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PREFACE 

Water resource systems have been an important part of re- 
sources and environment related research at IIASA since its in- 
ception. As demands for water increase relative to supply, the 
intensity and efficiency of water resources management must be 
developed further. This in turn requires an increase in the de- 
gree of detail and sophistication of the analysis including 
economic, social and environmental evaluation of water resources 
development alternatives aided by application of mathematical 
modeling techniques, to generate inputs for planning, design, 
and operational decisions. 

This paper is part of the comparative studies on operational 
decisionmaking in the multiple reservoir water resource systems 
initiated in 1979 by the "Regional Water Management" Research 
Task of the Resources and Environment Area of IIASA. 

Following introduction to some basic concepts of a hierar- 
chical approach to the control of complex systems, the model of 
the Upper Vistula System in Poland is presented and the results 
of preliminary computations are discussed. 

The research presented in this paper has been carried out 
by the Institute of Automatic Control of the Technical University 
of Warsaw, Poland, and the Institute of Meteorology and Water 
Management, Warsaw, Poland, in collaboration with IIASA. 

Janusz Kindler 
Chairman 
Resources & Environment Area 
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A CASE STUDY I N  HIERARCHICAL CONTROL - 
THE UPPER VISTULA MULTIRESERVOIR SYSTEM 

Kazimierz A.  Sa lewicz  and Tomasz T e r l i k o w s k i  

1. INTRODUCTION 

The purpose  o f  t h i s  p a p e r  i s  t o  p r o v i d e  a g e n e r a l  d e s c r i p -  

t i o n  o f  t h e  r e s e a r c h  which i s  c a r r i e d  o u t  j o i n t l y  by t h e  

I n s t i t u t e  o f  Automatic  C o n t r o l ,  t h e  T e c h n i c a l  U n i v e r s i t y  o f  

W a r s a w ,  and t h e  I n s t i t u t e  o f  Meteorology and Water Management 

i n  c o l l a b o r a t i o n  w i t h  t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied  

Systems A n a l y s i s ,  i n  t h e  f i e l d  o f  t h e  a p p l i c a t i o n  o f  t h e  

h i e r a r c h i c a l  c o n t r o l  methods t o  m u l t i r e s e r v o i r  s y s t e m  o p e r a t i o n .  

The r e s e a r c h  was under taken  i n  1977, and from t h e  b e g i n n i n g ,  t h e  

t h e o r e t i c a l  problems o f  t h e  h i e r a r c h i c a l  c o n t r o l  w e r e  f o r m u l a t e d  

o n  t h e  b a s i s  o f  a n a l y s i s  o f  problems which o c c u r  i n  r e a l i t y ,  

when t h e  o p e r a t i o n  o f  m u l t i p l e  r e s e r v o i r  sys tems  i s  c o n s i d e r e d .  

S i m u l t a n e o u s l y ,  t h e  m u l t i r e s e r v o i r  sys tem o f  Upper V i s t u l a  w a s  

chosen  as a case s t u d y  and t h e  a p p r o p r i a t e  model of  t h i s  sys tem 

w a s  fo rmula ted .  The a i m  o f  c o n t i n u e d  and s t i l l  expanding 

r e s e a r c h  is  t o  p r o v i d e  a methodology and a s u i t a b l e  s e t  o f  

models which c a n  b e  used i n  t h e  f u t u r e ,  when t h e  o p e r a t i o n a l  

c e n t r e  of  t h e  Upper V i s t u l a  System w i l l  be  e s t a b l i s h e d .  



I n  t h i s  paper ,  b a s i c  c o n c e p t s  o f  a  h i e r a r c h i c a l  approach 

t o  t h e  m u l t i r e s e r v o i r  sys tem o p e r a t i o n  a r e  d i s c u s s e d .  The model 

of  t h e  c a s e  sys tem i s  d e s c r i b e d  and r e s u l t s  of  some computa t ions  

a r e  i n c l u d e d .  

2. HIERARCHICAL CONTROL STRUCTURE 
AND ITS PROPERTIES 

The t h e o r y  of  h i e r a r c h i c a l  c o n t r o l  h a s  been e x t e n s i v e l y  

i n v e s t i g a t e d  f o r  many y e a r s  and many a u t h o r s  have  g i v e n  a  rele- 

v a n t  c o n t r i b u t i o n  i n  t h i s  f i e l d ,  f o r  i n s t a n c e  Mesarovic e t  a l . ,  

[1970] ,  F i n d e i s e n  [I9741 and many o t h e r s .  V a r i o u s  a s p e c t s  o f  

h i e r a r c h i c a l  c o n t r o l  o f  dynamical  sys tems a r e  d i s c u s s e d  by 

F i n d e i s e n  [1978] ,  Malinowski and F i n d e i s e n  [ 1 9 7 8 ] ,  and Malinowski 

[1978] .  A t  t h e  same t i m e ,  some c o n c e p t s  o f  t h e  h i e r a r c h i c a l  

approach have been a p p l i e d  f o r  w a t e r  management (see Haimes [ I  9781 ) , 

and o p e r a t i o n  o f  m u l t i p l e  r e s e r v o i r  sys tems (Malinowski ,  Sa lewicz ,  

and T e r l i k o w s k i  [ 1 9 7 9 ] ) .  I n  t h e  l a t t e r  paper ,  some r e s u l t s  con- 

c e r n i n g  t h e  a p p l i c a t i o n  o f  t h e  d i s c r e t e  feedback c o n t r o l  method 

t o  w a t e r  management sys tems  a r e  r e p o r t e d .  

2.1 Genera l  Concepts  o f  t h e  H i e r a r c h i c a l  Approach 

Usua l ly ,  c o n t r o l  s t r u c t u r e  i n v o l v e s  a  sys tem S  w i t h  s t a t e  

v a r i a b l e s  x ,  man ipu la ted  ( d e c i s i o n  o r  c o n t r o l )  v a r i a b l e s  m ,  u,  

d i s t u r b a n c e s  ( e x t e r n a l  i n f l u e n c e s )  z  and o b s e r v a t i o n s  v; and 

t h e  C o n t r o l  U n i t  which is r e s p o n s i b l e  f o r  r e a l i z a t i o n  o f  g o a l s  

o f  c o n t r o l  e x p r e s s e d  i n  terms o f  performance  i n d e x  J and 

r e s p e c t i v e  c o n s t r a i n t s .  The scheme o f  c o n t r o l  s t r u c t u r e  i s  

shown i n  F i g u r e  1 .  Only i n  s imple  c a s e s  can  t h e  C o n t r o l  U n i t  

b e  des igned  p h y s i c a l l y  i n  one  p l a c e  and i t s  decis ion-making 

mechanism h a s  a  homogenous form. Th i s  means t h a t  t h e  i n t e r v e n -  

t i o n s  o f  t h e  C o n t r o l  U n i t  c a n n o t  be  d i s t i n g u i s h e d  w i t h  r e s p e c t  
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t o  t h e  way i n  which d e c i s i o n  ( c o n t r o l )  v a r i a b l e s  a r e  a d j u s t e d .  

Many complex c o n t r o l  problems c a n  be  more e f f e c t i v e l y  s o l v e d  by 

d e s i g n i n g  h i e r a r c h i c a l  C o n t r o l  U n i t s .  There  a r e  two fundamenta l  

c o n c e p t s  o f  t h e  h i e r a r c h i c a l  approach t o  d e s i g n i n g  a  C o n t r o l  

U n i t ,  namely v e r t i c a l  and h o r i z o n t a l  d e c o m p o s i t i o n  o f  c o n t r o l  

t a s k s .  The v e r t i c a l  decompos i t ion  i s  e q u i v a l e n t  t o  s e p a r a t i o n  

o f  a c t i o n s  which a r e  performed by a  C o n t r o l  U n i t  w i t h  r e s p e c t  

t o  d i f f e r e n t  f r e q u e n c i e s  o f  dec is ion-making.  T h e r e f o r e ,  t h e  

v e r t i c a l  decompos i t ion  r e s u l t s  from p a r t i t i o n i n g  t h e  c o n t r o l  

a c t i v i t y  i n t o  s e v e r a l  subproblems which a r e  s o l v e d  i n d e p e n d e n t l y  

and o n  d i f f e r e n t  t i m e  s c a l e s .  Thus, t h e  C o n t r o l  U n i t  c o n s i s t s  

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

behav iour  o f  t h e  c o n t r o l l e d  sys tem w i t h  d i f f e r e n t  f r e q u e n c i e s .  

The h i g h e s t  l a y e r  o f  t h e  C o n t r o l  U n i t  i s  making i t s  d e c i s i o n s  

w i t h  t h e  l o w e s t  f r e q u e n c y ,  b u t  o v e r  t h e  l o n g e s t  t i m e  h o r i z o n  T. 

A t  t h e  same t i m e ,  t h e  l o w e s t  l a y e r  i s  making i t s  d e c i s i o n s  w i t h  

t h e  h i g h e s t  f r e q u e n c y ,  b u t  o v e r  t h e  s h o r t e s t  t i m e  h o r i z o n .  D e c i -  

s i o n s  u n d e r t a k e n  by a  s p e c i f i e d  l a y e r  o f  t h e  C o n t r o l  U n i t  may 

b e  i n f l u e n c e d  by t h e  h i g h e r  l a y e r s  o n l y ,  b u t  n o t  o v e r r i d d e n .  

I t  i s  wor thwhi le  t o  n o t i c e  t h a t  t h e  h i g h e r  t h e  l a y e r  o f  t h e  

s t r u c t u r e  i s ,  t h e  more a g g r e g a t e d  model o f  t h e  c o n t r o l l e d  s y s -  

t e m  it u s e s ,  and i t s  s t a t e  v a r i a b l e s ,  d e c i s i o n  v a r i a b l e s ,  and 

d i s t u r b a n c e s  i n c o r p o r a t e d  i n t o  t h e  model a r e  more a g g r e g a t e d .  

The p r i n c i p l e  o f  v e r t i c a l  decompos i t ion  may b e  i l l u s t r a t e d  a s  

i n  F i g u r e  2 ,  where t h e  two- laye r  s t r u c t u r e  o f  t h e  C o n t r o l  U n i t  

is  shown. H o r i z o n t a l  d e c o m p o s i t i o n  o f  t h e  c o n t r o l  t a s k  i s  

a s s o c i a t e d  w i t h  t h e  p a r t i t i o n  o f  i n f o r m a t i o n  and competence o f  

dec is ion-making among s e v e r a l  s i m p l e r  subproblems.  T h i s  k i n d  

o f  decompos i t ion  o f  t h e  c o n t r o l  t a s k  i s  v e r y  c l o s e l y  r e l a t e d  t o  
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s p a t i a l  decompos i t ion  o f  t h e  c o n t r o l  u n i t  when c o n t r o l  o f  v a s t  

sys tem i s  c o n s i d e r e d ,  and it is  p o ' s s i b l e  t o  d i s t i n g u i s h  p a r t s  

o f  t h e  C o n t r o l  U n i t ,  c a l l e d  Loca l  D e c i s i o n  U n i t s  ( L D U ) ,  which 

may be a s s o c i a t e d  w i t h  s p e c i f i c  p a r t s  o f  t h e  c o n t r o l l e d  sys tem,  

and s o - c a l l e d  subsys tems.  I f  Loca l  D e c i s i o n  U n i t s  a c t  indepen- 

d e n t l y ,  t h e n  t h e  c o n t r o l  s t r u c t u r e  i s  f u l l y  d e c e n t r a l i z e d .  I n  

an  o p p o s i t e  case o n l y  one  d e c i s i o n  u n i t  may b e  d i s t i n g u i s h e d ,  

and i n  s u c h  a  case, t h e r e  i s  f u l l y  c e n t r a l i z e d  c o n t r o l  s t r u c t u r e .  

However, it i s  i n t e r e s t i n g  t o  c o n s i d e r  a p a r t i a l l y  d e c e n t r a l i z e d  

c o n t r o l  s t r u c t u r e  when Loca l  D e c i s i o n  U n i t s  are i n f l u e n c e d  by a 

s p e c i a l  u n i t  c a l l e d  c o o r d i n a t o r ,  which i n f l u e n c e s  d e c i s i o n s  o f  

LDUs u s i n g  chosen i n c e n t i v e s .  I n  F i g u r e  3 ,  a n  example o f  a 

p a r t i a l l y  d e c e n t r a l i z e d  c o n t r o l  u n i t  i s  shown w i t h  a c o o r d i n a t o r  

which i n f l u e n c e s  L o c a l  D e c i s i o n  U n i t s  a s s o c i a t e d  w i t h  r e s p e c t i v e  

subsys tems o f  a  c o n t r o l l e d  real  sys tem.  

2 . 2  Goals  o f  C o n t r o l  i n  a  Water 
Management System 

The major  o b j e c t i v e s  o f  t h e  water management sys tem i n  a n  

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

and munic ipa l  w a t e r - u s e r s .  A t  t h e  same t i m e ,  c o n c e n t r a t i o n  o f  

p o l l u t a n t s  i n  t h e  r i v e r s  s h o u l d  be m a i n t a i n e d  a t  t h e  l e v e l s  

c o m p a t i b l e  w i t h  water q u a l i t y  r e q u i r e m e n t s .  The mutual  r e l a t i o n -  

s h i p s  among p r o c e s s e s  o c c u r r i n g  i n  a water management s y s t e m  c a n  

be  d e s c r i b e d  by means o f  t h e  r e s e r v o i r  b a l a n c e  e q u a t i o n s ,  t h e  - 
f low b a l a n c e  e q u a t i o n s  f o r m u l a t e d  f o r  t h e  selected c r o s s - s e c t i o n s ,  

and t h e  p o l l u t a n t s  b a l a n c e  e q u a t i o n s .  A l l  v a r i a b l e s  d e s c r i b i n g  

t h e  phenomena t a k i n g  p l a c e  i n  t h e  s y s t e m  c a n  be  s e g r e g a t e d  i n t o  

t h r e e  groups :  
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- s t a t e  v a r i a b l e s  w r e f e r r e d  t o  a s  t h e  volumes o f  wate r  

s t o r e d  i n  t h e  r e s e r v o i r s  belonging t o  t h e  system; 

- d e c i s i o n  ( c o n t r o l )  v a r i a b l e s  r e f e r r e d  t o  a s  r e l e a s e s  

from t h e  r e s e r v o i r s  u  and flow r a t e s  i n  c o n d u i t s  

d e l i v e r i n g  wate r  t o  s p e c i f i e d  u s e r s  and denoted by m; 

- d i s t u r b a n c e s  o r  exogenous v a r i a b l e s  which a r e  e q u i v a l e n t  

t o  n a t u r a l  i n f lows ,  d ,  t o  t h e  system, wate r  demands of  

u s e r s  denoted by z ,  and p o l l u t a n t s  l o a d s  denoted by S.  

Therefore ,  d i s c r e t i z e d  equa t ions  d e s c r i b i n g  mutual r e l a t i o n -  

s h i p s  among c o n t r o l  v a r i a b l e s ,  d i s t u r b a n c e s ,  and s t a t e  v a r i a b l e s  

over  t h e  t ime hor izon  of  N d i s c r e t i z a t i o n  i n t e r v a l s  ( 1 e t . u ~  say 

t h e  l e n g t h  of  t h e s e  i n t e r v a l s  i s  equa l  t o  1  week),  can be w r i t t e n  

i n  t h e  fol lowing form: 

where 

i = number of d i s c r e t e  t ime i n t e r v a l ,  i = 1 , 2 ,  ..., N; 

W 
i 

= vec to r  o f  va lues  of  s t a t e  v a r i a b l e s  a t  t h e  end o f  i - t h  

t ime i n t e r v a l  and dim w = number o f  r e s e r v o i r s  i n  t h e  

system cons idered ;  

di = vec to r  of  f o r e c a s t e d  in f lows  t o  t h e  r e s e r v o i r s  a t  t ime 

i n t e r v a l  i; 

i m = v e c t o r  o f  flow r a t e s  of  water  withdrawn a t  i - t h  t ime 

i n t e r v a l  by s p e c i f i e d  u s e r s ;  

i u = vec to r  of  r e l e a s e s  from t h e  r e s e r v o i r s  a t  i - t h  t ime 

i n t e r v a l  ; 

D,M,U = mat r i ce s  i n d i c a t i n g  dependence o f  t h e  s t a t e  o f  r e s p e c t i v e  
/ 

r e s e r v o i r  on c o o r d i n a t e s  o f  v e c t o r s  d ,  m and u  r e s p e c t i v e l y ;  

0 w = vec to r  of  i n i t i a l  va lues  o f  s t a t e  v a r i a b l e s .  



O b j e c t i v e s  o f  t h e  s y s t e m  o p e r a t i o n  may b e  e x p r e s s e d  i n  a  

m a t h e m a t i c a l  form o f  t h e  p e r f o r m a n c e  i n d e x  J ,  wh ich  i s  u s e d  t o  

measure  t h e  e f f e c t s  o f  t h e  s y s t e m  o p e r a t i o n .  These  e f f e c t s  may 

be  e v a l u a t e d  from two p o i n t s  o f  v iew.  The f irst  o f  them i s  

r e l a t e d  t o  e f f e c t s  o f  s h o r t - t e r m  s y s t e m  o p e r a t i o n ,  w h i l e  t h e  

second  o n e  i s  r e l a t e d  t o  l ong- t e rm s y s t e m  o p e r a t i o n .  T h e r e f o r e ,  

t h e  pe r fo rmance  i n d e x  o f  t h e  s y s t e m  i s  composed of t w o  p a r t s :  

t h e  f i r s t  i s  a s s o c i a t e d  w i t h  t h e  e f f e c t s  o f  s h o r t - t e r m  o p e r a t i o n  

w h i l e  t h e  s e c o n d  p a r t  o f  t h e  pe r fo rmance  i n d e x  i s  r e l a t e d  t o  

l o n g - t e r m  o p e r a t i o n  o f  t h e  sys t em.  E f f e c t s  o f  s h o r t - t e r m  o p e r a -  

t i o n  o f  t h e  s y s t e m  may b e  e a s i l y  e x p r e s s e d  i n  t e r m s  o f  f u n c t i o n s  

which depend  on  w a t e r  d e f i c i t s  a f f e c t i n g  s p e c i f i e d  w a t e r - u s e r s  

and  d e p a r t u r e s  f rom t h e  d e s i r e d  w a t e r  q u a l i t y  s t a n d a r d s  e x p r e s -  

s e d  i n  t e r m s  o f  a d m i s s i b l e  p o l l u t a n t  c o n c e n t r a t i o n s  c .  Thus ,  

t h e  f i r s t  p a r t  o f  t h e  p e r f o r m a n c e  i n d e x  J may b e  f o r m u l a t e d  a s  

f o l l o w s :  

where  

r = se t  o f  s p e c i f i e d  w a t e r - u s e r s  w i t h d r a w i n g  water f rom 

t h e  s y s t e m ,  w h i l e  y d e n o t e s  r e s p e c t i v e  u s e r s  f rom 

t h i s  se t ;  

A = set  o f  c o n t r o l  c r o s s - s e c t i o n s  o n  r i v e r s  b e l o n g i n g  t o  

t h e  s y s t e m ,  where  w a t e r  q u a l i t y  i s  c o n t r o l l e d .  The 

e l e m e n t s  o f  t h i s  s e t ,  r e s p e c t i v e  c r o s s - s e c t i o n s ,  a r e  

d e n o t e d  by  a ;  

i = 1 , 2 ,  ..., N i s  t h e  number o f  d i s c r e t e  t i m e  i n t e r v a l ,  w h i l e  

N ,  t h e  number o f  t i m e  i n t e r v a l s ,  i s  e q u i v a l e n t  t o  t h e  

l e n g t h  o f  t h e  t i m e  h o r i z o n  o n  which o p e r a t i o n  o f  t h e  

s y s t e m  i s  c o n s i d e r e d ;  



z = water demands of user  y a t  t ime i n t e r v a l  i; 
Y 

m l  = water supply of  u se r  y a t  t ime i n t e r v a l  i ( d e c i s i o n  
Y 

v a r i a b l e )  ; 

i f y ( . , . ) = f u n c t i o n  e v a l u a t i n g  l o s s e s  of u s e r  Y a t  t ime i n t e r v a l  

i a s s o c i a t e d  wi th  water  d e f i c i t  ( i f  such e x i s t s ) ;  

.Sl& 
= p o l l u t i o n  load  i n  c ros s - sec t ion  a a t  t i m e  i n t e r v a l  i; 

The second p a r t  o f  t h e  system's  performance index i s  

a s s o c i a t e d  wi th  t h e  system o p e r a t i o n  over  a  t ime hor izon  longer  

than  N d i s c r e t i z a t i o n  i n t e r v a l s .  When w e  cons ide r  p lanning  t h e  

system o p e r a t i o n  over  t h e  t ime hor izon  of  N i n t e r v a l s ,  we have 

t o  t ake  i n t o  account  t h a t  t h e  system w i l l  be ope ra t ed  a l s o  i n  

t h e  f u t u r e ,  which w i l l  fo l low t h e  N-th i n t e r v a l .  Therefore ,  we 

a r e  i n t e r e s t e d  i n  t h e  de t e rmina t ion  o f  such c o n d i t i o n s  i n  t h e  

system t h a t  w i l l  provide f o r  s a t i s f a c t o r y  r e s u l t s  of c u r r e n t  

( shor t - te rm)  o p e r a t i o n  and may a l s o  a s s u r e  ( a t  t h e  end o f  N 

i n t e r v a l s  long t ime h o r i z o n ) ,  proper o p e r a t i o n  of  t h e  system 

i n  t h e  f u t u r e .  I t  means t h a t  t r a j e c t o r i e s  o f  t h e  system's  s t a t e  

v a r i a b l e s  should reach ,  w i t h  some accuracy,  t h e  d e s i r e d  range 

of va lues  a t  t h e  end of N-th t i m e  i n t e r v a l .  The c u r r e n t  o p e r a t i o n  

of  t h e  system should fol low up wi th  some accuracy t h e  p rede t e r -  

mined, long-term o p e r a t i o n  t r a j e c t o r i e s .  This  accuracy may 

r e s u l t  from t h e  compromise between r e a l i z a t i o n  of  t h e  c u r r e n t  

g o a l s  of  t h e  system o p e r a t i o n ,  and t h e  n e c e s s i t y  of  a s s u r i n g  

proper o p e r a t i o n  of  t h e  system i n  t h e  f u t u r e .  Therefore ,  w e  may 

in t roduce  a  second p a r t  o f  t h e  sys tem's  performance index  which 

e v a l u a t e s  t h e  e f f e c t s  o f  d e p a r t u r e s  o f  s t a t e  t r a j e c t o r i e s  from 

t h e  predetermined long-term o p e r a t i o n  t r a j e c t o r i e s  denoted by 

vec to r  ;, and t h e  r e s p e c t i v e  p a r t  JII of  t h e  performance index 



i s  formulated a s :  

where: 

k 

N dim w -i 
= f k  (w,, W k ) l  

J~~ i = 1  k=l 

= i s  t h e  index of t h e  p a r t i c u l a r  r e s e r v o i r  i n  t h e  system, 

wh i l e  t h e  number of r e s e r v o i r s  i n  t h e  system i s  equa l  

t o  dim w = dim w; 
i 

f k ( . , . )  = express  t h e  l o s s e s  caused by t h e  d e p a r t u r e  of s t a t e  

t r a j e c t o r y  wk of r e s e r v o i r  k  from t h e  d e s i r e d  va lue  
- 
wk a t  t h e  end of  i - t h  t ime i n t e r v a l .  

The t o t a l  performance index J ,  which comprises  two d i f f e r e n t  

goa l s  o f  t h e  system o p e r a t i o n  i s  g iven ,  t h e r e f o r e ,  a s :  

The o p e r a t i o n  of t h e  system cannot  v i o l a t e  any o f  t h e  

important  c o n s t r a i n t s  such a s  c o n s t r a i n t s  on d e c i s i o n  v a r i a b l e s  

and s t a t e  v a r i a b l e s  expressed i n  terms o f  i n e q u a l i t y - t y p e  con- 

s t r a i n t s .  A t  t h e  same t ime r e s p e c t i v e  f low-balance equa t ions  

and p o l l u t a n t  ba lance  equa t ions  formulated f o r  cons idered  c r o s s -  

s e c t i o n s  i n  t h e  r i v e r s  o f  t h e  system should be s a t i s f i e d .  

A s  was mentioned, o p e r a t i o n  o f  t h e  m u l t i r e s e r v o i r  system 

involves  two k inds  o f  a c t i v i t i e s  concerning long-term and s h o r t -  

term ope ra t ion .  Consequently,  t h e  s t r u c t u r e  of  t h e  Cont ro l  Uni t  

f o r  such a  system should be  cons t ruc t ed  wi th  r e s p e c t  t o  t h e s e  

two a s p e c t s  of  system o p e r a t i o n .  Assuming e x i s t e n c e  of  two 

b a s i c  t ypes  of  a c t i v i t i e s  of  t h e  Cont ro l  Uni t  i n  a  water  manage- 

ment system, a  two-layer c o n t r o l  s t r u c t u r e  i s  proposed, involv ing :  



- Long-term o p e r a t i o n  p l a n n i n g  a t  t h e  h i g h e r  l a y e r  which  

i s  e q u i v a l e n t  t o  d e t e r m i n a t i o n  o f  t h e  s t o r a g e  p l a n  i n  

t h e  s y s t e m  o v e r  a  l o n g  t i m e  h o r i z o n  ( l e t  u s  s a y ,  6 

months o r  1  y e a r ) ,  u s i n g  s u i t a b l e  l o n g - t e r m  f o r e c a s t s  

and  a g g r e g a t e d  i n f o r m a t i o n  a b o u t  t h e  s y s t e m  a s  a  who le ;  

- S h o r t - t e r m  o p e r a t i o n  o r  c u r r e n t  d i s p a t c h i n g  o f  t h e  

w a t e r  r e s o u r c e s ,  pe r fo rmed  a t  t h e  lower l a y e r  o f  t h e  

C o n t r o l  U n i t .  The e l e m e n t s  o f  s o l u t i o n  o b t a i n e d  a t  

t h e  h i g h e r  l a y e r  o f  t h e  C o n t r o l  U n i t  w i l l  b e  u s e d  f o r  

p r o p e r  s h o r t - t e r m  s y s t e m  o p e r a t i o n  t o g e t h e r  w i t h  

r e s p e c t i v e  s h o r t - t e r m  f o r e c a s t s  and  o t h e r  u p d a t e d  

i n f o r m a t i o n  c o n c e r n i n g  t h e  sys tem.  

I n  t h e  f o l l o w i n g  s e c t i o n ,  some d e t a i l s  c o n c e r n i n g  t h e s e  

t w o  l a y e r s  o f  t h e  C o n t r o l  U n i t  a r e  d i s c u s s e d .  

2 . 3  The Upper L a y e r  - Long-Term O p e r a t i o n  P l a n n i n g  

A t  t h e  u p p e r  l a y e r  o f  t h e  C o n t r o l  U n i t ,  a  l o n g - t e r m  o p e r a -  

t i o n  p l a n  f o r  t h e  who le  s y s t e m  i s  d e t e r m i n e d ,  o v e r  t h e  t i m e  

h o r i z o n  o f  N t i m e  p e r i o d s  ahead .  T h e r e  are numerous methods 

and  a p p r o a c h e s  which  may b e  a p p l i e d  f o r  t h e  s o l u t i o n  o f  t h i s  

p rob lem (see f o r  i n s t a n c e ,  P rekopa  e t  a l . ,  [19781,  ~ a l  [19791,  

however ,  i n  t h i s  p a p e r ,  o u r  a t t e n t i o n  w i l l  b e  f o c u s e d  o n  t h e  

s o - c a l l e d  p r i c e  c o o r d i n a t i o n  method (see Lasdon [1970] ,  

Mesa rov ic  e t  a l . ,  [ 1 9 7 0 ] ,  o r  ~ a l i n o w s k i  [ 1 9 7 5 ] ) ,  o r  ~ n t e r a c t i o n  

B a l a n c e  Method ( I B M ) .  T h e r e f o r e ,  a long- t e rm o p e r a t i o n  p l a n  i s  

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

d e t e r m i n i s t i c  f o r m u l a t i o n  o f  t h e  o p t i m i z a t i o n  problem.  I n  s u c h  

a  c a s e ,  t h e  u n c e r t a i n t y  o f  t h e  l ong- t e rm f o r e c a s t s  i n f l u e n c e s  

t h e  c r e d i b i l i t y  o f  t h e  r e s u l t s  o f  o p t i m i z a t i o n ;  however ,  t h e  



n e g a t i v e  e f f e c t s  o f  e r r o r s  i n  t h e  f o r e c a s t  c a n  be d e c r e a s e d  by 

r e p e t i t i o n  o f  t h e  l o n g - t e r m , o p e r a t i o n  p l a n  d e t e r m i n a t i o n  u s i n g  

updated f o r e c a s t s  (see Nowosad [ I  9 7 8 1  ).  Thus, t h e  long- term 

s t o r a g e  p o l i c y  w o v e r  N - t i m e  i n t e r v a l  h o r i z o n  may be  o b t a i n e d  

a s  t h e  r e s u l t  o f  o p t i m i z a t i o n  o f  t h e  performance  i n d e x  ( 4 )  w i t h  

r e s p e c t  t o  d e c i s i o n  v a r i a b l e s  m and u,  s u b j e c t  t o  c o n s t r a i n t s  

g i v e n  i n  t h e  form of  s t a t e  e q u a t i o n s  ( 1 ) ;  r e s p e c t i v e  i n e q u a l i t y -  

t y p e  c o n s t r a i n t s  on d e c i s i o n  v a r i a b l e s  m,  u  deno ted  s y m b o l i c a l l y  

a s  m ,  u  E MU where s e t  MU i s  w e l l  d e f i n e d ,  and c o n s t r a i n t s  on 

s t a te  v a r i a b l e s  w. L e t  u s  now i n t r o d u c e  a v e c t o r  o f  a u x i l i a r y  

d e c i s i o n  v a r i a b l e s  d e f i n e d  a s :  

and t h e r e f o r e  s t a t e  e q u a t i o n  ( 1 )  t a k e s  t h e  f o l l o w i n g  form (see 

( 1 ) :  

0 where i = 1 , 2 ,  ..., N ,  w - g i v e n  i n i t i a l  v a l u e .  Consequen t ly ,  t h e  

u p p e r - l a y e r  o p t i m i z a t i o n  problem o f :  

min J (m, u,w) 
( m ,  U )  

s u b j e c t  t o :  

- s t a t e  e q u a t i o n  ( 1 ) ;  

- i n e q u a l i t y - t y p e  c o n s t r a i n t s  on d e c i s i o n  v a r i a b l e s  

m, u E MU and s t a t e  v a r i a b l e s ;  

- f low-balance  and p o l l u t a n t  l o a d  b a l a n c e  e q u a t i o n s  

f o r m u l a t e d  f o r  a s p e c i f i e d  c o n t r o l  c r o s s - s e c t i o n  i n  

t h e  sys tem,  



can be reformulated t o  a  modified form of  t h e  upper-layer 

op t imiza t ion  problem: 

OP: 

s u b j e c t  t o :  

- balance  equa t ions  (5) and flow ba lance  and p o l l u t a n t  

l oad  balance equa t ions  formulated f o r  a  s p e c i f i e d  

c o n t r o l  c r o s s - s e c t i o n  i n  t h e  system; 

- i nequa l i t y - type  c o n s t r a i n t s  on d e c i s i o n  v a r i a b l e s  

m,u E MU and s t a t e  v a r i a b l e s ;  

where w(a)  i s  determined by equa t ion  ( 6 ) .  The o p t i m i z a t i o n  

problem OP i s  so lved  by us ing  t h e  so -ca l l ed  p r i c e  coo rd ina t ion  

method ( o r  I B M ) .  Following i n t r o d u c t i o n  of t h e  p r i c e  vec to r  p  

(vec to r  of t h e  Lagrangian m u l t i p l i e r s ) ,  whose e lements  a r e  time- 

dependent,  t h e  Lagrangian func t ion  of t h e  OP can be formulated 

a s  : 

N dim w 
+ L fk(w:(a), i t ) ]  + <pi l  a i > )  , 

i = l  k = l  

i where p  denotes  t h e  va lue  o f  t h e  p r i c e  v e c t o r  a t  i - t h  t ime 

i n t e r v a l .  I t  i s  c l e a r  t h a t  dim w = dim p. 

A s  was mentioned, t h e  op t imiza t ion  problem OP i s  solved 

using a  two-level  p r i c e  coo rd ina t ion  method, and t h e  s t r u c t u r e  

of t h e  a lgo r i t hm c o n s i s t s  of a  coo rd ina to r  and a  lower l e v e l .  



A t  t h e  lower l e v e l ,  t h e  t a s k  is  t o  minimize,  f o r  t h e  g i v e n  p r i c e  

v e c t o r  p ,  t h e  Lagrang ian  f u n c t i o n  ( 9 )  w i t h  r e s p e c t  t o  t h e  d e c i -  

s i o n  v a r i a b l e s  m , u , a ,  s u b j e c t  t o  r e s p e c t i v e  c o n s t r a i n t s ;  o r  more 

f o r m a l l y ,  w e  c a n  d e f i n e  t h e  lower  l e v e l  t a s k  a s  t h e  I n f i m a l  

Problem: 

I P :  

f o r  a  g i v e n  sequence  o f  v a l u e s  o f  p r i c e  v e c t o r  p  a t  

t i m e  i n t e r v a l s  i = 1 , 2 ,  ..., N 

min L ( m , u , a , p )  
( m , u , a )  

s u b j e c t  t o  i n e q u a l i t y - t y p e  c o n s t r a i n t s  on d e c i s i o n  v a r i a b l e s  

m,u E M U .  

T h e r e f o r e ,  t h e  d u a l  f u n c t i o n  ~ ( p )  i s  d e f i n e d  a s :  

V ( P )  = a r g  min {L ( m , u , a , p )  ) (10)  

The upper  l e v e l  problem (Suprema1 Problem or C o o r d i n a t o r  Problem) 

i s  c o n s e q u e n t l y  d e f i n e d  a s :  

CP:  - 

max ip )  
1 2  i 

p  = (P  rP , * . . I P  I . .  . , p N )  

A s  a  r e s u l t  o f  o p t i m i z a t i o n  performed by t h e  upper  l a y e r  

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

- o p t i m a l  v a l u e s  fi and 6 o f  d e c i s i o n  v a r i a b l e s ;  

- o p t i m a l  p lanned t r a j e c t o r i e s  o f  s t a t e  v a r i a b l e s  G I  and 

- c o o r d i n a t i n g  p r i c e s  6 d e f i n e d  a s :  

6 = a r g  max ~ ( p )  . 
P 



Looking a t  t h e  L a g r a n g i a n  f u n c t i o n  ( 9 1 ,  o n e  c a n  e a s i l y  

n o t i c e  t h a t  it may b e  decomposed ( d i v i d e d )  i n t o  s e v e r a l  indepen-  

d e n t ,  s o - c a l l e d ,  l o c a l ,  p roblems.  Such a n  o p p o r t u n i t y  r e s u l t s  

f rom t h e  a d d i t i v e  form o f  t h e  Lagrang ian  f u n c t i o n  and t h e  

s e p a r a b i l i t y  o f  i n e q u a l i t y - t y p e  c o n s t r a i n t s  on d e c i s i o n  ( c o n t r o l )  

v a r i a b l e s .  T h i s  d e c o m p o s i t i o n  p r o p e r t y  o f  t h e  L a g r a n g i a n  func- 

t i o n  w i l l  b e  e x p l o r e d  when t h e  lower  l a y e r  a c t i v i t y  o f  t h e  

c o n t r o l  s t r u c t u r e  w i l l  be  d i s c u s s e d .  

2.4 The Lower Layer  - C u r r e n t  Water D i s p a t c h i n g  

The t a s k  o f  t h e  lower  l a y e r  o f  a  c o n t r o l  s t r u c t u r e  i s  t o  

make d i r e c t ,  c u r r e n t  d e c i s i o n s  ( i . e .  t o  d e t e r m i n e  t h e  d i r e c t  

c o n t r o l  v a r i a b l e s  m , u ) .  T h i s  i s  done  i n  s u c h  a  way a s  t o  

r a t i o n a l i z e  t h e  r e a l i z a t i o n  o f  c u r r e n t  g o a l s ,  s u b j e c t  t o  con- 

s t r a i n t s  r e s u l t i n g  from t h e  long- t e rm s t o r a g e  p o l i c y .  A t  e a c h  

lower  l a y e r  i n t e r v e n t i o n ,  a  s h o r t  t i m e  h o r i z o n  i s  t a k e n  i n t o  

a c c o u n t .  T h e r e f o r e ,  o n l y  a  s h o r t - t e r m  s t o r a g e  p l a n  ( r e s u l t i n g  

from t h e  a p p l i e d  s t o r a g e  p o l i c y )  i s  needed f o r  dec i s ion -mak ing ,  

There  are two main f e a t u r e s  o f  t h e  p r e s e n t e d  s t r u c t u r e  o f  

t h e  lower  l a y e r :  d e c e n t r a l i z a t i o n  i n  making d i r e c t  d e c i s i o n s ,  

and a p p l i c a t i o n  o f  a  p r i c e  mechanism f o r  i n f l u e n c i n g  t h e s e  

d e c i s i o n s .  The f i r s t  f e a t u r e  a p p e a r s  when p r o c e s s  o f  d i r e c t  

c o n t r o l  i s  p a r t i t i o n e d  between M l o c a l  d e c i s i o n  u n i t s  (LDUS,  

see 2 . 1 ) .  The second o n e  a p p e a r s  i n  e s t a b l i s h i n g  t h e  c o o r d i n a t o r ,  

which i n f l u e n c e s  t h e  L D U s  d e c i s i o n s  w i t h  t h e  a i d  o f  p r i c e s .  

Thus w e  o b t a i n  t h e  t w o - l e v e l  s t r u c t u r e  o f  t h e  l o w e r  l a y e r :  

- t h e  lower  l e v e l  c o n s i s t s  o f f i i n d e p e n d e n t  LDUs : each  

o f  them o p t i m i z e s  i t s  l o c a l  c u r r e n t  g o a l s  t a k i n g  i n t o  

a c c o u n t  p r i c e s  se t  up by t h e  upper  l e v e l ;  



- t h e  upper l e v e l  i s  a  c o o r d i n a t o r ,  which sets  t h e  p r i c e s  

f o r  LDUs i n  such a  way, t h a t  s t o r a g e  of  t h e  r e s e r v o i r s  

i n  r e a l  c o n t r o l l e d  sys tem i s  c o n s i s t e n t  w i t h  an accep t ed  

s t o r a g e  p lan .  

The scheme o f  t h e  lower  l a y e r  w i t h  a  p r i c e  mechanism i s  p r e sen t ed  

i n  F i g u r e  4 .  

The a c t i v i t y  o f  t h e  lower l e v e l  i s  exp re s sed  a s  t h e  minimiza- 

t i o n  of  a  p r o p e r l y  d e f i n e d  Lagrangian f u n c t i o n ,  and it may b e  

i n t e r p r e t e d  a s  t h e  o p t i m i z a t i o n  o f  c u r r e n t  g o a l s  w i t h  r e g a r d  t o  

t h e  p r i c e s  o f  wa t e r .  I f  w e  deno t e  t h e  s h o r t  t i m e  h o r i z o n  (by 

A i )  ove r  which a l l  LDUS a c t  i ndependen t l y ,  and p r i c e s  f i x e d  

by t h e  c o o r d i n a t o r  over  t h i s  ho r i zon  (by F ~ )  t h e n  t h e  d i r e c t  

i i d e c i s i o n s  m , u  a r e  d e f i n e d  ove r  A i  a s  a  s o l u t i o n  o f  t h e  f o l -  

lowing o p t i m i z a t i o n  problem: 

i -i i min { [  1 f y ( z y t m y ) l  + [ T g,(Sa -i ,ui c u ) l  + 
i i Y E T  ~ E A  ( m  , u  ) E  MU 

L e t  us  assume t h a t  (13) may be decomposed i n t o N  independent  

d e c i s i o n  problems hav ing  t h e  fo l l owing  form ( such  a  decomposi- 

t i o n  can  be  done f o r  t h e  wa te r  sys tem,  which is  shown i n  s e c t i o n  

i i -i -1 -i 
min f i  ( m  , u . , z . , ~  d  ,P i )  

o j  j I I j ' j  (14)  
i i (m , u )  E MU 
j j j 

i i j = 1 , . . . . The components f  r e s u l t  from ( 13) and m j  , u j  , 
0 j 

i i e t c . ,  a r e  t h e  r e s p e c t i v e  subvec to r s  o f  m , u , e t c .  I n  t h e  
-1 -1 

above d e c i s i o n  problems,  z  , d and si a r e  r e s p e c t i v e l y  t h e  

s h o r t - t e r m  f o r e c a s t s  o f  wa t e r  demands, n a t u r a l  i n f l o w s  and un- 

c o n t r o l l e d  p o l l u t a n t  l o a d  d i s c h a r g e s  used by LDUs o v e r  Ai.  



v l t . . . t v N  - feedback information from LDU's. 
z - real disturbances. 
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Each problem ( 1 4 )  expresses  t h e  performance o f  a  LDU concerned 

wi th  a  r e s p e c t i v e  p a r t  of  t h e  system. I t  is c l e a r  t h a t  l o c a l  

d e c i s i o n s  a r e  n o t  ove r r idden  by t h e  c e n t r a l  u n i t ;  they  a r e  

decided upon by l o c a l  decision-makers who t a k e  i n t o  account  

t h e  p r i c e s  o f  water .  For example, t h e  amount o f  wate r  withdrawn 

by an independent water-user  i s  determined by h imse l f ,  who t a k e s  

i n t o  account  on ly  h i s  a c t u a l  demands o f  wate r  and a c t u a l  p r i c e s ,  

-i p , of  wate r .  

Succes s ive ly ,  t h e  coo rd ina to r  a d j u s t s  t h e  p r i c e s  pi i n  such 

a  way, t h a t  d i r e c t  c o n t r o l  o f  t h e  system, a f f e c t e d  by pi, 
r e s u l t  i n  t h e  d e s i r e d  ba lance  of  r e s e r v o i r s  over  t h e  t i m e  pe r iod  

Ai. For t h i s  purpose,  t h e  c e n t r a l  u n i t  ( c o o r d i n a t o r )  has  t o  use 

some model o f  t h e  system c o n t r o l l e d  by L D U s  , and--applying 

some a lgo r i t hm f o r  a d j u s t i n g  t h e  p r i c e s  pi--determines pi i n  

such a  way a s  t o  o b t a i n  t h e  d e s i r e d  e f f e c t s .  The model i s  

expressed ( i n  every  A i )  by some vec to r  ( f u n c t i o n  G .  ( 0  ) ) , 
1 

depending on p r i c e  ( v e c t o r  p ) .  Gi(p) de f ines - - to  t h e  b e s t  o f  

t h e  c o o r d i n a t o r ' s  knowledge--the expected va lue  of imbalance o f  

r e s e r v o i r s  a t  t h e  end o f  pe r iod  A i ;  i . e . ,  a  d i f f e r e n c e  between 

t h e  s t a t e  o f  t h e  r e s e r v o i r s ,  f o r  a  g iven p r i c e  p ,  and t h e  

d e s i r e d  s t a t e ,  r e s u l t i n g  from t h e  s t o r a g e  p l a n  over  A i .  The 

t a s k  o f  t h e  coo rd ina to r  is  then  t o  choose a t  which G i ( p i )  

i s  s a t i s f a c t o r i l y  c l o s e  t o  zero.  Th i s  requirement i s  c a l l e d  t h e  

coo rd ina t ion  c o n d i t i o n ,  and t h e  performance o f  t h e  c o o r d i n a t o r  

-i i n  f i n d i n g  t h e  p r i c e  p  - -pr ice  c o r r e c t i o n .  

The c o n c r e t e  r e a l i z a t i o n  of t h e  whole lower l a y e r  proceeds  t h u s :  

t h e  way of t h e  L D U ' s  a c t i o n  ( e . g . ,  f o r e c a s t s  i n  ( 1 4 ) ) ,  t h e  form 

of t h e  c o o r d i n a t i o n  c o n d i t i o n ,  t h e  form of  t h e  f u n c t i o n  G i ( - ) ,  and 



t h e  a l g o r i t h m  f o r  p r i c e  c o r r e c t i o n - - a l l  depend on t h e  c o n c r e t e  

p o s s i b i l i t i e s  and needs .  One o f  t h e  main f e a t u r e s  o f  any con- 

c r e t e  r e a l i z a t i o n  o f  t h e  lower  l a y e r  i s  i t s  i n f o r m a t i o n  s t r u c -  

t u r e ,  i . e . ,  t h e  r a n g e  and way o f  u s i n g  c u r r e n t  o b s e r v a t i o n s  

and f o r e c a s t s  by LDUs a s  w e l l  a s  by t h e  c o o r d i n a t o r .  The LDUs 

a r e  a b l e  and shou ld  use  t h e  a c t u a l  s h o r t - t e r m  f o r e c a s t s  o v e r  

A i ;  e s p e c i a l l y  t h o s e  c o n c e r n i n g  t h e i r  r e s p e c t i v e  w a t e r  demands. 

T h i s  assumpt ion  c o n c e r n i n g  t h e  behav iour  o f  LDUs seems t o  be  

t h e  most r e a l i s t i c .  On t h e  o t h e r  hand,  t h e  c o o r d i n a t o r  h a s  

t h e  p o s s i b i l i t y  o f  c o r r e c t l y  modify ing h i s  model ( e x p r e s s e d ,  

f o r  example, by f u n c t i o n  G i ( * ) ) ,  i n  v e r y  d i f f e r e n t  ways. The 

b a s i c  i n f o r m a t i o n  feedback from t h e  r e a l  sys tem t o  t h e  c o o r d i n a t o r  

r 
i s  t h e  r e a l  v a l u e  o f  t h e  r e s e r v o i r ' s  s t a t e  w ( t i  - ,) , measured 

a t  t h e  beg inn ing  o f  e a c h  t i m e  p e r i o d  A i .  T h i s  feedback i s  an  

i n d i s p e n s a b l e  c o n d i t i o n  f o r  c o r r e c t n e s s  and e f f i c i e n c y -  o f  t h e  

c o o r d i n a t o r ' s  per formance .  A t  t h e  same t i m e ,  t h e  c o o r d i n a t o r  

h a s  t h e  p o s s i b i l i t y  o f  a d j u s t i n g  f u r t h e r  h i s  model o f  t h e  con- 

t r o l l e d  sys tem e i t h e r  by a  d i r e c t  u s e  o f  t h e  a c t u a l  s h o r t - t e r m  

f o r e c a s t s ,  o r  by communication w i t h  t h e  L D U s  d u r i n g  t h e  p r i c e  

c o r r e c t i o n  p r o c e s s .  D e t a i l e d  a n a l y s i s  o f  t h e s e  problems i s  

g i v e n  by ~ e r l i k o w s k i  [ 1 9 7 9 ] .  I t  i s  t o  be i n d i c a t e d  t h a t  o n l y  

t h e  proposed s t r u c t u r e  f o r  c u r r e n t  c o n t r o l  ( i . e . ,  t h e  lower  

l a y e r )  i s  f l e x i b l e  w i t h  r e s p e c t  t o  a d m i s s i b l e  i n f o r m a t i o n  s t r u c -  

t u r e  o f  t h e  system. I t  i s  p o s s i b l e  t o  u s e  t h e  c u r r e n t  informa- 

t i o n  i n  v a r i o u s  r a n g e s  o r  forms;  i n  p a r t i c u l a r ,  i t  c a n  b e  p a r -  

t i t i o n e d  i n t o  s e p a r a t e  a r e a s  ( d e c e n t r a l i z e d  i n t o  subsys tems)  

w i t h o u t  t h e  n e c e s s i t y  o f  c e n t r a l i z a t i o n .  T h i s  means, f o r  example, 

t h a t  LDUs may use  t h e i r  l o c a l ,  more p r e c i s e ,  i n f o r m a t i o n  and a t  



t h e  same t ime ,  t h e  c o o r d i n a t o r  does  n o t  need t o  know t h i s  

i n f o r m a t i o n  i n  i t s  e n t i r e  pr imary  form, b u t  o n l y  i n  a n  aggrega ted  

form, o b t a i n e d  d u r i n g  communication w i t h  t h e  LDUs, w h i l e  computing 

t h e  v a l u e  o f  f u n c t i o n  Gi ( p )  . 
I n  t h e  b a s i c  v e r s i o n  o f  t h e  lower l a y e r ,  it i s  assumed t h a t  

t h e  s t o r a g e  p o l i c y  f o r  t h e  c o o r d i n a t o r  i s  d e s c r i b e d  by t r a j e c -  

t o r y  9,  d e f i n e d  a s  a  s o l u t i o n  o f  t h e  upper l a y e r  problem ( 2 . 3 ) .  

T h i s  means t h a t  t h e  s h o r t - t e r m  s t o r a g e  p l a n  o v e r  each  Ai  r e s u l t s  

from Q; i. e . ,  f u n c t i o n  Gi ( ) h a s  a  form: 

where *(ti) i s  t h e  v a l u e  o f  t h e  s t a t e  v a r i a b l e ,  expec ted  by t h e  

c o o r d i n a t o r  a t  t h e  end o f  p e r i o d  A i .  Obvious ly ,  J ( t i )  depends 

r 
on P I  w (ti-l ) ,  and o n  t h e  f o r e c a s t s  used by LDUs and by t h e  

c o o r d i n a t o r .  The c o o r d i n a t i o n  c o n d i t i o n  i s  t h e  f o l l o w i n g :  

where f i i  i s  t h e  p r i c e  o b t a i n e d  from t h e  long- term o p e r a t i o n  

p l a n n i n g ,  de termined by t h e  upper l a y e r  (see 2 . 3 ) .  For  t h i s  

c o o r d i n a t i o n  c o n d i t i o n ,  t h e  f o l l o w i n g  f i n i t e  a l g o r i t h m  o f  p r i c e  

c o r r e c t i o n  h a s  been proposed by Malinowski and T e r l i k o w s k i  

[I9781 : 

The a n a l y s i s  o f  t h e  p r o p e r t i e s  o f  such a l g o r i t h m s  (based  on t h e  

t h e o r y  o f  c o n t r a c t i o n  a l g o r i t h m s )  was developed by Malinowski 

[ 1 9 7 8 ] ,  and t h e  e f f i c i e n c y  a n a l y s i s  of  t h e  lower  l a y e r  a c t i v i t y  



w i t h  s u c h  a l g o r i t h m s  by  Malinowski  and T e r l i k o w s k i  [19781,  and 

a l s o  by T e r l i k o w s k i  [1979] .  T h e  whole scheme o f  t h e  c o n s i d e r e d  

c o n t r o l  s t r u c t u r e  i s  g i v e n  i n  F i g u r e  5. The p o s s i b i l i t y  o f  

a p p l y i n g  some f i n i t e  and s i m p l e  a l g o r i t h m s  f o r  t h e  c o o r d i n a t o r ' s  

p e r f o r m a n c e  is  a n  a d v a n t a g e o u s  f e a t u r e  o f  a c o n t r o l  s t r u c t u r e .  

I t  a l l o w s  making e n t i r e  u s e  o f  t h e  d e c e n t r a l i z e d  i n f o r m a t i o n a l  

s t r u c t u r e  o f  t h e  sys t em.  

G e n e r a l  a n a l y s i s  o f  t h e  t h u s  d e f i n e d  lower l a y e r  (see 

F i n d e i s e n  e t  a l . ,  [ 1 9 7 9 ] ) ,  as w e l l  a s  t h e  r e s u l t s  o f - t h e  computa- 

t i o n a l  e x p e r i m e n t s  (see s e c t i o n  4 o f  t h i s  p a p e r ) ,  i n d i c a t e  t h a t  

t h e  c o o r d i n a t o r ' s  o p e r a t i o n  ( p o t e n t i a l l y )  a s s u r e s  t h e  d e s i r e d  

b a l a n c e  o f  t h e  real s y s t e m  ( i . e .  p r o p e r l y  matched p a r a m e t e r s ,  

fo r  example ,  a ,  A a c c o r d i n g  t o  t h e  long- t e rm s t o r a g e  p l a n .  

On t h e  o t h e r  hand,  a p p l i c a t i o n  o f  t h e  p r i c e  mechanism i m p l i e s  

t h a t  c u r r e n t  w a t e r  d i s p a t c h i n g  i s  pe r fo rmed  i n  t h e  m o s t  r a t i o n a l  

way. T h i s  means f o r m a l l y ,  t h a t ,  i f  LDUs, f o r  example ,  u s e  the  

a c c u r a t e  ( i . e .  c o n s i s t e n t  w i t h  o c c u r r i n g  r e a l i t y )  s h o r t - t e r m  

f o r e c a s t s ,  t h e n  a l l  c o n t r o l s  d e t e r m i n e d  b y  them are s t r i c t l y  

o p t i m a l  f o r  t h e  c u r r e n t  g o a l s  JI ,  s u b j e c t  t o  t h i s  s t o r a g e  which  

is  r e a l i z e d  ( i .e .  t r a j e c t o r y  w L )  : 

(m,u) = a r g  min 
(m,u) E MU J~ 

s . t .  s t a t e  b a l a n c e  c o n s t r a i n t s :  

Thus,  no matter how t h e  c o o r d i n a t o r  o p e r a t e s ,  and wha t  t h e  s t o r a g e  

p o l i c y  i s ,  t h e  p r i c e  mechanism a s s u r e s  a r a t i o n a l  c u r r e n t  a l l o c a -  

t i o n  o f  r e s o u r c e s .  I n  t h i s  s e n s e ,  t h e  p r o p o s e d  c o n t r o l  s t r u c t u r e  

i s  v e r y  r a t i o n a l  and  b r i n g s  a r e a l  improvement i n  compar i son  to  



Long-term forecasts Upper layer !------------ 
(determines the storage plan) 

I I ' I !  

Real water svstem 

i 4 

disturbances I 

I Short-term 

Figure 5. The whole control structure and the role of its layers. 

f 

Lower layer 
! 1 :-'-: other 1 1 observations 
I I 

I forecasts -I----------, 
I 
I 

j lwr , 
m, u I 

I I 

(determines the current, 
direct controls) 

I 



o t h e r  methods of  c u r r e n t  c o n t r o l ,  e . g . ,  by t h e  s o - c a l l e d  s t i f f  

d e c i s i o n  r u l e s  ( s e e  K i n d l e r  e t  a l . ,  [ 1 9 7 9 ] ) .  

I n  c o n c l u s i o n ,  t h e  lower l a y e r  o f  t h e  proposed c o n t r o l  

s t r u c t u r e  i s  f l e x i b l e  w i t h  r e s p e c t  t o  t h e  information--competence 

s t r u c t u r e  o f  t h e  sys tem a s  w e l l  a s  t o  t h e  s t r u c t u r e  o f  a c t u a l  

p r e f e r e n c e s ,  and e n a b l e s  an e f f e c t i v e  and s i m p l e  r e a l i z a t i o n  

o f  b a l a n c i n g  s t o r a g e  r e s e r v o i r s .  S imul taneous ly ,  t h e  c o n c e p t  

o f  u s i n g  a  p r i c e  mechanism, which i s  s e p a r a t e d  from any p a r -  

t i c u l a r  s t o r a g e  p o l i c y ,  a lways  a s s u r e s  t h e  r a t i o n a l  c u r r e n t  

d i s p a t c h i n g  o f  w a t e r  r e s o u r c e s .  N o t i c e ,  t h a t  i n  t h e  p r imary ,  

s i m p l e s t  approach t o  c o n t r o l  s t r u c t u r e ,  a s  p r e s e n t e d  above,  

t h e  problem o f  s t o r a g e  p o l i c y  i s  e n t i r e l y  i n c l u d e d  i n  t h e  t a s k  

o f  t h e  upper l a y e r .  However, it can  be e a s i l y  seen  t h a t  t h e  

b a s i c  c o n c e p t  o f  t h e  lower  l a y e r  i s  a d a p t a b l e ,  i n  a  s i m p l e  way, 

t o  a n o t h e r  s i t u a t i o n ,  w h i l e  t h e  s t o r a g e  p l a n  i s  changed more 

f r e q u e n t l y ,  o r  o b t a i n e d  by d i f f e r e n t  methods o t h e r  t h a n  s o l v i n g  

t h e  long- term o p e r a t i o n  p l a n n i n g  problem. Moreover, w e  c a n  

imagine ,  t h a t  t h e  lower  l a y e r  changes  t h e  s t o r a g e  p l a n  by i t s e l f ,  

i n t r o d u c i n g  i t s  own e l e m e n t s  i n t o  t h e  whole s t o r a g e  p o l i c y .  T h i s  

problem, which i s  s t i l l  n o t  s u f f i c i e n t l y  t h e o r e t i c a l l y  a n a l y z e d ,  

seems t o  be ve ry  i m p o r t a n t ,  i f  n o t  t h e - m o s t  i m p o r t a n t ,  f o r  t h e  

p r a c t i c a l  r e a l i z a t i o n  o f  t h e  lower l a y e r .  The p r o p e r  w e i g h t i n g  

o f  c u r r e n t  g o a l s  compared t o  "dynamic" g o a l s  concerned w i t h  

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

problem, and s t i l l  needs  much i n v e s t i g a t i o n .  The same r e f e r s  t o  

d e t e r m i n a t i o n  o f  t h e  b a s i c  s t o r a g e  p o l i c y ;  i . e . ,  t h e  way o f  

d e t e r m i n i n g  t h e  s t o r a g e  p l a n  by t h e  upper l a y e r .  A l l  t h e  b a s i c  

e l ements  o f  c o n t r o l  s t r u c t u r e ,  p r e s e n t e d  i n  t h i s  p a p e r ,  form 

o n l y  a  g e n e r a l  framework o f  t h e  decis ion-making s t r u c t u r e ,  which 

may be  u s e f u l  f o r  a i d i n g  t h e  d i s p a t c h e r ' s  d e c i s i o n s .  



3 .  DESCRIPTION OF THE CASE SYSTEM MODEL 

A g e n e r a l  l a y o u t  o f  t h e  Upper V i s t u l a  system i s  shown i n  

F igure  6. The sys tem i n c l u d e s  f o u r  s t o r a g e  r e s e r v o i r s :  

- t h e  GoczaYkowice r e s e r v o i r  ( r e f e r r e d  t o  a s  G )  l o c a t e d  

on t h e  smal l  V i s t u l a  River ;  

- Tresna,  Porabka and Czaniec  r e s e r v o i r s  l o c a t e d  on t h e  

SoYa River .  The Tresna r e s e r v o i r  is r e f e r r e d  t o  a s  T ,  

wh i l e  Porabka and Czaniec a r e  j o i n t l y  r e f e r r e d  t o  a s  

The major o b j e c t i v e s  o f  t h e  sys tem a r e  t o  s e c u r e  t h e  wate r  

supply  f o r  t h e  i n d u s t r i a l  and municipal  wa te r -use rs ,  namely 

Katowice and Bie l sko ;  t o  supp ly  t h e  s teel  works "Katowice" 

v i a  t h e  ~ z i e d k o w i c e  r e s e r v o i r ,  and t o  supp ly  w a t e r  t o  t h e  

chemical  p l a n t  06wiecim and f i s h  farms around t h e  town o f  Kety. 

A t  t h e  same time, c o n c e n t r a t i o n  o f  p o l l u t a n t s  which a r e  d i s cha rged  

mainly t o  t h e  V i s t u l a  River  downstream o f  t h e  o u t l e t  o f  t h e  

Przemsza River  shou ld  be mainta ined a t  t h e  l e v e l s  compat ib le  

w i t h  water  q u a l i t y  requ i rements .  

A model o f  t h e  c a s e  sys tem was formulated by Salewicz [1978],  

and i t s  s h o r t  d e s c r i p t i o n  can be found i n  Kaczmarek e t  a l . ,  

[1979] ,  o r  i n  Malinowski e t  a l . ,  [1979], b u t  f o r  t h e  completeness  

o f  t h e  paper ,  i t  w i l l  b e  p r e sen t ed  he re .  

3.1 Formulat ion o f  t h e  Upper V i s t u l a  System Model 

A s  it was s t a t e d  above, t h e  c a s e  system c o n s i s t s  o f  f o u r  

s t o r a g e  r e s e r v o i r s ,  b u t  f o r  modeling purposes ,  o n l y  t h r e e  o f  

them a r e  d i s t i n g u i s h e d :  G I  T and C. Because t h e  purpose  o f  t h e  

model i s  t o  d e s c r i b e  r e l a t i o n s h i p s  between f low r a t e s  i n  t h e  

r i v e r s  and i n  t h e  c o n d u i t s  d e l i v e r i n g  wa te r  t o  u s e r s  ove r  a  l ong  



Figure 6 .  



t ime  h o r i z o n  ( l e t  us  s a y  6 months) , o n l y  t h e  dynamics o f  t h e  

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

o f  dynamics o f  f low i n  t h e  r i v e r  c h a n n e l s  a r e  n e g l e c t e d  because  

it does  n o t  i n f l u e n c e  t h e  dynamics o f  r e s e r v o i r s  o v e r  t h e  con- 

s i d e r e d  t i m e  hor izon .  I n  such  a  c a s e ,  one  c a n  d i s t i n g u i s h  

t h r e e  s t a t e  v a r i a b l e s  wG, w and wC, which a r e  r e f e r r e d  t o  a s  T' 

volumes o f  w a t e r  s t o r e d  i n  t h e  r e s e r v o i r s  GoczaYkowice, Tresna  

and Czan iec ,  r e s p e c t i v e l y .  For  b r e v i t y , t h e  f o l l o w i n g  s u b s c r i p t s  

a r e  i n t r o d u c e d  : 

B 

K 1  and K2 

R 

0 

D 

- r e f e r s  t o  B i e l s k o ;  

- r e f e r s  t o  Katowice; 

- r e f e r s  t o  f i s h  fa rms ;  

- r e f e r s  t o  O s w i e c i m ,  and 

- r e f e r s  t o  Dzieckowice,  

w h i l e  dG a n d d  d e n o t e  i n f l o w s  t o  t h e  r e s e r v o i r s ;  o u t f l o w  from T 

t h e  Przemsza R i v e r  i s  d e n o t e d  by d  w a t e r  demands o f  t h e  u s e r s  
P' 

a r e  deno ted  by z ,  w i t h  t h e  r e s p e c t i v e  s u b s c r i p t  and p o l l u t a n t  

l o a d  d i s c h a r g e s  deno ted  by S and So. The v a r i a b l e s  l i s t e d  
P  

above a r e  c o n s i d e r e d  i n  t h e  model a s  t h e  e x t e r n a l  v a r i a b l e s  

and a r e  c a l l e d  d i s t u r b a n c e s ,  A l l  " d i s t u r b a n c e "  v a r i a b l e s  a r e  

handled  i n  t h e  model a s  t h e  long- term f o r e c a s t s  and a r e  under- 

s t o o d  a s  t h e  most p r o b a b l e  r e a l i z a t i o n s  o f  n a t u r a l  phenomena, 

According t o  t h e  i n t r o d u c e d  n o t a t i o n ,  w e  a r e  a b l e  t o  w r i t e  s t a t e  

e q u a t i o n s  f o r  t h e  sys tem r e s e r v o i r s  and f low-balance  e q u a t i o n s  

fo rmula ted  f o r  t h e  s e l e c t e d  c r o s s - s e c t i o n s  (deno ted  r e s p e c t i v e l y  

by P ,  H and DW). S t a t e  e q u a t i o n s  o f  r e s e r v o i r s  a r e  t h e  f o l l o w i n g :  



where 

i = 1 , 2 ,  ..., N and N i s  t h e  l e n g t h  of t h e  o p t i m i z a t i o n  t ime 

hor izon ( e . g . ,  N = 2 6  weeks) ; 

w0 w0 w0 = i n i t i a l  va lues  of s t a t e  v a r i a b l e s .  G'  T '  C 

The flow-balance equa t ions  f o r  t h e  cons idered  c r o s s - s e c t i o n  a r e  

a s  fol lows:  

whi le  t h e  p o l l u t a n t  l oad  ba lance  equa t ion  a t  t h e  c r o s s - s e c t i o n  

DW i s  t h e  fol lowing:  

A l l  t h e s e  equa t ions  a r e  v a l i d  f o r  i = 1 , 2 , .  . .. , N .  I n  equa t ions  

(22)  and ( 2 3 ) ,  t h e r e  a r e  terms avdG and aSdT which a r e  used t o  

e v a l u a t e  t h e  a d d i t i o n a l  in f low t o  t h e  r i v e r  downstream o f  t h e  

r e s e r v o i r  because it was assumed t h a t  t h e  a d d i t i o n a l  in f low i s  

c o r r e l a t e d  wi th  t h e  inf low t o  t h e  r e s e r v o i r  l o c a t e d  on t h e  same 

r i v e r ;  of  course  cx > 0. v r c x s  - 

3.2 Performance Index f o r  t h e  Upper 
V i s t u l a  System Model 

For t h e  ca se  system, t h e  f i r s t  p a r t  o f  t h e  performance 

index J ,  which i s  r e s p o n s i b l e  f o r  e v a l u a t i n g  e f f e c t s  o f  t h e  



c u r r e n t  ( s h o r t - t e r m )  o p e r a t i o n  o f  t h e  sys tem,  i s  fo rmula ted  

a s :  

Func t ion  (z-m) i s  d e f i n e d  a s  f o l l o w s :  

2 
0 <=> z  < m - 

(z-m) = 
(z-m) <=> > m . I 

I n  e q u a t i o n  ( 2 6 ) ,  symbols v  w i t h  r e s p e c t i v e  s u b s c r i p t s  

d e n o t e  w e i g h t i n g  c o e f f i c i e n t s ,  w h i l e  cKp and cKD d e n o t e  v a l u e s  

o f  p o l l u t a n t  c o n c e n t r a t i o n s  which shou ld  n o t  b e  exceeded a t  

c r o s s - s e c t i o n s  P and DW. T h e r e f o r e  terms: 

S 
I ?  

2 
V i - - U  

G - d P  - a v d ~ ) +  and 
C~~ 

e x p r e s s  " l o s s e s "  a s s o c i a t e d  w i t h  exceeding t h e  d e s i r a b l e  con- 

c e n t r a t i o n  cKp o r  cKD o f  p o l l u t i o n  i n d i c e s  a t  t h e  c o n t r o l  

c r o s s - s e c t i o n  P and DW. The t e r m  cT (uT - u  ) was i n t r o d u c e d  
TA 

t o  t h e  performance index  i n  o r d e r  t o  o b t a i n  t h e  c o n v e x i t y  o f  



J w i t h  r e s p e c t  t o  uT, and t h e  w e i g h t i n g  c o e f f i c i e n t  c T  << 1 ,  I 

w h i l e  uTA i s  t h e  d e s i r e d  r e l e a s e  from t h e  T r e s n a  r e s e r v o i r .  I t  

i s  wor thwhi le  t o  n o t i c e  t h a t  t h e  w e i g h t i n g  c o e f f i c i e n t  vR 

depends on t i m e ,  b u t  it r e s u l t s  from t h e  f a c t  t h a t  t h e  r e l a t i v e  

impor tance  o f  such a  w a t e r - u s e r  l i k e  f i s h  farms depends  s t r o n g l y  

on  t h e  s t a g e  o f  f i s h  growth. 

The second p a r t  o f  t h e  performance i n d e x  JII e x p r e s s i n g  

" c o s t s "  o f  t h e  sys tem o p e r a t i o n  o v e r  t i m e  h o r i z o n  l o n g e r  t h a n  

N ,  i s  fo rmula ted  a s  f o l l o w s :  

where: 

r r and r a r e  t ime-dependent  w e i g h t i n g  c o e f f i c i e n t s .  The 
g '  T C 

t o t a l  performance i n d e x  J ,  which compr i ses  two d i f f e r e n t  g o a l s  

o f  t h e  sys tem o p e r a t i o n ,  i s  t h e r e f o r e  g iven  a s :  

To comple te  t h e  d e s c r i p t i o n  o f  t h e  model,  c o n s t r a i n t s  o n  

t h e  s t a t e  v a r i a b l e s  and c o n t r o l  v a r i a b l e s  s h a l l  be  i n t r o d u c e d .  

The lower bounds on  t h e  s t a t e  v a r i a b l e s  can  b e  r e l a t i v e l y  

e a s i l y  de te rmined ;  however, t h e  upper  bounds shou ld  be  d e t e r -  

mined w i t h  r e s p e c t  t o  t h e  f l o o d  phenomena, e s p e c i a l l y  d u r i n g  

t h e  s p r i n g  o r  summer p e r i o d .  For t h e  modeling p u r p o s e s ,  it was 

assumed t h a t  c o n s t r a i n t s  on s t a t e  v a r i a b l e s  a r e  g i v e n  i n  t h e  

f o l l o w i n g  form: 

i < w i  
Wk rnin 5 'k - k  max 



where:  

k = G , T , C  = t h e  r e s e r v o i r ' s  i n d e x ;  

i = 1 , 2 ,  ..., N = i n d e x  o f  t h e  t i m e  i n t e r v a l ;  

W min = l ower  bound; 

i 
Wma x  = t ime-dependen t  uppe r  bound. 

The c o n s t r a i n t s  on  d e c i s i o n  ( c o n t r o l )  v a r i a b l e s  m and u  

are d e t e r m i n e d  i n  t h e  f o l l o w i n g  way. The amount o f  water 

d e l i v e r e d  t o  e a c h  o f  t h e  s p e c i f i e d  u s e r s  e x c e p t  Katowice ,  i s  

c o n s t r a i n e d  by t h e  upper  bound which  i s  e q u a l  t o  water demand 

o f  t h e  u s e r  and t h e  lower  bound: 

i i m < m  < z ,  min - - 

Flow ra tes  i n  two c o n d u i t s  d e l i v e r i n g  water t o  Katowice  

are c o n s t r a i n e d  by  t h e  minimal  and  maximal c a p a c i t i e s  o f  t h e  

pumping f a c i l i t i e s :  

m i 
Klm 5 L m ~ l ~  

i < m %2m f m ~ 2  - K2M . 
R e l e a s e s  from r e s e r v o i r s  a r e  c o n s t r a i n e d  by minimum a c c e p t -  

a b l e  f l o w s  t o  downstream r e s e r v o i r s ,  o r  a t  c r o s s - s e c t i o n  H: 

< u  i u  Gmin - G 

u  < ui Tmin - T 

< 
" ~ m i n  - U ~ '  

i = 1 1 2 , . . . I N  . 



Fol lowing  t h e  e q u a t i o n  ( 5 )  , w e  d e f i n e  v e c t o r  a  o f  n e t  

i n f l o w  t o  r e s e r v o i r s  a s :  

f o r  a l l  i = 1 , 2 ,  ..., N ,  w h i l e  t h e  s t a t e  e q u a t i o n s  o f  r e s e r v o i r s  

are  : 

Fol lowing  i n t r o d u c t i o n  o f  t h e  p r i c e  vector p  = ( p G , p T , p C ) ,  

t h e  L a g r a n g i a n  f u n c t i o n  o f  t h e  sys t em i s  g i v e n  as (see a l so  

(9) : 



T h e r e f o r e ,  f o r  t h e  p r i c e  method, t h e  I n f i m a l  Problem ( I P )  

(see 2 .3 )  i s  g i v e n  a s :  

min ~ ( r n , u , a ~ ~ )  
( m , u , a )  

s u b j e c t  t o  i n e q u a l i t y  c o n s t r a i n t s  ( 3 1 ) i ( 3 3 )  and s t a t e  e q u a t i o n s  

( 3 5 )  s ( 37) , w h i l e  t h e  Suprema1 Problem (SP) i s  g i v e n  by  ( 1 1 ) as 

it w a s  i n d i c a t e d  i n  s e c t i o n  2 .3 .  The L a g r a n g i a n  f u n c t i o n  ( 4 0 )  

may b e  decomposed i n t o  s e v e n  i n d e p e n d e n t  L o c a l  P rob lems ,  b e c a u s e  

t h i s  f u n c t i o n  h a s  t h e  a d d i t i v e  form and t h e  r e s p e c t i v e  c o n s t r a i n t s  

(31 )  t ( 3 3 )  are s e p a r a b l e  w i t h  r e s p e c t  t o  d e c i s i o n  ( c o n t r o l )  v a r i -  

a b l e s .  

These  l o c a l  p rob lems  are t h e r e f o r e  f o r m u l a t e d  f o r  a l l  

i = 1 , 2 ,  ..., N i n t h e  f o l l o w i n g  manner: 

( 1 ) 
i i 2  

min [ v K ( z K  - m - mi ) i i i 
K 1 K2 + + pG mK1 + PC m K f ]  ( 4 2 )  

%;) 

s u b j e c t  t o  

< 
m ~ l m  5 %1 - % 1 ~  

m < m i <  K2m - K2 - % 2 ~  . 

i L i i i min [ v B ( z B  - m B ) +  + pC mBl 
i 

(mB 

s . t .  m < mi < z i  
B m -  B -  B * 

i i i i 
2  

min [vo (zo  - m o ) +  + pC mol 



L i i i 
min [ v D ( z D  - InD) + PC 61 

s . t .  m < mi i zi 
D m -  D -  D 

L 

( 5 )  
i i i i i min [ v R ( z R  - mR)  + PC mR] 

i 
(m,) 

L i i i i min [ c T ( u T  - uTA) + (pT - p C ) *  uT] 

s . t .  u < U i  Tmin - T 

s . t .  u 
i 

Gmin 5 Ur, 

i 
u < u Hmin - H a  

Each o f  t h e  L o c a l  Problems ( 4 2 )  - ( 4 8 )  e x p r e s s e s  t h e  pe r fo rmance  

o f  LDU conce rned  w i t h  a r e s p e c t i v e  p a r t  o f  t h e  sys t em.  

4. DESCRIPTION OF THE NUMERICAL EXAMPLE 
AND THE COMPUTATIONAL RESULTS 

T h i s  s e c t i o n  o f  t h e  p a p e r  i s  d e v o t e d  t o  t h e  d e s c r i p t i o n  o f  

c o m p u t a t i o n s  which  have  been  per formed f o r  t h e  Upper V i s t u l a  

System. F i r s t ,  t h e  r e s u l t s  o b t a i n e d  from t h e  l o n g - t e r m  o p t i m i z a -  

t i o n  o f  t h e  s y s t e m s  pe r fo rmance  i n d e x  a r e  d e s c r i b e d ;  t h a t  i s ,  



t h e  r e s u l t s  which a r e  g e n e r a t e d  by t h e  u p p e r  l a y e r  o f  t h e  p ro -  

posed  c o n t r o l  s t r u c t u r e .  Next ,  t h e  a c t i v i t y  o f  t h e  l o w e r  l a y e r  

o f  t h e  c o n t r o l  s t r u c t u r e  is  s i m u l a t e d  and  t h e  r e s u l t s  o f  t h e s e  

c o m p u t a t i o n s  a r e  p r e s e n t e d  t o g e t h e r  w i t h  t h e i r  d i s c u s s i o n s  and  

i n t e r p r e t a t i o n s .  

4.1 Upper L a y e r  O p t i m i z a t i o n  - 
Long-Term S t o r a g e  P l a n n i n g  

The t a s k  o f  t h e  u p p e r  l a y e r  o f  t h e  c o n t r o l  s t r u c t u r e ,  a s  

w e l l  a s  t h e  method of i t s  s o l u t i o n ,  was d e s c r i b e d  i n  S e c t i o n  

2 .3  o f  t h i s  p a p e r .  S o l u t i o n  o f  t h i s  p rob lem c a n  b e  o b t a i n e d  

f o r  t h e  f o l l o w i n g  d a t a :  

- t h e  t i m e  h o r i z o n  o f  o p t i m i z a t i o n  - N weeks;  

- f o r e c a s t s  o f  u n c o n t r o l l e d  i n f l o w s  t o  t h e  s y s t e m ,  

namely dT ,  dG,  d,, do;  

- f o r e c a s t s  o f  water demands zW, zg,  zD,  zo, zR;  

- f o r e c a s t s  o f  p o l l u t i o n  l o a d  d i s c h a r g e s  Sp ,  So; 

- w e i g h t i n g  c o e f f i c i e n t s  i n  a  pe r fo rmance  i n d e x ;  

- i n t i a l  v a l u e s  o f  s t a t e  v a r i a b l e s  wO; 

- d e s i r e d  t r a j e c t o r i e s  o f  s t a te  v a r i a b l e s  w; 
- r e s p e c t i v e  bounds  f o r  s p e c i f i e d  c o n s t r a i n t s ,  

The f o l l o w i n g  d a t a  were used  f o r  t h e  i l l u s t r a t i v e  computa- 

t i o n s  : 

- N = 12 weeks;  however  it i s  p o s s i b l e  t o  expand  t h i s  

v a l u e  up t o  26 weeks;  

- f o r e c a s t s  o f  u n c o n t r o l l e d  i n f l o w s :  



- f o r e c a s t s  o f  i n f l o w s  t o  t h e  r e s e r v o i r s  d u r i n g  a  six-week 

p e r i o d  are shown i n  F i g u r e s  10 and 11; 

- f o r e c a s t s  o f  p o l l u t i o n  l o a d  d i s c h a r g e s :  

- f o r e c a s t s  o f  water demands: 

Z~ = * ( m 3 / s )  = c o n s t .  f o r  a l l  i = 1 ,  ..., 12 

3 
zo = 3(m /s)  = c o n s t .  f o r  a l l  i = 1 ,  ..., 12 

- w e i g h t i n g  c o e f f i c i e n t s  i n  t h e  performance  index :  



i vR v a r y  between 1 and 10,  

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

f o l l o w i n g  t h e  d e s i r e d  t r a j e c t o r y  o f  r e s e r v o i r s  

v a r y  between 1 o - ~  and lo-', 

- i n i t i a l  v a l u e s  o f  s t a t e  v a r i a b l e s :  

- c o n s t r a i n t s  on s t a t e  and d e c i s i o n  v a r i a b l e s :  

i 3.5 5 m K 2 i  5.5 

< i ,  i 2.0 - 
l " ~  - Z~ 

i i 0.5  5 mo 5 z0 

i <  i 1.0 5 rnD - ZD 

i <  i 1.0 ( m R  - zR 

2.0 5 u; ' 100.0 

i 2.0 ' UG 

i 5.0 5 uH ( m 3 / s  

f o r  a l l  i = 1 , 2 ,  ..., 12. 

The f o l l o w i n g  v a l u e s  o f  a d d i t i o n a l  c o e f f i c i e n t s  a p p e a r i n g  

i n  t h e  performance  index  (see (29)  ) o f  f low-balance  e q u a t i o n s  

(see ( 2 2 )  + ( 2 4 ) )  have been f i x e d :  



A s  a  r e s u l t  o f  o p t i m i z a t i o n  performed u s i n g  t h e  p r i c e -  

c o o r d i n a t i o n  method, t h e  f o l l o w i n g  outcomes have been o b t a i n e d :  

- c o o r d i n a t i n g  p r i c e s  $, eG, gc a r e  shown i n  Tab le  1 : 

- o p t i m a l  t r a j e c t o r i e s  o f  r e s e r v o i r s  T I  G and C which a r e  

shown i n  F i g u r e s  7, 8  and 9, r e s p e c t i v e l y .  

Other  r e s u l t s  of  o p t i m i z a t i o n ,  s u c h  a s  r e l e a s e s  from t h e  r e s e r -  

v o i r s ,  and v a l u e s  o f  u s e r s '  s u p p l y ,  a r e  n o t  shown because  t h e y  

a r e  n o t  used by t h e  lower  l a y e r  o f  t h e  c o n t r o l  s t r u c t u r e ,  which 

is r e s p o n s i b l e  f o r  s h o r t - t e r m  ( d i r e c t )  c o n t r o l  o f  t h e  system. 

The o n l y  r e s u l t s  o f  t h e  upper  l a y e r  t o  b e  used d u r i n g  t h e  s imula-  

t i o n s  o f  c o n t r o l  a r e  o p t i m a l  t r a j e c t o r i e s  o f  r e s e r v o i r s  shown 

i n  F i g u r e s  7, 8 ,  and 9 and c o o r d i n a t i n g  p r i c e s  @,, hG and gc. 

However, r e s u l t s  o f  o p t i m i z a t i o n  i n d i c a t e  t h a t  t h e r e  i s  a f o r e -  

c a s t e d  s c a r c i t y  o f  w a t e r  i n  t h e  sys tem and t h e r e  i s  a  n e c e s s i t y  

t o  l i m i t  w a t e r  s u p p l y  t o  t h e  u s e r s  ( b e c a u s e  p r i c e s  are p o s i t i v e ) .  

Tab le  1. 

h 

Number o f  
week 

1 

2  

3  

4  

5  

6  

7  

8  

9  

1 0  

1 1  

1 2  

@C B~ 
7 

D~ 

2.050 

2.048 

2.039 

2.035 

2 .014  

1 .956  

1 .866  

1 . 7 1 6  

1 .  5'14 

1.258 

0 .938  

0 . 5 3 7  

1.667 

1 .628  

1 .532  

1.511 

1 .507  

1 .581  

1 .729  

1 .903  

1 .853  

1 .620  

1.206 

0 .620  

2 . 0 3 1  

2 .049  

2.034 

2.074 

2 . 0 8 0  

2 .036  

1 .984  

1 .832  

1 .645  

1 .397  

1 .121  

0 .680  
i 
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Figure 7 .  Optimal t r a j e c t o r y  of Tresna r e s e r v o i r .  



. 
6 12 t [weeks] 

Figure 8. Optimal trajectory of Goczalkowice reservoir. 



Figure 9. Optimal trajectory of Czaniec reservoir. 



4 . 2  S imula t ion  of  t h e  Lower Layer A c t i v i t y  

The fo l lowing  assumptions concerning t h e  i n fo rma t iona l  

s t r u c t u r e  o f  t h e  c o n t r o l  p rocess  were made: 

- Local Decis ion Uni t s  s o l v e  t h e i r  o p t i m i z a t i o n  problem 

( s e e  ( 4 2 )  - (48 )  ) formulated f o r  r e a l  va lues  of  wate r  

demands, n a t u r a l  in f lows  fo recas t ed  ove r  a  shor t - te rm 

hor izon ,  and p r i c e s  e s t a b l i s h e d  by t h e  c o o r d i n a t o r ;  

- a t  t h e  same t i m e ,  t h e  c o o r d i n a t o r ,  on t h e  b a s i s  o f  t h e  

measured va lues  o f  s t a t e  v a r i a b l e s  and va lues  o f  dec i -  

s i o n  v a r i a b l e s  determined by L D U s ,  e s t a b l i s h e s  modified 

va lues  of p r i c e s  us ing  formula (1  7 )  i n  a  s i m p l i f i e d  

form: 

where: 

"0 
= maximal number of  a lgo r i t hm i t e r a t i o n s  assumed 

t o  be 6 ;  

A i s  a c o n s t a n t  3 x 3 matr ix .  

Simulat ion o f  t h e  c o n t r o l  p rocess  was performed over  a  six-week 

long t i m e  pe r iod ,  involv ing  6 i n t e r v e n t i o n s  of  t h e  c o o r d i n a t o r .  

The p r i c e  c o r r e c t i o n  a lgo r i t hm (49) was t e s t e d  f o r  t h r e e  c a s e s  

of ma t r ix  A: 

( 1 )  A [O] - which is  e q u i v a l e n t  t o  open-loop c o n t r o l  i n  t h e  

system. This  c a s e  i s  r e f e r r e d  t o  a s  0 .  



- t h e  c a s e  r e f e r r e d  t o  a s  I ;  m a t r i x  A was assumed 

a s  : 

- t h e  c a s e  r e f e r r e d  t o  a s  11, and m a t r i x  A was 

g i v e n  a s :  

The v a l u e s  o f  t h e  c o e f f i c i e n t s  i n  m a t r i x  A r e s u l t  from t h e  

a p p l i c a t i o n  o f  a  c o n t r a c t i o n  a l g o r i t h m  based on Newton's method,. 

f o r  s o l v i n g  t h e  e q u a t i o n  Gi(p)  = 0 (see Malinowski and 

T e r l i k o w s k i  [ 19781 ) . 
The d a t a  f o r  s i m u l a t i o n  and i t s  r e s u l t s  a r e  shown 

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

- i n f l o w  t o  t h e  Tresna  R e s e r v o i r  i n  F i g u r e  10; 

- i n f l o w s  t o  t h e  GoczaYkowice R e s e r v o i r  i n  F i g u r e  11;  

- r e s u l t i n g  t r a j e c t o r i e s  o f  t h e  r e s e r v o i r s  - see 

F i g u r e s  12,  1 3  and 14; 

- r e a l  w a t e r  demands and r e s p e c t i v e  v a l u e s  o f  d e c i s i o n  

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

15 ,  1 6 ,  17,  18, 19; 

- v a l u e s  o f  p o l l u t i o n  i n d i c e s  a t  c r o s s - s e c t i o n s  P and 

DW i n  F i g u r e s  20 and 21; 

- o u t f l o w s  from t h e  r e s e r v o i r s  i n  F i g u r e s  22, 23 and 2 4 .  



- Observations -- Forecasts 

Figure  1 0 .  Forecas ted  and observed in f lows  t o  Tresna r e s e r v o i r .  



- Observations --- Forecasts 

I I I I I I 

I I I I 1 1 I b 
3 6 t [weeks] 

Figure 1 1 .  Forecasted and observed inflows to Goczalkowice 
reservoir. 
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Figure 12. Trajectories of Tresna reservoir. 



Figure 13. Trajectories of Goczalkowice reservoir. 



I b 
3 6 t [weeks] 

Figure 14. Trajectories of Czaniec reservoir. 



F i g u r e  15 .  

9.5 1 I I 
I b 

3 6 t [weeks] 

Demands (ZK) and  s u p p l i e s  t o  Katowice.  



1 I 
1 1 i I b 

3 6 t [weeks] 

F i g u r e  1 6 .  Demands (zB) and s u p p l i e s  t o  Bielsko. 



Figu re  1 7 .  D e m a n d s  ( Z O )  t o  O s w i e c i m .  



Figure 18. Demands (ZD) and supplies to Dzieckowice. 



Figure Demands ( Z R )  and supplies to fish farms Town) . 



1 1 1 I b I 

3 6 t [weeks] 

Figure 20. Values of pollution index at cross section P. 
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3 6 t [weeks] 

F i g u r e  2 1 .  Values  o f  p o l l u t i o n  i n d e x  a t  c r o s s  s e c t i o n  DW. 



Figure 22. Outflow from Goczalkowice reservoir. 



Figure 23. Outflow from Tresna reservoir. 



Figure 24. Outflow from Czaniec reservoir. 



A t  t h e  same t i m e ,  c o o r d i n a t i n g  p r i c e s  and t h e i r  v a l u e s  modif ied  

by t h e  c o o r d i n a t o r  a r e  shown i n  Tab le  2. 

Table  2. 

5- CONCLUSIONS 

Conc lus ions  which a r i s e  from t h e  p r e s e n t e d  r e s u l t s  c a n  be  

b r i e f l y  summarized a s  f o l l o w s :  

- A c t i v i t y  o f  t h e  c o o r d i n a t o r  (see c a s e s  I and 11) 

c o u n t e r a c t s  t h e  e x c e s s i v e  emptying o f  t h e  r e s e r v o i r s .  

The n e g a t i v e  e f f e c t s  o f  w a t e r  d e f i c i t  a r e  e v i d e n t  when 

t h e  c o o r d i n a t o r  d o e s  n o t  a c t ;  i . e . ,  i n  c a s e  0 ( F i g u r e s  

1 3  and 1 4 ) .  

- The c o o r d i n a t o r  e n a b l e s  p r o p e r  c o l l a b o r a t i o n  between 

t h e  Tresna  and Czan iec  r e s e r v o i r s  which a r e  l o c a t e d  on 

t h e  same r i v e r  and s u p p l y  wa te r  t o  5 u s e r s .  T h i s  c o l -  

l a b o r a t i o n  i s  accompl ished i n  such  a  way t h a t  t h e  

Tresna  r e s e r v o i r  (which d o e s  n o t  s u p p l y  w a t e r  d i r e c t l y  

t o  any u s e r )  supplements  w a t e r  d e f i c i t s  o c c u r r i n g  i n  

P~ 

@T Case Case 
I I1 

2.05 2 .033  2.028 

2 .049 2 .063 2 . 0 7 3  

2.039 2.172 2.329 

2 .035  2 .347  2 .632  

2 .015  2 .427  2 .789 

1 .956 2 .448 2 .881  

P~ 

fiG Case Case 
I I1 

1.667 1.35 1.164 

1.629 1.536 1.714 

1 . 5 3 2  1.932 2 .827 

1 .511 3.005 4 .929  

1 .507  3 .83  6.428 

1 .581 4 .77  7 . 7 7  

P~ 

@c Case Case 
I I1 

2 .031  2 .026 2 .021  

2.049 2.108 2.114 

2 .034 2 . 2 4 1  2 .393 

2 .074 2 .391 2.669 

2.08 2 .496  2 .85  

2 .036 2 .543  2 .973  



Czaniec. When coord ina t ion  is  used ( c a s e s  I ,  11) con- 

t r a r y  t o  c a s e  0 ( s e e  F igure  1 2 ) ,  t h i s  r e s u l t s  i n  t h e  

emptying of  t h e  Tresna r e s e r v o i r  which has a  good 

p r a c t i c a l  motive. 

An a c t i v e  c o l l a b o r a t i o n  between t h e  Goczaxkowice and 

Czaniec r e s e r v o i r s  i s  a l s o  p o s s i b l e .  These r e s e r v o i r s  

a r e  l o c a t e d  on d i f f e r e n t  r i v e r s ,  b u t  they a r e  connected 

by some common goa l s  (water  supply t o  Katowice, main- 

t a i n i n g  d e s i r e d  water  q u a l i t y  a t  c r o s s - s e c t i o n  P and D W ) .  

Th is  c o l l a b o r a t i o n  i s  i l l u s t r a t e d  i n  F igu res  20 and 2 1 .  

I n  c a s e s  I and 11, t h e  c o n t r o l  s t r u c t u r e ,  faced wi th  

water  d e f i c i t s ,  obvious ly  y i e l d s  less water  q u a l i t y  i n  

c r o s s - s e c t i o n s  P and DW, b u t  c o l l a b o r a t i o n  o f  t h e  whole 

system r e s u l t s  i n  a  more s t a b l e  behaviour  o f  t h e  p o l l u -  

t i o n  index f u n c t i o n s  i n  time. This  r e s u l t s  p a r t i a l l y  

from t h e  r e l a t i v e l y  high importance o f  t h i s  goa l ;  

i . e . ,  t h e  r e l a t i v e l y  high va lues  of  weigh t ing  c o e f f i -  

c i e n t s  a s s o c i a t e d  wi th  t h e  r e s p e c t i v e  p a r t  o f  performance 

index JI ( s e e  ( 2 4 ) ) .  

- Compensation of  c u r r e n t  wate r  d e f i c i t s  ( i - e . ,  d e f i c i t s  

i n  r e l a t i o n  t o  long-term f o r e c a s t s )  i s  performed by 

mod i f i ca t ion  of  a l l  c o n t r o l s  ( d e c i s i o n  v a r i a b l e s ) ,  b u t  

w i th  r e s p e c t  t o  e s t a b l i s h e d  p ropor t ions  of  p r i o r i t i e s :  

water  supply t o  t h e  u s e r s  (F igu res  15-19) i s  

l i m i t e d  i n  a  l e s s  r i g i d  way, wh i l e  t h e  ou t f lows  

from t h e  r e s e r v o i r s  (F igu res  2 2 - 2 4 )  a r e  more 

i n t e n s i v e l y  c o n t r o l l e d .  

These r e s u l t s  i l l u s t r a t e  t h e  most obvious  f e a t u r e s  of  

c o n t r o l  o f  t h e  wate r  system under d e f i c i t s ,  which may 



be o b t a i n e d  i f  t h e  lower  l a y e r  i s  a p p l i e d  w i t h  a  p r o p e r  

c o o r d i n a t i o n  mechanism. They may be  b r i e f l y  summarized 

a s  f o l l o w s :  t h e  w a t e r  r e s e r v o i r s  a r e  n o t  empt ied  a s  

much a s  i n  t h e  open-loop c o n t r o l  c a s e  ( i . e . ,  w i t h o u t  

c o o r d i n a t i o n  c a s e  0)  b u t  t h e  c u r r e n t  g o a l s  ( s u p p l y  t o  

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

a r e  n o t  f u l l y  s a t i s f i e d .  A t  t h e  same t i m e ,  t h e  b e n e f i t s  

r e s u l t i n g  from a p p l i c a t i o n  o f  t h e  p r i c e  mechanism ( m o s t l y  

a c t i v e  c o l l a b o r a t i o n  o f  t h e  whole sys tem)  a r e  o b t a i n e d  

a s  was i n d i c a t e d  above. However, t h e s e  r e s u l t s  a r e  n o t  

f u l l y  comple te ,  because  t h e  s i m u l a t i o n  o f  t h e  c o n t r o l  

p r o c e s s  i s  n o t  performed o v e r  a  long- t ime h o r i z o n  

i n c l u d i n g  s e v e r a l  r e p e t i t i o n s  o f  t h e  upper  l a y e r  i n t e r -  

v e n t i o n s -  When t h e  s i m u l a t i o n  i s  performed o n l y  o n c e ,  

l i k e  i n  t h e  c a s e  p r e s e n t e d ,  t h e  c o n t r a d i c t i o n  between 

w a t e r  s t o r a g e  g o a l  and c u r r e n t  g o a l s  c e r t a i n l y  a p p e a r s  

(compare c a s e  0 w i t h  I and 11). Y e t ,  a f t e r  s i m u l a t i o n  

o f  t h e  lower  l a y e r  o p e r a t i o n  o v e r  some six-week l o n g  

p e r i o d  ( c o v e r i n g ,  e. g. , h a l f  o r  one  y e a r )  , w i t h  r e p e t i -  

t i o n  o f  t h e  long-term o p e r a t i n g  p l a n n i n g  ( i . e . ,  i n t e r -  

v e n t i o n  o f  t h e  upper l a y e r )  a t  t h e  beg inn ing  o f  e a c h  

p e r i o d ,  w e  s h a l l  o b t a i n  t h e  c o n s i s t e n c y  o f  t h e s e  two 

g o a l s .  Then t h e  v a l u e  o f  t h e  performance  index  JI 

(concerned  w i t h  c u r r e n t  g o a l s ) ,  i n t e g r a t e d  i n  t h e  whole 

t i m e  h o r i z o n  w i l l  b e  an  a d e q u a t e  measure o f  t h e  q u a l i t y  

o f  c o n t r o l .  Such a  " f u l l "  s i m u l a t i o n  i s  n e c e s s a r y  t o  

show t h e  r e a l  p r o f i t s  which may b e  ga ined  by t h e  a p p l i c a -  

t i o n  o f  t h e  c o n t r o l  s t r u c t u r e  p r e s e n t e d .  F i n a l l y ,  it 

is  o b v i o u s  t h a t  more r e s e a r c h  i s  needed b e f o r e  t h e s e  



methods for control of some real water management systems 

can be applied. These methods are still being exten- 

sively investigated. 



6 .  GLOSSARY OF TEEiMS 

Direct c o n t r o l  v a r i a b l e  ( d i r e c t  d e c i s i o n )  

- a  r e a l ,  p h y s i c a l  q u a n t i t y ,  which v a l u e  i s  t o  b e  

dec ided  and may b e  d i r e c t l y  a p p l i e d  t o  a  r e a l  system. 

I n t e r v e n t i o n  ( o f  a  d e c i s i o n  u n i t )  

- making a  new d e c i s i o n  = e s t a b l i s h i n g  a  new c o n t r o l .  

S t o r a g e  P l an  

- a  set o f  v a l u e s  ( o r  b a l a n c e s )  o f  t h e  r e s e r v o i r t  s s t a t e  

g iven  f o r  some moments ( o r  p e r i o d s )  o f  t i m e  and accep ted  

by a  d e c i s i o n  u n i t .  

S t o r a g e  P o l i c y  - A Method o f  de t e rmin ing  t h e  a c t u a l  S t o r a g e  

P lan :  

- long-term s t o r a g e  p o l i c y  

-- a  method used by a  c o n t r o l  u n i t  which t a k e s  i n t o  

accoun t  a  l ong  t i m e  ho r i zon  (e .g . ,  t h e  upper  l a y e r  

i n  t h i s  p a p e r ) ,  t o  de te rmine  t h e  s t o r a g e  p l an  o v e r  

t h e  l ong  ho r i zon ,  



- s h o r t - t e r m  s t o r a g e  p o l i c y  

-- a  method used by a  c o n t r o l  u n i t  r e g a r d i n g  a  s h o r t  

t i m e  h o r i z o n  ( e - g . ,  t h e  lower  l a y e r )  t o  d e t e r m i n e  

t h e  s t o r a g e  p l a n  o v e r  t h e  s h o r t  h o r i z o n .  
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