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I. I n t r o d u c t i o n  

1.1 Research Objec t ives  

T h i s  r e s e a r c h  aims t o  b u i l d  a  dynamic model t o  d e s c r i b e  t he  major 

r e l a t i o n s h i p s  w i th in  t h e  "Wild l i fe  and Fish" element of t h e  Fo re s t  

Se rv i ce .  Our purpose i s  t o  cap tu re  t h e  major r e l a t i o n s h i p s  so  that t h e  

model i s  capable  of  reproducing t h e  dynamic behavior  p a t t e r n s  e x h i b i t e d  

by t h e  impor tan t  W i l d l i f e  and F i s h  v a r i a b l e s .  Such a  model should 

i n c l u d e  n o t  o n l y  the "phys i ca l  v a r i a b l e s "  (such a s  " a c r e s  p r e s c r i b e d  

burned" o r  "number of water  developments") but  a l s o  t h e  management 

d e c i s i o n  processes  which in f luence  t h o s e  v a r i a b l e s .  Once t h e  major 

" p h y s i c a l  r e l a t i o n s h i p s "  and "dec i s ion  r e l a  t i onsh ips"  a r e  a p p r o p r i a t e l y  

desc r ibed  i n  t h e  model, t h e  l a t t e r  should be a b l e  t o  e x h i b i t  t h e  b a s i c  

dynamic performance p a t t e r n s  observed i n  t he  W i l d l i f e  and F i s h  (WhF) 

s e c t o r .  Then, such a  model can be used a s  a  "management l a b o r a t o r y " .  

It i s  p o s s i b l e  t o  e x p l i c a t e  why and how p a r t i c u l a r  performance p a t t e r n s  

a r e  e x h i b i t e d  by c e r t a i n  v a r i a b l e s .  I f  some of t h e s e  performance 

p a t t e r n s  aril  undes i r ab l e ,  t h e  model can he lp  managers g e n e r a t e  

a l t e r n a t i v e  p o l i c i e s  t o  e l i m i n a t e  t hose  undesired p a t t e r n s .  By u s ing  

such dynamic models f o r  W i l d l i f e  & F i s h  s e c t o r  i t  i s  p o s s i b l e  t o  

i n v e s t i g a t e  t h e  aedium-to-long-term i m p l i c a t i o n s  of  v a r i o u s  a l t e r n a t i v e  

management p o l i c i e s .  

1 . 2 .  Research Procedure 

The f i r s t  s t e p  towards b u i l d i n g  a  dynamic model f o r  t h e  W&F s e c t o r  

was t h e  i d e n t i f i c a t i o n  o f  major v a r i a b l e s  t o  be inc luded  i n  such a  

model. A major v a r i a b l e  i s  one which c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  

c r e a t i o n  of  the  fundamental performance p a t t e r n s  observed f o r  v a r i o u s  

W&F v a r i a b l e s .  Our main r e sou rces  i n  t h i s  s t e p  have been t h e  r e l a t e d  

Forest  Se rv i ce  (FS) p u b l i c a t i o n s  and our conve r sa t i ons  w i th  t h e  FS 



managers and o the r  s t a f f .  Valuable  in format ion  about what t he  major 

v a r i a b l e s  a r e  and how they a r e  i n t e r r e l a t e d  was ob ta ined  through t h e s e  

two main sources .  

These v a r i a b l e s  and t h e  i n t e r r e l a t i o n s h i p s  were d i sp l ayed  

q u a l i t a t i v e l y  by means of  i n f luence  diagrams. The nex t  s t a g e  was t h e  

a c t u a l  c o n s t r u c t i o n  of  t h e  model f o r  t he  l?&F s e c t o r .  I n  System Dynamics 

(SD) methodology ( a  b r i e f  d e s c r i p t i o n  of which was g iven  i n  

Ba r l a s  (l)#modeling means w r i t i n g  n a t h e n a t i c a l  equa t ions  t o  r e p r e s e n t  t h e  

r e l a t i o n s h i p s  between t h e  major system elements .  The model equa t ions  

were w r i t t e n  under t h e  l i g h t  of  our  conve r sa t i ons  w i t h  t h e  FS managers 

and va r ious  FS p u b l i c a t i o n s .  This  phase a l s o  r equ i r ed  t h e  e s t i m a t i o n  of  

t he  parameters  used i n  t h e  node l  equa t ions .  Both q u a n t i t a t i v e  and 

q u a l i t a t i v e  d a t a  from FS p u b l i c a t i o n s  and from our  conve r sa t i ons  were 

used i n  o rde r  t o  e s t ima te  t he  model parameters .  Once t h e  parameters  

were e s t ima ted ,  t h e  model equa t ions  were i npu t  a s  a  DYNAMO computer 

program and then s imulated on a  d i g i t a l  computer t o  y i e l d  the  "model 

performance pa t t e rns" .  The "model behavior"  was t hen  compared t o  t h e  

"observed behavior" of t h e  W&F s e c t o r  t o  s ee  whether t h e r e  was a  

s i g n i f i c a n t  d i sc repancy  between the  two. I n  such c a s e s ,  t h e  model 

equa t ions  and lo r  t h e  a s s o c i a t e d  parameter v a l u e s  were modified t o  remove 

any s i g n i f i c a n t  d i sc repancy .  This  procedure was repea ted  u n t i l  t h e  

model behavior  was judged t o  be  reasonably  c l o s e  t o  t h e  r e a l  behavior .  

Once t h i s  s t a g e  was reached,  t h e  model was accepted a s  a  u s e f u l  i n i t i a l  

d e s c r i p t i o n  of t h e  W&F s e c t o r  dynamics but  by no means a s  t h e  f i n a l  and 

abso lu t e  model of i t .  

In  the  next s e c t i o n ,  we p re sen t  t h i s  model of W&F s e c t o r .  We s t a r t  

with our  conceptual  approach t o  the  problem and then  g ive  the  i n f luence  



diagrams  and t h e  model e q u a t i o n s .  F i n a l l y ,  w e  p r e s e n t  t h e  b e h a v i o r  

p a t t e r n s  e x h i b i t e d  by major  W&F model v a r i a b l e s .  

11. The Model 

11.1 Modeling Approach 

Our c o n v e r s a t i o n s  w i t h  FS managers and v a r i o u s  FS p u b l i c a t i o n s  

seemed t o  s u g g e s t  t h a t  a n  e f f e c t i v e  and u s e f u l  approach  t o  t h i s  model ing 

problem was t o  f o c u s  on  major  'v&F a c t i v i t i e s .  These a c t i v i t i e s - c a l l e d  

d i r e c t  h a b i t a t  improvement-includes : 

Water Development 

Openings Development 

Thinning 

P r e s c r i b e d  Burning 

Seeding and P l a n t i n g  

de  t l a n d  Improvements 

F i s h  Improvements 

Threatened and Endangered S p e c i e s  Improvement 

Bes ides  t h e s e  a c t i v i t i e s ,  t h e r e  i s  a group of a c t i v i t i e s  c a l l e d  

" c o o r d i n a t i o n " ,  i n c l u d i n g  c o o r d i n a t i n g  on t h e  ground w i t h  o t h e r  s e c t o r s  

such  a s  Timber, Range e t c . ,  T r a i n i n g  o f  t h e  C o o r d i n a t i o n  P e r s o n n e l ,  

C o n t r i b u t i n g  t o  Land use  T lann ing ,  M u l t i p l e  Use Surveys ,  Environmental  

S ta tements ,  e t c .  

Thus, modeling c o n s i s t e d  o f  w r i t i n g  e q u a t i o n s  t o  d e s c r i b e  how 

d e c i s i o n s  abou t  t h e  above a c t i v i t i e s  were made and how t h e s e  a c t i v i t i e s  

changed t h e  p h y s i c a l  c o n d i t i o n  of t h e  l a n d  th rough  t ime .  F i n a l l y ,  s i n c e  

a l l  a c t i v i t i e s  depend on a v a i l a b i l i t y  of f u n d s ,  o u r  model inc luded  a 



s e c t i o n  c a l l e d  "Funds", t o  account  f o r  t h e  fund r e q u e s t  and fund 

a c q u i s i t i o n  p r o c e s s e s .  

1 1 . 2  I n f l u e n c e  Diagrams and Model E q u a t i o n s  

As s t a t e d  i n  t h e  p rev ious  s e c t i o n ,  t h e  W&F system i s  modeled around 

n i n e  m a j o r  improvement a c t i v i t i e s  and t h e  fund g e n e r a t i o n  p r o c e s s .  t h e  

i n f l u e n c e  diagrams f o c u s i n g  on e a c h  one o f  t h e s e  a c t i v i t i e s  a r e  shown i n  

F i g u r e  1 through  10. I n  t h e  model t h e s e  subsystems a r e  n o t  i s o l a t e d  b u t  

t h e y  are coupled t o  each  o t h e r .  The i n f l u e n c e  diagrams a r e  p r e s e n t e d  

s e p a r a t e l y  f o r  each  subsystein s imply  because  i t  was v e r y  i m p r a c t i c a l  t o  

t r y  t o  draw t h e  e n t i r e  i n f l u e n c e  diagram i n  one f i g u r e .  I n  t h e  

i n d i v i d u a l  d iagrams t h e  p o i n t s  o f  major  i n t e r a c t i o n  between subsystems 

a r e  r e p r e s e n t e d  s y m b o l i c a l l y  by "Z-shaped" a r rows .  We now t a k e  e a c h  

i n f l u e n c e  diagram and g i v e  t h e  c o r r e s p o n d i n g  e q u a t i o n s  which d e s c r i b e  

t h e  major  r e l a t i o n s h i p s .  A complete  l i s t  of a l l  model e q u a t i o n s  i s  

provided i n  Appendix 1. 

Water Development (WD) 

Water development i s  t h e  p r o c e s s  of p r e p a r i n g  w a t e r h o l e s  f o r  

w i l d l i f e  where t h e  wa te r  i s  s c a r c e .  Wate rho les  d e t e r i o r a t e  a f t e r  a 

c e r t a i n  p e r i o d  o f  t i m e .  Though t h i s  " t i m e  t o  d e t e r i o r a t e "  v a r i e s  

depending on many c o n d i t i o n s ,  as a  r e s u l t  o f  o u r  c o n v e r s a t i o n s  w i t h  FS 

managers,  we l e a r n e d  t h a t  a  wel l -mainta ined w a t e r h o l e  would l a s t  on t h e  

average  f o r  about  25 y e a r s .  T h i s  p r o c e s s  i s  d e s c r i b e d  by: 

WDDR.KL = DELAYP(wDK.JK, WDTD, WDN.K) 

CJDDR: w a t e r  developtnent d e t e r i o r a t i o n  r a t e  

WDR: y e a r l y  wa te r  development r a t e  





WDTD: WD deterioration time (25 years) 

WDN: number of water developments 

DELAYP: A dynamo special purpose function used when a variable is 

caused by another variable after a third order time delay 

The decision process by which WD activity is planned is described by the 

following e q u a t i o n s :  

WDRP.K = (WDDES.K - WDNI.K)/WDAT + WDNI.K/WDTD 

WDRP: WD rate planned 

WDDES.K = 15000*(1-0.8*EXP(-O,OS"(TPHE.K-TIMEN))) 

WDDES: desired number of water developments 

WDN1.K = SMOOTH(WDN.K, WDST) 

WDNI: infomation on the number of water developments 

The first equation says that the WD plan depends on the difference 

between the desired number of water developments (WDDES) and the 

perceived number of water developments ( W D N I ) .  Every year, the WD 

activity is adjusted by a fraction of this difference ("error"). How 

much adjustment is made depends on the adjustment time WDAT. The larger 

the WDAT, the more patient is the planning decision. In the final model 

run, WDAT was chosen as 10 years. 

The second equation says that the desired number of water 

developments starts from 3000 and increases with time and approaches 

asmptotically to 15,000. These numbers were estimated based on the best 

available information from wildlife reports. (The s h a p e  of t h e  

exponential function used in the WDDES equation is explained in 

Appendix 2.) The t h i r d  e q u a t i o n  r e p r e s e n t s  t h e  p r o c e s s  by which 



i n fo rma t ion  about t he  s t a t e  of water developments i s  c o l l e c t e d .  i J i t h  

a  WDST of 10  yea r s ,  t h e  equat ion  s t a t e s  t h a t  t h e  informat ion  about WD i s  

ob ta ined  wi th  an  averaging period of 10 yea r s .  

Once WD planned i s  computed, t h e  the  funds needed f o r  WD i s  g iven  

by : 

FRWD .K = WDC .K*WDRP. K 

Where, WDC i s  t h e  u n i t  c o s t  of CJD which i s  a  v a r i a b l e  a s  shown i n  t h e  

fo l lowing  graph (WTAB): 

(The e f f e c t  of i n f l a t i o n  i s  not  included i n  t h e s e  c o s t s  e s t ima te s  s o  

t h a t  a l l  a r e  measured i n  1970 d o l l a r  va lue)  

Then, t h e  a c t u a l  yea r ly  WD by W&F s e c t o r  is :  



Where FWD i s  the  funds a v a i l a b l e  f o r  WD. I t s  equa t ion  w i l l  be g iven  

l a t e r  i n  t h e  "Funds" s e c t i o n .  And f i n a l l y ,  no t  a l l  BD i s  c a r r i e d  by WDF 

s e c t o r  : 

WDX.K = WDXF*WDWR. R 

WDX: WD o u t s i d e  W i l d l i f e  & Fi sh  

WDXF = Outside WD f r a c t i o n  (0.10) 

Thus, t h e  t o t a l  y e a r l y  WD becomes: 

Openings Development (OD): 

Openings Development (OD) i s  t h e  process  of p rovid ing  t h e  w i l d l i f e  

w i t h  t h e  necessary  openings i n  t he  Fo re s t  Area. The s t r u c t u r e  of OD 

equa t ions  i s  e x a c t l y  t h e  same a s  t h e  s t r u c t u r e  of WD equa t ions  expla ined  

above. The only  change i s  i n  t h e  u n i t  of  measurement ( a c r e s  i n  t h e  c a s e  

of OD) and i n  some parameter va lues .  The equa t ions  a r e  g iven  i n  t h e  

Appendix and can be e a s i l y  understood once WD equa t ions  a r e  

understood.  

Thinning (TB) 

The s t r u c t u r e  of Thinning equa t ions  i s  a l s o  e x a c t l y  the  same a s  t h e  

previous ones .  Therefore ,  t h e  model l i s t i n g  f o r  t h i s  subsytem must be  

se l f -explana tory .  



(I] 
aJ F., 
F3 u 

td 

id h 
aJ P 
k' 

rl 
a 
U 
0 %J 
U U 

cd Frr 
h Ll 

l-4 0 

0 

c aJ 
0 a 
.d .d 
U (I] 

U U Ll 0 
(d a Frr 
Ll aJ Ll aJ 
2 d 2 . 2  2 



(I) 
U 
G 

0 -rl 

a, 
I-r 
CJ 
cd 
\ 
U 
(I) 
0 
C) 



P r e s c r i b e d  Burning (PB) 

The s t r u c t u r e  o f  PB subsystem i s  similar t o  t h e  p r e v i o u s  ones .  The 

o n l y  d i f f e r e n c e  i s  i n  t h e  " d e s i r e d  p r e s c r i b e d  burning"  (PBDES) e q u a t i o n  

which i s  n o t  an  a s y m p t o t i c  e x p o n e n t i a l  b u t  a TA3LE f u n c t i o n :  

PBDES.K = TABHL (PBDEST, TDIE.K, 1970, 1982,2)  

PBDES ( thousand a c r e s )  

r 

Seeding and P l a n t i n g  (SP) 

The e q u a t i o n  which d e s c r i b e s  t h e  p l a n n i n g  p r o c e s s  f o r  Seeding & 

P l a n t i n g  h a s  a form d i f f e r e n t  t h a n  t h e  p r e v i o u s  o n e s .  For t h i s  

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

c h a r a c t e r i s t i c s  o f  t h e  p r o c e s s  a s  t h i r d  o r d e r  d e l a y  p r o c e s s .  It was 

more conven ien t  t o  w r i t e  t h e  p lann ing  e q u a t i o n  a t  a  h i g h e r  l e v e l  o f  

a g g r e g a t i o n ,  w i t h o u t  having t o  t r a c e  t h e  a c r e s  i n  "seeded c o n d i t i o n " .  

Th is  t y p e  o f  e q u a t i o n  d e a l s  w i t h  " a c r e s / y r V  and n o t  w i t h  "ac res : "  





Desired average  SP ad jus tment  
u n i t  SP c o s t  

I n f o  m a t  i o n  
a v e r a g i ~  uitz E;e\ d // 

Funds needed f o r  

r a t e  ( a c r e s l y r )  
Econoznic 
c o n s t r a i n t s  

Funds a v a i l a b l e  

o u t s i d e  ~ & k ' K - ~ e a r l ~  P E L - - +  
by W&P 

/ for  SP 

F r a c t i o n  SP 
o u t s i d e  ' 2 u n i t  SP c o s t  

F i g u r e  5. Seeding and P la r t t ing  (SP) 



SPRP : SP planned ( a c r e s /  y r  . ) 
SPLY.KL : SPWR.K L a s t  y e a r s  SP by W&F s e c t o r  

SPDES.K : 10000 a c r e s l y e a r  

SPAF : 0.20 SP a d j u s t m e n t s  f r a c t i o n .  

Thus,  l a s t  y e a r s  SP a c t i v i t y  i s  a d j u s t e d  depending on t h e  

d i f f e r e n c e  between t h e  d e s i r e d  SP p e r  y e a r  and t h e  l a s t  c o u p l e  o f  y e a r ' s  

a v e r a g e  (SPST = 5 y e a r s  i n  t h e  f i n a l  r u n s )  SP r a t e .  How much a d j u s t m e n t  

i s  made depends  on t h e  ad jus tment  f r a c t i o n  SPAF. Once SPRP i s  computed, 

t h e  r e s t  o f  t h e  e q u a t i o n s  f o r  SP subsystem i s  t h e  s a n e  as t h e  p r e v i o u s  

subsystems.  

Wetland Improvements (MI) 

The e q u a t i o n s  f o r  t h i s  s e c t i o n  i s  e x a c t l y  t h e  sane  as  t h e  SP 

s e c t i o n  excep t  t h e  v a l u e s  o f  c o n s t a n t s  and t a b l e  f u n c t i o n s .  

F i s h  Improvement ( F I  ) 

The e q u a t i o n s  f o r  t h i s  s e c t i o n  i s  a lmos t  t h e  same as t h e  SP s e c t i o n  

e x c e p t  numer ica l  v a l u e s  o f  pa ramete rs .  The o n l y  o t h e r  d i f f e r e n c e  i s  

t h a t  i n  t h i s  s e c t i o n  a l l  F I  a c t i v i t i e s  a r e  c a r r i e d  o u t  by 1?&F s e c t o r .  

There i s  no s i g n i f i c a n t  F I  a c t i v i t y  w i t h i n  F o r e s t  S e r v i c e  c a r r i e d  o u t  by 

a  s e c t o r  o t h e r  t h a n  W&F. 

Threa tened  & Endangered S p e c i e s  Improvements (TE) 

The s t r u c t u r e  o f  t h i s  s e c t i o n  i s  e x a c t l y  t h e  same as  t h a t  of F i s h  

Improvement s e c t o r .  









Coordina t ion  (CO) 

Coord ina t ion  i s  t h e  name given t o  many d i f f e r e n t  a c t i v i t i e s  of  

d i f f e r e n t  n a t u r e  ( a c t i v i t i e s  c a r r i e d  ou t  t oge the r  wi th  o t h e r  s e c t o r s  

l i k e  Tirnber o r  Range, p a r t i c i p a t i o n  i n  Land Use Planning, E.lultiple use  

surveys ,  environmental s t a t emen t s ,  t r a i n i n g  of c o o r d i n a t i o n  personnel ) .  

Probably due t o  i t s  n a t u r e ,  i t  was no t  p o s s i b l e  t o  f i n d  a c c u r a t e  

i n fo rma t ion  about how e x a c t l y  va r ious  w i l d l i f e  coo rd ina t ion  d e c i s i o n s  

and p l a n s  a r e  made. By t ak ing  a  more empi r i ca l  approach, we  were a b l e  

t o  f i n d  from the  Z i l d l i f e  r e p o r t s  t h a t  t he  coo rd ina t ion  funds c o n s t i t u t e  

about a t h i r d  of t h e  t o t a l  improvement budget. To y i e l d  approximately 

such a  r a t i o ,  t h e  fol lowing equa t ion  was used: 

COFE. KL = C0F.K *SlIOOTl$(FOI. K,COST) 

COF. K = Coordina t ion  f r a c t i o n  

COST = Coordinat ion smoothing time ( 3  y e a r s ) .  

Th i s  means t h a t  CO Funds equa l  a  f r a c t i o n  of t h e  average  of t h e  

improvement funds of t h e  l a s t  3 yea r s .  Because of t h i s  averag ing  

e f f e c t ,  COF was no t  chosen a s  a  cons t an t  of about  11'3, bu t  i t  i s  t aken  

a s  a  v a r i a b l e  s t a r t i n g  from 0.60 and approaching g r a d u a l l y  0.33. ( S i n c e  

the  W&F funds show a  sha rp  i n c r e a s e  between 1974 and 1980, t h i s  v a r i a b l e  

COF i n  e f f e c t  r e s u l t e d  i n  a  CO fund of about  1 / 3  of t h e  same y e a r ' s  

improvement funds) . 

Funds (F )  

This  s e c t i o n  cotnputes how much funds a r e  needed f o r  t h e  planned 

a c t i v i t i e s  and how much funds a re  a c t u a l l y  ob t a ined .  The needed funds  





e q u a l  p lanned  a c t i v i t i e s  t i m e s  t h e  u n i t  c o s t .  For example,  f o r  t h e  

w a t e r  development:  

The f u n d s  needed a r e  computed t h e  same way f o r  a l l  o t h e r  improvement 

a c t i v i t i e s .  

I n  a d d i t i o n  t o  t h e  inprovement a c t i v i t i e s ,  a c e r t a i n  amount o f  

f u n d s  i s  needed f o r  maintenance o f  c e r t a i n  a c t i v i t i e s  (WD, OD, TB, PB, 

SP, W I ,  F I ) .  How much rnoney i s  needed f o r  maintenance depends  on  how 

much money was s p e n t  on s u c h  a c t i v i t i e s  on t h e  l a s t  c o u p l e  of y e a r s  (3 

y e a r s )  : 

FR1M.K + F IFIF .K*SPIOOTtI(FORlM. J K ,  lP4ST) 

FRI1.I: Funds needed f o r  improvement main tenance  

FOR1M.m = F5JD.K + FCD.K + FTF1.K + PPl3.K + FSP.K +E$I.IC + F F I  .I( 

Q4ST: Averaging time f o r  improvement maintenance ( 3  y e a r s )  

and 

FD4F. K = TABHL(IMTAB, TIME. K, 1970, 1983, 2 )  

Thus, improvement f u n d s  f r a c t i o n  FIXF i s  v a r i a b l e .  Data  f rom 

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

ex t remely  h i g h  (a round  1.0) and d i e s  down g r a d u a l l y  t o  a b o u t  0.10 i n  1980. 

The t o t a l  funds  needed f o r  improvement i s  then :  



The f u n d s  ob ta ined  f o r  improvement i s  g e n e r a t e d  by t h e  e q u a t i o n :  

T h i s  e q u a t i o n  f i r s t  s a y s  t h a t  t h e  f u n d s  o b t a i n e d  i s  e q u a l  t o  t h e  f u n d s  

r e q u e s t e d  t imes  a n  econoraic index.  Secondly,  i t  s a y s  t h a t  t h e  f u n d s  

o b t a i n e d  cannot  be above a maximum LIMIT ( t a k e n  a s  a  maximum i n c r e a s e  o f  

40% from t h e  l a s t  3 y e a r s  a v e r a g e  f u n d s ) .  The g e n e r a l  economic i n d e x  

ImX i n t e n d s  t o  r e f l e c t  t h e  impact  o f  t h e  g e n e r a l  economic c o n d i t i o n  o n  

t h e  p r o c e s s  o f  fund g e n e r a t i o n .  T h i s  index  must b e  chosen as a  t i m e  

f u n c t i o n  t o  r e f l e c t  t h e  economic c o n d i t i o n .  For example : 

s t a t e s  t h a t  t h e  i n d e x  goes  up and down a s  a s i n e  wave w i t h  a n  a m p l i t u d e  A ,  

a n  a v e r a g e  B a p e r i o d  PRD and a phase a n g l e  PIIS. I n  t h e  b a s e  r u n ,  t h e  

average  B i s  chosen as 1 and t h e  ampl i tude  A a s  0  so  t h a t  INDX was 

always 1. T h i s  assumes no d r a s t i c  economic change o c c u r s  th roughout  t h e  

s i m u l a t i o n  r u n  p e r i o d .  I n  o t h e r  r u n s ,  t h e  INDX c a n  be  chosen i n  a 

r e a l i s t i c  way, w i t h  a p o s s i b l e  a d d i t i o n  o f  a  random term. Agaln,  i t  

should be  noted t h a t  t h e  i n f l a t i o n  f a c t o r  i s  n o t  t aken  i n t o  account  s o  

t h a t  a l l  funds  a r e  i n  1970 d o l l a r s .  

F i n a l l y ,  once t h e  improvement funds  (FOI) a r e  a v a i l a b l e ,  a s i m p l e  

e q u a t i o n  g e n e r a t e s  t h e  funds  f o r  r e g i o n a l  o f f i c e  ( R 8 )  a s  a  f u n c t i o n  o f  

FOI : 

FRR.K = 0.15"FOI.K 
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The o b t a i n e d  improvement funds  a r e  d i s t r i b u t e d  among t h e  d i f f e r e n t  

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

For example,  f o r  w a t e r  development:  

The same r u l e  i s  used f o r  a l l  a c t i v i t i e s .  

These g e n e r a t e d  funds  a r e  used i n  t u r n  i n  t h e i r  r e s p e c t i v e  

subsystems t o  fund t h e  r e s p e c t i v e  improvement a c t i v i t i e s .  

In t h i s  s e c t i o n ,  we gave a  b r i e f  d e s c r i p t i o n  o f  t h e  important  model 

e q u a t i o n s .  For a complete  l i s t  of e q u a t i o n s ,  t h e  r e a d e r  i s  r e f e r r e d  t o  

t h e  appendix.  I n  t h e  n e x t  s e c t i o n ,  we p r e s e n t  t h e  behav ior  p a t t e r n s  o f  

t h e  major  model v a r i a b l e s .  

11.3 Plodel Behavior 

A f t e r  a l l  model pa ramete rs  were e s t i m a t e d ,  t h e  DYNAMO e q u a t i o n s  

were  r u n  on a  d i g i t a l  computer t o  y i e l d  t h e  t i m e  h i s t o r i e s  f o r  i m p o r t a n t  

model v a r i a b l e s .  The s i m u l a t i o n  was s t a r t e d  i n  1970 and spanned a 50 

year  p e r i o d  ending i n  2020. The r e s u l t i n g  t i m e  h i s t o r i e s  a r e  shown on  

t h e  f o l l o w i n g  pages.  Thus, t h e  s i m u l a t i o n  d i d  n o t  o n l y  g i v e  a  

h i s t o r i c a l  r e p r o d u c t i o n  (1970-1 982) but  a l s o  f u t u r e  p r o j e c t i o n s  (1 982- 

2020) f o r  t h e  impor tan t  W i l d l i f e  and F i s h  v a r i a b l e s .  The f i r s t  two 

graphs  show t h e  t ime h i s t o r i e s  o f  t h e  major a c t i v i t i e s  ( i n  a c r e s  o r  

number per  y e a r ) ,  and t h e  l a s t  two g r a p h s  show t h e  t ime h i s t o r i e s  f o r  

t h e  d o l l a r s  s p e n t  f o r  t h o s e  a c t i v i t i e s  ( i n  1970 d o l l a r s ) .  I n  g e n e r a l ,  



F i g u r e  11. Behav io r  P a t t e r n s  of  t h e  Major W i l d l i f e  and 
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(Figure 11. continued) 



PACE 6 WILDLIFE AND FISH HODEL. 

FWD-W FOD-0 FTH=T FPB-P FSP-B 

BASE 



(F igu re  11. continued) 



t h e  behavior  p a t t e r n s  of a l l  major v a r i a b l e s  f o r  t h e  h i s t o r i c a l  

reproduct ion  period were i n  reasonable agreement w i th  t h e  time h i s t o r i e s  

a v a i l a b l e  ( i f  any) f o r  those v a r i a b l e s .  The b a s i c  behavior  mode i s  a  

sharp growth - with  d i f f e r i n g  s lopes  - f o r  a l l  major a c t i v i t i e s ,  except  

f o r  openings development which shows a  gradual  d e c l i n e  dur ing  t h i s  

period and coord ina t ion  a c t i v i t i e s  which e x h i b i t s  an  o s c i l l a t o r y  

behavior  i n  the same per iod .  A l l  of t h e s e  major behavior  p a t t e r n s  a r e  

g r e a t l y  v e r i f i e d  by t h e  a v a i l a b l e  h i s t o r i c a l  d a t a  (USDA (2) ,  USDA ( 3 ) ) .  

I n  t h e  p r o j e c t i o n  per iod  (1982-2020) t h e  fundamental p a t t e r n  f o r  a l l  

a c t i v i t i e s  i s  one of t r a n s i t i o n  t o  s teady  s t a t e .  

A l l  a c t i v i t i e s ,  except  openings development, reach  a  maximum 

between t h e  ya r s  1980 and 1990 and then  show a g radua l  d e c l i n e  p a t t e r n  

u n t i l  they reach t h e i r  s t eady- s t a t e  va lues  by t h e  year  2010. Openings 

development shows a  r eve r se  t r end ,  reaching a  minimum between 1980 and 

1990 and then e x h i b i t i n g  - gradual  growth towards i t s  s t eady- s t a t e  

value.  Since t h e s e  a r e  a l l  f u t u r e  p r o j e c t i o n s ,  i t  was not poss ib l e  t o  

make any comparison wi th  a v a i l a b l e  d a t a .  Yet, t h e s e  p r o j e c t i o n  p a t t e r n s  

were compared t o  s e v e r a l  d i f f e r e n t  Fo res t  Serv ice  p r o j e c t i o n s  such a s  

t h e  ones i n  the  "Recommended Renewable Resources Program" book. The 

model p r o j e c t i o n s  and PS p r o j e c t i o n s i n  gene ra l  looked i n  agreeinent w i th  

each o t h e r .  As a  r e s u l t ,  i t  was concluded t h a t  t h e  model was an 

acceptab le  one t o  reproduce and p r e d i c t  t h e  b a s i c  behavior p a t t e r n s  of 

the  important W&F v a r i a b l e s .  

111. OBSERVATIONS AND CONCLUSIONS 

An examination of t h e  major time h i s t o r i e s  sugges t s  t h a t  i n  g e n e r a l  

they  can be cha rac t e r i zed  by t h r e e  modes: 1-A pe r iod  of sha rp  growth 



between 1970 and 1980, 2-A per iod  of t r a n s i t i o n  t o  s t eady - s t a t e  between 

1980 and 1990 and 3 - t h e  s t eady - s t a t e  per iod a f t e r  1990. Th i s  growth- 

t r a n s i t i o n - s t e a d y  s t a t e  c h a r a c t e r i s t i c  of t h e  t ime h i s t o r i e s  i s  

r e l a t i v e l y  independent o f  t h e  exac t  v a l u e s  of v a r i o u s  model parameters .  

This  dominant mode of behavior  i s  p r imar i l y  determined by t h e  shape of  

t h e  g o a l  cu rves  ( d e s i r e d  va lues )  and by t h e  phys i ca l  l i m i t a t i o n s  imposed 

by F o r e s t s .  This  means t h a t  changing t h e  v a l u e s  of  most model 

parameters  does no t  d r a s t i c a l l y  a l t e r  t h e  dominant mode of  behavior .  

The e x a c t  v a l u e s  of parameters do have an impact on t h e  e x a c t  v a l u e s  

assumed by system v a r i a b l e s  and on e x a c t l y  f o r  how long t h e s e  v a r i a b l e s  

e x h i b i t  growth, when the  t r a n s i t i o n  per iod s t a r t s ,  how long i t  l a s t s  

e t c .  But t h e  g e n e r a l  mode of  behavior  i s  no t  an  outcome of some 

s p e c i f i c  set of  parameter va lues .  On t h e  o t h e r  hand, changing t h e  

d e s i r e d  va lue  curve f o r  a  c e r t a i n  v a r i a b l e s  may change t h e  corresponding 

mode of behavior  d r a s t i c a l l y .  S i m i l a r l y ,  a  s i g n i f i c a n t  rnodi f ica t ion  of 

an equa t ion  d e s c r i b i n g  how F o r e s t s  respond t o  an improveaent a c t i v i t i y  , 

would r e s u l t  i n  a  s i g n i f i c a n t  change i n  t h e  corresponding behavior  mode. 

F i n a l l y ,  t h e  b a s i c  behavior  mode n a t u r a l l y  depends on t h e  

a v a i l a b i l i t y  of  funds r equ i r ed  f o r  improvement a c t i v i t i e s .  The base  run  

assuqes  t h a t  funds a r e  e s s e n t i a l l y  ob ta ined  a s  t hey  a r e  n e c e s s i t a t e d .  

This  assumption can be  changed by making use of  I N D X  e q u a t i o n  t o  account  

f o r  a  budget cutback due t o  an econornic r eces s ion .  

To conclude,  i f  t h e r e  a r e  no s i g n i f i c a n t  e r r o r s  i n  t h e  shapes of  

goa l  curves  and i n  t h e  forms of major system e q u a t i o n s ,  t h e  major W&F 

a c t i v i t i e s  should e x h i b i t  t he  performance p a t t e r n s  suggested by t h e  

s i a u l a t i o n  runs .  We n u s t  f i n a l l y  add t h a t  t h i s  model should be accep ted  

on ly  a s  an  i n i t i a l  candida te  and not  a s  a  f i n a l  model of iJ&F s e c t o r .  



This  i s  t r u e  e s p e c i a l l y  because t he  dynamics of  W&F s e c t o r  i s  i n  r e a l i t y  

i n f luenced  by t h e  dynamics of  o t h e r  FS s e c t o r s  such a s  Range, Timber, 

Recrea t ion  e t c .  These i n t e r r e l a t i o n s h i p s  were incorpora ted  i n  t he  

p re sen t  model by means of some equa t ions  w i th  a  g r e a t  deg ree  of  

o v e r s i m p l i f i c a t i o n  mainly because t h e  focus of t h i s  r e s e a r c h  was t h e  W&F 

s e c t o r  r a t h e r  than  t h e  e n t i r e  Fo re s t  Serv ice .  I f  i n  t h e  f u t u r e ,  s i m i l a r  

models a r e  b u i l t  f o r  t he  o t h e r  s e c t o r s ,  t hen  c o n s o l i d a t i o n  of t h e s e  

models i n t o  one t o t a l  model should r e s u l t  i n  more c r e d i b l e  t i m e  

h i s t o r i e s  f o r  t he  major W&F a c t i v i t i e s .  
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Appendix 1 

The complete list of model equations 





p , - j $ p , < r i  E ,  b , : - . . i - p ? ~ ! * i ) i :  C L ( I * ~ C - I L Y / ~ L  1 4  F ~ . k S i x l  G k i  P t ~ ~ s t d  
. '59, :5ax= i ' 3 - - ' i ( J ; i . j  S i p  T i ' . ,  1 ' 3 7 0 9  Iq-tc't 2 1  3 k 5 i & E i l  Pi? A C R E S  
p ; t ~ 1 = 4  v ,  :,& -, Pg-t_sl ;  i , t j t c  ' I  r R I ~ J J ~ T ~ ~ ~ ~ < F  
~ . j g < . g s ~ t ~ i 4  r h J  " ) C r Y  r " F C S C ? J k Z t  " C h 4  JY k i l C L I F E  jCi-CTi3t;i 
P.!C.K=T! b : ? e b  r ~ ~ # r ~ i i " ~ ' < , ~ ~ 7 , , 1 " E ' ~  ~ $ 2 )  P k Z Z C *  e & # %  C O S T  P k R  & t d E  

a p I X . < = V ~  8.1 L P - +  :.t( ~' .BS;-J=W. I ' U C  u C U T S  Z C ~  R T L S L I F E  S E S T C ; ~  
F t 5 Y F * L a C f  i- - e , C T i i r i  L t  5 ~ C T 5 1 ! l f  c L I L C . L . l F E  S E C T O R  
P 3 L . ~ L = i J p d < . X t v d 8 .  V 1 ; 3 T A t  Y I  b r  L Y  F R Z S C k i  D L U  3 l j R N Z h G  A C T U A L  

5 T E  
I?T t  Sc'??.PI, 44.3 a-'Lt.ri l! i iG ( 5 2 1  
G T E  

C ? < @ , K = (  " L ) i S r i ( - ?  * i f S F 6 1 * , i i ( r  q F j f  I ) * S i ) ~ i - t  S r L Y . \ j i (  S? P L A c ~ ? ~ E L  
L $ S T = ~  ' f - $ t ? S  5:: f ' l % s i =  . i l . . f x  i-l i 2 i i T l r r G  I ~ Y F C *  A t E K A G I r 4 G  T i l Y E  
S V P F e C  e 2b $ c Z L f  'x i2 Ai . lC k C & . t , f  ShG A t 3 ' J t 5 T U E - ~ T  F 2 A C T 1 9 8  
~ : ~ t ? ; $ e k = ~ ~ ? ~ ~ ~  ; . ~ < V ~ , ~ Y ; I ? ~ ;  L k S f F f f  Y E A R L Y  5P A C k i E S  
~ p i Y s K ~ = " ; S , ~  *\ - "  %J y~ , .:i - '; 5~ G Y  ~ ~ C G L I F E  S ~ C T O P  
S r " L Y = $ F L l i ;  
S P L Y , ~ I = Z ~ C C  
S P i 4 X , B = F " ? r i f ~ a C e g  S icCr" i : ;  b 3 0  t*b A E  TI>:& bY HI I C L I F E  S E C T C A  
S Q C . ~ ~ : = ~ L . L ! - L ( ~ : ~ ~ I * . S I  l i  347,rp ;qi:+-jL31 SF- tD ;bG 1; P L A h T I Y G  C@S'I /ACkE 
I P x . ~ = i c x F e S P ~ t 9  ,K 5,.13:lli- &r-0 Si:i.TdNG i 3 i ; T S T D E  ~ I L L ; L I F E  5fCT; ld  
C i . ' X C = C a 5 ( "  ., F i A C  I S P  2 L T j l i E  w f  L C L P F E  ZECTdk 
>i ' . ; ! . ic t=i  & 4 ~ < ~ k l . > k ~ * i <  T l i i d i .  3 1 - ~ 8 1 Y  Z I E L l r 4 6  *fiC Ctt-h'TIbG A C T i l A L  

I S r ' i < = S F r h  
, j P c ' 4 = 4 C O G  
fJ 'f E 

r , $r., "3'~" ;CITE k i ' T i f r i  . - .. 4-1 l b ~ i j  

6GTE 
r '1.ri l ;P.t{=( b . i i : S , ~ - ; ~ . ~ t ~ Z i  - , I ~ ~ ; . J E ( ,  - 9 1 i Y i ) i : ~ - I ~ F +  d: :XLYcJK k l  P L A t J h j f C  
r b + E ! j r $ e " ( . 4 t i 3 q ~ f a i t  l-1 i t  17Cp 1 ~ : t  ; J Z ]  

P i j = j ~ = 5  y z ~ ~ s  w -r t t J .  i r . k i i 2 \E t  i p b F C l *  4 V t r i A G i h G  T I i l E  
I . l l t c F = C 8 2 _ "  - . : T t A \ i *  ;:. k - i  l t P E S i  &GJ tST , - iE l? t l '  FFACT IJ r s l  

: k I L Y , K t = + I * ~  * A  , - f  I ub!%B 5 l h _  T t y l i . ; i i  i f f k t ~ ~ 5 1 C t E N T  
i k I L Y z b 1 L f ?  

k i L Y ? = i O  
f k i ~ c s d = k  r i . ~ / + Z t * d  *,c T t  j ' q _ '  2 P b i . L  v i i L Z L I f 5  S E C T S 2  
\ ' , I C ~ ~ = L G r ?  E B * i ~  4' , T t . ~ l L ~ x * k  i P t . 2 O V i s - ' E h V  P E A  ~ C r t f :  
k a ~ X . ( = * j h F h ~ d ~ ' r ~  + , - T L  2 ~ . i  A .  P 2 i . l .  LLTSILT U I L G L L F E  S E C T C d  
: k I X F = r s r  F-i ;b l !3 ' i  C L i  a l t  * I L L L I E ;  S E C T 0 2  

i * i Q , V i = *  ~ ~ ~ r K ~ * I > . ~  T I T A L  Y , # . r  L"i i.l L W I - % ~  i P P C 2 L t M E i u T  ACTUAL 
f * :r:=.u J"" 

i v i k i  = S O  
4 C f  g 

a C T :  G ~ L - 4  ~ a l ~ ~ l  ~ , . " : " . j  f " - - I )  
J t T E  
a f f r " r K = < F : i i - ; r { - S a f ; ' 3 T ? ! F i *  t ~ ~ r t ; 5 T l l  t F I * F + F i ~ * r b t (  F I  P L r ? f 4 N E D  

F L L  b a $ = : C 3 ! 2  f i - ~ r i :  J ;. i e , , ' i  A:! - $  Ti '  Y k ~ i r i Y  F I P  i I ;F :?3@LEYt:JT  
F : : T = ~  "d,, t , . . \ i t - i A i Z ~ P & -  %a: - , t  
F 1 : 4 F = (  . C I S  i i 5 r  3." I - ' <  f V " : 1 I. i J b > i N i r r T  F 3 A C T I d N  

i f - i - , ~ L = k F ~ , k l F i L , g  , - -  
s:)" ! 1 > \ i ' d L : " t P 1 7  A A f i  ~ L T u A L  

.i F i e = F i k \ a  
* r - j b \ \ i = l C C C ,  
fi F l G . 4 ~ 1 5 . L  - /  ; - I- i2-! ' .kt-.., V r  "i: r 3  C L ' S T  F L P  A C k E  
'.tOTE 
*' a T f: 2 .  , 1 r - 1 ~ 9 , :  p z r  . . ,b+-c~r - 7 T * P k Z U v ? r b . T  ( T t I )  
YETC 
A 1 :  - l L J ( f  , - , . J d s  i ,  t 7  1 ) + i ; I b F + l C : K , J K  1 k I  2 i A . % h *  
J, I ~ i i ; i , : , n = ; < 5 ; ~ : ) j - j ~ - : .  r * . - > r ' f - '  s i t  I i l  : r & - T E : i ; t : . i ) )  1 o i Z I ? E L  f E 4 n L Y '  11-1 - 
'U 1 : ~ 3 1 = 5  < I  : r ;  1 :+..-+.,-47* . ..\ h x l k  - * & c ~ ~ P i ~  3 1::: 
C T r l r % f  = , i r - 1  .L ' d ; , l  t "  . I  F . ; ~ 1  LC:. 
I; T ? I * < . t - L = F  1 - j , /  1 . i L m  Y . ; r L f  A L I I - ! . L  T c i  ,4:kt> 
q 7-::;=3: ;; , t  

: 7 -  1" * b * = 5 ( ? c :  . > -  * > h T X f C e V * L . 2  / : C * s  , I  i " -  I 



G7 e L 

Ci.f--"cL*C~;tF,i\*si '3:!1?( F i ' l  , * e t : + ! I T )  r > C ' i Z T k F j  ~ C L , ~ r ) I f l A T ; f i r ' r  FU&US 
Z"F. - = C < ; F t t  

"?F"3=0,0 
CtIST=3 y ? t . - ;  5 J t ' < ~ i p  8 1  i,; 3 i d t : ' g  1 XpE .- ,+ ~ + - ~ i , ~ & " ? ' k b f - ! . . { C d < 1 ' ~ 7  If t : r Y p l i 7 % p 1 4 r G t 2 1  r l k i c E  C3 C O S T  P E R  A C k E  
& ~ F . ~ = c L : : ~ ~ T G ~ ~ ~ ~ L ( : : ~ F T ~ : I , ~ ~  . ~ ~ , d 7 2 ~ ~ ~ ~ : . ~ ~ 2 ~ ~ 0 . G ~ 7 ' l " : ~ ' r ( ~ 1 ~ 7 2 1  C i 3  F R b L T i L P :  
C s j Q e < ~ = f C - * . K / C r : C * d  cC';\,,tL Y t . A r L  7 f:53i.i;ll8kT I C N  dCi2ES 

tSTE 
O T Z  F t i h t S  t F f  
G T i .  

t:4 v i t = F f  k 7 : r k + ~ ~ i , e F + F ~ T d . ~ + F ' " " 5 e i C * k ~ 5 i  r & + i - t ~ m I e * + F k F ~ t . K  

+ F F " b l I , k + l " , ~ C  . r . r ( + i r  ij. s / (  FLj\aCb :VLEQELJ FCF. IPP2OVEi$,FNT 
, FSdL ' rK=L .L ! f : sk *$ -k !  P P a &  ~ L ' * : G S  >CtC6C F C k  a A T t i  C t V f L U F f l f h T  
I F i  f .2eH=l . , I c* i i  t ' J ' i E , k  XI OI O F E h l h G S  O t b E L Q P .  
, F ? T " i V m T b C i . ; s  i . 4 V i " , P '  c i  PS " TnXhNfbG 
, F R P ~ , K = P ~ C , ~ ~ J ? ~ F . ~  I I  t :  " P R L S G P I G E D  BbkN. 

F F S ~ ~ K = ~ > ~ . Y C S ? ~ ~ ~ ~  18 tt " S E E t i h G  € P L P F ; T i 8 S  
\ fk&ll$=kvi:*6 % * L G s . b  V* XI " w C T L k t u D  I Y P k Z L E 3 E N T  
r F ~ F I . k ~ i i < . k * F I C P . b  I )  

tr * F1Sd I h P F O k c R E N T  
, ~ k ~ t . 1  r ~ = f . : 1 C 8 f 7 ; ; b  64 f t * T + i - r 4 5 N , E  E q O A Q G .  I M P ,  
i r " C . l e B = c C r E + J k  et II " C & C k O I h A T I D F  

I F ' jAi I tv , eX(L*FdL1~ ( +  F C L P ~ + F T - * I ~ K + ~ Z P ~ ~ P ;  + F ~ E . ~ K . C F A I ~ ~ + F F I ~ K  
i FGqi'=FC& f "f-, 

: F i i J f  ? ' ~ = 2 5 0 8 0 0  
I, Fk16\ . i i sF  ! : * ; F a r  ~ ' ; f ~ , i ~ T : i i F " ' ~  j. J ~ P  i ' * S T )  r L t b i C z  ~ E d b l k F C  F a R  PAINTEhkhCi 

F T . " t F : , i c = r . ; i . i :  ( 1 . * l ' 4 3 r  i i r - r i i  8 2 - + 7 $ . j !  i i ' : ; 9 2 )  f n  FbADS F ~ A C T I C I Q  
1 * j T = 3  Y l r ,  > ;';* j\, I:" , !.:;".t~t,>*racL A\I64&,b Xfi*G f i ; " IE  

a F L T e k . = * i !  ( I \ & i x , i c . ~ F ' J . u ~ ~ i  1 1  r.-O rtipi:C L t j T ? I > n ~ l f  F Z R  P Y P A i a V C P + t r i J T  
1 P \ j C Y r i i = < , M  61; ( i * * C ~ ; l . t  7 I?: .;< /?P; +Pi-: ) + ? : ,  h A ; t f ? : E 2 A L  E C U t i J M I C  i i j C E X  
! t , K = 0 1 b C  i L I - 2  ~ ~ , ~ L J ~ L & ~  
P $ * S = i * O  T 5 "  t E j i i  ; 
: P ; . z = L f  , L  y" .# ' l s : 9 t  > ?: l- 

p 42=t*,s4 i r i r , a l  -3 1%- :.t Fr"? $t 
i k i ! a i 3  * p = %  ~ ; 4 + . , < ~ ~ - f a ' ~ - i  ~ ( ~ 2 . ~ * ~ i . ~ k A T 3 ;  ) g Y *  L i 8 v i l  5i-4 ~ P L D L ~ F L  F J 8 O S  
4 ~i 41 Te2CCC'7 ,~ -s  
? i ? X * , K = l . &  K 1 : '  4 it\.: k I L L ' L Z  F l  Fr), \CS 
: L i " T , 4 = 3  Y ; r c . s c ~ : : i  T j : k  p f j k  r * L : ? l i "  

. - .  
1 F , . " 9 e Y ~ F k F a ( " F . i ~  i - i 2 $ ~ , >  F 3 5  r : il!i:dA!.. O F F I C E  
1 F + F e w = C  e l 5  c ,  3 , .  1. 

4 L ,  l ~ t h  F L s  C S  F i j h  i ; i G : . I G . x t L  U F F l C E  
4 Fsi ) .d+=&t  ? , . ( 4 t E e 1 l y j d b  I $ ~ I , : I  ] F1, \ i j 5  ' u t  k C E 9  FOk k A 7  E A  u ~ . L E L S P ) ~ E ' ~ ' T  
1 f * ?  / r *  k . 4  # go r* @ ~ 7 P k n l f Q G S  L E V ~ L S P B .  
a F T L \ ~ ~ F " ' b o t ' * ( k ~ T  ! r k . / t - . i i c < )  ) I  +9 " T-TXNIJIPi i .  
$ E ~ d e k = F C ~ e & + ~ F < l J ? ~ ~ / ~ ~ ~ I r ~ l  t i  II " P P E S C k i h E Z  d ~ P b r  
8. t J C a ' r o ; i  ; , ? i * ( i ' 5 ~ r ~ / + - r ~ . < ]  rr e t  " 5 L E Z I h G  E P L A Z T I R G  
9 F ~ i t . r < = F i - l I % + ( b  . ' * J  * *  / F x i ~ t c l  (is (V " d z T L A & &  I ~ P R O V E ? - I ,  

p F i , X = F < ; , d * f F - k T e ~ / F < k j , K j  )L ve '"1 >h h Y i ' k U V ~ ~ ? i t ! ~  r 
+ T , i r k = r i  ; , ~ * f - + T ~ i ~ d / F t ^ i j ‘ . i < }  P. 61 r $ k I p P t ? O V & f + f . N T  

4 j e K m b l - i  * < x  esaL I ~ F / F * ~ *  < )  e* I I  'V CI iJOi j t~ iATI tsd  
A f ~ , * ' ~ k = t ! ' Z * d + l r ' ~ : , ~ $ / F h ~ * ~ i >  8 %  r t  " i w ~ F P C L C Y E N T  K A I N *  
" G J L  
4 0 7  1. 2~ - s 2 &  t : Q - : ; ]  t - ~ ; -  ; * L  \., 

l f  T E  - 
w t . I = 3 s l L 1 :  
$ - f T w - = i $ ,  f " 

r I * I 6  r l C  7 :  
V 

~ P " - c  t . r s t l / i  . ~ [ ~ j a : , ' _ ; / ~  ~ Q - ~ = L / J L ' J  P S I .  d L .  * - -  : 5 1 * + ~ ~ ~ L ~ T l i ? h  
- 

3 L i  i? ' h L n k . i ~ r  I f i - 9  9 * i , t  9 f  a . ~ - t d ; * -  I * r + , - ) l -  j ~ g r - i : p L , ~ C  

~ i . . k ' ( T  r ~ T , t - C ~ Z - ; - 9 ; ~  9 r : ~ ~ r ~ 4 ~ ? r j ~ f T ~  1 p k C f - p t  1 ~ s F - i  
" l 4 T  a ' 'C ' r "*= . .  t i  , * \ " I  / j + * ' = ( I 2 4 i  , = - ) / 3 i j d  - = 
? L C T  4 1 h z * ' . 1 F : - = r / T ~ i r  0 ! ' / 2 ~  .*i 
; L C 4  ; . L = * / k ; : =  i , . - ; I = T f r 2  i = - ) / r  - . " = >  





Appendix 2 

The behavior of the exponential function used i n  some "desired value" equations 

I / -a-.- .- ..> / 

c decreases 

time 

-c( t- to) 
f ( t )  = a(1-be J 
f ( t )  : the desired value a t  time t .  

a(1-b): the i n i t i a l  value of the desired value 

a:  the f i na l  (steady-state) value of the desired value 


