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PREFACE 

Ana lys is  o f  problems concerned w i t h  t he  r a t i o n a l  use o f  n a t u r a l  resources 
a lmost  i n v a r i a b l y  deals  w i t h  u n c e r t a i n t i e s  w i t h  regard t o  t h e  f u t u r e  behav io r  
o f  t h e  system i n  ques t i on  and w i t h  mu1 t i p l e  o b j e c t i v e s  r e f 1  e c t i n g  c o n f l i c t i n g  
goa ls  o f  t h e  users o f  t h e  resource.  A1 though e f f e c t i v e  mathematical  t o o l s  
have been made a v a i l a b l e  d u r i n g  t h e  l a s t  decades f o r  s o l v i n g  such problems, 
t h e r e  have o n l y  been few a p p l i c a t i o n s ,  even i n  t h e  f i e l d  o f  water  resources, 
which i s  c e r t a i n l y  t h e  most developed one. The major reason f o r  t h i s  i s  
probably  due t o  t h e  f a c t  t h a t  such mathematical t o o l s  a re  o f t e n  q u i t e  a b s t r a c t  
and s o p h i s t i c a t e d  and a r e  t h e r e f o r e  o f  l i t t l e  h e l p  f o r  t h e  p r a c t i t i o n e r s .  

For these reasons, one o f  t he  issues addressed d u r i n g  t h e  summer s tudy  
"Real - t ime Management o f  Hydrosystems" organi  zed by t h e  Resources and 
Environment Area o f  IIASA i n  1981, was t h e  p o s s i b i l i t y  o f  develop ing s imple 
and h e u r i s t i c  methods f o r  r e s e r v o i r  ~iianagement t h a t  cou ld  d i r e c t l y  take  i n t o  
account t he  exper ience and t h e  preferences o f  t h e  manager. The research was 
ma in l y  conducted w i t h  re fe rence  t o  t h e  case o f  Lake Como, f o r  which s u b s t a n t i a l  
da ta  were a v a i l a b l e .  Th is  paper descr ibes  a  new approach towards ope ra t i ona l  
management o f  a  mu1 t i  purpose r e s e r v o i r ,  which expl  i c i  t l y  takes i n t o  account 
t h e  r i sk -adverse  a t t i t u d e s  o f  t h e  r e s e r v o i r  ope ra to r .  An i n t e r e s t i n g  co~ii- 
pa r i son  i s  made between o p e r a t i o n  r u l e  developed t h i s  way and the  o t h e r  one 
developed e a r l i e r  based on some s t o c h a s t i c  op t ima l  c o n t r o l  concepts. 

Janusz K i n d l e r  
A c t i n g  Leader 
I n s t i t u t i o n s  and Environmental 

Pol i c i e s  Program 





ABSTRACT 

A d e t e r m i n i s t i c  approach which avoids extreme f a i  1 ures i n  t he  management 
o f  a mu1 t i  purpose r e s e r v o i r  i s  presented and d iscussed i n  t h e  paper. The 
main f ea tu re  o f  t h e  method i s  t o  suggest a whole range o f  poss ib l e  dec is ions  
which guarantee t h e  e f f i c i e n t  performance o f  t h e  system. This  a1 lows t h e  
manager t o  choose t he  r e l e a s e  which b e t t e r  f i t s  w i t h  t he  a d d i t i o n a l  i n f o r -  
mat ions o r  f o recas t s  he migh t  have, as w e l l  as t o  accommodate f o r  secondary 
o b j e c t i v e s  which were n o t  cons idered i n  t he  f o r m u l a t i o n  o f  t he  problem. The 
r e s u l t s  o f  t he  a p p l i c a t i o n  o f  t h i s  approach t o  t h e  management o f  Lake Como 
(Nor thern I t a l y )  f avou rab l y  compare w i t h  those ob ta ined  by a more t r a d i t i o n a l  
s t o c h a s t i c  op t ima l  c o n t r o l  f o r m u l a t i o n  and w i t h  t h e  h i s t o r i c a l  data.  
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A  RISK-ADVERSE APPROACH FOR RESERVOIR MANAGEMENT 
WITH APPLICATION TO LAKE COMO 

G. Guariso,  S. O r l o v s k i ,  and S. R i n a l d i  

1. INTRODUCTION 

Actua l  ope ra t i on  o f  mu l t ipu rpose  r e s e r v o i r s  seems t o  prove t h a t  i n  

most cases t h e r e  i s  no g r e a t  i n t e r e s t  i n  o p t i m i z i n g  t he  expected va lue  

o f  t h e  o b j e c t i v e s ,  as u s u a l l y  proposed i n  t h e  l i t e r a t u r e  (e.g. /1/,/4/, 

/5/). On t h e  con t ra r y ,  r e s e r v o i r  o p e r a t i o n  i s  v e r y  o f t e n  aimed t o  avo id  

extreme and unacceptable f a i l u r e s  o f  the  o b j e c t i v e s  when t h e  system i s  

under s t r ess .  Th is  i s  why re fe rence  i s  o f t e n  made t o  ve r y  s p e c i f i c  s i t u a -  

t i o n s  l i k e  " t h e  most d r y  (we t )  y e a r  o f  t he  cen tu ry " ,  " t h e  h i g h e s t  r e c o r d -  

ed f l o o d "  and so on. I n  f a c t ,  i t  seems t h a t  managers, when s e l e c t i n g  an 

ope ra t i ng  r u l e ,  p r e f e r  t o  eva lua te  i t s  performance by making re fe rence  

t o  a  p a r t i c u l a r l y  severe ep isode ( o r  sequence o f  ep isodes) ,  they  have d i -  

r e c t l y  o r  i n d i r e c t l y  exper ienced i n  t he  pas t .  Cons i s t en t l y ,  i n  o r d e r  t o  

be safe, managers 1  i ke t o  adopt t h a t  o p e r a t i n g  r u l e  which bes t  performs 

d u r i n g  t h a t  p a r t i c u l a r  r e fe rence  episode even i f  t h i s  e n t a i l s  a  r e d u c t i o n  

o f  t h e  average performance o f  t h e  system. 

Lake Como i n  Nor thern  I t a l y  i s  no excep t ion .  When t h e  r e s u l t s  o f  a  de- 

t a i l e d  o p t i m i z a t i o n  s tudy  /3/, based on s t o c h a s t i c  op t ima l  c o n t r o l ,  have 

been presented t o  t he  manager, he recognized t h a t  he was n o t  comp le te ly  

s a t i s f i e d  w i t h  t he  t h r e e  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 tudy  (mean y e a r l y  

a g r i c u l t u r a l  d e f i c i t ,  average number o f  days o f  f l o o d  pe r  year ,  and mean 

y e a r l y  h y d r o e l e c t r i c  p r o d u c t i o n ) .  Being r i sk -adverse ,  t h e  manager showed 



a  d e f i n i t e  p re fe rence  toward t he  p o s s i b i l i t y  o f  avo id i ng  f a i l u r e s  of t h e  

system d u r i n g  severe and extreme hyd ro log i ca l  episodes, l i k e  those he has 

exper ienced i n  t h e  past .  

Th is  paper, which extends and app l i es  some o f  t h e  r e s u l t s  i l l u s t r a t e d  

by O r l o v s k i  e t  a1./6/ f o r  s to rage  c o n t r o l  problems, represen ts  a  f i r s t  

a t tempt  t o  d e f i n e  o p e r a t i n g  r u l e s  which b e t t e r  account f o r  t h i s  f a c e t  of 

the  management a t t i t u d e .  The paper i s  organized i n  t h e  f o l l o w i n g  

way. Next s e c t i o n  descr ibes  t h e  main phys i ca l ,  economic,and i n s t i t u t i o n a l  

f ea tu res  o f  Lake Como system. Sect.  3 i n t roduces  a  d e t e r m i n i s t i c  (min-max) 

f o r m u l a t i o n  o f  t h e  r i s k -adve rse  management problem, w h i l e  Sect.  4 b r i e f l y  

descr ibes t h e  a p p l i c a t i o n  t o  Lake Como and compares t h e  r e s u l t s  w i t h  those  

ob ta ined  u s i n g  t h e  s t o c h a s t i c  ap?roach. The main c h a r a c t e r i s t i c s  o f  t h e  

min-max approach and some p o s s i b l e  extens ions a r e  d e a l t  w i t h  i n  t h e  l a s t  

sec t i on .  

2. THE ACTUAL OPERATION OF LAKE CONC 

2 Lake Como i s  a  n a t u r a l  l a k e  which d r a i n s  a  bas in  o f  4508 km i n  t h e  

c e n t r a l  p a r t  o f  t h e '  A1 ps. It i s  operated as a  mu l t i pu rpose  r e s e r v o i r  s i n c e  

t h e  end o f  Wold War I 1  and serves a  number o f  downstream a g r i c u l t u r a l  and 

h y d r o e l e c t r i c  users .  The l a k e  works as a  seasonal r e s e r v o i r  w i t h  an annual 

cyc le .  I t  i s  f i l l e d  d u r i n g  t h e  snow-melt season(1ate sp r i ng -ea r l y  summer) 

and emptied d u r i n g  t h e  d r y  season ( Ju l y -Se~ tember )  when water  i s  needed f o r  

t h e  i r r i g a t i o n  o f  downstream areas. Then , i t  i s  f i l l e d  aga in  w i t h  autumn 

r a i n s  and s l o w l y  emptied d u r i n g  w i n t e r  and s p r i n g  f o r  hydropower p roduc t ion .  

One of t h e  main r e g u l a t i o n  problems i s  t o  p reven t  f l o o d s  a t  t h e  l a k e  s i t e s ,  

p a r t i c u l a r l y  i n  t h e  town of Como, which i s  t h e  most densely  popu- 

l a t e d  area o f  t h e  l a k e  coas t .  A t  present  t h e  da ta  necessary t o  develop a  

r e l i a b l e  c o s t - b e n e f i t  a n a l y s i s  f o r  t h e  de te rm ina t i on  o f  t h e  bes t  o p e r a t i n g  

r u l e  a r e  n o t  a v a i l a b l e .  Thus, t h e  most n a t u r a l  approach i s  t o  model t h e  p ro -  

blem as a  m u l t i o b j e c t i v e  d e c i s i o n  making p rocess in  which a l l  b e n e f i t s  and 

damages a r e  expressed i n  s imp le  b u t  r e p r e s e n t a t i v e  u n i t s .  The p h y s i c a l  i n -  

d i c a t o r  se lec ted  t o  r ep resen t  t he  s a t i s f a c t i o n  o f  t h e  a g r i c u l t u r a l  users  

i s  t h e  t o t a l  annual wa te r  d e f i c i t  D expressed i n  m i l l i o n s  cub ic  meters .  A 

d e f i c i t  s i t u a t i o n  occurs whenever t h e  re l ease  f rom t h e  l a k e  d u r i n g  day T 



fa1 1s  below the  crop water demand w T ,  which i s  per iod ic  during the  

year  and obviously peaks in  summer (see Fig. 1 ) .  The damages incurred 

by the munic ipa l i ty  of Como ( i n te r rup t i on  of pub1 i c  se rv i ces )  can be 

i n d i r e c t l y  quant i f ied  by t h e  number F of days of f lood per year ,  i . e .  

by the number of days in  which the  level  of the lake exceeds t h a t  of 

t he  shore. F ina l l y ,  as  f a r  as  downstream hydropower production i s  con- 

cerned, a previous ana lys is  (performed by Guariso e t  a1 . / 3 / )has  shown t h a t  

i t  i s  r a t h e r  i nsens i t i ve  t o  va r ia t i ons  of the  operat ing ru le :  f o r  t h i s  

reason t h i s  aspect  of the  problem wi l l  not be considered i n  the  fo l low- 

ing. 

When operat ing the  regu la t ion  dam, the manager i s  constra ined by a 

l i cense a c t  issued by t h e  Ministry of Publ ic Works. This a c t ,  agreed 

upon by a1 1 p a r t i e s ,  s t a t e s  t h a t  t he  d a i l y  re lease  rT can be f r e e l y  s e l e c -  

t e d  whenever the  lake level  x T  a t  the beginning of day T i s  between two 

l i m i t s  - x and x, which correspond respec t ive ly  t o  -0.50m and 1.20m, as  mea- 

sured a t  t he  F o r t i l i z i o  hydrometer. For t h i s  reason t h e  i n te rva l  (x ,x )  - 
wi l l  be ca l l ed  control  range in  the  fol lowing. When t h e  level  of t he  lake 

reaches the  lower l i m i t  - x of the control  range, t he  re lease  rT must be 

equal t o  o r  smal ler  than the  inf low a T  so  t h a t  the  level  does not decrease 

f u r t h e r  ( t h i s  cons t ra in t  was imposed by the  Ministry of  Publ ic  Works t o  

guarantee navigat ion and prevent s a n i t a r y  problems). When, on the  cont ra ry ,  

t he  level  of the  lake r a i s e s  above x, the manager must progress ive ly  open 

a l l  the ga tes  of the  dam, i n  o rder  t o  discharge a s  much water as  poss ib le ,  

thus preventing too l a r g e  f loods on the  lake shores. 

A d e t a i l e d  s t a t i s t i c a l  ana lys i s (ca r r i ed  ou t  by Garofalo e t  a1 . /2 / )has  

shown t h a t  the  operat ion performed by the  manager during the  period 1946-78, 

can be s a t i s f a c t o r i l y  approximated by an operat ing r u l e  of the  type 



Figure 1 .  Seasonal va r ia t i ons  o f  t he  ag r i cu l tu ra l  water demand wT. 

T 

[m3/secl 

200 

n 
2 150- 
z 
LU 
n 
a 
p 100- 

4 
50 

0 

- 

I 

- 

I I I I I I I I I I 1 
J F M A M J  J A S O N D  

TIME 



where x j  represen ts  t h e  s to rage  ( 1 e v e l ) o f  t h e  l a k e  a t  t h e  beg inn ing  o f  day 
i i 

r i n  yea r  i, and rT and aT a r e  t h e  re l ease  and t h e  i n f l o w  i n  t h e  same day. 

The f u n c t i o n  r can be represented,  f o r  any p a r t i c u l a r  day, as i n  F i g .  2 

( f o r  s i m p l i c i t y  f rom now on t h e  index  i i s  o m i t t e d  i n  t h e  f i gu res ) .  The 

a c t u a l  o p e r a t i n g  r u l e  i s  thus  i n c r e a s i n g  and convex w i t h  r espec t  t o  x j  

i n  t h e  c o n t r o l  range, and i s  such t h a t  

. . . . . . . . 

where s(xi) i s  t h e  so - ca l l ed  s tage-d ischarge f u n c t i o n  o f  t h e  l ake .  Th is  
T 

f u n c t i o n  g ives,  f o r  any va lue  o f  t h e  l e v e l ,  t h e  maximum amount o f  water  

which can be re leased  i n  one day by keeping a l l  t h e  ga tes  of t h e  dam per-  

manent ly  open. 

3. A MIN-MAX APPROACH 

3.1 Problem f o r m u l a t i o n  ------------------- 
The r i s k -adve rse  management problem w i l l  be fo rmu la ted  i n  t h i s  s e c t i o n  

as an op t ima l  c o n t r o l  problem, t h e  s o l u t i o n  o f  which guarantees a  c e r t a i n  

performance i n  terms o f  t h e  o b j e c t i v e s .  The op t ima l  o p e r a t i n g  r u l e s  r ( - )  

w i  11 be se lec ted  by making e x p l i c i t  re ference t o  t h e i r  perforniance i n  par-  

t i c u l a r l y  t roublesome and s p e c i f i c  s i t u a t i o n s  f o r m a l l y  de f i ned  by a  s e t  I 

o f  n  one-year l o n g  d a i l y  i n f l o w  sequences, i .e. 

Th i s  r e fe rence  s e t  may c o n t a i n  recorded o r  s y n t h e t i c  sequences o f  i n -  

f l o w s  t h a t  t h e  manager cons iders  as p a r t i c u l a r l y  c r i t i c a l .  For  ins tance ,  

i n  t h e  case t h e  r e s e r v o i r  i s  a l r e a d y  i n  opera t ion ,  one m igh t  cons ide r  as 

sequences o f  t h e  r e fe rence  s e t  those  corresponding t o  t h e  most wet and d r y  
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Figure  2 .  Actual  opera t ing  r u l e  o f  Lake Como. 



years  exper ienced by t he  manager. I n  do ing so, 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 ab le  t o  

ach ieve i n  p r a c t i c e .  L e t  us now i n d i c a t e  w i t h  Di and F~ t h e  wate r  d e f i c i t  

i n  a g r i c u l t u r e  and t h e  number o f  days o f  f l o o d  ob ta ined  by app l y i ng  an 

ope ra t i ng  r u l e  r ( . )  du r i ng  yea r  i ( i = l , .  . .,n) o f  t h e  re fe rence  s e t .  The 

va lue  o f  D~ i s  t h e  sum over  yea r  i . o f  t h e  d a i l y  wa te r  d e f i c i t s  d j  g i ven  

by 

Cons i s ten t l y ,  Fi i s  t h e  sum over  yea r  i o f  t h e  f l o o d  i n d i c a t o r s  f j  
g i v e n  by 

where xc i s  t h e  l e v e l  a t  which t h e r e  a re  t h e  f i r s t  d e t e c t a b l e  f l o o d  

damages ( i n  ou r  case t h e  l e v e l  o f  t h e  main square o f  Como). Thus t h e  

problem can be fo rmu la ted  as a  two -ob jec t i ve  op t ima l  c o n t r o l  problem, 

i n  which t he  h i g h e s t  wa te r  d e f i c i t  (mgx D ~ )  and t h e  h i g h e s t  number o f  

days o f  f l o o d  (max F ~ )  a r e  min im izeds i tha t  i s  
i 

I max D~ max F~ I 



where X o  i s  a  s e t  of i n i t i a l  s torages w i t h  non-empty i n t e r s e c t i o n  w i t h  

t he  c o n t r o l  range. The c o n s t r a i n t s  o f  t h e  problem are :  

t h e  c o n t i n u i t v  eaua t ion  o f  t h e  l a k e  

t h e  phys i ca l  c o n s t r a i n t  

t h e  l e g a l  c o n s t r a i n t s  
i 

Xt Z 2 

and t h e  t e r m i n a l  c o n s t r a i n t  

Th i s  l a s t  c o n s t r a i n t  i s  imposed i n  o rde r  t o  avo id  t h a t  a  good per-  

formance i n  one year  i s  f o l l o w e d  by a  very  poor  performance i n  t he  n e x t  

year .  

A f e a s i b l e  s o l u t i o n  o f  problem (1 -5 )  i s  a  s e t  Xo (x0n[x ,x ]#  - O) o f  i n i -  

t i a l  s torages and an o p e r a t i n g  r u l e  r ( . )  s a t i s f y i n g  c o n s t r a i n t s  ( 2 -5 ) .  I n  

general ,  t h e  o p e r a t i n g  r u l e  r ( . )  w i l l  be a  f u n c t i o n  o f  t h e  i n f o r m a t i o n  

c u r r e n t l y  a v a i l a b l e ,  i .e .  . 



i i i i i  
r = r ( ~ ,  x T y  aTy  D T y  F 

T 

i  - 1  i  
where D T  = 1 d i s  the current water defici t in agriculture, and 

0 

F~ = f f i  i s  the current number of days of flood. A feasible solu- 
T ,t t 

V 

t ion ( X 0 r ( ) )  i s  said to be ef f ic ient  (or non dominated) i f  a l l  other 

feasible solutions have a t  leas t  one objective with a worse value. 

In order to solve problem (1-5) we will f i r s t  analyze two simpler 

problems. The f i r s t  one (see Sect. 3.2) i s  called sat isfact ion of demand 
A 

and consists of determining sets X: of i n i t i a l  storages, and operating 

rules of the form 

which are such that constraints (2 -5)  are sat is f ied and a l l  yearly 

R water def ic i ts  D~ are bounded by a given value D , i  .e. 

The second problem (see Sect. 3.3) i s  called flood protection and con- 
F* s i s t s  of finding sets Xo of in i t ia l  storages, and operating rules of 

the form 

which can guarantee that  the number of days of flood a t  the end of 

R a l l  reference years will be a t  most equal to a given value F , i .e.  



The s o l u t i o n s  o f  t h e  two above problems w i l l  a u t o m a t i c a l l y  p o i n t  o u t  

(see Sect.  3.4) o p e r a t i n g  r u l e s  o f  t h e  more general  fo rm 

which can guarantee t h e  s a t i s f a c t i o n  o f  bo th  c o n s t r a i n t s  ( 8 )  and 

(10)  a t  t he  same t ime. Among t h i s  s e t  o f  o p e r a t i n g  r u l e s ,  a  ve ry  s imp le  

procedure (see Sect.  3.5) w i l l  determine those which can guarantee t h e  

* * 
minimum va lue  of F (say F') f o r  any g i v e n  va lue  o f  D (say DO). These o- 

p e r a t i n g  r u l e s  o b v i o u s l y  s o l v e  t h e  m u l t i o b j e c t i v e  problem (1-5) and a r e  

t h e r e f o r e  e f f i c i e n t  i n  t h e  sense s p e c i f i e d  above. I n  genera l ,  these  e f -  

f i c i e n t  o p e r a t i n g  r u l e s  a r e  n o t  unique. Thus, g i ven  t h e  c u r r e n t  va l ue  

i of  i n f o rma t i on  ( r ,  x a:, D:, F:) t he  s o l u t i o n  a l g o r i t h m  suggests a  
r 

whole range o f  p o s s i b l e  reTeases r i .  T h i s  means t h a t ,  i n  normal cond i -  

t i o n s ,  t h e  manager has s t i l l  a  c e r t a i n  freedom i n  making t h e  f i n a l  

dec i s i on .  He might ,  f o r  i ns tance ,  t ake  i n t o  account secondary o b j e c t i v e s  

which were neg lec ted  i n  t h e  fo rma l  d e s c r i p t i o n  o f  t h e  problem. However, 

we w i l l  see t h a t  when h y d r o l o g i c a l  c o n d i t i o n s  become c r i t i c a l ,  i .e. 

when t he  r e s e r v o i r  i s  a lmos t  empty o r  f u l l ,  t h i s  freedom migh t  d isappear .  

3.2 S a t i s f a c t i o n  o f  demand - -  - - - - - - -  - - -  

L e t  us now cons ide r  t h e  problem o f  demand s a t i s f a c t i o n ,  namely t h e  p ro -  
D* D* 

blem o f  de te rmin ing  a  s e t  o f  i n i t i a l  s to rages  X o  (Xo f l  [x,x]+ - 0) and a  s e t  

o f  o p e r a t i n g  r u l e s  o f  t h e  form ( 7 )  which can gaurantee t h e  s a t i s f a c t i o n  

o f  c o n s t r a i n t  ( 8 ) .  Obvious ly ,  s o l u t i o n s  t o  t h i s  problem e x i s t  a t  l e a s t  



for  suf f ic ient ly high values of D*. One of these solutions i s  the so- 

called minimum release policy which corresponds to discharge during 

day r  an amount of water which i s  as close as possible to the agricul- 

tural water demand w . Taking into account a l l  physical and legal con- r  

s t ra ins ,  i t  i s  easy to check that such a policy i s  given by (see Fig.3) 

where s-' ( ) denotes the inverse of the stage-discharge function. 

min{ai , s (x )  1 
i  i f x  = x  

Notice that the minimum re1 ease pol icy does not fu l ly  exploit  the infor- 

i  i  - ,  - rmin(r '  X T '  aT)  

i  * mation currently available since i t  does not depend upon DT and D . 
D* 

The se t  Xo corresponding to the operating rule ( 1 2 )  can easi ly be de- 

T - T - 
s(x) i f  x < xi  c S-' ( w  ) - T T 

c x  
WT 

i f  S-' (w,) < xT  ( 1 2 )  

i  i  - rnin{max(aT,wT) , s ( ~ ) I  i f  xT = x 

termined by recognizing that the yearly water. de f ic i t  in agriculture ob- 

tained by applying a given operating rule i s  a  non increasing function 

D* of the in i t i a l  storage xo. ~ h u s ,  the set  Xo will have the form 

D * where the lower l imit  xo ( D  ) i s  the solution of the following mathema- 

t ica l  programming probl em. 

4 

Problem 0 

xD (D*) = min x 
0 0 
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s u b j e c t  t o  

The s o l u t i o n  o f  Problem 0 can s imp l y  be found  by r e c u r s i v e l y  s imula-  

t i n g  t h e  behav iour  of t h e  l a k e  w i t h  r l  = rmin(. ) f o r  d i f f e r e n t  va lues  o f  

t h e  i n i t i a l  l e v e l  xo. If, a t  t h e  end o f  a  s imu la t i on ,  c o n s t r a i n t s  (17)  and/ 

o r  (18)  a r e  n o t  s a t i s f i e d , x o  must be inc reased  b e f o r e  per forming t h e  

n e x t  s imu la t i on .  If, on t h e  con t ra r y ,  Eqs. (17)  and (18)  a r e  s a t i s f i e d  

w i t h  t h e  s t r i c t  i n e q u a l i t y  s i g n  ,x must be decreased. Thus, a  v e r y  s imp le  
0 

one-dimensional search ing  procedure (e.g. b i s e c t i o n )  can be used t o  

D * dete rmine  xo (D ) . 
i i i *  

Opera t ing  r u l e s  r ( r ,  xr, ar, Dr, D ) s a t i s f y i n g  c o n s t r a i n t  (8 )  car1 

be found by n o t i c i n g  t h a t  t h e  r e l ease  d u r i n g  day T must guarantee t h a t  * i t h e  wa te r  d e f i c i t  f o r  t h e  r e s t  o f  . the y e a r  w i  11 n o t  exceed (D - DT) 

i D* 
and t h e  t e r m i n a l  s to rage  X365 w i l l  f a l l  w i t h i n  t h e  s e t  Xo . But  t h i s ,  

i n  t u r n ,  can be accomplished p rov i ded  t h a t  t h e  l e v e l  o f  t h e  l a k e  a t  

t h e  beg inn ing  o f  day r does n o t  d rop  below a minimum va lue,  'denoted by 

x;(D1, D ) ,  which can be computed by s o l v i n g  t h e  f o l l o w i n g  mathematical  

programming problem. 



D * i  x  (D , DT) = min x  
T T 

(19)  

s u b j e c t  t o  

i x = x  i = l , . .o,n 
T T 

(20)  
i i i i -x +a -r ( t ,xt ,at)  t = ~ , .  . . ,364 i = l , . .  . ,n 't+l- t t (21 ) 

364 
i = l,...,n 

T (22)  
T 
D -R i 

X o ( u  X365 i = l,...,n (23)  

Th is  problem can be so lved  by t he  same one-dimensional search ing  scheme 

used f o r  Problem 0. Note, however, t h a t  t he  s o l u t i o n  o f   problem^ r e q u i -  

r e s  t he  knowledge o f  t he  va lue X;(D*) (see Eq. ( 2 3 ) ) .  Thus, Problem 0  

must be so lved  f i r s t ,  w h i l e  a l l  o t he r  Problems T ( T =  1  ,. ..,364) a re  

independent one f rom each o the r .  

F i n a l l y ,  one can n o t i c e  t h a t  a  volume o f  wa te r  g r e a t e r  than t he  cu r -  

r e n t  demand wT can be re l eased  w i t h o u t  any consequence on the  manage- 

ment performance, p rov ided  t he  l a k e  i s  s u f f i c i e n t l y  f u l l  and/or t he  i n f l o w  

i s  s u f f i c i e n t l y  h igh .  I n  fac t ,  i f  

i i D * i any r e l e a s e  ri between w  and x  + aT - x,+~ (D , DT) w i  11 l eave  
T T T 

t he  c u r r e n t  va lue of t he  water  d e f i c i t  unchanged ( i n  f a c t  i f  riL wT,  then 

i i i 
D T + l  

= DT) . Moreover, i f  t he  re l ease  rT i s  lower  than o r  equal t o  

i i D * i  i i D 1 i  
X ~ +  

X~+l (D ,D,)- = x,+ aT- x,+~ (D ,DT+l ) ,  i t  w i l l  generate a  s t o -  

i i i i  * i rage x,+~= x + aT-  r > xD (D , DT+l), which i s  indeed ( b y  d e f i n i t i o n )  
T T - T + l  

i t he  minimum value o f  x  which can guarantee t he  s a t i s f a c t i o n  o f  t h e  

o b j e c t i v e s  (see Eqs. (19-23)) .  On t he  con t ra ry ,  i f  t h e  l a k e  i s  so empty 



i i i t h a t  a  r e l ease  r, - > wT i s  i n f e a s i b l e ,  then  an amount rmin(~, X, ,a,) 

o f  water  i s  d ischarged and the  c u r r e n t  va l ue  o f  the  d e f i c i t  i s  updated. 

A1 1  t h i s  can be summarized (see a1 so F ig .  4 )  by say ing  t h a t  any r e l e a s e  

i 
rr 

such t h a t  

i i i i i i D  * i i i 
rmin(~yxry a,) s r T "mi "Ix,),max [x,+a,-x,+~ (D , D,), rmin(~,xr ,a,)]l 

(25 

w i l l  s a t i s f y  c o n s t r a i n t s  ( 5 )  and ( 8 ) .  I n  o t h e r  words, g i v e n  t h e  c u r r e n t  

i i i  
i n f o rma t i on  ( x  , a,, D, ) and t h e  r e q u i r e d  performance D*, a l l  opera- 

i D* i * t i n g  r u l e s  which s a t i s f y  Eq. (25)  w i l l  guarantee t h a t  x~~~ E Xo and D 5 D  

f o r  a l l  years  i. F ig .  4 shows t h a t  f o r  s u f f i c i e n t l y  h i g h  va lues o f  t he  s t o -  

rage xi t h i s  imp1 i e s  t he  ex i s t ence  o f  a  whole i n t e r v a l  o f  f e a s i b l e  re1  eases 
T 

i 
r On t h e  con t ra r y ,  i f  t h e  l a k e  i s  t oo  empty Eq. (25)  suggests a  un ique 

i i 
va lue  f o r  t h e  re lease ,  namely rmin(~, x,, a,). 

3.3 F lood  p r o t e c t i o n  - - - - - - - - -  

F% The problem o f  f l ood  p r o t e c t i o n  c o n s i s t s  o f  f i n d i n g  a  s e t  Xo o f  i n i t i a l  

s torages and a  s e t  o f  o p e r a t i n g  r u l e s  o f  t h e  form ( 9 )  s a t i s f y i n g  c o n s t r a i n t  

(10)  f o r  a  g i v e n  va lue  of F*.I~ o rde r  t o  s o l v e  t h i s  problem we f o l l o w  t h e  

same approach o u t l i n e d  i n  Sect.  3.2. Therefore,  we f i r s t  i n t r o d u c e  t h e  

maximum re1  ease ~ o l  i cv  



water demand 

feasible releases 

/ 
/ 

I 
4 
/ 

I 
4 ' control range -H 

/ 
/ I 

X t - - X X t 

x!+ , i~* ,  D, 1- a, 

STORAGE (LEVEL) OF THE LAKE 

Figure 4. The se t  of releases r T  which guarantee an agricultural de f ic i t  

small e r  than or equal to  D*. 



which obv ious l y  minimizes the  f l o o d s .  Then, we n o t i c e  t h a t  t he  number 

i o f  days o f  f l o o d  F  i s  a  non decreas ing f unc t i on  o f  t h e  i n i t i a l  s to rage  

F* 
Xo ' so t h a t  t h e  s e t  Xo i s  o f  t he  form 

F  * where t h e  upper l i m i t  xo(F ) can be ob ta ined  by s o l v i n g  a  mathematical  

F R programming problem s i m i l a r  t o  t h e  above Problem 0. Then, t h e  va lue  x0(F ) 

i s  used t o  formulate Problem T ( T =  1  ,. . . ,364) which s p e c i f i e s  t h e  

maximum s to rage  a t  t ime  r ,  c a l l e d  xF(~* ,  F:) , f o r  which t h e r e  e x i s t  opera- 
'r 

R i 
t i n g  r u l e s  of t h e  form ( 9 )  which can guarantee no more than  ( F  - FT) 

days o f  f l o o d  d u r i n g  t h e  r e s t  o f  t he  yea r  and t he  s a t i s f a c t i o n  of t h e  

i t e r m i n a l  c o n s t r a i n t  X365- 
F* F R  i E Xo . These s torages x  (F  , FT) , = 1  ,.. .,364 

'r 

a l l o w  t o  d e f i n e  a  lower  l i m i t  t o  t h e  d a i l y  r e l ease  f rom t h e  r e s e r v o i r .  

i More p r e c i s e l y ,  one must n o t i c e  t h a t  t he  r e l e a s e  r can be sma l l e r  than  
'r 

r (xi ai) p rov ided  t h e  l a k e  i s  s u f f i c i e n t l y  empty and/or t h e  i n f l o w  max T' T 

i s  s u f f i c i e n t l y  low. I n  f a c t ,  i f  

and 

( r e c a l l  t h a t  xc i s  t h e  t h r e s h o l d  l e v e l  d e f i n i n g  t he  f l o o d ) ,  then any 

i i i A i r e 1  ease r between xT + aT - x;+~ ( F  , F,) and ~ ( x j )  w i  11 n o t  g i v e  r i s e  t o  
T 

i 
a  f l o o d  s i nce  x  i 

< x  ( i  .e. F~ = F  ) . Floreover, t h e  same re1  ease w i l l  
'r+l ' c  T+1 T 

generate a  s to rage  J( 
F  * i sma l l e r  than  o r  equal t o  x,+~ ( F  , F,+l ) ,  which 

T+1 
i i s  indeed the maximum va lue  o f  x  , t h a t  can guarantee t h e  s a t i s f a c t i o n  of 

c o n s t r a i n t  (10) .  Conversely, whenever i n e q u a l i t y  (28)  i s  n o t  s a t i s f i e d ,  



t h e  re l ease  i s  s e t  t o  t h e  maximum f e a s i b l e  va lue  ~ ( x : )  and t h e  va lue  

o f  F:+~ i s  s u i t a b l y  updated. These observa t ions  can be summarized (see 

a l s o  F ig .  5 )  by say ing  t h a t  any re l ease  r j  such t h a t  

i i i i * i i i i 
min{rmax(xT,  a,), max [ x  T +a,-~!+~ ( F  , F,), 01 15 r,: rmax(x,, aT ) 4 3 0 )  

w i l l  s a t i s f y  c o n s t r a i n t s  ( 5 )  and (10) .  

F ig .  5  shows t h a t  f o r  h i g h  va lues o f  t h e  i n f l o w  a: t h e  s t r a i g h t  

A i (F  ,F,) may i n t e r c e p t  t h e  s tage-d ischarge f u n c t i o n  l i n e  ri = xT+ a,- x  
T T+1 - - 

~ ( x : )  a t  a  p o i n t  iT w i t h  x,<x. I n  such a  case t h e  manager would open 

t h e  gates o f  t h e  dam even i f  he i s  n o t  s t r i c t l ' y  o b l i g e d  t o  do so by t h e  

l i c e n s e  ac t .  T ! i s  has been a c t u a l l y  done by t h e  manager o f  Lake Como 

d u r i n g  t h e  p a s t  few years.  

3.4 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  . . . . . . . . . . . . . . . . . . . . . .  

L e t  us now cons ide r  t he  case i n  which t h e  manager wants t o  guarantee 

* s p e c i f i e d  values (D*, F*) o f  bo th  t he  o b j e c t i v e s  ( f o r  example, D and 

X F  cou ld  be a  percentage o f  t he  wors t  recorded va lues ) .  I f  s o l u t i o n s  

t o  such problem e x i s t ,  they  w i l l  be c o n s t i t u t e d  by t h e  i n t e r c e p t i o n s  o f  t he  

se t s  of i n i t i a l  s torages and ope ra t i ng  r u l e s  which s o l v e  t h e  problerns o f  

demand s a t i s f a c t i o n  and f lood  p r o t e c t i o n .  Thus, t he  s e t  o f  t he  i n i t i a l  

s torages i s  s p e c i f i e d  by (see Eqs. (13)  and ( 2 7 ) ) :  

w h i l e  t he  re l ease  ri i s  cons t ra ined  by (see Eqs. (25)  and ( 3 0 ) )  
T 



STORAGE (LEVEL) O F  T H E  LAKE 

Figure 5. The s e t  of re ieases rT which guarantee a yearly number of days 

of flood small e r  than o r  equal t o  F*. 



Th i s  means t h a t  ve r y  o f t e n  t h e r e  i s  t h e  p o s s i b i l i t y  o f  choos ing t h e  

r e l e a s e  i n  a  r e l a t i v e l y  wide range (shaded area i n  F i g .  6 ) ,  b u t  t h i s  

freedom vanishes whenever t h e  r e s e r v o i r  i s  t o o  empty o r  t o o  f u l l ,  namely 

* when t h e  achievement of one of t h e  two t a r g e t s  (D* o r  F  ) becomes c r i -  

t i c a l .  It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  o p e r a t i n g  r u l e  shown i n  Fig.2 

(which bes t  i n t e r p r e t s  t h e  da ta  o f  t h e  p e r i o d  1946-1978) f a l l s  i n  each 

day o f  t h e  y e a r  w i t h i n  t h e  shaded r e g i o n  shown i n  F i g .  6  o r  remarkably  

c l o s e  t o  i t .  

3.5 E f f i c i e n t  s o l u t i o n s  - - - - - - - - - -  

We can now p o i n t  o u t  a  s imp le  procedure f o r  de te rm in i ng  t h e  e f f i c i e n t  

s o l u t i o n s  (Do, FO) o f  t h e  two o b j e c t i v e  Problem (1 -5 ) .  

For  t h i s ,  l e t  us suppose t h a t  a  va l ue  DO o f  wa te r  d e f i c i t  i n  a g r i -  

c u l t u r e  i s  f i x e d .  Thus, t h e  s e t  o f  i n i t i a l  c o n d i t i o n s  and t h e  s e t  o f  

o p e r a t i n g  r u l e s  which can guarantee t h e  s a t i s f a c t i o n  o f  t h e  t e r m i n a l  

i DO o c o n s t r a i n t  x E X o  and of t he  t a r g e t  Di 5 D are  g i v e n  by Eqs. (13)  365 
DO and (25) w i t h  D' = Do. The l o w e s t  s to rage  w i t h i n  t h e  s e t  Xo and t h e  h i g h e s t  

r e l e a s e  s a t i s f y i n g  Eq, (25)  o b v i o u s l y  m in im ize  t h e  number o f  days of f l o o d .  
1 

Therefore, one can s imu la te  t h e  behav iour  of t h e  l a k e  w i t h  i n i t i a l  s t o -  

rage  xOD(D0) and o p e r a t i n g  r u l e  
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for  a1 1 the inflow sequences of the reference set .  Thus, a certain num- 

ber of days of flood Fi i s  obtained for each sequence i and obviously 

The e f f i c ien t  pairs ( D O ,  FO)  could also be found by fixing the value 

F0 and searching for  Do, which simply implies to simulate the behaviour 
F 0 of the lake start ing from x o ( F  ) with the operating rule given by the 

1 ower bound of Eq. (30) with F* = FO. 

Once an e f f i c ien t  pair ( D O ,  FO)  of the objectives has been found, the 

ef f ic ient  operating rules. and the se t  of i n i t i a l  storages are simply 

* determined by substi tut ing Do and F0 :or D and FA in Eqs. (31) and (32).  

4. APPLICATION TO LAKE COMO 

In the case of lake Como, the min-max approach outlined in the previous 

section has been reduced to the following sequence of operations perfor- 

med off- l ine. The seven most c r i t i ca l  yearly inflow sequences of the 

period 1946-1981 were chosen to define the referenze se t  I .  Problem 0 was 

'Ik solved for di f ferent values of D by simulating the system behaviour for  

di f ferent values of the in i t i a l  storage xo selected by a one-dimensional 

* search. I t  turned out that no solution existed for D smaller than 600 

D million cubic metres and that x (600) = x (obviously x: (D*) = x for  a l l  
0 - - 

Dlr 2 600), which means that constraint (23) in Problem r i s  a priori 

D k i  sa t i s f i ed .  In other words, in the case of lake Como, x T  ( D  , DT ) 



* i i s  o n l y  a  f u n c t i o n  o-f (D - DT).  Th i s  p e c u l i a r  c h a r a c t e r i s t i c  a l l o w s  

t o  determine X;(D*, D:) i n  t he  f o l l o w i n g  ve ry  s imp le  way. For  each 

i n i t i a l  l e v e l  xT  i n  t h e  c o n t r o l  range, s i m u l a t e  ove r  t h e  r e s t  o f  

i i 
t h e  yea r  t h e  behav iour  o f  t he  l a k e  w i t h  t h e  o p e r a t i n g  r u l e  rmin(~,xT,aT) 

f o r  each i n f l o w  sequence i o f  t h e  r e fe rence  se t ,  and s t o r e ,  as shown 

i n  t h e  t a b l e  o f  F i g ,  7, t he  maximum d e f i c i t  ob ta i ned  i n  t h i s  way. 

R i Th i s  va l ue  corresponds t o  t h e  s m a l l e s t  d e f i c i t  (D -DT) which can be gua- 

ran teed  f rom t h a t  day on. By i n v e r t i n g  t h e  t a b l e  o f  F i g .  7, one can compu- 

D * i  D * i  
t e  t h e  f u n c t i o n  x,(D ,D ) = xT(D D )  , which i n  t h i s  case i s  shaped as i n  

T 

F i g .  8.  

I n  a  ve r y  s im i  1  a r  way one can determine t h e  f u n c t i o n  X;(F*, F:) needed 

t o  s o l v e  t h e  f l o o d  p r o t e c t i o n  problem (see Sec t ,  3 .3 ) .  I n  f a c t  Problem 0  

showed t h a t  i t  i s  n o t  p o s s i b l e  t o  guarantee l e s s  than  18  days o f  f l o o d  

F  F * 
- F* pe r  y e a r  and t h a t  xo (18)  = x, which i m p l i e s  xo (F  )b i and [ x , i ] c  Xo  f o r  

any F* 5 18. S ince  no f l o o d  ever  happened i n  t h e  h i s t o r y  a f t e r  November 

15 n e i t h e r  one f l o o d  l a s t e d  more than t e n  days, t h e  s t o rage  a t  t h e  end 

of any yea r  always f a l l s  w i t h i n  t h e  c o n t r o l  range and t hus  t h e  t e r m i n a l  

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

F A i  
and X;(F*, F t )=x0 (F  F ) .  One can thus s i m u l a t e  t h e  behav iour  o f  t h e  

system w i t h  i n i t i a l  l e v e l  x  and maximum re l ease  p o l i c y  r (xi a:) f o r  
T max T '  

each i n f l o w  sequence o f  t h e  r e fe rence  se t ,  and d e k r m i n e t h e  maximum number 

o f  days o f  f l o o d  over  t h e  r e s t  o f  t h e  yea r  as shown i n  t he  t a b l e  o f  Fig.9.  



TIME 7 

F igu re  7. The maximum a g r i c u l t u r a l  d e f i c i t  ob ta ined  by  s i m t ~ l  a t i  ng the 
system behaviour i n  t h e  p e r i o d  f rom T t o  t he  end o f  t h e  year .  







Th is  t a b l e  represen ts  a  s tep-wise f u n c t i o n  s i nce  t h e  number o f  days 

o f  f l o o d  i s  an i n t e g e r .  It appears f rom Fig.  9 t h a t  t h e r e  a r e  l a r g e  

areas o f  i n d i f f e r e n c e  i n  t he  space (T , X, ) . For example, i t  i s  n o t  

poss ib l e  t o  guarantee l e s s  than 18 days o f  f l o o d  pe r  year,  b u t  t h i s  

va lue  can be ob ta ined  f o r  a l l  i n i t i a l  s torages x, i n  January and Fe- 

b ruary .  Lower s torages should be used d u r i n g  t he  snow-melt season 

t o  achieve t h e  same performance, b u t  aga in  t h e  maximum number o f  days 

o f  f l o o d  i s  r a t h e r  i n s e n s i t i v e  t o  t h e  l a k e  s to rage  i n  June and J u l y .  

These seasonal v a r i a t i o n s  a r e  i n  p e r f e c t  agreement w i t h  t h e  h i s t o r i c a l  

data.  By i n v e r t i n g  t h e  t a b l e  o f  F ig .  9, one ob ta ins  t h e  f u n c t i o n  

F  * F A i  x,(F , F:) = x,(F -F ) which i s  shown i n  F ig .  10. 
T 

Figs .  8  and 10 c o n t a i n  a l l  t h e  i n f o r m a t i o n  necessary t o  f i n d  o u t  t h e  

e f f i c i e n t  s o l u t i o n s  (DO, F') o f  t he  r i sk -adverse  management problem 

(1-5),  p rov ided  t h e  procedure o u t l i n e d  i n  Sect. 3.5 i s  used. The s e t  

o f  these e f f i c i e n t  s o l u t i o n s  i s  shown i n  F ig .  11 i n  t h e  space o f  t h e  

o b j e c t i v e s .  I n  t h e  same f i g u r e  one can f i n d  t h e  performance of t he  

h i s t o r i c a l  management ( p o i n t  H corresponding t o  an a g r i c u l t u r a l  d e f i c i t  

o f  750 m i l l i o n  cub i c  metres and t o  45 days of  f l o o d )  and t h e  " u t o p i a "  

p o i n t  U, which represen ts  t h e  independent and hence i n f e a s i b l e  optimum 

o f  t h e  two o b j e c t i v e s  (600 m i l l i o n  cub i c  metres o f  d e f i c i t  and 18 days 

o f  f l o o d ) .  F i n a l l y ,  p o i n t  P represen ts  t h e  performance o f  t h e  opera- 

t i n g  r u l e  ob ta ined  by means of a  c l a s s i c a l  s t o c h a s t i c  approach and d iscus-  

sed i n  Guariso e t  a l ,  / 3 /  (see be low) .  Among a l l  e f f i c i e n t  s o l u t i o n s ,  

t he  c l o s e s t  t o  t he  segment HU ( see p o i n t  X )  has been suggested t o  t h e  

manager, Th i s  solution i s  c l e a r l y  s u p e r i o r  t o  t h e  h i s t o r i c a l  mana- 

gement. Indeed, improvements o f  17% and 52% a r e  p o s s i b l e  f o r  t he  

maximum y e a r l y  a g r i c u l t u r a l  d e f i c i t  and t h e  maximum y e a r l y  number 

of days o f  f l ood ,  r e s p e c t i v e l y .  On the  con t ra r y ,  t he  d i f f e r e n c e  
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F igu re  11 . Feas ib l e  sol u t i o n s  ( h o r i z o n t a l  1  i n e s )  and e f f i c i e n t  s o l u t i o n s  
o f  t h e  mi n-max approach: p o i n t  X i s  t h e  proposed s o l u t i o n  and 
p o i n t  P i s  t h e  s o l u t i o n  o f  t h e  s t o c h a s t i c  approach. 



between p o i n t  X and p o i n t  P i s  o n l y  moderate. The s t o c h a s t i c  approach 

would have i n  f a c t  caused an a g r i c u l t u r a l  d e f i c i t  o f  623 m i  1  l i o n  c u b i c  

metres i n  t he  w o r s t  case, namely o n l y  1% more t han  what achieved by t h e  

suggested niin-max e f f i c i e n t  ope ra t i ng  r u l e .  The d i f f e r e n c e  between t he  

d e t e r m i n i s t i c  and s t o c h a s t i c  approach l ooks  somehow g r e a t e r  when f l o o d s  

a r e  cons idered (see F ig .  11). 

As a1 ready mentioned, t h e  s t o c h a s t i c  approach f o l l o w e d  by Guariso e t  

a1 . /3/ models t he  d e c i s i o n  making process as a  mu1 t i o b j e c t i v e  o p t i -  

mal c o n t r o l  problem, b u t  t h i s  t ime t h e  o b j e c t i v e s  a r e  t he  mean va lues ( E [ * ]  ) 

o f  t he  y e a r l y  wa te r  d e f i c i t  i n  a g r i c u l t u r e  D and o f  t he  number F  o f  days 

o f  f l o o d  per year .  More p r e c i s e l y  ,the problem i s  g i ven  t h e  f o l l o w i n g  f o r -  

m u l a t i o n  

min IE[D] E [ F ]  I 
I P I  

s u b j e c t  t o  t h e  c o n t i n u i t y  equa t ion  

X ttl = xt +  at - r ( t ,  xt9 at, P )  

where t he  f u n c t i o n  r i s  a  f am i l y  of o p e r a t i n g  r u l e s  p e r i o d i c  over  t h e  

year ,  p  i s  a  v e c t o r  o f  unknown parameters t o  be determined through o p t i -  

m iza t ion ,  and {a I i s  a  one-year c i c l o s t a t i o n a r y  s t o c h a s t i c  process. 
t 

C l e a r l y ,  t h e  o p e r a t i n g  r u l e s  of t he  c l a s s  r(t,xt,afp) s a t i s f y  a l l  l e g a l  and 

phys i ca l  c o n s t r a i n t s  o f  t he  problem. 

The e f f i c i e n t  s o l u t i o n s  can be found by s i m u l a t i  f o r  d i f f e r e n t  va lues 

of p  t h e  behaviour  o f t h e  system f o r  a  s u f f i c i e n t l y  l ong  r e a l  o r  s y n t h e t i c  

sequence o f  i n f l o w s  8 The parameter p  i s  v a r i e d  by means o f  a  s u i t a b l e  c r i -  

t e r i o n  t i l l t h e  minimum va lue  o f  E  [F] i s  achieved f o r  any f i x e d  va lue  DO 

of E[D]  . Thus, t h e  s e t  of  e f f i c i e n t  s o l u t i o n s  can be ob ta ined  by para- 



m e t r i c a l l y  va ry i ng  DO. The r e s u l  t s  ob ta ined  by us ing  t h e  recorded se- 

quence o f  i n f l o w s  i n  t h e  pe r i od  1946-1981 a r e  surr~niarized i n  F i g .  12, 

which shows a l l  t h e  e f f i c i e n t  s o l u t i o n s  and t h e  abso lu te  (and inde-  

pendent) minimum values of t he  o b j e c t i v e s  ( u t o p i a  p o i n t  U ' ) .  I n  t h i s  

f i g u r e  p o i n t s  H and X r ep resen t  t h e  performance o f  t h e  h i s t o r i c a l  mana- 

gement and o f  t he  suggested min-max ope ra t i ng  r u l e  i n  t h e  same 

per iod .  F i n a l l y ,  p o i n t  P corresponds t o  t h e  e f f i c i e n t  ope ra t i ng  r u l e  sug- 

gested by Guariso e t  a l .  i n  / 3 / .  I t  can be n o t i c e d  t h a t  p o i n t  P r ep re -  

sents  a  s u b s t a n t i a l  improvement w i t h  r espec t  t o  t h e  h i s t o r i c a l  nianage- 

ment. On t h e  average, t h e  a g r i c u l t u r a l  d e f i c i t  i s  reduced by 55% w h i l e  t h e  

number o f  days of f lood i s  50% lower .  On t h e  con t ra r y ,  t h e  o p e r a t i n g  r u l e  

suggested by t h e  min-max approach produces, i n  t h e  average, much smal l e r  

improvements. I n  f a c t  p o i n t  X f a l l s  about h a l f  way between p o i n t  P and 

p o i n t  H. 

Some i n t e r e s t i n g  conc lus ions  can be drawn f rom these comparisons. F i r s t ,  

d e s p i t e  t h e  apparent  r i sk -adverse  a t t i t u d e  o f  t h e  manager, t h e  h i s t o -  

r i c a l  da ta  show t h a t  t h e  pas t  management does n o t  seem t o  be c l o s e r  t o  

t he  s o l u t i o n  suggested by t he  min-max a n a l y s i s  than  t o  t h a t  o f  t he  

s t o c h a s t i c  approach. Second t h e  performance o f  t h e  r i s k -adve rse  approach 

i s  r a t h e r  poor i n  terms of mean va lues o f  t h e  o b j e c t i v e s ,  w h i l e  t h e  

s t o c h a s t i c  approach seems t o  guarantee a  s a t i s f a c t o r y  performance even 

when t he  system i s  under s t r ess .  For  example, d u r i n g  t he  f o u r  most wet 

years o f  t he  re ference s e t  we would have 20, 20, 20 and 19 days o f  f l o o d  

w i t h  t he  min-max ope ra t i ng  r u l e ,  and 25,21, 19, and 10 days o f  f l o o d  w i t h  

t he  s t o c h a s t i c  approach. However, i t  i s  w o r t h w i l e  t o  n o t i c e  t h a t  t h e  min- 
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max approach i s  c e r t a i n l y  more f l e x i b l e  than  t h e  o t h e r  one, s i nce  i t  o f -  

t e n  a l l ows  t o  s e l e c t  the  r e l e a s e  w i t h i n  a  s p e c i f i e d  range. Th i s  g ives  

t h e  manager t h e  p o s s i b i l i t y  t o  accomodate f o r  secondary ob jec t i ves ,a  f a c t  

t h a t  would r e q u i r e  a  complete rework ing  o f  t he  problem i f  t h e  s t o c h a s t i c  

approach i s  f o l  1  owed. 

5 .  CONCLUDING REMARKS 

A d e t e r m i n i s t i c  (min-max)approach f o r  t h e  d a i l y  o p e r a t i o n  o f  Lake Como 

has been presented i n  t h i s  paper and compared w i t h  t h e  more c l a s s i c a l  

s t o c h a s t i c  approach and w i t h  t h e  h i s t o r i c a l  data.  The proposed opera t ion ,  

which i s  de f i ned  w i t h  t he  p e r f e c t  knowledge o f  one day ahead i n f l o w ,  per-  

forms much b e t t e r  t han  t he  h i s t o r i c a l  one and about t h e  same as t h e  opera- 

t i n g  r u l e  ob ta ined  through t h e  s t o c h a s t i c  apprcach. 

The main c h a r a c t e r i s t i c  o f  t he  d e t e r m i n i s t i c  methoa i s  t h a t  t he  d a i l y  

r e l ease  i t  n o t  comple te ly  s p e c i f i e d  by t h e  a l go r i t hm.  Only a  lower  and 

an upper bound (see F ig .  6 )  a r e  suggested t o  t h e  manager who has s t i l l  

t h e  freedom t o  s e l e c t  t h e  f i n a l  va lue  o f  t he  re1  ease depending upon h i s  

judgement on t h e  c u r r e n t  and f u t u r e  s i t u a t i o n  o f  t he  system. O f  course when 

c o n d i t i o n s  become c r i t i c a l  ( i  .em when the  l a k e  i s  a lmost  empty o r  a lmost  

f u l l )  t h i s  s l ack  disappears and t h e  a l g o r i t h m  suggests a  s i n g l e  va lue  

f o r  t he  re lease .  Th is  va lue  i s  t he  o n l y  one t h a t  would guarantee t h e  pre-  

s c r i b e d  performance if t he  f u t u r e  i n f l ows  would be one o f  t he  y e a r l y  se- 



quences o f  a  s p e c i f i e d  re fe rence  se t .  

Obvious ly ,  i n  t h e  r e a l  a p p l i c a t i o n  o f  t h e  method f u t u r e  i n f l o w s  can o n l y  be 

forecasted,  so t h a t  t h i s  "guarantee" has no p r e c i s e  meaning. Nevertheless, 

the  r e a l  performance o f  t he  system w i l l  s t r o n g l y  depend upon t h e  repre -  

sen ta t i veness  o f  t he  re fe rence  se t .  Th is  does n o t  n e c e s s a r i l y  mean, how- 

ever, t h a t  i n  o r d e r  t o  improve t h e  s o l u t i o n  one should inc rease  t h e  num- 

be r  o f  i n f l o w  sequences i n  t he  re fe rence  s e t .  T h i s  would i n  f a c t  inc rease  

t he  t ime  r e q u i r e d  t o  compute a l l  t he  necessary t ab les .  A more i n t e r e s t i n g  

suggest ion t o  b e t t e r  t h e  performance o f  t he  system i s  t o  use an "adap t i ve"  

re fe rence  se t ,  which s imp ly  con ta ins  t he  sequences which a r e  cons idered 

more s i g n i f i c a n t  f o r  t h e  c u r r e n t  year.  For  example, i f  d u r i n g  a  p a r t i c u l a r  

year ,  t he  snow-melt i s  ove r  by May 30, t h e r e  i s  no i n t e r e s t  i n  cons ide r i ng  

a f t e r  t h a t  d a t e  a l l  those sequences i n  t h e  re fe rence  s e t  which have i n f l o w  

peaks i n  June. Th i s  would irnply, however, t h e  use o f  an o n - l i n e  computer t o  

determine t he  f e a s i b l e  re leases  i n  r e a l - t i m e  . 

The f i n a l  conc lus ion  o f  t he  paper i s  t h a t  bo th  t he  s t o c h a s t i c  approach 

and t he  min-max approach seem t o  answer, i n  some way, t o  p r e c i s e  r e q u i r e -  

ments o f  t h e  manager. For  t h i s  reason, i t  i s  p robab ly  u s e f u l  t o  supp ly  

t he  manager w i t h  bo th  op t ima l  s o l u t i o n s .  Indeed, t h i s  i s  what has been 

done i n  t he  case o f  Lake Como, where t he  op t ima l  o p e r a t i n g  r u l e s  have 

been programmed on a  microcomputer, which i s  used s i nce  then by t h e  ma- 

nager as an impo r tan t  suppor t  f o r  t h e  f i n a l  dec i s i on .  
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