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ABSTRACT 

GENERATING ALTERNATIVE SOLUTIONS FOR DYNAMIC PROGRAMMING MODELS 

OF WATER RESOURCES PROBLEMS 

A technique is  presented t o  genera te  a l t e r n a t i v e s  t h a t  a r e  d i f f e r e n t  
from each o t h e r ,  bu t  good wi th  respec t  t o  modeled ob jec t ives ,  f o r  problems 
t h a t  can be modeled by dynamic programming. The technique i s  compared t o  
o t h e r  poss ib l e  approaches, and r e l evan t  concepts of d i f f e r e n c e  among a l t e r -  
n a t i v e s  a r e  discussed.  Applicat ion t o  a f loodpla in  management model shows 
t h a t  t h e  technique can produce s e t s  of d i f f e r e n t  a l t e r n a t i v e s  f o r  water 
resources  problems. 
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1. Modeling t o  Generate Al ternat ives  

Many appl ica t ions  of optimum-seeking models r equ i re  a combination of 

human and computer e f f o r t .  The arguments a r e  f ami l i a r :  models a r e  

incomplete; u t i l i t y  functions a r e  d i f f i c u l t  t o  speci fy ;  t h e  range of a l t e r -  

na t ives  i s  not  known; exact algori thmic solu t ion  is not  poss ib le ;  t h e  

understanding of t h e  problem changes a s  p o t e n t i a l  so lu t ions  a r e  considered. 

I t  has been argued elsewhere t h a t  one appropr ia te  response t o  such ' i l l-  

defined'  problems is 'Modeling t o  Generate Al ternat ives '  (MGA). This 

approach i s  characterized by using models t o  generate s e t s  of a l t e r n a t i v e s  

t h a t  a r e  d i f f e r e n t  from each o the r ,  but  f e a s i b l e  given t h e  physica l  s t ruc -  

t u r e  of t h e  system of concern and good with respect  t o  t a r g e t  values f o r  

well-understood objec t ives  ( B r i l l ,  1979; Hopkins, 1975). The argument, i n  

s implest  terms, i s  t h a t  i n  order  f o r  t h e  human t o  bring i m p l i c i t  knowledge 

t o  bear  on t h e  problem, t h a t  i s  knowledge t h a t  cannot be incorporated i n  t h e  

model, he must be confronted with a l t e r n a t i v e s  t h a t  a r e  perceivable a s  d i f -  

f e r e n t  with respect  t o  t h i s  impl ic i t  knowledge. The i m p l i c i t  knowledge cannot 

be incorporated i n t o  t h e  model f o r  t h e  reasons l i s t e d  above. 

Experiments have been conducted t o  show t h a t  optimizat ion techniques 

can be used t o  generate such s e t s  of a l t e r n a t i v e s .  B r i l l  (1979) has sug- 

gested a technique (HSJ) f o r  l i n e a r  and mixed in tege r  programming problems. 

B r i l l  e t  a l .  (1981) and Chang e t  a l .  (1981) have demonstrated t h i s  technique 

and a random generat ion technique on a land use a l loca t ion  problem and on 

a water resource problem. Hopkins (1975, 1977) has demonstrated some re levant  

p roper t i e s  of h e u r i s t i c  locat ion-a l locat ion  algorithms f o r  land use a l loca t ion  

problems. Church and Huber (1979) have incorporated d i f fe rence  a s  one of 

a s e t  of  objec t ives  f o r  locat ion-a l locat ion  problems. 



This  paper  has two major purposes: 1)  ton p re sen t  a  method f o r  

i d e n t i f y i n g  d i f f e r e n t ,  f e a s i b l e  a l t e r n a t i v e s  i n  dynamic programming problems, 

and 2) t o  d i scuss  some conceptual i s s u e s  o f  de f in ing  d i f f e r e n c e s  between 

dynamic programming s o l u t i o n s .  Sec t ion  2  cons iders  p o s s i b l e  methods and 

i l l u s t r a t c s  a  p r e f e r r e d  method with a  simplc nunicrical s h o r t e s t  pa th  

example. Sec t ion  3 d i scusses  t he  concept o f  d i f f e r e n c e ,  inc luding  d i f f e rence  

between dec i s ions  versus  d i f f e r e n c e  between s t a t e s ,  i n t e r v a l  measures a f  

d i f f e r ence ,  d i f f e r e n c e  between var iances  ac ros s  dec i s ions  wi th in  one 

a l t e r n a t i v e ,  d i f f e r e n c e  i n  s p a t i a l  o rganiza t ion  o f  d e c i s i o n s ,  and uncer- 

t a i n t y .  Sec t ion  4 desc r ibes  a  p ro to typ ica l  a p p l i c a t i o n  t o  a  dynamic 

programming model f o r  a l l o c a t i n g  land uses  f o r  f l oodp la in  management. 

2 .  MGA Methods f o r  Dynamic Programming 

A model f o r  genera t ing  a l t e r n a t i v e s  should have f o u r  c h a r a c t e r i s t i c s .  

F i r s t ,  i t  should r e t a i n  t he  s t r u c t u r a l  r e l a t i o n s  o f  t h e  system being 

modeled. In  modeling a  r i v e r  system, f o r  example, t h e  p r o p e r t i e s  o f  moving 

water should be r e t a i n e d  i n  t h e  model; i n  a  t r a n s p o r t a t i o n  network, t h e  

connec t iv i ty  of l i n k s  should be r e t a i n e d .  Simple random genera t ion  o f  l i n k s  

is ,  t h e r e f o r e ,  no t  an e f f e c t i v e  approach bccause i t  does not  r e t a i n  connec- 

t i v i t y .  Second, t h e  model should t ake  i n t o  account t h e  va lue  f o r  the  known 

o b j e c t i v e ( s ) .  Generation of a l t e r n a t i v e s  t h a t  a r e  r e l a t i v e l y  good given what 

is  known is ,  i n  genera l ,  p r e fe rab le ,  even though expec ta t ions  must be re laxed  

from the  b e s t  t h a t  could be obtained i f  t h a t  o b j e c t i v e  a lone  were opt imized.  

Third, t h e  model should i d e n t i f y  a  small  s e t  of s o l u t i o n s  t h a t  a r e  maximally 

d i f f e r e n t  from each o t h e r ,  s u b j e c t  t o  t h e  f e a s i b i l i t y  and q u a l i t y  condi t ions  

j u s t  noted, because a  human a n a l y s t  can only cope with a  small  number o f  



a l t e r n a t i v e s .  F i n a l l y ,  a model f o r  genera t ing  a l t e r n a t i v e s  should be 

e f f i c i e n t  no t  only i n  t h e  number of a l t e r n a t i v e s  generated p e r  u n i t  o f  

computing r e sou rces ,  but a l s o  i n  t h e  easc  with which an a n a l y s t  can spec i fy  

inpu t s  and i n t e r p r e t  ou tpu t s .  

For dynanlic programming problems, t h e s e  c h a r a c t e r i s t i c s  sugges t  t h a t  

1) t h e  s t a t e  and dec i s ion  v a r i a b l e  r e p r e s e n t a t i o n  of  t h e  problem could 

be r e t a i n e d  i n  o r d e r  t o  spec i fy  t h e  phys i ca l  s t r u c t u r e ,  and t h a t  2) t h e  

problem could be solved f i r s t  f o r  a  known o b j e c t i v e  i n  o r d e r  t o  i d e n t i f y  

t a r g e t  va lues  f o r  t h i s  o b j e c t i v e  and t o  e s t a b l i s h  an i n i t i a l  s o l u t i o n  from 

which t o  compute d i f f e r ences .  Three methods which d i f f e r  i n  t h e  procedure . 

f o r  i d e n t i f y i n g  d i f f e r e n t  a l t e r n a t i v e s  a r e  considered:  1 )  adapt ing t h e  

kth b e s t  p o l i c y  method based on a  d i f f e r e n c e  c o n s t r a i n t ,  2) gene ra l i z ing  

t h i s  method by t r e a t i n g  d i f f e r e n c e  and t h e  known o b j e c t i v e  a s  two components 

t o  be weighted, and 3) searching  a  modified t raceback f o r  s o l u t i o n s  of maxi- 

mum d i f f e r ence .  Although any f i n a l  choice among t h e s e  methods should await  

more ope ra t iona l  experience,  t h e  second approach has apparent  ope ra t iona l  

advantages over  t h e  f i r s t  and t h i r d  and conceptual advantages over  t h e  

t h i r d .  

2 . 1  kth b e s t  p o l i c i e s  

Bellman and Kalaba (1960) i d e n t i f i e d  t h e  problem of  f i nd ing  t h e  nex t  

b e s t  s o l u t i o n  t o  a  dynamic programming problem a s  t h e  f ind ing  of  t h e  

'kth b e s t  p o l i c y . '  Indeed, they  suggested t h a t  one of  t h e  uses  of t h e  

algori thm might be t o  look f o r  s o l u t i o n s  t h a t ,  though n o t  t h e  b e s t  s o l u t i o n s  

t o  t h e  model, a r e  b e t t e r  s o l u t i o n s  of t h e  r e a l  phys ica l  problem of  which 

t h e  model i s  only an approximate r ep re sen ta t ion .  The Modeling t o  Generate 



A l t e r n a t i v e s  (MGA) concept is very s i m i l a r ,  bu t  more extreme. MGA a s s e r t s  

t h a t  t h e  a l t e r n a t i v e s  most useful  f o r  cons ide ra t ion  by a n a l y s t s  w i l l  be 

a s  d i f f e r e n t  a s  p o s s i b l e  from each o t h e r  s u b j e c t  t o  s a t i s f a c t o r y  performance 

fir t h e  included o b j e c t i v e .  I n  c o n t r a s t ,  t h e  kth b e s t  p o l i c y  idea  seeks 

t h e  b e s t  s o l u t i o n  f o r  t h e  included o b j e c t i v e  s u b j e c t  t o  a  c o n s t r a i n t  t h a t  

a t  l e a s t  one dec i s ion  v a r i a b l e  be d i f f e r e n t  from t h e  p rev ious ly  generated 

s o l u t i o n s .  

I t  i s  ev iden t  t h a t  t h e  kth b e s t  po l i cy  approach can be adapted t o  MGA 

purposes,  bu t  ope ra t iona l  d i f f i c u l t i e s  a r i s e .  To understand these ,  t h e  

a lgor i thm must be desc r ibed .  The terminology of  a  s h o r t e s t  pa th  problem 

w i l l  be used f o r  c l a r i t y ,  b u t  t h e  imp l i ca t ions  hold  equa l ly  f o r  dynamic 

progralnming i n  gene ra l .  The f i rs t  s t e p  i s  t o  so lve  t h e  problem i n  t h e  

t r a d i t i o n a l  manner. The c o s t  o f  t h e  first l i n k  (dec i s ion )  t h a t  i s  included 

i n  t h e  s o l u t i o n  i s  then s e t  t o  i n f i n i t y ,  t h a t  is ,  cons t r a ined  o u t  of  t h e  

s o l u t i o n .  The r e s u l t i n g  new subproblem i s  solved and i t s  minimum c o s t  

s o l u t i o n  s t o r e d .  A l l  subproblems, i n  which i n  t u r n  one of  t h e  l i n k s  included 

i n  t h e  o r i g i n a l  pa th  is s e t  t o  i n f i n i t y ,  a r e  so lved  and t h e  r e s u l t i n g  

minimum c o s t s  s to red .  The minimum of t h e  minimum c o s t  s o l u t i o n s  from a l l  

t hese  subproblems i s  then  t h e  ' nex t  b e s t 1  pa th .  The a lgor i thm can be 

i t e r a t e d  t o  o b t a i n  t h e  kth b e s t  s o l u t i o n  by succes s ive ly  s e t t i n g  t o  i n f i n i t y  

t h  
t h e  c o s t  f o r  each l i n k  i n  t h e  previous (k-1 ) s o l u t i o n .  Any l i n k  c o s t s  t h a t  

were s e t  t o  i n f i n i t y  t o  o b t a i n  t h e  k- l th  a l t e r n a t i v e  a r e  kept  a t  i n f i n i t y .  

The kt]' b e s t  pat11 i s  then  the  minimum of a l l  t h e  subproblems remaining from 

t h e  previous i t e r a t i o n s  and a l l  t h e  subproblems from t h e  cu r r en t  i t e r a t i o n .  

I f  t h e  kth b e s t  p o l i c y  approach were t o  be adapted f o r  MGA purposes,  

i t  would probably make sense  t o  choose a number o f  l i n k s  t o  be d i f f e r e n t ,  



say  th ree ,  r a t h e r  than t o  s t a r t  with one l i n k  d i f f e r e n t  and enumerate each 

success ive  next  b e s t  s o l u t i o n .  The b e s t  s o l u t i o n  wi th  t h r e e  l i n k s  d i f f e r e n t  

would be obtained by choosing t h e  b e s t  of  t he  so lu t ions  obtained by s e t t i n g  t o  

i n f i n i t y  t h e  c o s t  f o r  each p o s s i b l e  combination o f  t h r e e  l i n k s  i n  t h e  o r i g i n a l  

s o l u t i o n .  I f  t h e  b e s t  such s o l u t i o n  was deemed too  c o s t l y ,  then  one could 

obta in  t h e  b e s t  s o l u t i o n  with two l i n k s  d i f f e r e n t ;  i f  t h e  s o l u t i o n  was n o t  

too  c o s t l y ,  then one could ob ta in  t h e  b e s t  so lu t ion  with f o u r  l i n k s  d i f f e r e n t .  

The algori thm i n  t h i s  adapted form is  r e l a t i v e l y  e f f i c i e n t  f o r  small 

o r  l a r g e  numbers of l i n k s  cons t ra ined  t o  be d i f f e r e n t  because t h e  number of 

combinations o f  n  th ings  taken r a t  a  time i s  sma l l e s t  when r is small o r  

n - r  i s  smal l .  The i n t e n t  of MGA is t o  genera te  a l t e r n a t i v e s  t h a t  a r e  a s  

d i f f e r e n t  a s  poss ib l e ,  s u b j e c t  t o  a t a r g e t  on t h e  modeled o b j e c t i v e .  The 

case  of a  small r i s  thus no t  l i k e l y  t o  be of i n t e r e s t .  Although t h e  case  

i n  which n - r  i s  small (most l i n k s  d i f f e r e n t )  i s  of i n t e r e s t ,  i t  i s  no t  

reasonable t o  expect  t h a t  a l l  l i n k s  can be d i f f e r e n t  from a l l  l i n k s  chosen 

i n  previous a l t e r n a t i v e s  if t h e  algori thm i s  i t e r a t e d  t o  generate  a s e t  o f ,  

say s i x ,  a l t e r n a t i v e s .  One might even argue t h a t  i f  unmodeled ob jec t ives  

a r e  valued a s  much a s  t h e  modeled o b j e c t i v e  and a r e  a s  s e n s i t i v e  t o  t h e  

choice of  l i n k s ,  then approximately ha l f  o f  t h e  l i n k s  could be expected 

t o  be d i f f e r e n t .  I n  any case MGA is  l i k e l y  t o  r equ i re  i n v e s t i g a t i o n  of 

l e v e l s  o f  d i f f e r e n c e  f o r  which t h e  lkth b e s t 1  po l i cy  method, even i n  i t s  

adapted form d i r e c t e d  a t  a  s p e c i f i c  l e v e l  of d i f f e rence ,  i s  very i n e f f i c i e n t .  

This expecta t ion  might be wrong f o r  some probelms because fo rc ing  one l i n k  

t o  be d i f f e r e n t  can change the  e n t i r e  path.  I t  i s  no t  reasonable,  however, 

t o  choose an MGA technique hoping t h a t  forc ing  ou t  one l i n k  w i l l  y i e l d  

s o l u t i o n s  with seve ra l  l i n k s  d i f f e r e n t .  



A second ope ra t iona l  d i f f i c u l t y  with t h e  kth b e s t  p o l i c y  approach i s  

t h a t  t h e r e  is no d i r e c t  way of s e t t i n g  a  t a r g e t  f o r  t h e  included ob jec t ive ,  

f o r  example, t o t a l  pa th  cos t .  A search  might be requi red  among t h e  b e s t  

s o l u t i o n s  f o r  s e v e r a l  degrees of d i f fe rence  before  f ind ing  a  d i f f e r e n t  so lu -  

t i o n  t h a t  i s  s t i l l  within an acceptable range f o r  t h e  included ob jec t ive .  

These opera t ions  f u r t h e r  i nc rease  t h e  computational load. Although it is 

conceptual ly p o s s i b l e  t o  in t roduce  a  second s t a t e  v a r i a b l e  i n  a  dynamic 

programming problem t o  spec i fy  a  cons t r a in t  on t h e  included ob jec t ive ,  t h i s  

procedure would a l s o  increase  t h e  computational load. These computational 

problems a r e  f u r t h e r  exacerbated by t h e  need not  only t o  genera te  a  so lu t ion  

d i f f e r e n t  from t h e  f i r s t ,  but  a l s o  t o  genera te  a  t h i r d  s o l u t i o n  d i f f e r e n t  

from both t h e  f i r s t  and t h e  second, and so on. 

2 . 2  Weighted d i f f e rence  

For Modeling t o  Generate Al t e rna t ives  it is advantageous t o  gene ra l i ze  

t h e  kth b e s t  p o l i c y  approach s o  t h a t  t h e  t r adeof f  between cos t  f o r  t h e  known 

ob jec t ive  and d i f f e r e n c e  between s o l u t i o n s  can be expressed a s  a  r a t i o  

r a t h e r  than a s  a  c o n s t r a i n t .  Transforming a c o n s t r a i n t  i n t o  a  pena l ty  func- 

t i o n  is a s tandard computational technique f o r  handling c o n s t r a i n t s  i n  a  

dynamic programming problem without increas ing  t h e  number of  s t a t e  v a r i a b l e s .  

Consider, f o r  example, a  cost-minimization program. Af te r  so lv ing  t h e  prob- 

lem a s  a  t r a d i t i o n a l  dynamic programming problem, choose a  r a t i o  ( i . e . ,  

weights) f o r  t h e  number of  u n i t s  of  cos t  you a r e  w i l l i n g  t o  forego i n  o rde r  

t o  ge t  a  so lu t ion  with one l i n k  d i f f e r e n t  from any l i n k  i n  t h e  o r i g i n a l  so lu-  

t i o n .  Then weight t h e  l i n k s  t h a t  have been used and add t h e  r e s u l t i n g  va lues  

t o  t h e  weighted l i n k  c o s t s .  Solve t h e  new problem. The process  can be 

i t e r a t e d  t o  obta in  a  s e t  o f  a l t e r n a t i v e s  t h a t  a r e  d i f f e r e n t  from each o the r .  



Note t h a t  i n  a  minimization problem, t h e  number of  l i n k s  t h a t  a r e  t h e  

same is minimized, r a t h e r  than t h e  number of  l i n k s  t h a t  a r e  d i f f e r e n t  maxi- 

mized. (These ob jec t ives  a r e  equiva lent  only i f  t h e  number of  l i n k s  i n  

each a l t e r n a t i v e  pa th  i s  t h e  same.) For MGA t h e  weights and measure of 

d i f f e r e n c e  a r e  used only t o  generate  s o l u t i o n s  t h a t  a r e  d i f f e r e n t ;  impre- 

c i s i o n  i n  t h e  choice of weights and d i f f e rence  measure is,  t h e r e f o r e ,  

acceptable .  Experimentation with d i f f e r e n t  weights may be b e n e f i c i a l  i n  

providing s o l u t i o n s  t h a t  could n o t  be generated from only  one s e t  of weights.  

The major advantage of t h e  weighted method is t h a t  it e l imina te s  t h e  

need f o r  so lv ing  l a r g e  numbers of subproblems a t  each MGA i t e r a t i o n  t o  obta in  

s o l u t i o n s  with d e s i r a b l e  degrees of  d i f f e rence  and acceptable  l e v e l s  o f  per-  

formance on t h e  known ob jec t ive .  A t  worst,  it may be necessary t o  t r y  

seve ra l  d i f f e r e n t  weights,  bu t  each weight r e q u i r e s  t h e  s o l u t i o n  of  only one 

dynamic programming problem, r ega rd le s s  o f  t h e  number of  l i n k s  t h a t  a r e  

d i f f e r e n t  i n  t h e  so lu t ion .  This computational requirement i s  a s i g n i f i c a n t  

improvement over t h e  o r i g i n a l  kth b e s t  p o l i c y  method even i n  i ts  adapted 

form. Hereaf te r ,  t h e  kth b e s t  po l i cy  method w i l l  be  r e f e r r e d  t o  a s  t h e  

cons t ra ined  d i f f e r e n c e  method and t h e  genera l ized  form as t h e  weighted 

d i f f e r e n c e  method. 

The weighted d i f f e r e n c e  method is i l l u s t r a t e d  i n  Figures 1 and 2. 

I t e r a t i o n  0 is  t h e  i n i t i a l  minimum c o s t  so lu t ion ,  which i s  shown i n  Fi.gure 1. 

Nodes a r e  i d e n t i f i e d  by l e t t e r s .  The boxes above each node i n d i c a t e  1) 

t h e  minimum c o s t  by which t h a t  node can be a t t a i n e d  and 2) t h e  immediate 

predecessor  node i n  t h e  a s soc ia t ed  s h o r t e s t  path.  I n  t h e  example, t h e  

inc lus ion  o f  a l i n k  t h a t  was i n  t h e  previous ly  generated pa th  is assessed 

a  value o f  5, which i s  t h e  cos t  of  t h e  most c o s t l y  l i n k  i n  t h e  network. 





ITERATION 

1 

OPTIBRJb1 PATH : AIGKE COST : 8 

OPTIMUM PATH : AFCHE COST : 11 

OPTIMUM PATH : ABCDE COST : 8 [+  2(5)]  

FIGURE 2 : Weighted d i f fe rence  method; weight = 5 
( I t e r a t i o n s  1 - 3) 



This  choice of  r a t i o  impl ies  i nd i f f e rence  between us ing  t h e  most c o s t l y  l i n k  

and using a  l i n k  t h a t  has  a l r eady  been used i n  a  p rev ious ly  generated l i nk .  

I t e r a t i o n  1 i s  t h e  f i r s t  MGA i t e r a t i o n .  The cos t  f o r  each l i n k  

(dec is ion)  included i n  t h e  s o l u t i o n  a t  i t e r a t i o n  0  has been increased  by 5 

and t h e  problem solved aga in .  The t o t a l  c o s t  i s  now 8,  cons i s t i ng  e n t i r e l y  

o f  l i n k  c o s t s  because no l i n k s  a r e  reused.  I t e r a t i o n  2 i s  computed a f t e r  

adding 5 t o  a l l  t h e  l i n k s  i n  t h e  s o l u t i o n  from i t e r a t i o n  1. The r e s u l t i n g  

s o l u t i o n  now has  a  t o t a l  cos t  o f  11, again cons i s t i ng  e n t i r e l y  o f  l i n k  

c o s t s .  I t e r a t i o n  3 y i e l d s  a  so lu t ion  of  t o t a l  c o s t  18,  cons i s t i ng  o f  l i n k  

c o s t s  of  8  and s i m i l a r i t y  (penal ty)  c o s t s  o f  10; two l i n k s  included previous ly  

a r e  included again.  

This  process  could cont inue u n t i l  no d i f f e r e n t  s o l u t i o n s  can be found. 

An ana lys t  might we l l  choose t o  s top  t h e  i t e r a t i o n s  before  t h i s  po in t  on t h e  

premise t h a t  i n  terms of  t h e  modeled ob jec t ive  t h e  c o s t  was too  h igh  t o  y i e l d  

any a d d i t i o n a l  a l t e r n a t i v e s  of i n t e r e s t .  This  s topping r u l e  i s  v a l i d  because 

t h e  sum o f  l i n k  c o s t s  and s i m i l a r i t y  c o s t s  i s  monotonically non-decreasing 

from i t e r a t i o n  t o  i t e r a t i o n ;  t h a t  i s ,  a d d i t i o n a l  a l t e r n a t i v e s  must e i t h e r  be  

more c o s t l y  o r  more s i m i l a r ,  o r  both. 

In  gene ra l ,  t h e  weighted d i f f e r e n c e  approach would be expected t o  

accomplish t h e  purposes of MGA a t  l e a s t  a s  e f f e c t i v e l y  a s  t h e  cons t ra ined  

d i f f e r e n c e  approach and more e f f i c i e n t l y .  The weighted d i f f e r e n c e  approach 

r e q u i r e s  no modi f ica t ions  t o  a  s tandard dynamic programming code. A r e l a -  

t i v e l y  s t r a igh t fo rward  o u t e r  loop i n  t h e  code t o  do t h e  bookkeeping o f  

changing l i n k  va lues  between i t e r a t i o n s  i s  h e l p f u l ;  it can be coded independ- 

e n t l y  of t h e  dynamic programming code, knowing only t h e  form of  t h e  inpu t s  

and outputs .  



2 . 3  Maximizing the  d i f f e rence  i n  t h e  traceback 

A t h i r d  poss ib l e  method has been considered and should be mentioned, 

even though i t  appears t o  have conceptual and ope ra t iona l  l i m i t a t i o n s  f o r  

general  use. Again the  first s t e p  i s  t o  so lve  the  problem i n  the  t r a d i t i o n a l  

manner. The crux of  t h i s  method is then t o  so lve  the  problem again,  t h i s  time 

saving po in te r s  a t  each node t o  a l l  previous nodes from which l i n k s  y i e l d  c o s t s  

wi th in  a  s p e c i f i e d  range of  t h e  minimum c o s t  f o r  t h a t  node; i n  c o n t r a s t ,  

i n  t h e  normal computation only the  minimum is  saved. The procedure thus 

y i e l d s  a  t r e e  f o r  t he  t raceback t h a t  has op t ions  a v a i l a b l e  a t  each node i f  

more than one a r r i v i n g  l i n k  meets t he  cu to f f  f o r  c o s t .  The t raceback t r e e  can 

then be searched, using the  dynamic programming algori thm, so  a s  t o  mini- 

mize the  number of  l i n k s  t h a t  a r e  the  same a s  those chosen i n  t h e  o r i g i n a l  

so lu t ion .  For example, i n  t h e  t raceback,  s e t  a l l  l i n k s  t h a t  were i n  the  

previous ly  generated s o l u t i o n  t o  a  value o f  1 and a l l  o t h e r  l i n k s  t o  a  

value o f  0. Then choose a  path through t h e  t raceback t h a t  minimizes the  

sum of these  0-1 v a r i a b l e s .  The t raceback t r e e  assures  l i n k  connec t iv i ty  

( f e a s i b l e  s t a t e  t r a n s i t i o n s ) .  The saving of  a l l  p o i n t e r s  t h a t  meet the  

t a r g e t s  f o r  t he  known ob jec t ive  a s su res  t h a t  only r e l a t i v e l y  good s o l u t i o n s  

a r e  considered. 

The major conceptual l i m i t a t i o n  o f  t h i s  method i s  t h a t  i t  i s  d i f f i -  

c u l t  t o  determine appropr ia te  t a r g e t  l e v e l s  f o r  the  known o b j e c t i v e  because 

these  t a r g e t s  must be appl ied  t o  each node. Almost any r u l e  w i l l  e i t h e r  

allow a  very wide range o f  t o t a l  c o s t s  f o r  t he  complete pa th  o r  w i l l  

impose an  ' equ i ty1  s tandard  across  nodes ( s t ages ) .  For example, i f  the  

t o t a l  acceptable  r e l a x a t i o n  of  t he  known ob jec t ive  i s  divided p ropor t iona l ly  

among the  nodes, then new s o l u t i o n s  a r e  cons t ra ined  t o  be s i m i l a r  i n  c o s t  



a t  each node, r a t h e r  than only i n  t h e  aggrega te .  Although t h e r e  may be 

s p e c i f i c  i n s t a n c e s  i n  which such c o n s t r a i n t s  would be a p p r o p r i a t e ,  they  

v i o l a t e  t he  essence  o f  dynamic programming i n  which c o s t  a t  one node can 

be t r aded  o f f  a g a i n s t  c o s t  a t  another .  

In  a d d i t i o n  t o  t h i s  conceptual  l i m i t a t i o n ,  t h i s  method r e q u i r e s  

modi f ica t ions  o f  a  dynamic programming code t o  save  more than  one p o i n t e r  

a t  each node and t o  s ea rch  t h e  t raceback .  Given these  conceptual  and 

ope ra t i ona l  d i sadvantages ,  t h e  t raceback  method does n o t  appear  t o  be worth 

pursuing f o r  gene ra l  use  when compared t o  t h e  weighted d i f f e r e n c e  method. 

3 .  The Concept o f  Difference between Dynamic Programming So lu t ions  

In  t h e  preceding  d i scus s ion  o f  methods, t h e  number o f  l i n k s  remaining 

t h e  same ( o r  t h e  number d i f f e r e n t )  was taken  t o  be an a p p r o p r i a t e  measure 

05 d i f f e r e n c e  between s o l u t i o n s .  I t  is  impor tan t ,  however, t o  cons ide r  

some i s s u e s  o f  a s s e s s i n g  t h e  d i f f e r e n c e  between s o l u t i o n s  f o r  dynamic 

programming problems. There a r e  t e c h n i c a l  ques t i ons ,  such a s  t h e  d i s -  

t i n c t i o n  between t h e  number o f  l i n k s  d i f f e r e n t  and t h e  number o f  l i n k s  t h e  

same if t h e  pa ths  c o n s i s t  o f  d i f f e r e n t  numbers o f  l i n k s .  There i s  a l s o  

t h e  d i s t i n c t i o n  between d i f f e r e n t  l i n k s  i n  a  s h o r t e s t  p a t h  problem and 

d i f f e r e n t  dec i s ions  f o r  a  given s t a g e  o f  a  dynamic programming problem. 

These ope ra t i ona l  ques t i ons  a r e  b e s t  answered i n  t h e  con tex t  o f  a  p a r t i c u -  

l a r  a p p l i c a t i o n ,  such a s  t h e  case  considered i n  Sec t ion  4. There a r e  s e v e r a l  

more genera l  ques t i ons ,  however, t h a t  should a l s o  be considered:  d i f f e r e n c e s  

between dec i s ions  ve r sus  d i f f e r e n c e s  between s t a t e s ,  i n t e r v a l  measures o f  

d i f f e r e n c e ,  t h e  sum of  d i f f e r e n t  dec i s ions  ve r sus  d i f f e r e n c e s  i n  t h e  v a r i -  

ances  ac ros s  d e c i s i o n s ,  and d i f f e r e n c e  i n  r e a l  geographic  space t o  which t h e  

problem may p e r t a i n .  



Differeilces i l l  s t a t e  v a r i a b l e s  can be coilsidered a s  wel l  a s  d i f f e r ences  

i n  dec i s ion  v a r i a b l e s .  In  a s h o r t e s t  pa th  problem d i f f e r ences  i n  nodes, 

which r ep re sen t  i n t e r s e c t i o n s ,  may be a s  important  a s  d i f f e r e n c e s  i n  

l i n k s ;  a concern with congest ion,  f o r  examplc, should apply t o  l i n k s  - and 

nodes. In  t h e  dynamic progsaiuning model f o r  f l oodp la in  management descr ibed 

i n  Sec t ion  4 ,  i n  which dec i s ions  a r e  land uses  and s t a t e s  a r e  l e v e l s  o f  

flow i n  a s t ream, i t  may be app rop r i a t e  t o  cons ider  d i f f e r ences  i n  s t ream 

flows a s  wel l  a s  d i f f e r e n c e s  i n  land use  p a t t e r n .  The methods descr ibed  

above can be extended e a s i l y  t o  cover nodes o r  s t a t e s .  I f  a  node has  been 

included i n  a  p rev ious ly  generated s o l u t i o n ,  then  t h e  c o s t  f o r  reus ing  t h a t  

node could be added t o  t h e  c o s t  f o r  each l i n k  t h a t  a r r i v e s  a t  t h a t  node. 

This  c o s t  assignment i s  equ iva l en t  t o  a s s ign ing  t h e  c o s t  t o  t h e  node i t s e l f .  

I t  may even be appr0priat .e  t o  choose weights  f o r  c o s t  f o r  t h e  modeled 

o b j e c t i v e ,  d i f f e r e n c e  i n  l i n k s ,  and d i f f e r e n c e  i n  nodes. 

I f  t h e  dec i s ion  v a r i a b l e s  o r  s t a t e s  can be expressed i n  i n t e r v a l  

terms, then d i f f e r ence  can be measured more p r e c i s e l y .  In  a  model f o r  t h e  

ope ra t i on  o f  a  r e s e r v o i r ,  f o r  example, a  d e c i s i o n  t o  r e l e a s e  200 cubic  f e e t  

p e r  second i s  more d i f f e r e n t  f r o m  a d e c i s i o n  t o  r e l e a s e  400 cub ic  feet  per 

second than  it is  from a dec i s ion  t o  r e l e a s e  300 cubic  f e e t  p e r  second. 

Rather than minimizing t h e  number of  dec i s ions  t h a t  a r e  t h e  same a s  a  0-1 

v a r i a b l e  (1 i f  same, 0  i f  d i f f e r e n t ) ,  t h e  dec i s ion  v a r i a b l e  i n t e r v a l  d i f -  

f e r ences  could be optimized. For example, one might wish t o  maximize t h e  

abso lu t e  d i f f e r e n c e s  between dec i s ions  i n  a  prev ious  a l t e r n a t i v e  and 

dec i s ions  i n  t h e  new a l t e r n a t i v e .  I f  t h e  modeled o b j e c t i v e  were c o s t  mini- 

mizat ion,  then t h e  d i f f e r e n c e  o b j e c t i v e  would be t o  minimize t h e  nega t ive  

o f  t h e  abso lu t e  d i f f e r e n c e s .  



For MGA i t  i s  d i f f i c u l t  t o  dec ide  what s o r t s  o f  d i f f e r e n c e s  among 

a l t e r n a t i v e s  a r e  p e r t i n e n t .  Is a  d i f f e r e n t  a l t e r n a t i v e  one i n  which more 

l i n k s  a r e  d i f f e r e n t ,  o r  one i n  which l i n k s  a r e  d i f f e r e n t  from each o t h e r  i n  

d i f f e r e n t  p a t t e r n s  w i th in  each a l t e r n a t i v e ?  For example, i f  s t a t e s  a r e  

l e v e l s  o f  flow i n  a  s t ream and dec i s ions  a r e  r e s e r v o i r  r e l e a s e s ,  then  i t  

may be of  i n t e r e s t  t o  cons ider  s o l u t i o n s  t h a t  have d i f f e r e n t  va r i ances  o f  

s t ream flows over  t ime .  Such d i f f e r e n c e s  i n  s o l u t i o n s  w i l l  n o t  n e c e s s a r i l y  

r e s u l t  from minimizing t h e  number o f  s t a t e s  t h a t  a r e  t h e  same. One so lu -  

t i o n  could have a l l  low flows and ano the r  have a l l  h igh  f lows;  both s o l u t i o n s  

would, however, have t h e  same va r i ance .  The l i k e l i h o o d  t h a t  phys i ca l  

c o n s t r a i n t s  on t h e  problem would no t  permi t  both an a l l  low flows and an 

a l l  high flows s o l u t i o n  sugges ts  t h a t  t h e  s imp le r  measure may be s u f f i c i e n t  

f o r  computing a l t e r n a t i v e s  t h a t  a r e  d i f f e r e n t  with r ega rd  t o  va r i ance  f o r  

c e r t a i n  kinds of problems. Variance measures o f  d i f f e r e n c e  can desc r ibe  

s t a b i l i t y  over  t ime and equ i ty  o b j e c t i v e s ,  both of  which a r e  f r equen t ly  

excluded from formal models, o r  a t  b e s t ,  poor ly  understood.  

The d e c i s i o n s  and s t a t e s  may be s p a t i a l l y  organized r a t h e r  than  

merely temporal ly  organized,  and t h e r e f o r e  have r e l a t i o n s h i p s  no t  imme- 

d i a t e l y  apparen t  from t h e  dynamic programming model i t s e l f .  I n  t h e  s h o r t e s t  

p a t h  problem, f o r  example, t h e  d i f f e r e n c e  between two p a t h s  can be measured 

a s  t h e  a r e a  between the  r e s u l t i n g  s p a t i a l  p l o t  of  t h e  two pa ths .  Such 

d i f f e r e n c e s  a r e  e s p e c i a l l y  p e r t i n e n t  because human a n a l y s t s  a r e  l i k e l y  

t o  a s s e s s  a l t e r n a t i v e s  by d i r e c t l y  comparing v i s u a l  images (Iiopkins, 1973). 

A s  d i s cus sed  i n  Sec t ion  4,  t h e  two dimensional p a t t e r n  o f  dec i s ions  may be 

o f  i n t e r e s t .  S p a t i a l  p a t t e r n s  can a f f e c t  o t h e r  o b j e c t i v e s  beyond those  

cons idered  i n  a  model. 



These ques t i ons  about  what t y l ~ e s  of  dif l 'ercnces arnollg a l t e r n a t i v e s  

a r e  p e r t i n e n t  f o r  MGA can only  be answered t.hrough exper ience  with p a r t i -  

c u l a r  problems. The nex t  s e c t i o n  desc r ibes  i n i t i a l  work wi th  a  dynamic 

programming model f o r  f l oodp la in  manageu~ent. 

4 .  F loodpla in  Management Example 

4 .1  The Floodplain Management Model 

The problem o f  a l l o c a t i n g  land  e f f i c i e n t l y  r e l a t i v e  t o  f looding  

i n t e r a c t i o n s  has  been formulated a s  a  dynamic programming model i n  a 

prev ious  paper  (Ilopkins e t  a l . ,  1978) . The model i s  explained he re  on ly  

t o  t h e  e x t e n t  necessary  t o  i l l u s t r a t e  t h e  a p p l i c a t i o n  o f  t h e  dynamic pyo- 

gramming a lgor i thm t o  t h e  gene ra t i on  o f  a l t e r n a t i v e s .  I n  t h e  model, t he  

watershed i s  d iv ided  i n t o  subbas ins ,  each o f  wlricll i s  a s s o c i a t e d  with a  

reach  o f  t h e  s t ream.  Poss ib l e  land  uses  a r e  de f ined  with r e s p e c t  t o  hy- 

d r o l o g i c  c h a r a c t e r i s t i c s  and economic r e n t .  A dynamic programming a logr i thm 

can then  be used t o  f i n d  t h e  assignment o f  l and  uses  t o  subbas ins  t h a t  

maximizes economic r e n t  t o  l and  f o r  t h e  e n t i r e  watershed,  while  account ing 

f o r  f lood  damages. Each reach of  t h e  watershed i s  a  s t a g e  i n  t h e  dynamic 

program. The dec i s ion  v a r i a b l e  a t  each s t a g e  is  t h e  land  use t o  be l oca t ed  

t h e r e .  A t  each s t a g e  t h e  fol lowing computations a r e  made. For each 

combination of inf low hydrograph and land use,  determine 1) t h e  outf low 

hydrograph a t  t h e  base o f  t h e  reach ,  2) t h e  a r e a  f looded and average depth,  

and 3) t h e  economic r e n t  f o r  t h e  land use  i n  t h e  subbasin a f t e r  s u b t r a c t i n g  

f lood  damages f o r  t h e  depth and a r e a  f looded.  For each outf low peak and 

time o f  peak t h e  land use  dec i s ion  t h a t  y i e l d s  t h e  h i g h e s t  economic r e n t  

cumulated f o r  a l l  s t a g e s  through t h e  p r e s e n t  one i s  saved a s  t h e  b e s t  means 



f o r  reaching  t h a t  outf low and t ime o f  peak. (The p a i r  o f  s t a t e s ,  outflow 

peak and t ime o f  peak, i s  analogous t o  a  node i n  a  s h o r t e s t  p a t h  problem.) 

When a l l  s t a g e s  ( reaches  o f  t h e  s t ream) have been processed i n  t h i s  manner, 

t h e  f i n a l  outf low and t ime o f  peak with t h e  h ighes t  cumulat ive economic 

r e n t  i s  t h e  s t a r t i n g  p o i n t  f o r  t h e  t raceback  through t h e  s e t  o f  l and  use 

dec i s ions  and a s s o c i a t e d  inf low l e v e l s  t h a t  l e d  t o  t h a t  outflow. The 

process  i s  thus  analogous t o  t h e  s o l u t i o n  of  t h e  s h o r t e s t  pa th  problems 

d iscussed  above. 

The model i s  s l i g h t l y  more complex than descr ibed  he re  i n  t h a t  i t  

t r e a t s  t h e  land  use  i n  t h e  f looded a r e a  and t h e  land  use  i n  t h e  r e s t  o f  

t h e  watershed a s  s e p a r a t e ,  and t h e r e f o r e  p o t e n t i a l l y  d i f f e r e n t .  An 

exp lana t ion  o f  t h e  modi f ica t ions  t o  t h e  s ea rch  a lgo r i t hm t o  handle  t h i s  and 

more d e t a i l e d  d i s cus s ions  o f  o t h e r  a s p e c t s  of t h e  model can be found i n  

Hopkins, e t  a l . ,  (1978, 1980, and 1981). 

Figure 3 shows a  map o f  t h e  subbas ins  and t h e  s t ream network f o r  t h e  

example problem, which i s  based on t h e  Hickory Creek watershed i n  W i l l  

County, I l l i n o i s .  Table  1 l i s t s  t h e  land  use  t ypes  cons idered  f o r  a s s ign -  

ment t o  t h e  subbas ins .  Note t h a t  t h e r e  a r e  f o u r  r e s i d e n t i a l / u r b a n  land 

uses ,  which may be ass igned  wi th  o r  without  p rov i s ion  f o r  d e t e n t i o n  o f  

s torm runof f .  The two a d d i t i o n a l  l and  uses ,  a g r i c u l t u r e  and r e c r e a t i o n ,  

can be ass igned  on ly  without  s p e c i a l  p r o v i s i o n  f o r  s torm runof f .  F igure  4 

shows t h e  assignment of l and  uses  t o  subbasins  t h a t  r e s u l t s  from so lv ing  

t h e  dynamic programming model t o  maximize t o t a l  economic r e n t .  

4 . 2  Appl ica t ion  of t h e  Weighted Dif fe rence  Procedure 

In o r d e r  t o  denionstrate and explore  t h e  imp l i ca t i ons  o f  Modeling t o  

Generate A l t e r n a t i v e s  f o r  t h i s  problem, a d d i t i o n a l  s o l u t i o n s  were ob ta ined  





TABLE 1 

Category 
Number 

Land Use Categor ies  

Descr ip t ion  

Urban 1 :  0 .2 dwell ing u n i t s  p e r  a c r e  

Urban 2 :  1.0 dwell ing u n i t s  p e r  a c r e  

Urban 3: a.75  dwell ing u n i t s  p e r  a c r e  

Urban 4 :  g r e a t e r  than  6 dwell ing u n i t s  
p e r  a c r e  and/or i n d u s t r i a l  use 

Urban 1 wi th  de t en t ion  

Urban 2 wi th  d e t e n t i o n  

Urban 3 with de t en t ion  

Urban 4 with de t en t ion  

Agricul t u r e  

Recreat ion 
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FIGURE 4 : Original Solution (Optimal Solution to Model) 



us ing  the  weighted d i f f e r e n c e  a lgor i thm desc r ibed  above. Carrying o u t  such 

an exp lo ra t i on  r e q u i r e s  n o t  on ly  choosing weights ,  but  a l s o  choosing t o  

which v a r i a b l e s  t h e  w e i g l ~ t  should be app l i ed .  For t h i s  exp lo ra t i on ,  d i f f e r -  

ence was focused on t h e  dec i s ion  v a r i a b l e s  ( land  use  type)  and on t h e  number o f  

d i f f e r e n t  dec i s ions  r a t h e r  than  t h e  va r i ance  of  dec i s ions  w i th in  a  s i n g l e  

a l t e r n a t i v e .  In  c o n t r a s t ,  t h e  focus could have bcen on va r i ance  i n  

peak flows among subbas ins ,  f o r  example, i f  ad j acen t  landowners made exten-  

s i v e  use o f  r i p a r i a n  water  r i g h t s .  

To apply  t h e  weighted d i f f e r e n c e  procedure i t  i s  necessary  t o  

r e l a t e  t h e  va lue  o f  having a d i f f e r e n t  dec i s ion  t o  a  change i n  t he  economic 

r e n t  o b j e c t i v e  f u n c t i o n .  F i r s t ,  some u n i t  o f  measure must be e s t a b l i s h e d  

f o r  a  d i f f e r e n c e  i n  a  t lecis ion s o  t h a t  a  weight can be app l i ed .  For each 

subbasin t h e  maximum economic r e n t  among a l l  l and  uses  was chosen a s  t h e  

r e f e r ence  u n i t ,  which thus  v a r i e s  from subbasin t o  subbas in .  The o r i g i n a l  

premise was t h a t  i f  t h i s  q u a n t i t y  were s u b t r a c t e d  from t h e  economic r e n t  o f  

t h e  land  use  ass igned  i n  t h e  o r i g i n a l  s o l u t i o n  t h a t ,  i f  f e a s i b l e ,  some o t h e r  

land  use  dec i s ion  would be a s s igned .  Any land use no t  p r ev ious ly  ass igned  

would have t o  have a n  economic r e n t  h ighe r  than  t h a t  f o r  any use p rev ious ly  

ass igned  a f t e r  t h e  ~naxirnum economic r e n t  f o r  any usc i n  t h a t  subbasin had 

been s u b t r a c t e d .  This  premise i s  no t  s t r i c t l y  t r u e  because economic r e n t s  

can be nega t ive  ( i . e .  a p a r t i c u l a r  l and  use  cannot cover  t h e  c o s t s  a t  a  

p a r t i c u l a r  l o c a t i o n ) ,  and some a r e .  I t  i s ,  i n  any case ,  an e a s i l y  computed 

i n d i c a t o r  o f t h e  l i k e l i h o o d  of changing a  land  use  dec i s ion  r e l a t i v e  t o  

changes i n  t h e  economic r e n t  o b j e c t i v e  func t ion .  This  d i f f e r e n c e  i n d i c a t o r  

was then  weighted t o  y i e l d  s o l u t i o n s  with varying degrees  o f  d i f f e r ence  

a s  descr ibed  below. 



The economic r e n t s  f o r  f l oodp la in  land uses  a r e  a f f e c t e d  by f lood  

damage l e v e l s .  The a c t u a l  economic r e n t  n e t  of  f lood  damages f o r  each use  

i n  each reach i s  computed i n  t h e  model and cannot be determined before  a  run 

of  t h e  algori thm. Therefore,  t h e  d i f f e r e n c e  i n d i c a t o r  f o r  f l oodp la in  land 

uses  was taken a s  t h e  absolu te  va lue  o f  t h e  minimum (most nega t ive)  economic 

r e n t  among a l l  t h e  f l oodp la in  land uses  among a l l  t h e  reaches i n  t h e  o r i g i n a l  

s o l u t i o n .  For each reach t h i s  minimum value  was sub t r ac t ed  from t h e  economic 

r e n t  f o r  each f loodp la in  land use  dec is ion  included i n  t h e  o r i g i n a l  s o l u t i o n .  

In t h e  p re sen t  example, t h i s  minimum value  was a  l a r g e  nega t ive  va lue  and, 

t h e r e f o r e ,  s u b t r a c t i n g  i ts  abso lu t e  va lue  from t h e  economic r e n t s  f o r  land 

use  dec i s ions  included i n  t h e  o r i g i n a l  s o l u t i o n  tended t o  f o r c e  most such 

dec i s ions  ou t  o f  any new s o l u t i o n s  generated.  The choice of  t h i s  p a r t i c u l a r  

d i f f e r e n c e  i n d i c a t o r  was somewhat ad hoc, bu t  it worked wel l .  An i n d i c a t o r  -- 
based on t h e  range o f  economic r e n t  was a l s o  examined, a s  descr ibed  a t  t h e  

end of t h e  fol lowing sec t ion .  

4 . 3  Resul t s  

F i r s t ,  weights o f  1 .0  were app l i ed  t o  both t h e  non-f loodplain and f lood-  

p l a i n  d i f f e r e n c e  i n d i c a t o r s  descr ibed above, and t h e  weighted d i f f e r e n c e  

procedure was run. This  run r e s u l t e d  i n  a  s o l u t i o n  i n  which a l l  land use 

dec i s ions ,  except one non-f loodplain land use  and one f loodp la in  land use ,  

were d i f f e r e n t  from t h e  dec i s ions  i n  t h e  o r i g i n a l  s o l u t i o n .  The economic 

r e n t  o b j e c t i v e  was 11 percent  lower than i n  t h e  o r i g i n a l  s o l u t i o n .  The 

outf low a t  t h e  base o f  t h e  watershed was approximately 26,000 cubic  f e e t  

p e r  second, compared t o  20,000 cubic  f e e t  p e r  second i n  t h e  o r i g i n a l  so lu t ion .  

The weighted d i f f e r e n c e  procedure was repea ted ,  modifying t h e  economic r e n t  

d a t a  f o r  dec i s ions  included i n  t h e  second s o l u t i o n ,  a s  wel l  a s  r e t a i n i n g  t h e  



adjusted da ta  f o r  decisions included i n  the  o r i g i n a l  so lu t ion .  In t h i s  run, 

t h e  economic Tent was 41 percent  l e s s  than i n  t h e  o r i g i n a l ,  and many of t h e  

land use decisions were t h e  same a s  those i n  one of  t h e  previous two solu t ions .  

In order  t o  obtain a l a rge r  number of a l t e r n a t i v e  so lu t ions  with t o t a l  

economic r e n t  c lose r  t o  t h a t  f o r  t h e  o r i g i n a l  so lu t ion ,  t h e  weights on the  

d i f fe rence  ind ica to r s  were decreased. The r e s u l t s  from using weights of 0.1 

on each of t h e  d i f ference  ind ica to r s  a r e  summarized i n  Table 2 and 

displayed f o r  t h e  f i v e  a l t e r n a t i v e s  i n  Figures 5 through 9. In order  t o  

present  maps t h a t  a r e  e a s i l y  readable, these  f igures  show only t h e  non- 

f loodplain land uses (with t h e  exception of  one subbasin i n  t h e  c i t y  of  J o l i e t  

a s  explained below). A l l  f i v e  a l t e r n a t i v e s  a r e  within 10 percent  of  t h e  

economic r e n t  f o r  t h e  o r i g i n a l  so lu t ion .  

Outflows a t  the  base of  t h e  watershed vary from 18,000 t o  30,000 cubic 

f e e t  pe r  second. The f i n a l  outflow is not valued i n  t h e  ob jec t ive  function 

of  t h e  model. Preference f o ~  low f i n a l  outflows is,  the re fo re ,  external  t o  

t h e  model and could be a memingful b a s i s  f o r  comparing a l t e r n a t i v e s  i f  down- 

stream flooding is  important. 

Various f ea tu res  of t h e  o r i g i n a l  so lu t ion  and f i v e  a l t e r n a t i v e s  can 

be discerned from Figures 4 through 9. For example, i f  t h e r e  is  detention 

i n  most subbasins on Spring Creek, then urban development can occur i n  

J o l i e t  a s  i n  Figures 4 and 5. Otherwise, urban development i n  J o l i e t  must 

be removed t o  a t t a i n  a  s i m i l a r  (within 10 percent  o r  l e s s )  l e v e l  of  economic 

ren t  (see Figures 6-9). This comparison is  apparent i n  t h e  maps because t h e  

e n t i r e  J o l i e t  subbasin i s  flooded i n  each a l t e r n a t i v e  and t h e  map, therefore ,  

shows t h e  f loodplain use i n  the  J o l i e t  subbasin. That land use p a t t e r n s  

with d i f f e r e n t  configurat ions of detention and land use dens i ty  can be 
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obta ined  i s  demonstrated by a  comparison of  t h e  maps. Typica l ly ,  land uses  

change from one land use  t o  t h e  next  lower o r  h igher  dens i ty ;  o r ,  t h e  change 

i s  from t h e  land use  without (with) de t en t ion  t o  t h e  same land use  with 

(without) de ten t ion .  Such changes a r e  n o t  s u r p r i s i n g  because such land uses  

tend t o  be r e l a t i v e l y  s i m i l a r  i n  economic r e n t .  Although no ear th-shaking 

p o l i c y  imp l i ca t ions  may jump out  a t  t h e  uninvolved observer  of  t h e s e  d i f f e r -  

e n t  p a t t e r n s ,  r e a l  dec is ion  makers have a  tremendous amount of  a d d i t i o n a l  

information,  some of it p o l i t i c a l ,  about t h e i r  p a r t i c u l a r  environment. 

There a r e  l i k e l y  t o  be important d i f f e r e n c e s  among t h e  p a t t e r n s  from t h e  

pe r spec t ive  of  communities loca ted  i n  t h e  watershed. For example, t h e  v a r i a -  

t i o n  i n  l oca t ion  of 6 dwell ing u n i t  p e r  a c r e / i n d u s t r i a l  zones ( s ee  f i g u r e s  

5- 9) would a f f e c t  t a x  revenues. 

A s  d i scussed  i n  Sec t ion  4 .2 ,  i n  genera t ing  t h e s e  a l t e r n a t i v e  s o l u t i o n s ,  

t h e  d i f f e r e n c e  i n d i c a t o r  f o r  t h e  non-f loodplain uses  i n  each subbasin was 

t h e  maximum economic r e n t  among a l l  land uses .  Since some of t h e  economic 

r e n t s  a r e  nega t ive  i n  va lue ,  another  p o s s i b l e  i n d i c a t o r  i s  t h e  range between 

t h e  maximum and minimum economic r e n t s  f o r  each subbasin. A second s e t  of 

f i v e  s o l u t i o n s  was generated us ing  t h i s  i n d i c a t o r  wi th in  t h e  same o v e r a l l  

procedure. The f loodpla in  uses  were handled i n  t h e  same way a s  i n  t h e  f i r s t  

case.  Weights of  0 . 1  were appl ied  t o  both t h e  f loodp la in  and t h e  new non- 

f l oodp la in  i n d i c a t o r s .  The number of  new land uses  i n  each a l t e r n a t i v e  

generated i n  each case  was examined, and it was judged t h a t  t h e  d i f f e r ences  

among t h e  a l t e r n a t i v e s  i n  t h e  two s e t s  were s i m i l a r  i n  magnitude when 

measured by t h e  number o f  land use  dec i s ions  changed. (A more d e t a i l e d  

d i scuss ion  i s  provided i n  t h e  appendix.) 



4 .4  Impl ica t ions  of Example 

The f loodp la in  management example i l l u s t r a t e s  t h a t  f o r  a  r e a l i s t i c  prob- 

lem a  v a r i e t y  o f  a l t e r n a t i v e s  can be obta ined ,  without  reducing g r e a t l y  t h e  

economic r e n t  from t h e  optimal s o l u t i o n  t o  a  model o f  t h e  problem. The 

modeling t o  genera te  a l t e r n a t i v e s  i n t e n t  o f  ob ta in ing  a l t e r n a t i v e s  t h a t  a r e  

pe rce ivab le  a s  d i f f e r e n t  with r e spec t  t o  i m p l i c i t  knowledge i s ,  t h e r e f o r e ,  

s a t i s f i e d .  This type  of  a n a l y s i s  can a l s o  be viewed a s  a  kind of  s e n s i t i v i t y  

ana lys i s .  Quite  d i f f e r e n t  s o l u t i o n s  can be i d e n t i f i e d  t h a t  may be equiva len t  

i n  terms of  economic r e n t  i f  t h e  l i k e l y  e r r o r  i n  d a t a  i s  considered. F ina l ly ,  

t h i s  a n a l y s i s  could be used a s  a  mental "blockbuster1' t o  confront  t h e  ana lys t  

with p o l i c y  opt ions  t h a t  a r e  suggested by cons idera t ion  of  a l t e r n a t i v e s ,  bu t  

a r e  n o t  suggested by t h e  o r i g i n a l  s o l u t i o n  o r  p a s t  experience.  

5. Conclusion 

The weighted d i f f e r e n c e  approach f o r  genera t ing  a l t e r n a t i v e s  f o r  dynamic 

programming problems has been argued deduct ive ly  t o  be t h e  most promising 

among t h e  approaches considered. I t  has been demonstrated t o  be ope ra t iona l  

f o r  a  r e l a t i v e l y  complex and r e a l i s t i c  dynamic programming problem. Whether 

t h e  Modeling t o  Generate A l t e rna t ives  i d e a  i n  genera l  o r  t h i s  approach i n  

p a r t i c u l a r  w i l l  prove use fu l  f o r  exploring i l l - d e f i n e d  problems can only be 

determined through a t tempts  a t  app l i ca t ion  with r e a l  o r  s imulated human 

problem-solvers.  
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APPENDIX 

Comparison of A l t e rna t ives  Generated Using Two Dif fe rence  Ind ica to r s  

Table A - 1  l ists t h e  number of  new land uses  i n  comparison t o  t hose  

s p e c i f i e d  i n  t h e  preceding s o l u t i o n ( s )  f o r  two s e t s  of  a l t e r n a t i v e s .  The 

f i r s t  s e t  was obtained us ing  t h e  maximum economic r e n t  f o r  each reach a s  

t h e  non-f loodplain d i f f e r e n c e  i n d i c a t o r  (Method I ) ,  and t h e  second s e t  was 

obta ined  using t h e  range between t h e  maximum and minimum economic r e n t  f o r  

each reach (Method 11) .  

Of t h e  t e n  land use  ca t egor i e s ,  f o u r  p a i r s  of  them s p e c i f y  two uses  

t h a t  a r e  t h e  same except t h a t  one provides de t en t ion  of  storm runoff  while  

t h e  o t h e r  does no t .  In  t h e  t a b l e ,  t h e  number i n s i d e  t h e  parentheses  r e f e r s  

t o  t h e  number of  new land uses  i f  adding o r  d e l e t i n g  de t en t ion  is  not  

. counted  a s  a change i n  land use. 

For v i s u a l  i n t e r p r e t a t i o n  of t h e  r e s u l t s ,  t h e  number o f  new land uses  

f o r  each a l t e r n a t i v e  i s  p l o t t e d  i n  Figs.  A-1  t o  A-4. In  Figs.  A-3 and A-4 

t h e  number o f  new land uses  does n o t  inc lude  add i t i ons  o r  d e l e t i o n s  o f  deten-  

t i o n .  In  Figs.  A - 1  and A-3 t h e  a b s c i s s a  i s  t h e  number of  new non-floodplain 

land uses ,  whereas i n  Figs.  A-2 and A-4. t h e  absc i s sa  is  t h e  number o f  new 

f loodpla in  land uses .  These f o u r  f i g u r e s  show t h e  r e s u l t s  from t h e s e  two 

s e t s  of  a l t e r n a t i v e s  a r e  s i m i l a r .  For example, i n  Fig. A-2 t h e  maximum 

d i f f e r e n c e  between t h e  number of  new f loodp la in  land uses  f o r  t h e  f i r s t ,  

second, and f i f t h  s o l u t i o n s  f o r  Methods I and I 1  was only  3. The t h i r d  

s o l u t i o n  from Method I y ie lded  a s l i g h t l y  h igher  number of new land uses  

than t h a t  of  Method 11. In  genera l ,  t h e  r e s u l t s  of  t h e  two methods a r e  

q u i t e  s i m i l a r  with r e s p e c t  t o  t h e  number of  new land uses  a s soc i a t ed  with 

each success ive  a l t e r n a t i v e .  



TABLE A-1.  Number of New Land Uses s p e c i f i e d  i n  A l t e rna t ive  Solu t ions  

* Maximum p o s s i b l e  number of new land uses  i s  67. 

+ 
Adding o r  d e l e t i n g  de t en t ion  i s  no t  counted a s  a change i n  land use. 

A l t e rna t ive  

1 

2 

3 

4 

5 

Method I 

Number of  New Land Uses* 

Method I1 

Number o f  New Land Uses* 

Non-flood p l a i n  

30 (13)' 

3 0 (7) 

2 0 (4) 

13 (4) 

10 (5) 

Non-flood p l a i n  

41 (10)' 

2 5 (7) 

, 19 (10) 

12 (2) 

12 I8 1 

Floodplain 

58 (50)' 

30 (30) 

28 (17) 

14 (10) 

20 (3) 

Floodplain 

60 (57)' 

33 (27) 

23 (14) 

23 (12) 

17 (9) 





Alternative 

Figure  A . 2  Comparison of  t h e  Number of New Floodplain Land 
Uses f o r  Methods I and I1 - Provis ion  f o r  
Detent ion is  Considered a s  a  D i f f e ren t  Land Use 
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Figure A . 3  Comparison of  the Number of New Non-floodplain Land 
Uses f o r  Methods I and I1 - Provis ion  f o r  Detention 
i s  Not Considered a s  a D i f f e ren t  Land Use 
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Figure A.4  Comparison of t h e  Number of  New Floodplain Land Uses 
f o r  Methods I and I1 - Provis ion  f o r  Detent ion i s  
Not Considered a s  a D i f f e ren t  Land Use 




