e  99% one,  i s  chosen and bo th  optimum c o s t  fa (xM)  and 

optimum p o l i c y  can  be determined.  Note t h a t  no new computat ion 

i s  necessa ry  i f  one d e c i d e s  t o  change t h e  des ign  f l ood .  A lso ,  

t h e  optimum economic des ign  ( o r  c o n t r o l )  i s  found,  n o t  j u s t  

t h e  l e v e e  h e i g h t  t h a t  co r responds  t o  t h e  r e g u l a t i o n  f l o o d ;  i n  

o t h e r  works, method11 p rov ides  a  mean t o  hand le  des ign  f l o o d s  

w i t h i n  an economic framework. 

Method 111 c o n s i s t s  of computing an  expec ted  optimum 

o b j e c t i v e  f u n c t i o n  va lue  

where G(x)  i s  t h e  j o i n t  d i s t r i b u t i o n  f u n c t i o n  o f  t h e  s t a t e  

x  = (h,w) . Then, t r a c i n g  back through t h e  DP Tab le ,  t h e  va lue  * 3 
x t h a t  p e r t a i n s  t o  fa (xM)  i s  c a l c u l a t e d ;  and ano the r  t r a c i n g  

M * 
t h rough  t h e  t a b l e  s t a r t i n g  w i t h  xM l e a d s  t o  t h e  co r respond ing  

p o l i c y .  T h i s  p o l i c y  may t h u s  be  l a b e l l e d  "expected v a l u e  o f  

minimum o b j e c t i v e  f u n c t i o n "  p o l i c y  (EVMOF). 

I V .  Numerical  Exper iments 

A l e v e e  sys tem c o n s i s t i n g  of t h r e e  reaches  was chosen f o r  

t h e  numer ica l  exper iments  us ing  method 11. Hypo the t i ca l  bu t  

r e a l i s t i c  v a l u e s  o f  t h e  paramete rs  i n  t h e  c o s t ,  l o s s ,  and t r a n s i -  

t i o n  f u n c t i o n s  a r e  g i ven  i n  Table  I. The 99% d e s i g n l f l o o d  parame- 

ters a r e :  h  = 2 0 . 0  and w = 36.5.  

There i s  i n s u f f i c i e n t  space  t o  reproduce t h e  e n t i r e  set  o f  

op t ima l  c o n t r o l  t a b l e s  produced from t h e  dynamic programming he re ;  

however, t hey  a r e  a l l  f o l l ow ing  t h e  same p a t t e r n .  Keeping h  o r  w con- 

s t a n t  and i n c r e a s i n g  t h e  o t h e r ,  t h e  c o n f i g u r a t i o n  was k e p t  a t  t h e  

o r i g i n a l  l e v e l  u n t i l  c o n d i t i o n s  f o r  f l ood ing  were reached.  Then 

t h e  l e v e e  was r e i n f o r c e d  up t o  t h e  l e v e l  o f  t h e  f low.   ina ally, 



a  p o i n t  w a s  reached where t h e  b u i l d i n g  c o s t s  out-weighed t h e  l o s s -  

es. A t  t h a t  p o i n t  t h e  optimum f e l l  back t o  t h e  o r i g i n a l  l e v e l .  

I n  most c a s e s ,  b u i l d i n g  was even on r i g h t  and l e f t  s i d e s  o f  

t h e  reach.  However, i f  t h e  l o s s e s  due t o  f l o o d i n g  w e r e  much 

lower on one s i d e  of  t h e  reach  and t h e  c o s t  o f  b u i l d i n g  h i gh ,  t h e  

op t ima l  c a n t r o l  w a s  t o  r e i n f o r c e  t h e  more c o s t l y  s i d e  t o  f o r c e  

any f l o o d i n g  t o  occu r  on t h e  o t h e r  s i d e .  

The l e v e e  c o n f i g u r a t i o n s  t o  minimize t h e  expected l o s s  are 

g i ven  i n  Table 11. I t  shou ld  be no ted  t h a t  t h e  r e s u l t s  shou ld  

n o t  be taken  a t  f a c e  va lue  because t h e  i n p u t  d a t a  were i n  p a r t  

n : ~ p o t h e t i c a l .  

DISCUSSION and CONCLUSIONS 

The t h r e e  methods proposed i n  t h i s  paper  l e a d  a lmos t  c e r t a i n -  

l y  t o  d i f f e r e n t  v a l u e s  o f  t h e  g o a l  f u n c t i o n  and d i f f e r e n t  op t ima l  

p o l i c i e s .  
- - 

Method I i s  a k i n  t o  s tanda rd  b e n e f i t - r i s k  a n a l y s i s ;  t h e  

expec ted  v a l u e  o f  t h e  o b j e c t i v e  f u n c t i o n  i s  t aken  f i r s t ;  t hen ,  

dynamic programming i s  used as a  numer ica l  t echn ique  f o r  s o l u t i o n  

i n s t e a d  o f  c a l c u l u s ,  due t o  t h e  p o t e n t i a l  d imensions o f  t h e  de- 

c i s i o n  space  and t h e  n o n - d i f f e r e n t i a b i l i t y  of  t h e  g o a l  f u n c t i o n s .  

However, i n  a s e n s e  t h e  dynamics o f  t h e  problem have d isappeared .  

I t  i s  an open-loop approach s i n c e  t h e  random f l ood  is  r ou ted  

through t h e  l e v e e  system b e f o r e  s t a r t i n g  t h e  o p t i m i z a t i o n  

procedure .  I n  c o n t r a s t  w i t h  method I ,  methods I1 and I11 c o r r e s -  

pond t o  a c losed- loop  approach,  s i n c e  t h e  random f l o o d  i s  p r e s e n t  

a t  least  i m p l i c i t l y  a t  every  s t a g e  du r i ng  t h e  o p t i m i z a t i o n .  

Method I1 enab les  t h e  decision-maker t o  mix t h e  t r a d i t i o n a l  con- 

c e p t  o f  des ign  f l o o d  w i t h  t h e  min imizat ion  o f  an  economic goa l  

f unc t i on .  I t  may be  no ted  t h a t  h igh  u n c e r t a i n t i e s  may be  p r e s e n t  

i n  t h e  des ign  f l o o d  (Davis e t  a l ,  1976) and/or t h e  g o a l  f u n c t i o n  

(Sz idarovszky e t  a l ,  1976) .  Method I11 cor responds t o  choos ing 

p o l i c y  f o r  t h e  expec ted  va lue  of  t h e  optimum goa l  f u n c t i o n ;  i t s  

implementat ion would n e c e s s i t a t e  a f i n e r  g r i d  and b e t t e r  computing 

c a p a b i l i t i e s  t h a n  t h e  ones  a v a i l a b l e  f o r  t h e  p r e s e n t  s tudy .  A lso ,  

t h e  p o l i c y  found by t h i s  method may no t  be unique i n  t h e  c a s e  when 



t h e  g o a l  f u n c t i o n  is n o t  monotone. Th is  would n o t  be a problem 

i n  t h e  p r e s e n t  case ,  s i n c e  gk is an i n c r e a s i n g  f u n c t i o n  of  

Vk = ( hk t  wk) 

To summarize, t h e  d i s t i n c t  advantages o f  DP t o  s o l v e  a 

l e v e e  des ign  problem a r e :  

( 1 )  C a l c u l a t i o n s  can be made once and f o r  a l l  i n p u t  va lues .  

( 2 )  Non -d i f f e ren t i ab le  f u n c t i o n s  must be used t o  

d e s c r i b e  l o s s  f u n c t i o n s  f o r  non-computat ional problems. 

( 3 )  A cho i ce  of approaches is g iven ,  i .e.  opt im ize  under a 

des ign  f l o o d  c o n s t r a i n t  o r  f i n d  an EVMOF p o l i c y ;  both  

approaches a r e  o f  a c losed- loop n a t u r e .  

The f u l l  power o f  DP a s  desc r i bed  i n  ( I ) ,  ( 2 ) ,  and ( 3 )  above 

i s  n o t  u t i l i z e d  i f  method I is used,  s i n c e  t h e  e x p e c t a t i o n  is 

taken  b e f o r e  t h e  DP a l g o r i t h m  i s  app l i ed .  

Fu tu re  r e s e a r c h  i nvo l ves  comparing t h e  s o l u t i o n s  prov ided 

by methods I ,  11, and 111. 



T a b l e  I .  L e v e e  P a r a m e t e r s  



T a b l e  11. 

METHOD I1 - B u i l d i n g  f o r  9 9 %  Flood 

OPTIMAL CONTROL 

h w HR WR HL WL 

Reach 3 20.0 36.5 30.0 33.5 9 - 5  32.0 

Reach 2 12.9 17.3 32.9 37.3 32.9 37.3 

Reach 1 9.3 7.8 10.0 34.0 9.4 11.0 
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