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PREFACE 

Ana lys is  concerned w i t h  problems of t h e  r a t i o n a l  use  o f  
n a t u r a l  r e s o u r c e s  a lmos t  i n v a r i a b l y  d e a l s  w i t h  u n c e r t a i n t i e s  w i th  
rega rd  t o  t h e  f u t u r e  behav io r  of  t h e  system I n  ques t i on  and w i th  
m u l t i p l e  o b j e c t i v e s  r e f l e c t i n g  c o n f l i c t i n g  g o a l s  of t h e  u s e r s  of 
t h e  resou rces .  Uncer ta in ty  means t h a t  t h e  in fo rmat ion  a v a i l a b l e  
i s  n o t  s u f f i c i e n t  t o  unambiguously p r e d i c t  t h e  f u t u r e  o f  t h e  sys-  
t e m ,  and t h e  m u l t i p l i c i t y  o f  t h e  o b j e c t i v e s ,  on t h e  o t h e r  hand, 
c a l l s  f o r  e s t a b l i s h i n g  r a t i o n a l  t r a d e - o f f s  among them. The ra -  
t i o n a l i t y  o f  t h e  t r a d e - o f f s  i s  q u i t e  o f t e n  of s u b j e c t i v e  n a t u r e  
and cannot  be  f o rma l l y  i nco rpo ra ted  i n t o  mathemat ica l  models sup- 
p o r t i n g  t h e  a n a l y s i s ,  and t h e  in fo rmat ion  w i t h  rega rd  t o  t h e  fu-  
t u r e  may va ry  w i th  t i m e .  Then t h e  cha l l enge  t o  t h e  a n a l y s t  i s  t o  
e l a b o r a t e  a mathemat ica l  and computer implemented system t h a t  can 
be used t o  per form t h e  a n a l y s i s  recogn iz ing  both  t h e  above a s p e c t s  
o f  r e a l  wor ld problems. 

These were t h e  i s s u e s  addressed du r i ng  t h e  summer s t u d y  
"Real-Time Fo recas t  v e r s u s  Real-Time Management o f  Hydrosystems," 
o rgan ized  by t h e  Resources and Environment Area of IIASA i n  1 9 8 1 .  
The g e n e r a l  l i n e  o f  r e s e a r c h  was t h e  e l a b o r a t i o n  o f  new approaches 
t o  ana l yz ing  r e s e r v o i r  r e g u l a t i o n  problems and t o  e s t i m a t i n g  t h e  
v a l u e  o f  t h e  i n fo rma t i on  reduc ing  t h e  u n c e r t a i n t i e s .  Computation- 
a l l y ,  t h e  r e s e a r c h  was based on t h e  hydrosystem of  Lake Como, 
Northern I t a l y .  

Th is  paper d e s c r i b e s  t h e  a p p l i c a t i o n  of an i nnova t i ve  ap- 
proach t o  problems of r e s e r v o i r  management. Th is  approach,  which 
focuses  on a r i s k -adve rse  r e g u l a t i o n  o f  a hydrosystem, t a k e s  i n t o  
account  bo th  major a s p e c t s  o f  t h i s  t ype  o f  problem: u n c e r t a i n t y  



with regard t o  in f lows of water i n t o  t h e  system, and a l s o  mu l t i p le  
o b j e c t i v e s  which a r e  faced by t h e  manager. The t h e o r e t i c a l  b a s i s  
of  t h e  approach has  been descr ibed  i n  ano ther  paper of t h i s  s e r i e s  
of pub l i ca t i ons .  This paper i s  more app l i ca t i on -o r i en ted ,  and 
con ta ins  a l s o  computat ional  r e s u l t s  f o r  t h e  r e g u l a t i o n  problem 
of Lake Como i n  Northern I t a l y .  

Janusz Kindler  
Chairman 
Resources & Environment Area 

- iv-  
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A MIN-MAX APPROACH TO 
RESERVOIR MANAGEMENT 

S. Orlovsky, S. Rinaldi, 
and R. Soncini-Sessa 

1 .  INTRODUCTION 

The problem considered in this paper is the one of real-time 

management of a multipurpose reservoir. For didactic reasons, 

it will be assumed that there are only two management goals, 

namely satisfaction of the water demand of the downstream users 

and attenuation of the storage peaks in the reservoir. Since 

these goals are conflicting and incommensurable, the solution of 

the problem will be a set of efficient operating rules (see 

Cohon and Marks 1 9 75) . 
Yany different methods for determining such operating rules 

have been developed so far. They differ in the formal descrip- 

tion of the objectives and constraints, in the way they deal 

with uncertainties, and in the solution algorithms (linear 

programming, dynamic programning, discrete dynamic programming, 

optimal control, etc.). One common feature of these methods is 

the explicit or implicit use of the notion of probability to 



d e s c r i b e  f u t u r e  i n f l o w s  and e v a l u a t e  sys tems per formance.  For 

t h i s  r eason ,  a l l  t h e s e  methods cou ld  be  c o n s i d e r e d  a s  d i f f e r e n t  

fo rma l  e ~ p r ~ a s s i o n s  o f  t h e  s t o c h a s t i c  approach t o  r e s e r v o i r  

management . 
Very f r e q u e n t l y ,  managers r e a c t  i n  a n  un favo rab le  way t o  t h e  

above o p t i m i z a t i o n  methods (see Helweg e t  a l .  1 9 8 2 ) .  Reasons 

f o r  t h i s  may be  t h e  i n a d e q u a t e  d e s c r i p t i o n  o f  t h e  p h y s i c a l  

c h a r a c t e r i s t i c s  o f  t h e  sys tem,  t h e  comp lex i t y  o f  t h e  proposed 

a l g o r i t h m s ,  and t h e  need f o r  on - l i ne  o p t i m i z a t i o n .  Other  r e a s o n s  

may be  t h e  l a c k  o f  con f i dence  i n  s o p h i s t i c a t e d  s t o c h a s t i c  t ech -  

n i ques  and t h e  f e e l i n g  t h a t  s i n g l e - v a l u e  o p e r a t i n g  r u l e s  are t o o l s  

t o o  r i g i d  f o r  s o l v i n g  complex b u t  s o f t  dec is ion-making p r o c e s s e s .  

F i n a l l y ,  d e t a i l e d  a n a l y s e s  made i n  o t h e r  f i e l d s  of  management 

s c i e n c e  have proved t h a t  d e c i s i o n  makers v e r y  seldom c o n s i d e r  

long- te rm expec ted  v a l u e s  of p h y s i c a l  and/or  economic i n d i c a t o r s  

as r e p r e s e n t a t i v e  measures o f  system per fo rmance.  Indeed ,  v e r y  

o f t e n ,  a  manager f o c u s e s  h i s  a t t e n t i o n  and e f f o r t  on avo id i ng  

d r a m a t i c  f a i l u r e s  when t h e  sys tem i s  under  stress. I n  o t h e r  

words,  i n  most  c a s e s ,  d e c i s i o n  makers a r e  r i s k - a d v e r s e ,  even i f  

t h i s  e n t a i l s  a worse ave rage  per formance o f  t h e  sys tem.  

Rese rvo i r  managers are no excep t i on .  For example,  when 

t h e  r e s u l t s  o f  a  d e t a i l e d  o p t i m i z a t i o n  s t u d y  on  Lake Como, I t a l y ,  

(see Guar i so  e t  a l .  1982a) w e r e  p r e s e n t e d  t o  t h e  manager,  he  

r ecogn i zed  t h a t  he  w a s  n o t  comp le te l y  s a t i s f i e d  by t h e  k i nd  of  

o b j e c t i v e s  s e l e c t e d  i n  t h a t  s t u d y  (mean y e a r l y  water d e f i c i t ,  

a ve rage  number of  days  of f l o o d  p e r  y e a r ,  and mean y e a r l y  hydro- 

power p r o d u c t i o n ) .  Being r i s k - a d v e r s e ,  t h e  manager i n s t e a d  

showed a  pronounced i n t e r e s t  toward t h e  p o s s i b i l i t y  o f  avo i d i ng  



s e v e r e  f a i l u r e s  of  t h e  system du r i ng  extreme h y d r o l o g i c a l  ep i sodes ,  

l i k e  t h o s e  h e  had p e r s o n a l l y  exper ienced  i n  t h e  p a s t .  

For a l l  t h e s e  reasons ,  w e  use  i n  t h i s  paper  a d e t e r m i n i s t i c  

(min-max) approach t o  t h e  management problem, which overcomes 

many o f  t h e  above c r i t i c i s m s .  The t h e o r e t i c a l  b a s i s  o f  t h e  approach 

i n  a more g e n e r a l  c o n t e x t  o f  s t o r a g e  c o n t r o l  problems is d e s c r i b e d  

i n  Orlovsky et a l . ,  1982 .  I n  t h i s  approach,  t h e  per formance o f  t h e  

system i s  e v a l u a t e d  w i t h  r e f e r e n c e  t o  a few s p e c i f i c  i n f l ow  

sequences sugges ted  by t h e  manager. These i n f l ow  sequences may 

be  some real  o r  s y n t h e t i c  i n f l ow  r e c o r d s  o r  some h y p o t h e t i c a l  

sequences of i n f l o w s  which t h e  manager c o n s i d e r s  as p a r t i c u l a r l y  

we l l - su i t ed  f o r  t e s t i n g  t h e  r e a l i a b i l i t y  of any o p e r a t i n g  r u l e .  

Of cou rse ,  t h e  s o l u t i o n s  sugges ted  by t h i s  approach w i l l  be  

dependent  upon t h e  i n p u t  d a t a ,  namely t h e  r e f e r e n c e  i n f l ow  

sequences.  For  t h i s  r eason ,  one must be  p a r t i c u l a r l y  c a r e f u l  

when s e l e c t i n g  t h e s e  sequences.  For  example, i f  t h e r e  are d i f -  

f e r e n t  seasons  o f  p o t e n t i a l  d rough ts  and f l o o d s ,  one shou ld  con- 

s i d e r  i n f l ow  sequences c h a r a c t e r i z e d  by extreme v a l u e s  i n  a l l  

t h e s e  p e r i o d s .  

The e f f i c i e n t  s o l u t i o n s  sugges ted  by t h e  min-max approach 

w i l l  be shown t o  have some d e f i n i t e  advantage w i t h  r e s p e c t  t o  

t h o s e  ob ta i ned  by means of t h e  s t o c h a s t i c  methods. I n  f a c t ,  

t h e y  do n o t  r e q u i r e  complex a l go r i t hms  and on - l i ne  o p t i m i z a t i o n ;  

they  can be v i s u a l i z e d  i n  t e r m s  of  c l a s s i c a l  s t o r a g e  a l l o c a t i o n  

zones; t hey  make reasonab le  u s e  of  t h e  real-time f o r e c a s t  of t h e  

i n f l ows ;  and t hey  s u g g e s t  a whole i n t e r v a l  of  p o s s i b l e  r e l e a s e s  

i n s t e a d  of  a s i n g l e  va lue .  The l a s t  such p rope r t y  i s  p a r t i c u l a r l y  



important, since it introduces some flexibility into the decision- 

making process. For example, the manager might use this freedom 

to heuristically accommodate for secondary objectives which were 

not taken into account in the description of the problem. He 

might as well satisfy unexpected water demands or other unpre- 

dictable needs. Finally, one might even use this freedom to 

optimize the average long-term performance of the system, thus 

putting risk-adverse and mean profit-maximizing attitudes in a 

precise lexicographic order. 

The paper is organized in the following way. In the next 

section, the two objective management problem is formulated, 

and feasible and efficient operating rules are defined. Sections 

3 and 4 show how the problems of satisfaction of demand of down- 

stream users and attenuation of storage peaks in the reservoir 

can be solved with the min-max approach. Then, the results are 

used in Sections 5 and 6 to point out feasible and efficient 

operating rules of the double objective management problem. 

Finally, Section 7 deals with the so-called "linear case" for 

which explicit solutions are presented and applied in the next 

section to solve a lake management problem. 

2. PROBLEM STATEYENT 

Let us consider a reservoir described on a daily basis by 

the continuity (mass balance) equation 

S t+l = S t + at - r t f  (1 

where s is the storage at the beginning of day t, and at and t 

r are inflow and release during the same day. The problem we t 

consider is focused on the determination of operating rules of 



t h e  form 

which can be cons ide red  " e f f i c i e n t "  i n  t h e  s e n s e  s p e c i f i e d  below. 

These o p e r a t i n g  r u l e s  must s a t i s f y  t h e  fo l l ow ing  p h y s i c a l  c o n s t r a i n t  

where N ( s  ) i s  t h e  maximum amount of water t h a t  can be r e l e a s e d  t 

i n  one day when t h e  s t o r a g e  i s  equa l  t o  s a t  t h e  beg inn ing  o f  t 

t h a t  day. I n  t h e  c a s e  where t h e  r e s e r v o i r  i s  a r e g u l a t e d  l a k e ,  

t h e  f u n c t i o n  N i s  t h e  open-gate s tage -d i scha rge  f u n c t i o n  a s s o c i a t e d  

w i t h  t h e  r e g u l a t i o n  dam. 

L e t  u s  assume t h a t  t h e  d a i l y  water demands of t h e  downstream 

u s e r s  are g i ven ,  s o  t h a t  t h e  co r respond ing  r e f e r e n c e  release 
* 

r t = 0 ,1 ,  ..., 364, i s  known. I f  t h e  release r t  i s  g r e a t e r  t ' * 
t h a n  r t ,  t h e r e  i s  no b e n e f i t  s u r p l u s .  I f ,  on t h e  o t h e r  hand,  

* 
t h e r e  i s  a d e f i c i t ,  i . e . ,  i f  r t  i s  smaller t han  r t , ,  t hen  t h e r e  

a r e  d e t e c t a b l e  downstream damages. The minimum y e a r l y  v a l u e  

a of  t h e  r a t i o  between a c t u a l  and r e f e r e n c e  r e l e a s e ,  i . e . ,  

r 
3 = min 

OSt1364 [<] ' 

i s  cons ide red  as a meaningfu l  i n d i c a t o r  of y e a r l y  damages s u f f e r e d  

by t h e  downstream u s e r s .  The maximizat ion of t h i s  i n d i c a t o r  i s  

t h e r e f o r e  one of  t h e  g o a l s  of t h e  management. 

The second g o a l ,  obv ious ly  c o n f l i c t i n g  w i t h  t h e  f i r s t  one,  

i s  t h e  a t t e n u a t i o n  of t h e  s t o r a g e  peaks.  To d e s c r i b e  t h i s  g o a l  
* 

i n  q u a n t i t a t i v e  terms, assume t h a t  t h e  maximum s t o r a g e  s t '  

t = 0,1, ..., 364, a t  which t h e r e  are no damages, i s  known. Th is  



* 
r e f e r e n c e  s t o r a g e  s may cor respond,  f o r  example, t o  t h e  l e v e l  o f  t 

t h e  lowest  popula ted o r  c u l t i v a t e d  a r e a  around t h e  l ake .  The 

maximum y e a r l y  va lue  B of t h e  r a t i o  between a c t u a l  and r e f e r e n c e  

s t o r a g e ,  i . e . ,  

w i l l  be used i n  t h e  fo l low ing  a s  t h e  i n d i c a t o r  o f  f l ood  damages. 

The second goa l  of t h e  manager i s  t h e r e f o r e  t h e  min imizat ion of 

t h i s  i n d i c a t o r .  

I n  o rde r  t o  compare t h e  performance of d i f f e r e n t  o p e r a t i n g  

r u l e s ,  r e f e r e n c e  is made t o  a set I of n one year- long d a i l y  

i i n f low sequences {a t } ,  i . e . ,  

I n  t h e  fo l low ing ,  t h i s  s e t  i s  c a l l e d  t h e  r e f e r e n c e  set. I n  

g e n e r a l ,  it c o n t a i n s  recorded o r  s y n t h e t i c  sequences of i n f l ows  

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

t i c u l a r l y  t roublesome. The o p e r a t i n g  r u l e s  which t h e  method 

w i l l  s e l e c t  a r e  t h o s e  which guaran tee  s a t i s f a c t o r y  performance of 

t h e  system f o r  such r e f e r e n c e  hydro log ic  y e a r s .  For t h i s  reason ,  

they look appea l ing  t o  t h e  manager because they  a r e  p a r t i c u l a r l y  

r o b u s t  when t h e  system is  under stress. I n  t h e  c a s e  when t h e  

r e s e r v o i r  i s  a l r e a d y  i n  ope ra t i on ,  one might cons ide r  a s  sequences 

of  t h e  r e f e r e n c e  set a s e l e c t i o n  of t h e  most w e t  and d ry  yea rs  

exper ienced by t h e  manager. I n  s o  do ing,  t h e  proposed ope ra t i ng  

r u l e s  may a l s o  be compared w i t h  t h e  performance t h e  manager was 

a b l e  t o  ach ieve  i n  p r a c t i c e .  



Operat ing r u l e s  which minimize f l ood  damages and water  

sho r tages  i n  t h e  wors t  p o s s i b l e  c a s e  o u t  of t h e  r e f e r e n c e  set  

a r e  looked f o r .  I n  do ing t h a t ,  one must p rope r l y  c o n s t r a i n  t h e  

r e s e r v o i r  s t o r a g e  a t  t h e  end of t h e  yea r  (o the rw i se ,  i n  r e a l  

o p e r a t i o n ,  good per formances i n  one y e a r  cou ld  imply ve ry  poor 

performances du r i ng  t h e  n e x t  y e a r ) .  For choosing t h i s  c o n s t r a i n t  

it was assumed t h a t  t h e  same ope ra t i ng  r u l e  when a p p l i e d  dur ing  

t h e  n e x t  yea r  must a l s o  guaran tee  s a t i s f a c t o r y  v a l u e s  of  t h e  

d e f i c i t  and f l o o d  i n d i c a t o r s  f o r  any of t h e  y e a r l y  i n f l ow  sequences 

o u t  of  t h e  r e f e r e n c e  set  I .  I n  o r d e r  t o  q u a n t i t a t i v e l y  exp ress  

t h e s e  c o n s t r a i n t s  on t h e  t e rm ina l  c o n d i t i o n s ,  l e t  us i n d i c a t e  

i wi th  st (so, r )  t h e  s t o r a g e  ob ta ined  a t  t i m e  t by app ly ing  t h e  

o p e r a t i n g  r u l e  r t o  a  r e s e r v o i r  w i t h  i n i t i a l  s t o r a g e  s and in -  
0 

i i i f lows ao,  a l , . . . , a t - l ,  where i = 1 ,  ..., n i s  t h e  index of a  

sequence from t h e  set  I .  S i m i l a r l y ,  l e t  us  i n d i c a t e  by a i ( s o ,  r )  

i and D (so, r )  t h e  cor responding va lues  of t h e  d e f i c i t  and f l o o d  

i 
i n d i c a t o r s .  ( I n  t h e  fo l low ing ,  t h e  abb rev ia ted  n o t a t i o n s  st ,  

i i 
a , f3 a r e  a l s o  u s e d ) .  Thus, t h e  t e rm ina l  c o n s t r a i n t s  can  be 

g iven i n  t h e  fo l low ing  form 

j  k  i A a ( s ~ ~ ~ ( s ~ ~  r )  , r )  2 min [ a  (so, r)1 = a ( s O ,  r )  , ( 4 a )  
1 l i l n  

j  k  i B ( ~ 3 6 5  r )  r )  5 max [ D  s o  r 1 6 B (so, r )  , (4b)  
1 l i l n  

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

s o l u t i o n s  of t h e  doub le  o b j e c t i v e  management problem (see, f o r  

i n s t a n c e ,  Cohon and Marks 1975) .  A f e a s i b l e  s o l u t i o n  i s  a  



p a i r  s o  r)  of an i n i t i a l  s to rage  and an ope ra t i ng  r u l e  which 

i s  such t h a t  t h e  s t o r a g e s  and r e l e a s e s  computed by means of 

Equations ( 1 )  and ( 2 )  i n  correspondence t o  any re fe rence  inf low 

sequence s a t i s f y  t h e  phys ica l  c o n s t r a i n t  ( 3 )  and t h e  te rm ina l  

c o n s t r a i n t s  ( 4 )  . Moreover, a  f e a s i b l e  s o l u t i o n  (so , r )  i s  s a i d  

t o  be e f f i c i e n t  i f  t h e r e  a r e  no o t h e r  f e a s i b l e  s o l u t i o n s  (so, r ) 

which can improve one of t h e  two i n d i c a t o r s  wi thout  worsening 

t h e  o t h e r  one ( see  l i n e  BC of F igure 1 ) .  On t h e  o t h e r  hand, 

a  f e a s i b l e  s o l u t i o n  i s  c a l l e d  dominated i f  t h e r e  a r e  o t h e r  

f e a s i b l e  s o l u t i o n s  wi th  b e t t e r  va lues of both i n d i c a t o r s  ( i n t e r n a l  

p o i n t s  of t h e  shadowed reg ion  of F igure 1 ) .  The f e a s i b l e  solu-  

t i o n s  which a r e  n e i t h e r  e f f i c i e n t  nor dominated ( s e e  segments AB 

and CD of F igure 1 )  w i l l  be c a l l e d  semi -e f f i c i en t .  These so lu-  

t i o n s  can obviously be improved by improving one of t h e  two 

o b j e c t i v e s  wi thout  per tu rb ing  t h e  o t h e r  one. F igure 1 shows a l l  

t h e s e  s o l u t i o n s  i n  t h e  space ( a ,  B )  of t h e  i n d i c a t o r s  and po in t s  

ou t  t h e  a b s o l u t e  maximum value a  max and t h e  abso lu te  minimum 

va lue  Bmin of t h e  i n d i c a t o r s  f o r  which f e a s i b l e  s o l u t i o n s  can 

be found. The p o i n t  U wi th  coord ina tes  (amax, Bmin)  i s  i n f e a s i b l e  

because t h e  goa ls  a r e  c o n f l i c t i n g  and i s  t h e r e f o r e  c a l l e d  t h e  

utopia. 

I n  o rde r  t o  f i n d  e f f i c i e n t  and semi -e f f i c i en t  s o l u t i o n s  t o  

t h e  problem, we w i l l  f i r s t  cons ider  two s imple problems. The 

f i r s t  one ( s e e  nex t  s e c t i o n )  is  c a l l e d  demand s a t i s f a c t i o n  and 

c o n s i s t s  of determining s o l u t i o n s  (s r )  which s a t i s f y  t h e  
o r  

phys i ca l  c o n s t r a i n t  ( 3 )  and t h e  te rmina l  c o n s t r a i n t  (4a)  f o r  a  

g iven va lue ,  say a ,  of t h e  i n d i c a t o r  a ( s  r ) .  S i m i l a r l y ,  t h e  
o f  

second problem ( s e e  Sec t i on  4 ) ,  c a l l e d  f lood  p r o t e c t i o n ,  c o n s i s t s  
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F igu re  1 .  E f f i c i e n t ,  s e m i - e f f i c i e n t ,  and dominated s o l u t i o n s  i n  
t h e  space  ( a ,  B )  o f  t h e  i n d i c a t o r s .  



of determining p a i r s  (so, r )  which s a t i s f y  c o n s t r a i n t  ( 3 )  and t h e  

te rmina l  c o n s t r a i n t  (4b) f o r  8 ( s o ,  r = 8 ,  wi th  8  be ing a  g iven 

va lue.  

3 .  DEMAND SATISFACTION 

W e  a r e  now i n t e r e s t e d  i n  f i n d i n g  i n i t i a l  s t o r a g e  s: and 

a  ope ra t i ng  r u l e s  r which can  guaran tee  t h a t  t h e  y e a r l y  d e f i c i t  

i n d i c a t o r  w i l l  n o t  be sma l l e r  than a  p resc r i bed  va lue  a  f o r  a l l  

i n f low sequences of t h e  r e f e r e n c e  set  I .  This  i s  equ iva len t  t o  

say ing t h a t  w e  w i l l  f i n d  i n i t i a l  s t o r a g e  and ope ra t i ng  r u l e s  

which can guaran tee  t h e  s a t i s f a c t i o n  of t h e  reduced water  demand 

Of course ,  a  s o l u t i o n  t o  t h i s  problem e x i s t s ,  provided t h e  

va lue  a  of t h e  d e f i c i t  i n d i c a t o r  i s  s u f f i c i e n t l y  sma l l .  One 

such s o l u t i o n  cor responds t o  t h e  so-ca l led  minimum r e l e a s e  po l i cy  

a  r given by min 

Th is  po l i cy  s a t i s f i e s ,  by d e f i n i t i o n ,  t he  phys i ca l  c o n s t r a i n t  ( 3 ) .  

a  
Therefore,  a  p a i r  s ,  rmin) i s  a  s o l u t i o n  t o  t h e  problem, 

provided t h e  r e l e a s e  

* 
never drops below t h e  reduced demand a r t  and t h e  te rmina l  con- 

s t r a i n t  (4a) i s  s a t i s f i e d  f o r  a l l  in f low sequences from t h e  

a  r e f e r e n c e  set .  Yoreover, i f  t h e  p a i r  (so, rmin ) is  a  s o l u t i o n  

a  t o  t he  problem, then any p a i r  (s r ) wi th  g r e a t e r  i n i t i a l  
0' min 

I 

s t o r a g e  (so > so) i s  obv ious ly  a l s o  a  s o l u t i o n .  Therefore,  we 

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



a say s o min ' which toge the r  w i th  t h e  opera t ing  r u l e  Pin can 
* 

guaran tee the  s a t i s f a c t i o n  of t h e  reduced water demand a r t .  The 

a  minimum s t o r a g e  s o  min can be obta ined by so lv ing  t h e  fo l lowing 

simple mathematical programming problem, c a l l e d  Problem 0 .  I n  

t h i s  problem, t h e  i c o n s t r a i n t  s~~~ - > s i s  a  su r roga te  of t h e  

te rmina l  c o n s t r a i n t  ( 4 a ) .  

Problem 0 (Determinat ion of S: min 1 

a s = min s o  min o  (6a)  

a  
r (t', min 

a  i * r ( t ,  s ) = a r  t t 
i = 1 , .  . . n t = 0 , .  . . ,364 (6d) 

min 

Problem 0 can be so lved by s imu la t ing  t h e  r e s e r v o i r  behavior 

w i th  i n i t i a l  cond i t ion  so and opera t ing  r u l e  rmin a f o r  a l l  in f low 

sequences {a i }  of t h e  re fe rence  s e t  I. I f  c o n s t r a i n t s  (6d) and t 

(6e)  a r e  s a t i s f i e d ,  then S: min a 
2 so, o therw ise  somin> so. Thus, 

a  very s imple one-dimensional search ing  procedure ( e . g . ,  b i -  

s e c t i o n )  can be used t o  determine sz m i n .  I n  t h e  case  where t h e  

s tage-d ischarge func t ion  N i s  l i n e a r ,  Problem 0 i s  a c t u a l l y  a  

a  l i n e a r  programming problem. In  f a c t ,  i n  Equation ( 6 c ) ,  rmin 

i * ( t ,  s ) can be rep laced by a r t ,  ( s e e  Equation (6d) ) , and Equation t 

(6d) can be s u b s t i t u t e d  by 

which i s  a  l i n e a r  c o n s t r a i n t  i n  t h e  case  t h a t  N i s  such.  



The problem of f i n d i n g  t h e  minimum s t o r a g e  s : ~ ~ ~  t h a t  can 

guaran tee  t o g e t h e r  w i t h  t h e  minimum r e l e a s e  p o l i c y  ( 5 )  t h e  

s a t i s f a c t i o n  of a l l  t h e  c o n s t r a i n t s  throughout  t h e  rest  of t h e  

year  ( a f t e r  day r ) ,  can be formulated i n  t h e  fo l low ing  way. 

Problem r  (Determinat ion of sYmin , r  = 1 ,  ... ,364) 

a  
'rmin = min s t (7a )  

i i i a  i s = s + a t  - r ( t ,  st) i = 1 ,..., n  t = r ,... ,364 (7c )  t + l  t min 

a i * r ( t ,  st )  = a r  t i = 1 l t = T ,..., 364 (7d)  min 

a  
A s  i n  t h e  preced ing c a s e ,  srmin can be ob ta ined  by gu id ing  simula- 

t i o n s  w i th  a  one-dimensional search ing  method, and aga in  t h e  prob- 

l e m  reduces t o  a  l i n e a r  programming problem when t h e  s tage-  

d i scha rge  f u n c t i o n  i s  l i n e a r .  I t  is  worthwhi le n o t i c i n g  t h a t  

a  t h e  s o l u t i o n  t o  Problem 0, namely somin , i s  used i n  Equat ion 

(7e)  i n  o rde r  t o  guaran tee  t h e  s a t i s f a c t i o n  of t h e  t e r m i n a l  con- 

s t r a i n t  ( 4 a ) .  This imp l i es  t h a t  Problem 0 must be so lved f i r s t .  

On t h e  o t h e r  hand, t h e  s o l u t i o n  of Problem r  can be c a r r i e d  o u t  

independent ly  f o r  each va lue  of r .  

Now t h a t  we have found a  s o l u t i o n  t o  t h e  problem of s a t i s -  

a  a f a c t i o n  of demand, namely (somin , r ) , w e  can immediately min 
a  o b t a i n  a l l  o t h e r  s o l u t i o n s  s , r ) . I n  f a c t ,  w e  on ly  need t o  

i a i * n o t i c e  t h a t  a  volume of wa te r  r g r e a t e r  t han  r ( t ,  st) = a r  t min t 

can be r e l e a s e d  w i thou t  any consequence provided t h a t  t h e  reser- 

v o i r  s t o r a g e  and/or t h e  in f low a r e  s u f f i c i e n t l y  h igh .  More pre-  



c i s e l y ,  i f  ( i n  some year  i )  

i t i a any r e l e a s e  r between a r t  and t h e  minimum between (sk + a - St+lmin t t 1 

and N (si) (see shaded a r e a  i n  F igure  2 )  w i l l  g i v e  r i se  t o  a t 
i a s t o r a g e  s t + l  

g r e a t e r  t han  o r  equa l  t o  which i s  indeed 

t h e  minimum v a l u e  o f  t h e  s t o r a g e  t h a t  can guaran tee  t h e  s a t i s -  

f a c t i o n  o f  a l l  t h e  c o n s t r a i n t s  from t i m e  t + l  t o  t h e  end of t h e  

year .  I n  conc lus ion ,  t h e  s o l u t i o n s  t o  t h e  problem a r e  g iven  by 

a a l l  p a i r s  (so, ra) s a t i s f y i n g  t h e  fo l lowing two i n e q u a l i t i e s  

a a 
min I 

Equat ion (8b)  i s  i n t e r p r e t e d  i n  F igure  2 ,  which shows t h a t  

f o r  s u f f i c i e n t l y  h igh  va lues  of t h e  s t o r a g e  st and/or t h e  in f low 

a t h e r e  i s  a whole i n t e r v a l  of p o s s i b l e  r e l e a s e s  (shaded a r e a ) .  t t  

The f i g u r e  a l s o  shows t h a t  t h e  s t o r a g e  a x i s  can be d i v i ded  i n t o  

f o u r  s t o r a g e  a l l o c a t i o n  zones named I ,  11, 111, and I V .  The 
1 

f i r s t  one depends on ly  upon a s i n c e  i t s  upper l i m i t  st i s  given 

by t h e  s t o r a g e  a t  which t h e  s tage-d ischarge  f u n c t i o n  N equa ls  
* 

t h e  reduced demand a r  t ' The f i r s t  zone i s  never e n t e r e d  i f  t h e  

i 
i n f low sequences { a  1 a r e  those  o f  t h e  r e f e r e n c e  set.  I t  i s  t 

t h e r e f o r e  a k ind  of dead zone, which might n e v e r t h e l e s s  be reached 

dur ing  r e a l  o p e r a t i o n  i f  a  drought  more seve re  t han  t h o s e  con- 

s i d e r e d  i n  t h e  r e f e r e n c e  s e t  occurs .  I n  t h e  second zone, t h e  
* 

r e l e a s e  equa l s  t h e  reduced demand a r t ,  wh i l e  i n  t h e  t h i r d  and 

f o u r t h  zones t h e  r e l e a s e  can be g r e a t e r  than t h e  reduced demand. 
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Storage s: 

F igu re  2 .  The set  of r e l e a s e s  which can gua ran tee  t h e  s a t i s f a c -  
t i o n  o f  wa te r  demand (see Equation 8b) . 



I n  p a r t i c u l a r ,  i n  t h e  l a s t  zone, t h e  manager might  even comple te ly  

open t h e  g a t e s  o f  t h e  r e g u l a t i o n  dam w i t hou t  worsening t h e  per -  

formance of t h e  system w i t h  r e g a r d  t o  t h e  demand s a t i s f a c t i o n .  
I 1  111 

I t  i s  wor thwhi le  n o t i c i n g  t h a t  t h e  v a l u e s  s and st d i v i d i n g  t 

t h e s e  zones depend upon t h e  in f low a s i n c e  t h e  s t r a i g h t  l i n e  t '  
a r = s  + a t - s  t t t+ lmin  s h i f t s  t o  t h e  l e f t  when at i n c r e a s e s .  

Th is  means t h a t  Equat ion  (8b)  d e f i n e s  a p r i o r i  on l y  t h e  dead 

zone, w h i l e  t h e  o t h e r s  are adap ted  t o  t h e  c u r r e n t  v a l u e  of t h e  

in f low.  I n  rea l  o p e r a t i o n ,  one must t h e r e f o r e  be  p a r t i c u l a r l y  

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

4 .  FLOOD PROTECTION 

Using t h e  p reced ing  s e c t i o n  as a g u i d e l i n e ,  w e  now d e a l  

w i t h  t h e  problem o f  f l o o d  p r o t e c t i o n .  W e  a r e  i n t e r e s t e d  i n  

f i n d i n g  i n i t i a l  s t o r a g e s  sB and o p e r a t i n g  r u l e s  rB which can 
0 

gua ran tee  t h a t  f o r  each  yea r  i o u t  of t h e  r e f e r e n c e  set ,  t h e  

i s t o r a g e  st w i l l  n o t  be  g r e a t e r  t h a n  t h e  r e l a x e d  r e f e r e n c e  s t o r a g e  
* 

ast. Of cou rse ,  s o l u t i o n s  t o  t h i s  problem e x i s t ,  p rov ided t h e  

v a l u e  of  B i s  s u f f i c i e n t l y  h igh.  !4oreover, i f  a s o l u t i o n  

B B (so, r ) e x i s t s ,  t h e n  t h e  maximum release p o l i c y  rmax ( indepen- 

d e n t  of  B )  g i ven  by 

r = r (st) = N ( s t )  , t max 

i s  a l s o  a s o l u t i o n  f o r  t h e  same i n i t i a l  s t o r a g e .  F i n a l l y ,  any 

B p a i r  (so, rmax) w i l l  r e p r e s e n t  a s o l u t i o n  prov ided t h e  s t o r a g e  

B sB i s  s m a l l e r  t han  o r  e q u a l  t o  t h e  m a x i m u m  somax 
0 

ob- 

t a i n e d  by s o l v i n g  t h e  f o l l ow ing  mathemat ica l  programming problem. 





s m a l l e r  t han  rmaX(st ) ,  prov ided t h e  r e s e r v o i r  i s  s u f f i c i e n t l y  

empty and/or t h e  i n f l ow  i s  s u f f i c i e n t l y  low. More p r e c i s e l y ,  

i f  ( i n  a  y e a r  i) 

i i i B  i t hen  any r e l e a s e  r between maxI0, s +a -s t t t t+lmax 1 and N ( s t )  (see 

shaded a r e a  i n  F i g u r e  3 )  w i l l  g i v e  r ise t o  a  s t o r a g e  si t + l  s m a l l e r  

B t han  o r  equa l  t o  stclrnax, which, by d e f i n i t i o n ,  i s  t h e  maximum 

va lue  of  t h e  s t o r a g e  a t  t i m e  t + l  t h a t  can gua ran tee  t h e  s a t i s -  

f a c t i o n  of  t h e  c o n s t r a i n t s  from t h a t  t i m e  up t o  t h e  end of t h e  

year .  I n  conc lus ion ,  t h e  s o l u t i o n s  o f  t h e  problem a r e  g i ven  

B by t h e  p a i r s  ( s ,  r ) s a t i s f y i n g  t h e  f o l l ow ing  i n e q u a l i t i e s  

Equat ion  (12b)  i s  i n t e r p r e t e d  i n  F igu re  3. The s t o r a g e  a x i s  i s  

d i v i d e d  i n t o  t h r e e  zones,  named I ,  11, and 111. I n  t h e  f i r s t  

one,  any d e c i s i o n  i s  p o s s i b l e :  t h e  manager might  even c l o s e  t h e  

g a t e s  of t h e  dam, t h u s  s t o r i n g  a l l  t h e  i n f l ow ,  w i t hou t  worsening 

t h e  f u t u r e  performance of  t h e  system. I n  t h e  second zone, d i f -  

f e r e n t  o p t i o n s  a r e  s t i l l  p o s s i b l e ,  a l though  t h e  manager i s  

f o r c e d  t o  become more and more aware of t h e  p o t e n t i a l  f l o o d s  when 

t h e  s t o r a g e  and/or  t h e  i n f l ow  i n c r e a s e .  F i n a l l y ,  i n  t h e  t h i r d  

zone, which might  be  p r o p e r l y  c a l l e d  t h e  s p i l l i n g  zone, t h e  

manager i s  o b l i g e d  t o  r e l e a s e  t h e  maximum he can by keep ing t h e  

g a t e s  o f  t h e  dam permanent ly  open. 



F igure  3 .  The s e t  of releases which can  gua ran tee  f l o o d  p ro tec -  
t i o n  (see Equat ion  12b). 



5. FEASIBLE SOLUTIONS TO THE TWO OBJECTIVE PROBLEM 

a B F e a s i b l e  s o l u t i o n s  (so , ra8) t o  t h e  doub le  o b j e c t i v e  prob- 

l e m  f o rmu la ted  i n  S e c t i o n  2 can now be  found. I n  f a c t ,  by t a k i n g  

t h e  i n t e r s e c t i o n  of t h e  i n t e r v a l s  d e f i n e d  by Equa t ions  ( 8 a ) ,  ( 1 2 a ) ,  

and by Equat ions  ( 8 b ) ,  ( 1 2 b ) ,  and by s u i t a b l y  r e -a r rang ing  t h e  

v a r i o u s  terms, one can  prove t h a t  any p a i r  ( S E ~  , raB)  such t h a t  

a  aB 5 so B 
min max f 

i s  a f e a s i b l e  s o l u t i o n  of t h e  problem d e s c r i b e d  i n  S e c t i o n  2. 

Equat ion  (13b) c o n s t r a i n i n g  t h e  f e a s i b l e  o p e r a t i n g  r u l e s  

i s  i n t e r p r e t e d  i n  F i g u r e  4 .  The s t o r a g e  a x i s  i s  d i v i d e d  i n t o  

s i x  p a r t s .  The f i r s t  ( I )  and t h e  l a s t  ( V I )  a r e  t h e  dead and 

s p i l l i n g  zones which have a l r e a d y  been d i s c u s s e d .  I n  t h e  second 

zone--which might  be  c a l l e d  t h e  b u f f e r  zone--the manager has  no 
* 

a l t e r n a t i v e  excep t  t o  release t h e  reduced water  demand a r t .  
I1  i v Then, w e  have t h e  conse rva t i on  zone (st 5 st 5 s t ) ,  which i s  

i n  t u r n  sub-div ided i n t o  t h r e e  subzones (11, 111, and I V ) .  I n  

t h e s e  zones,  t h e r e  i s  a whole range  of p o s s i b l e  r e l e a s e s  among 

which t h e  manager can f r e e l y  choose w i t hou t  any consequence on 

t h e  system performance. Neve r the less ,  t h e  t h r e e  subzones 111, 

I V ,  and V show t h e  d e c l i n i n g  importance of one g o a l  ( s a t i s f a c t i o n  

of demand) v e r s u s  t h e  o t h e r  ( f l o o d  p r o t e c t i o n ) .  I n  f a c t ,  i n  

zone 111, it i s  p o s s i b l e  t o  r e l e a s e  t h e  reduced water demand, 

t hus  sav ing  wa te r  t o  compensate p o s s i b l e  f u t u r e  p e r i o d s  of low 

i n f l ows ,  wh i l e  i n  zone V it i s  p o s s i b l e  t o  r e l e a s e  water from 
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F igu re  4 .  The set  o f  r e l e a s e s  which can gua ran tee  s a t i s f a c t i o n  
o f  demand and f l o o d  p r o t e c t i o n  a t  t h e  same t i m e  
(see Equat ion  13b) . 



t h e  r e s e r v o i r  a t  t he  maximum r a t e ,  t h u s  avo id ing f u t u r e  f l oods .  

On t h e  o t h e r  hand, i n  zone I V ,  none of t h e s e  l i m i t  management 

p o l i c i e s  i s  al lowed. 

The shaded reg ion  i n  F igure 4 i s  more o r  less wide, depending 

upon t h e  t i m e  of t h e  yea r  and upon t h e  va lues  a  and B of t h e  two 

i n d i c a t o r s .  Ac tua l l y ,  t h e  f a c t  t h a t  a  p a i r  (a ,B)  cannot  be 

guaranteed a t  a l l  is  simply revea led  by t h e  van ish ing  of t h i s  

reg ion.  Th is  obv ious ly  happens when 

on some day t. On t h e  o t h e r  hand, i f  

f e a s i b l e  s o l u t i o n s  t o  t h e  problem always e x i s t .  Moreover, i f  

a  and B a r e  such t h a t  

a  
S 

B 
t m i n  < 'trnax t 

t = 0 , . . . , 364  

w e  can say t h a t  t h e  corresponding f e a s i b l e  s o l u t i o n s  g iven by 

Equation (13) a r e  dominated, s i n c e  w e  can i n c r e a s e  a  and reduce 

B u n t i l  w e  o b t a i n  Equation ( 1 4 )  wi th  the  e q u a l i t y  s i g n  ho ld ing 

i n  a t  l e a s t  one c o n s t r a i n t .  Th is  could a c t u a l l y  be  a  u s e f u l  

t es t  f o r  f i nd ing  e f f i c i e n t  o r  semi -e f f i c i en t  ope ra t i ng  r u l e s .  

Never the less ,  a  much more d i r e c t  method can be dev ised ,  a s  shown 

i n  t h e  nex t  s e c t i o n .  

6.  EFFICIENT SOLUTIONS 

W e  w i l l  now d e s c r i b e  a  s imple method f o r  f i n d i n g  e f f i c i e n t  

and semi -e f f i c i en t  s o l u t i o n s  t o  t h e  double o b j e c t i v e  problem 

desc r i bed  i n  Sec t ion  2 .  The method inc ludes  two s t e p s .  F i r s t ,  



* 
g i ven  a  v a l u e  a  smaller t h a n  o r  e q u a l  t o  amax (see F i g u r e  I ) ,  

* * 
t h e  co r respond ing  minimum v a l u e  B (a  ) of  t h e  second i n d i c a t o r  * *  * * *  * 

a B ( a  , ra  B ( a  1 )  is  computed. Second, t h e  f e a s i b l e  s o l u t i o n s  (so 

a r e  determined 5: a e a n s  of Eyuat ion  ( 1 3 ) .  These s o l u t i o n s  a r e  

e i t h e r  e f f i c i e n t  o r  s e m i - e f f i c i e n t  (see p o i n t s  X and Y i n  F i g u r e  

1 )  
* 

An ana logous p rocedure  s t a r t i n g  from a g i ven  v a l u e  B o f  

t h e  f l o o d  i n d i c a t o r  cou ld  a l s o  be  fo l l owed .  I n  t h i s  case, t h e  
* * 

cor respond ing  maximum v a l u e  a  ( 6  ) of t h e  f l o o d  i n d i c a t o r  i s  * * *  * * *  
a. ( B  1 6  , f i r s t  o b t a i n e d ,  and t h e n  t h e  s o l u t i o n s  (so 

a ( B  ) B  ) are 

determined by Equa t ion  ( 1 3 ) .  Again,  t h e s e  s o l u t i o n s  are e i t h e r  

e f f i c i e n t  o r  s e m i - e f f i c i e n t  (see p o i n t s  X and Z of F i g u r e  1 ) .  

The two above p rocedu res  can b e  used s e q u e n t i a l l y  i n  o r d e r  

t o  d e t e c t  i f  a  s o l u t i o n  is e f f i c i e n t  o r  s e m i - e f f i c i e n t .  For 
* 

example, s t a r t i n g  from t h e  v a l u e  ax ,  p o i n t  X i s  o b t a i n e d ,  and 
* * 

t h e n  t h e  second p rocedure  a p p l i e d  w i t h  €3 = BX (see F i g u r e  1 )  
* 

w i l l  a g a i n  g i v e  t h e  same p o i n t  X ,  t h u s  con f i rm ing  t h a t  ( a X ,  

i s  an  e f f i c i e n t  s o l u t i o n .  On t h e  o t h e r  hand,  i f  one  s t a r t s  from 
* 

a p o i n t  Y w i l l  f i r s t  be  o b t a i n e d ,  b u t  t h e n  t h e  second p rocedure  Y f  

w i l l  g e n e r a t e  p o i n t  B. 

Now, o n l y  t h e  f i r s t  s t e p  of  t h e  method i s  d e s c r i b e d ,  s i n c e  

t h e  second one has  a l r e a d y  been d i s c u s s e d  i n  S e c t i o n  5. For  
* 

t h i s ,  assume t h a t  a v a l u e  a  of  t h e  f i r s t  i n d i c a t o r  i s  g i ven .  

Equat ion  (8b)  can  t h e r e f o r e  p rov i de  o p e r a t i n g  r u l e s  which can 
* * 

g u a r a n t e e  t h e  s a t i s f a c t i o n  of  t h e  reduced wa te r  demand a  r * t '  
a I n  p a r t i c u l a r ,  c o n s i d e r  t h e  o p e r a t i n g  r u l e  rmax which c o r r e -  

sponds t o  t h e  r i gh t - hand  s i d e  o f   quat ti on (8b)  , i .e. , 
* * 

a 
= m i n l s ( s t ) .  maxis +a -s a 

* * 
r ( t .  st, at) t t t + l m i n f  a  r t i i  (1 5 )  max 



* 
Among a l l  t h e  o p e r a t i n g  r u l e s  which guaran tee  t h e  va lue  a  f o r  

t h e  f i r s t  i n d i c a t o r ,  t h i s  i s  obv ious ly  t h e  one which minimizes 

t h e  f l ood  i n d i c a t o r  B .  Thus, t h e  fo l low ing  s imple  mathemat ical  
* * 

programming problem can be set  up f o r  determin ing B (a  ) . 

* * 
B ( a  ) = min B 

I n  t h i s  paper ,  c o n s t r a i n t  (16c)  i s  needed t o  guaran tee  Equat ion 

( 8 a ) ,  wh i le  c o n s t r a i n t  ( 16 f )  ensures  t h e  s a t i s f a c t i o n  of t h e  

t e rm ina l  c o n d i t i o n  ( 4 b ) .  The problem can be so lved by s imu la t i ng  * 
a  t h e  r e s e r v o i r  behav ior  w i t h  i n i t i a l  s t o r a g e  s t somin 0 

and * 
a  o p e r a t i n g  r u l e  rmax i f o r  a l l  in f low sequences {a t }  of t h e  r e f e r e n c e  

set .  I f  a l l  c o n s t r a i n t s  (16 f )  a r e  s a t i s f i e d  w i th  t h e  s t r i c t  

i n e q u a l i t y  s i g n ,  then 

* * 
B (a  ) < max 

l < i l n  OIt1364 

s i n c e  one can obv ious ly  f i n d  b e t t e r  s o l u t i o n s  by lower ing t h e  

i n i t i a l  s t o r a g e  so (and hence t h e  maximum f l ood  p e a k ) .  There fo re ,  

one must s imu la te  t h e  r e s e r v o i r  behav ior  aga in  f o r  a  s m a l l e r  

va lue  of t h e  i n i t i a l  s t o r a g e  and r e p e a t  t h i s  ope ra t i on  u n t i l  a t  

l e a s t  one of t h e  n  c o n s t r a i n t s  (165) i s  s a t i s f i e d  w i th  t h e  e q u a l i t y  



s ign .  The cor responding va lue  of max m x  [%]is 
* * lS i5n OSt1364 

obv ious ly  B (a  ) .  

7 .  THE LINEAR CASE 

I n  t h e  case  where t h e  s tage-d ischarge  f u n c t i o n  N i s  l i n e a r ,  

Problem 0 and Problem T of Sec t i ons  3 and 4 become l i n e a r  pro- 

gramming probl'ems and can be so lved  e x p l i c i t l y .  

L e t  us f i r s t  cons ide r  t h e  problem of demand s a t i s f a c t i o n  

and d e f i n e  t h e  cumulat ive  wa te r  demand R : ~  i n  t h e  i n t e r v a l  

l o r e o v e r ,  l e t  u s  denote by A: t h e  lowest  cumulat ive  in f low of 

t h e  r e f e r e n c e  se t  i n  t h e  i n t e r v a l  [ T ,  t ] ,  i . e . ,  

L i 
A:= min Z a s  

l5 iSn  B=T . 
t Not ice t h a t  t h e s e  d a t a  (R*: and A T )  can be pre-computed. F i n a l l y ,  

l e t  us  i n d i c a t e  by 2 ( a )  t h e  minimum s t o r a g e  needed t o  guaran tee  t * 
t h e  reduced wate r  demand ar ,  a t  t i m e  t ,  i . e . ,  

Problem 0 of Sec t i on  3 is t h e r e f o r e  equ i va len t  t o  t h e  fo l lowing 

problem: 



a s = min s o min o 

From Equation ( 1 7 ~ )  we obtain 

i t- 1 - aR * t- 1 
min [st] = s 

0 + A. 0 I 

15iIn 

so that Equation (17e) can be substituted by 

- *t-1 
So L St (a) + aRo - A:-7 

Similarly, constraint (17f) is equivalent to 

Thus, in conclusion, the solution of Problem 0 is given by 

a = max{io(a), max [St(a)+uRo *t-1 -Ao t-1 1 1  I 

min 
15t5364 

provided a is sufficiently small, namely 

One must remark that this is a well-known result of mass-curve 

analysis (see Rippl 1883) . 
In a similar way we can deal with Problem -r and prove that 



a a  s = rnax{gT ( a ) ,  so min - AT I max 
*364 + aRT 364 

~ m i n  T+l I t1364 

Equat ions  (18)  and (19)  a c t u a l l y  a l s o  ho ld  i f  t h e  f u n c t i o n  N i s  

non- l i near .  Neve r the less ,  i n  t h e  l i n e a r  case, one can  prove t h a t  

a  C1 

min and ' ~ m i n  a r e  piecewise l i n e a r ,  i n c r e a s i n g ,  and convex 

w i t h  r e s p e c t  t o  a  ( i n  f a c t ,  a l l  t h e  t e r m s  appea r i ng  i n  Equat ions  

( 1  8)  and (19)  a r e  l i n e a r  f u n c t i o n s  of a )  . These p r o p e r t i e s  can 

be  used i n  a n  obv ious way t o  save  computat ion t i m e  when t h e  

o p e r a t i n g  r u l e s  ra must be  found f o r  d i f f e r e n t  v a l u e s  of a .  

L e t  us  now c o n s i d e r  Problem 0 of  S e c t i o n  4 .  Such a  problem 

can  be  re - fo rmu la ted  a s  

S 
B = max s o max o (23a)  

But from Equat ion  (20c )  one o b t a i n s  

w i t h  

which a r e  d a t a  t h a t  can be  pre-computed. Thus, c o n s t r a i n t s  (20e)  



and (20f) are equivalent to 

From this, it follows that 
* t-1 

13 * 
max = mini Bso, min 

1 St1364 

if, and only if, the data satisfy the following condition 

(Notice that this inequality holds if B is sufficiently high). 

Problem T of Section 4 can be re-formulated and solved in a 

' can be given the similar way and the final result is that sTmax 

following explicit expression 

B 364 * t- 1 

S 
B * max = mint BsT, - CT 
~ m a x  364-T min (22) 

(1-y) 

where C: are the following pre-computed data 

Equations (21) and (22) can only be derived by making explicit 

use of the linearity of the stage-discharge function. Indeed, 

that property has been used to explicitly integrate the con- 

i i tinuing equation with r linearly related to st. Moreover, the t 
B linearity of N implies that somax ' are piecewise linear, and 'Tmax 

increasing, and concave with respect to 6. 



8.  EXANPLE OF APPLICATION 

The method desc r i bed  i n  t h e  prev ious s e c t i o n s  has  been app l i ed  

t o  t h e  c a s e  o f  Lake Como (PJorthern I t a l y ) .  This l a k e  has  been 

r e g u l a t e d  on a d a i l y  b a s i s  s i n c e  1946. The main g o a l s  o f  t h e  

manager ( a c t u a l l y  a committee) a r e  t h e  s a t i s f a c t i o n  of  t h e  water  

requ i rements  of t h e  downstream u s e r s  and t h e  p r o t e c t i o n  of t h e  

l a k e  sho res  from f l o o d s .  The wate r  demands of t h e  v a r i o u s  u s e r s  

(seven run-o f - r i ve r  h y d r o - e l e c t r i c  power p l a n t s  w i t h  an i n s t a l l e d  

c a p a c i t y  of 9 2  MW, and s i x  a g r i c u l t u r a l  d i s t r i c t s  w i t h  a t o t a l  

i r r i g a t e d  s u r f a c e  o f  114 000  h e c t a r e s )  have been p rope r l y  corn- 
* 

bined t o  gene ra te  t h e  d e s i r e d  d a i l y  r e f e r e n c e  r e l e a s e  rt  which 

i s  c o n s t a n t  du r i ng  t h e  w i n t e r  and obv ious ly  a t t a i n s  i t s  peak 
* 

i n  summer (see Figure  5 ) .  The r e f e r e n c e  s t o r a g e  st corresponds 

t o  t h e  l a k e  l e v e l  a t  which t h e  most sunken p a r t  o f  t h e  town o f  
* 

Como (namely t h e  main square)  i s  f looded.  Thus, st i s  c o n s t a n t  

throughout  t h e  yea r .  The s tage-d ischarge  f u n c t i o n  has been 

approximated by a l i n e a r  f unc t i on  w i th  a very  s a t i s f a c t o r y  

f i t t i n g  (5% maximum d e v i a t i o n  i n  t h e  range of i n t e r e s t ) .  A s  

i n f low sequences of t h e  r e f e r e n c e  set  I w e  have s e l e c t e d  t h e  

f i v e  recorded one year- long d a i l y  in f low sequences (over  t h e  

l a s t  15 y e a r s )  which w e r e  es t ima ted  a s  t h e  most c r i t i c a l  ones 

by t h e  manager. Among them, w e  have t h e  in f low sequence of 1976, 

which i s  c h a r a c t e r i z e d  by a very  d ry  summer pe r i od  fo l lowed by 

q u i t e  seve re  f l o o d s  i n  e a r l y  autumn. 

On t h e  b a s i s  of t h e s e  d a t a ,  t h e  e f f i c i e n t  and s e m i - e f f i c i e n t  

s o l u t i o n s  of t h e  double  o b j e c t i v e  management problem have been 

ob ta ined  by us ing  t h e  procedure i n d i c a t e d  i n  Sec t i on  6 ,  and t h e  

e x p l i c i t  formulae r e p o r t e d  i n  Sec t i on  7 .  The r e s u l t s  a r e  shown 
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Figure 5.  The reference release rt of Lake Como. 



i n  Figure 6 i n  t h e  space (a ,B)  of t h e  i n d i c a t o r s .  I n  t h i s  f i g u r e ,  

p o i n t  H rep resen ts  t h e  h i s t o r i c a l  s o l u t i o n ,  namely t h e  r e a l  per- 

formance of t h e  manager dur ing t h e  years  of t h e  re fe rence  s e t .  

The va lue  aH = 0.30 corresponds t o  the  water shor tage  of J u l y  

1976, whi le t h e  va lue  BH = 1.5 corresponds t o  t h e  f lood  of 

October 1979 ( f l ood  peak of 1.36 meters above t h e  main square 

of Como). The f i g u r e  shows t h a t  t h e  h i s t o r i c a l  s o l u t i o n  i s  

"dominated" and can t h e r e f o r e  be improved. I n  f a c t ,  a l l  p o i n t s  

belonging t o  t h e  shaded reg ion H P B Q a r e  cha rac te r i zed  by 

b e t t e r  va lues of t h e  i n d i c a t o r s .  I n  p a r t i c u l a r ,  p o i n t  P shows 

t h a t  B could be reduced t o  1.35 leav ing a  unchanged. This would 

correspond t o  an a t t e n u a t i o n  of t h e  maximum f lood  peak of about 

30 cm. S im i la r l y ,  p o i n t  Q shows t h a t  a  s u b s t a n t i a l  improvement 

i n  demand s a t i s f a c t i o n  can be obta ined wi thout  worsening t h e  

maximum f l ood  peak i n  Como. Obviously, s o l u t i o n s  of  g r e a t e r  

i n t e r e s t  a r e  t h e  e f f i c i e n t  ones belonging t o  the  l i n e  BQ. Among 

them, p o i n t  X has been s e l e c t e d  and suggested t o  t h e  manager f o r  

implementation. The formulae f o r  t h e  de te rmina t ion  of t h e  upper 

and lower l i m i t s  of t h e  f e a s i b l e  r e l e a s e s  ( s e e  Equation (13b ) )  

have been programmed on a  microcomputer which a l s o  con ta ins  s o f t -  

ware f o r  t h e  rea l - t ime f o r e c a s t  of t h e  inf low dur ing t h e  c u r r e n t  

day. This computer i s  now used every day by t h e  manager a s  a  

t o o l  f o r  h i s  f i n a l  dec i s ion .  * 
a The va lues  st min B * 

and max of t h e  proposed s o l u t i o n  a r e  * * 
B a  shown i n  F igure 7. During t h e  yea r ,  s with t h e  tmax >,'tmin * 

B a except ion of one day (August 2 2 ) ,  on which s t max = S t min ( a s  

shown i n  Sec t ion  6 ,  t h i s  i n d i c a t e s  t h a t  t h e  s o l u t i o n  i s  n o t  

B* 
* 

dominated).  The d i f f e r e n c e  between stmax and satmin i s  maximal 
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F i g u r e  6 .  E f f i c i e n t  a n d  semi -e f f  i c i e n t  s o l u ' t i o n s  f o r  Lake Como. 
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dur ing  t h e  w i n t e r  (November-February) , which means t h a t  t h e  con- 

s e r v a t i o n  zone (see F igu re  4 )  i n  t h a t  pe r i od  i s  q u i t e  l a r g e  

( i n  f a c t ,  t h i s  i s  perhaps t h e  most r e l axed  pe r i od  f o r  t h e  

manager) . TcJhen t h e  snow-melt season approaches,  t h i s  d i f f e r e n c e  * 
narrows down, and i n  t h e  middle o f  Yay sa t min a lmos t  equa l s  t h e  

* 
r e f e r e n c e  s t o r a g e  s t' This  f o r c e s  t h e  manager t o  on ly  r e l e a s e  

t h e  reduced wa te r  demand i n  A p r i l  and May, u n t i l  t h e  l a k e  is 

s u f f i c i e n t l y  f u l l .  Fur thermore,  t h i s  i s  what t h e  manager of 

Lake Como does every  y e a r  (perhaps fo l low ing  a s l i g h t l y  d i f f e r e n t  

B *  
* 

a s c h e d u l e ) .  Then, t h e  d i f f e r e n c e  between stmax and min i n -  

c r e a s e s  i n  June and J u l y  b u t  s h r i n k s  aga in  du r i ng  t h e  second 

h a l f  of August, a pe r i od  which i s  o f t e n  c h a r a c t e r i z e d  by sudden 
f 

heavy r a i n f a l l .  I n  p a r t i c u l a r ,  s B ' 
t max d rops  d r a m a t i c a l l y  dur ing  

t h a t  pe r i od ,  t hus  f o r c i n g  t h e  manager t o  r e l e a s e  t h e  maximum 

p o s s i b l e  amount of wa te r  ( s e e  s p i l l i n g  zone of F igu re  4 )  j u s t  

b e f o r e  t h e  p o t e n t i a l  f l o o d s .  The two pronounced minima of 
f 

S 
8 ' i n  August and September cor respond t o  t h e  two most p robab le  t max 

p e r i o d s  of heavy r a i n f a l l  i n  t h e  Alps. 

Th i s  s o l u t i o n  t o  t h e  management problem of Lake Como must 

on ly  be cons idered  a s  a r e a l i s t i c  numer ical  example of a p p l i c a t i o n  

of t h e  min-max approach.  I n  r e a l i t y ,  t h e  o p e r a t i o n  of t h e  regu- 

l a t i o n  dam of Lake Como i s  s u b j e c t  t o  a c e r t a i n  number of con- 

s t r a i n t s  imposed by a formal  a c t  of  t h e  M in i s t r y  of P u b l i c  Works. 

These c o n s t r a i n t s  can  be taken i n t o  account  w i thou t  concep tua l l y  

modify ing t h e  method proposed i n  t h i s  paper .  Neve r the less ,  t h e  

i d e a s  behind t h e  method become somehow less t r a n s p a r e n t .  For 

t h i s  reason ,  t h e  complete a n a l y s i s  of  t h e  r i sk -adverse  management 

o f  Lake Como is desc r i bed  i n  ano the r  paper  (see Guar iso  e t  a l .  



1982) ,  where t h e  r e a d e r  can f i n d  a l l  t h e  d e t a i l s  abou t  t h e  hydro- 

l o g i c ,  economic, and i n s t i t u t i o n a l  c h a r a c t e r i s t i c s  of  t h e  problem. 

Moreover, i n  t h e  same paper ,  a n  i n t e r e s t i n g  comparison w i t h  t h e  

s o l u t i o n  ob ta ined  by means of a s t o c h a s t i c  method i s  a l s o  shown. 

9. CONCLUDING REPIARKS 

A d e t e r m i n i s t i c  (min-max) approach t o  a s imple  b u t  t y p i c a l  

mul t ipurpose s i n g l e - r e s e r v o i r  management problem has  been desc r i bed  

i n  t h i s  paper .  The approach i s  p a r t i c u l a r l y  a t t r a c t i v e  i n  t h e  

c a s e  where t h e  manager i s  r i sk -adverse  and c o n c e n t r a t e s  h i s  

e f f o r t s  on avo id ing  s u b s t a n t i a l  f a i l u r e s  of t h e  system du r i ng  

s e v e r e  hyd ro log i ca l  ep isodes .  The key d a t a  necessary  f o r  a p p l i -  

c a t i o n  of t h e  method i s  a set of one year- long d a i l y  i n f l ow  

sequences.  These i n f l ow  sequences shou ld  be sugges ted  by t h e  

manager a s  r e f e r e n c e  f o r  e v a l u a t i o n  of t h e  sys tem 's  performance. 

For r e s e r v o i r s  a l r e a d y  i n  o p e r a t i o n ,  t h e s e  sequences may be t h e  

recorded d a i l y  in f lows  o f  t h e  y e a r s  t h a t  t h e  manager c o n s i d e r s  

a s  p a r t i c u l a r l y  c r i t i c a l .  I n  such a c a s e ,  t h e  performance of 

t h e  proposed s o l u t i o n  can be d i r e c t l y  compared w i t h  what t h e  

manager was a b l e  t o  ach ieve  i n  p r a c t i c e .  For  obvious reasons ,  

t h i s  might  be  a r e a l  advantage,  i n  p a r t i c u l a r  when t h e  f i n a l  

goa l  o f  t h e  s tudy  i s  t h e  implementat ion of t h e  r e s u l t s .  

The e f f i c i e n t  min-max s o l u t i o n s  have a few i n t e r e s t i n g  

p r o p e r t i e s .  F i r s t  of a l l ,  t h e  o p e r a t i n g  r u l e s  can  be  i n t e r p r e t e d  

i n  t e r m s  of s t o r a g e  a l l o c a t i o n  zones. I n  t h e  m o s t  g e n e r a l  c a s e s ,  

f o u r  zones can  be i d e n t i f i e d  (dead,  b u f f e r ,  conse rva t i on ,  and 

s p i l l i n g  zone ) .  The conse rva t i on  zone i s  i n  t u r n  d i v i ded  i n t o  

t h r e e  subzones (see F igu re  4 ) .  Second, t h e  boundar ies  between 

t h e s e  zones a r e  n o t  f i x e d  a p r i o r i ,  b u t  depend upon t h e  f o r e c a s t  



of the daily inflow. This is a second property which recognizes 

a precise role to real-time inflow predictors. Third, and certainly 

most important, whenever the storage is in the conservation zone, 

the manager can select the value of the release within a pre- 

scribed set of possible releases. This flexibility is certainly 

welcomed by the manager who is often interested in satisfying 

other (hopefully minor) objectives than those considered by the 

optimization model. 

From a computational point of view, the method is very 

effective. The efficient solutions can be obtained by repetitive 

simulations of the reservoir behavior for different values of 

the initial storage. The selection of these values is guided by 

a simple one-dimensional searching method (e.g., bisection). 

Moreover, in the case where the stage-discharge function is 

linear--as in the lake management example considered in Section 

8--the determination of the different storage zones and subzones 

is very simple. 

Finally, it is worthwhile noticing that the method avoids 

on-line optimization. In fact, all the data necessary for 

determination of the set of possible releases can be computed 

off-line. If, on the other hand, on-line optimization is allowed, 

one could introduce some further improvement. In particular, 

one could solve Problem T of Sections 3 and 4 at the beginning 

of each day only with regard to a few reference inflow sequences, 

namely those that make more sense under the current situation. 

If, for example, snow-melt is over by May 20, there is no 

interest after that data, in considering all those reference 

inflow sequences which have inflow peaks in June. 



As a last remark, we might point out that the method seems 

to interpret in a formal way what practitioners have been doing 

for a long time. In fact, the solution procedure recalls the 

mass-curve method, in particular when single-objective management 

problems are considered (see Sections 3 and 4). However, this 

is not a surprise, since even stochastic optimization prccedures 

have been proved to have very much in common with this old method. 
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