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SUMMARY 

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

l a b o r s h o r t a g e s a n d p a p e r d e m a n d s . C u r r e n t f u l l y m e c h a n i z e d h a r v e s t i n g 

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

a n d m a n a g e m e n t p o l i c i e s . y 

F o r e s t p l a n n i n g a n d m a n a g e m e n t p o l i c i e s a n d h a r v e s t i n g m a c h i n e 

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

a n d m a n a g e m e n t o b j e c t i v e s . 

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

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

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

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

m a n a g e m e n t o b j e c t i v e s o f t h e i n d e p e n d e n t l a n d o w n e r ( a s s u m e d m a x i m u m r a t e 

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

g r o w i n g c o s t ) . T h e r e s u l t s o f t h e e v a l u a t i o n a r e u s e d t o d e t e r m i n e 

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

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

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

A h a r v e s t e r s i m u l a t i o n m o d e l i s d e v e l o p e d , i n GPSS I I c o m p u t e r 

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

r e l a t i v e t o t r e e a n d f o r e s t c h a r a c t e r i s t i c s . A f o r e s t g r o w t h m o d e l i s 

d e v e l o p e d , i n DYNAMO c o m p u t e r l a n g u a g e , t o d e t e r m i n e t r e e a n d f o r e s t 

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

A n e c o n o m i c m o d e l i s d e v e l o p e d , i n DYNAMO c o m p u t e r l a n g u a g e , t o e v a l u a t e 
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t h e p r o p o s e d h a r v e s t e r d e s i g n a n d f o r e s t p l a n n i n g a n d m a n a g e m e n t 

a l t e r n a t i v e s i n c o n j u n c t i o n w i t h e a c h o t h e r a n d m a n a g e m e n t o b j e c t i v e s . 

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

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

j u n c t i o n w i t h e a c h o t h e r a n d m a n a g e m e n t o b j e c t i v e s . C o m p u t e r 

s i m u l a t i o n i s a v a l u a b l e t o o l i n a c c o m p l i s h i n g t h i s o b j e c t i v e . T h e 

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

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

r a t e s a n d r e d u c e s c u r r e n t h a r v e s t i n g c o s t . T r e e c h a r a c t e r i s t i c s f o r 

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

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

o f t h i s w o r k . 



C H A P T E R I 

I N T R O D U C T I O N 

P u r p o s e 

F o r e s t p l a n n i n g a n d m a n a g e m e n t p o l i c i e s a n d h a r v e s t i n g m a c h i n e 

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

o p t i m i z e e c o n o m i c o b j e c t i v e s . T h e p u r p o s e o f t h i s w o r k i s t o 

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

c o n j u n c t i o n w i t h a p r o p o s e d f u t u r e h a r v e s t i n g m a c h i n e d e s i g n . T h e 

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

d e s i g n p r o b l e m s i n c u r r e n t h a r v e s t i n g m a c h i n e s . T h e e v a l u a t i o n i s 

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

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

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

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

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

N a t u r e o f t h e P r o b l e m 

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

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

d e s i r e s m i n i m u m w o o d g r o w i n g c o s t . T h e e c o n o m i c e v a l u a t i o n o f f o r e s t 

p l a n n i n g a n d m a n a g e m e n t a l t e r n a t i v e s , i n c o n j u n c t i o n w i t h t h e p r o p o s e d 

h a r v e s t e r d e s i g n , i s b a s e d o n t h e s e m a n a g e m e n t o b j e c t i v e s o f t h e 

i n d e p e n d e n t l a n d o w n e r a n d t h e p a p e r c o m p a n y . 

H a r v e s t i n g m a c h i n e d e s i g n s a r e a f f e c t e d b y f o r e s t p l a n n i n g a n d 
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m a n a g e m e n t a l t e r n a t i v e s a n d o p t i m a l f o r e s t p l a n n i n g a n d m a n a g e m e n t 

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

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

p l a n n i n g a n d m a n a g e m e n t a l t e r n a t i v e s b e e v a l u a t e d a n d r e f i n e d b y a n 

i t e r a t i v e p r o c e s s . 

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

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

t r e e a n d f o r e s t c h a r a c t e r i s t i c s . T h e t r a d i t i o n a l m e t h o d f o r d e t e r m i n i n g 

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

p r o t o t y p e m o d e l a n d e v a l u a t e t h e d e s i g n b y e x p e r i m e n t i n g w i t h t h e m o d e l . 

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

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

e c o n o m i c a l a n d v e r s a t i l e m e t h o d t o d e t e r m i n e t h e p r o p o s e d h a r v e s t e r ' s 

p r o d u c t i o n r a t e r e l a t i v e t o t r e e a n d f o r e s t c h a r a c t e r i s t i c s . A h a r v e s t e r 

s i m u l a t i o n m o d e l i s d e v e l o p e d t o d e t e r m i n e t h e h a r v e s t e r ' s p r o d u c t i o n 

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

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

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

a v a i l a b l e c o m p o n e n t s u t i l i z e d i n t h e h a r v e s t e r d e s i g n . T h e p r o p o s e d h a r ­

v e s t e r ' s p e r f o r m a n c e , , r e l a t i v e t o t r e e a n d f o r e s t c h a r a c t e r i s t i c s , i s 

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

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

T h e p r o p o s e d h a r v e s t e r ' s h o u r l y o p e r a t i n g c o s t i s d e t e r m i n e d f r o m 

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

t h e h a r v e s t e r d e s i g n . 

I t i s n e c e s s a r y t o r e l a t e t h e p r o p o s e d h a r v e s t e r o p e r a t i n g c o s t 
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to forest planning and management alternatives. The harvester's 

production rate and related harvesting cost i s a function of tree and 

forest characteristics. Therefore, a tree growth computer model i s 

developed to determine tree and forest characteristics relative to 

forest planning and management alternatives. The tree growth model 

i s based on established tree growth characteristics. 

The forest i s a long-term investment and there are many factors 

that affect the independent landowner's rate of return and the paper com­

pany's wood growing cost. I t i s desirable that forest planning and 

management policies, established at planting time, be compatible with 

harvesting operations and policies that will exist many years in the fu­

ture. These policies must consider economic factors over many years of 

forest growth. The i n i t i a l land investment, s i te clearing cost, s i te 

preparation cost, and s i te planning cost at planting time are some of the 

costs in i t ia l ly incurred. Tax and management cost, as affected by in­

flation, are ongoing costs. The value of the forest at harvesting time 

i s affected by inflation, forest yield, stumpage prices, and harvesting 

cost. The harvesting cost i s a function of machine design, inflation, 

and characteristics of the trees and forest. 

An economic model i s developed to economically evaluate forest 

planning and management alternatives in conjunction with the proposed 

machine design and management objectives. The economic model ut i l i zes 

the results of the forest growth model and the harvester simulation 

model. 



Statement QJ? t h e Object ive 

The o b j e c t i v e s of t h i s work a r e as fo l lows: 

(1) Determine the f o r e s t p lanning and management a l t e r n a t i v e s 

( p l a n t i n g dens i ty and h a r v e s t i n g age r e l a t i v e t o s i t e index and s i t e 

c l earance requirement) t h a t provide t h e independent landowner wi th a 

maximum r a t e of r e t u r n ( a d j u s t e d f o r h a r v e s t i n g c o s t ) on f o r e s t i n v e s t ­

ment and growing cost and t h e paper company with a minimum wood growing 

cost ( ad jus t ed f o r h a r v e s t i n g cos t ) when t h e f o r e s t i s harves ted wi th 

t h e proposed h a r v e s t e r . 

(2) Determine t h e t r e e and f o r e s t c h a r a c t e r i s t i c s r e s u l t i n g when 

optimal f o r e s t p lanning and management a l t e r n a t i v e s a r e u t i l i z e d i n o r d e r 

t o i d e n t i f y t h e c h a r a c t e r i s t i c s f o r which the proposed h a r v e s t e r design 

should be s p e c i a l i z e d and r e f i n e d . 

(3) Determine t h e independent landowner's maximum r a t e of r e t u r n 

(ad jus t ed for h a r v e s t i n g cost ) on t h e f o r e s t investment and growing c o s t 

as wel l as t h e paper company's minimum growing cost ( a d j u s t e d f o r h a r ­

v e s t i n g cos t ) when opt imal f o r e s t p lanning and management a l t e r n a t i v e s 

a r e u t i l i z e d . 

(h) Determine t h e h a r v e s t i n g cos t per cord when opt imal f o r e s t 

p lanning and management a l t e r n a t i v e s a r e u t i l i z e d . 

(5>) Determine t h e proposed, h a r v e s t e r ' s p r o d u c t i v i t y when opt imal 

f o r e s t p lann ing and management a l t e r n a t i v e s a r e u t i l i z e d . 

(6) Determine t h e h a r v e s t i n g cost percentage of the combined wood 

growing cost and h a r v e s t i n g cost and t h e percentage of t h e combined 

stumpage p r i c e and h a r v e s t i n g cos t when opt imal f o r e s t p lanning and 

management a l t e r n a t i v e s a r e u t i l i z e d . 
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(7) Determine the s e n s i t i v i t y of t h e landowner 's r a t e of r e t u r n 

on f o r e s t investment and growing cos t , t he paper company's wood growing 

c o s t , and the h a r v e s t i n g cos t r e l a t i v e t o va r i ance from t h e opt imal 

f o r e s t p lanning and management a l t e r n a t i v e s . 

(S) Determine t h e reduc t ion i n maximum wood volume y i e l d caused 

by opt imizing the r a t e of r e t u r n and wood growing c o s t . 

ScoDe and L imi t a t i ons 
• H r • a n i i 

The proposed harves te r , design u t i l i s e s e x i s t i n g machine components 

which were commercially a v a i l a b l e a t t h e time, of t h i s work and which have 

e s t a b l i s h e d performance c h a r a c t e r i s t i c s . The h a r v e s t e r ' s i n i t i a l c o s t 

and ope ra t ing cos t i s based on t h e i n i t i a l cos t and r e l a t e d ope ra t i ng 

cost of these components a t t h e -current t ime of t h i s work. The h a r v e s t e r 

s imula t ion model i s based on t h e e s t a b l i s h e d performance c h a r a c t e r i s t i c s 

of t h e s e components. 

The proposed h a r v e s t e r i s des igned t o p r o c e s s t r e e s w i th a 

maximum D.B.H. (diamater a t b r e a s t he igh t ) of 12 inches and a maximum 

t r e e weight of 1,500 pounds. The h a r v e s t e r i s a l s o designed t o p r o c e s s 

a maximum stem length of 50 f e e t i n a s i n g l e p rocess ing sequence. Trees 

65 f e e t high a r e assumed t o have a 50 foc t merchantable stem. The h a r ­

v e s t e r i s not recyc led fo r t he smal l volume of T:ood. in t he t ops of t r e e s 

over 65 f e e t h igh . The volume l o s t i n t h e top above 50 f e e t , i n t r e e s 

over 65 f e e t h igh , i s accounted fo r by t h e economic model. 

The ha rves t i ng opera t ion i s l i m i t e d to t he p roces s ing of t r e e s 

i n t o u n i t l o a d s . The u n i t l oads a r e depos i t ed on the ground i n t h e 

immediate v i c i n i t y where they a r e p rocessed . 
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T h e h a r v e s t e r s i m u l a t i o n m o d e l s i m u l a t e s t h e h a r v e s t i n g o f f o r e s t s 

w i t h i n i t i a l p l a n t i n g d e n s i t i e s o f 200 t o 1,000 t r e e s p e r a c r e (in 100 

t r e e s p e r a c r e i n c r e m e n t s ) a t s u r v i v a l p e r c e n t a g e s o f 65, 7 0 , 7 5 , a n d 

GO p e r c e n t w i t h t r e e s c f 5, 6 , 7 , 8, 9, a n d 10 i n c h D . B . I T . 

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

t h e h a r v e s t e r d e s i g n a r e e v a l u a t e d r e l a t i v e t o e c o n o m i c m a n a g e m e n t o b ­

j e c t i v e s o f t h e i n d e p e n d e n t l a n d o w n e r a n d t h e p a p e r c o m p a n y . T h e 

i n d e p e n d e n t l a n d o w n e r ' s m a n a g e m e n t o b j e c t i v e i s a s s u m e d t o b e m a x i m u m 

r a t e o f r e t u r n o n t h e f o r e s t i n v e s t m e n t a n d g r o w i n g c o s t . T h e 

i n d e p e n d e n t l a n d o w n e r ' s r a t e o f r e t u r n i s d e t e r m i n e d b o t h w h e r e s i t e 

c l e a r a n c e i s r e q u i r e d a n d w h e r e s i t e c l e a r a n c e i s n o t r e q u i r e d . T h e 

p a p e r c o m p a n y ' s m a n a g e m e n t o b j e c t i v e i s a s s u m e d t o b e m i n i m u m w o o d g r o w ­

i n g c o s t w h e n t h e p a p e r c o m p a n y g r o w s i t s o w n w o o d . T h e p a p e r c o m p a n y ' s 

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

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

i s r e q u i r e d a n d w h e r e s i t e c l e a r a n c e i s n o t r e q u i r e d . T h e i n d u s t r i a l 

f u n d s a r e a s s u m e d t o n o r m a l l y p r o d u c e a 1 5 p e r c e n t r e t u r n o n i n v e s t m e n t 

a n d b e t a x e d a t a AiO p e r c e n t c o r p o r a t e i n c o m e t a x r a t e . I n v i e w o f t h i s , 

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

A l s o , t h e p a p e r c o m p a n y 1 s w o o d g r o w i n g c o s t i s d e t e r m i n e d w h e n t h e p a p e r 

c o m p a n y b o r r o w s f u n d s ( a t 6 p e r c e n t a n n u a l i n t e r e s t ) f o r t h e f o r e s t i n ­

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

A s t a n d a r d h a r v e s t i n g c o s t a l l o w a n c e i s u s e d t o m a k e t h e s t u m p a g e 

p r i c e a n d w o o d g r o w i n g c o s t r e s p o n s i v e t o h a r v e s t i n g c o s t . When t h e h a r ­

v e s t i n g c o s t e x c e e d s t h e h a r v e s t i n g c o s t a l l o w a n c e , t h e s t u m p a g e p r i c e i s 

d e c r e a s e d a n d t h e w o o d g r o w i n g c o s t i s i n c r e a s e d a c c o r d i n g l y . When t h e 
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c o s t i s l e s s t h a n t h e h a r v e s t i n g c o s t a l l o w a n c e , t h e s t u m p a g e p r i c e i s 

i n c r e a s e d a n d t h e w o o d g r o w i n g c o s t i s d e c r e a s e d a c c o r d i n g l y . T h e 

s t a n d a r d h a r v e s t i n g c o s t a l l o w a n c e i s s e t a t 1 .50 d o l l a r s a t p l a n t i n g 

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

A l l f o r e s t p l a n n i n g a n d m a n a g e m e n t a l t e r n a t i v e s c o n s i d e r e d a r e f o r 

s l a s h n i n e p l a n t a t i o n s . O n l y c l e a r - c u t t i n g o p e r a t i o n s a r e c o n s i d e r e d . 

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

a g e (0 t o k0 y e a r s ) a t v a r i o u s i n i t i a l p l a n t i n g d e n s i t i e s (200 t o 1 ,000 

t r e e s p e r a c r e i n 100 t r e e s p e r a c r e i n c r e m e n t s ) f o r t h e f o l l o w i n g s i t e 

i n d i c e s : !<0, 50, 60, 7 0 , a n d 80. 

A l l c o s t s i n t h i s w o r k a r e b a s e d o n t h e i n f l a t i o n r a t e a n d c o s t s 

a v a i l a b l e i n 1968. P l a n t i n g t i m e i s c o n s i d e r e d t o b e i n 1968. 

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

s i g n i f i c a n t e f f e c t o n f o r e s t e c o n o m i c s . T h e i n f l a t i o n r a t e i s a s s u m e d 

t o b e a t a c o m p o u n d a n n u a l r a t e o f 3 p e r c e n t . A t t h i s r a t e , v a l u e s 

( a f f e c t e d b y i n f l a t i o n ) c h a n g e m o r e t h a n 100 p e r c e n t i n 25 y e a r s . 

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

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

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

a r e u t i l i z e d . 

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

i n t h i s w o r k . 

P r o c e d u r e 

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

a l t e r n a t i v e s i n c o n j u n c t i o n w i t h t h e p r o p o s e d h a r v e s t e r d e s i g n a n d m a n a g e -
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merit o b j e c t i v e s i s as fo l lows : 

( 1 ) Develop a h a r v e s t e r s imula t ion model, i n GPSS I I computer 

language, t o s imulate t he proposed h a r v e s t e r xijhen ha rves t i ng f o r e s t s wi th 

spec i f i ed t r e e and f o r e s t c h a r a c t e r i s t i c s . 

(2) Experiment with the h a r v e s t e r s imula t ion model and a sample 

f o r e s t wi th s p e c i f i c t r e e and f o r e s t c h a r a c t e r i s t i c s t o determine t h e 

h a r v e s t e r ' s p rocess ing time p e r h a r v e s t a b l e t r e e r e l a t i v e t o i n i t i a l 

p l a n t i n g d e n s i t y , t r e e s u r v i v a l , and t r e e D.B.H. 

(3) Develop a f o r e s t growth model, i n DYNAMO computer language, 

t o determine the t r e e and fores t , c h a r a c t e r i s t i c s r e l a t i v e t o f o r e s t 

p lanning and management a l t e r n a t i v e s . 

(h) Experiment with t h e f o r e s t growth model t o determine the 

t r e e and f o r e s t c h a r a c t e r i s t i c s ( t r e e h e i g h t , t r e e D.B.H., t r e e weight , 

t r e e volume, t r e e s u r v i v a l , t r e e b a s a l a rea per a c r e , and wood y i e l d p e r 

acre) r e l a t i v e t o f o r e s t p lanning and management a l t e r n a t i v e s ( s i t e 

index, i n i t i a l p l a n t i n g d e n s i t y , and ha rves t ing a g e ) . 

(£•) Develop an economic model, i n DYNAMO computer language, t o 

determine ( r e l a t i v e t o f o r e s t p lanning and management a l t e r n a t i v e s ) t he 

independent landowner ' s r a t e of r e t u r n on the f o r e s t investment and grow­

ing cos t as we l l as the paper company's wood growing cos t when f o r e s t s 

a r e ha rves ted wi th t h e proposed h a r v e s t e r . 

(6) Experiment wi th t h e economic model t o determine t h e independent 

landowner ' s r a t e of r e t u r n , t he paper company's wood growing c o s t , t he 

h a r v e s t i n g c o s t , and data r e l a t e d t o f o r e s t p lanning and management 

a l t e r n a t i v e s ( s i t e index, i n i t i a l p l a n t i n g d e n s i t y , and h a r v e s t i n g a g e ) . 
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(7) Analyze the r e s u l t s of t h e exper imenta t ion with t h e 3 models 

t o s a t i s f y t h e ob jec t ive of the r e s e a r c h . 
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CHAPTER II 

BACKGROUND OF THE PROBLEM 

The paper industry in the Southeastern United States i s now facing 

a potential wood supply cris is due to problems in producing and harvest­

ing pulpwood ( 1 ) . In the past, the paper industry directed major efforts 

toward improving paper manufacturing while practically neglecting pro­

duction and harvesting of wood. This was made possible, and even prof i t ­

able, by large wood reserves and abundant available labor which no longer 

exists. In recent years, the paper industry and equipment manufacturers 

have made efforts to improve harvesting operations by limited mechaniza­

tion. Improvements in productivity per work unit have resulted but are 

inadequate to resolve the problems. I t i s now necessary that efficient 

high performance harvesting systems be developed in conjunction with 

future forest management practices so that adequate solutions will be 

available to combat the pending cr i s i s . 

Forest Growth Problems 

In 1968, Dyck ( 1 ) reported that the United States had some 509 

million acres of commercial forest land and, during 1966, these lands 

produced approximately 55 million cords of pulpwood. The U. S. Forest 

Service estimates the demand to be 101 million cords in 1985* This i s 

an 81* percent increase in demand for pulpwood in 20 years. 

Between 1953 and 1963* commercial forest acreage increased 1 . 5 

percent. However, a million or so acres of forest land i s being taken 
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annually for agricul ture, right-of-ways, res ident ia l developments, 

industr ial s i t e s , and the l i k e . This unpredictable give-and-take tends 

to transfer the more productive and accessible forest land into other 

uses while worn-out and l e s s desirable land reverts to forest use. The 

need for land-use planning, on both a l oca l and a national sca le , becomes 

ever more apparent from the standpoint of a l l potential uses . I t i s e s ­

pec i a l ly pressing for forestry because the growing of trees and other 

major wild land uses are long-term operations requiring assurance that the 

land w i l l be available long enough to produce the desired return ( 2 ) . 

Improvement of the forest land a v a i l a b i l i t y in the long-term 

( 1 9 8 5 to 1 9 9 5 and beyond) i s very pessimist ic . Conversion of forest 

lands into agricul tural lands i s a l og i ca l outcome of the rapidly develop­

ing world-wide food problem. The only hope seems to l i e in intensive 

forest management programs that promise productivity increases of over 3 0 

percent ( 1 ) . 

The forests that must produce increased y ie lds when they are har­

vested during 1 9 9 0 - 2 0 0 0 time period must be properly planned today and 

s c i e n t i f i c a l l y managed. The current land ownership patterns and related 

economics are not very responsive to th is fact and can lead to serious 

consequences. This problem i s especia l ly c r i t i c a l in the South where the 

bulk of the pulpwood i s obtained from small woodlands held by independent 

owners. Business Week ( 3 ) reported in 1 9 6 8 , that though the i r numbers 

are diminishing, small timber holdings ( 1 0 to 2 0 acres) predominate the 

pulpwood business by comprising $2 percent of a l l avai lable timberland. 

The small landowners are made up of a var ie ty of individuals . A 

large majority are farmers, many being small farmers, whose major in teres t 
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in the land i s related to agriculture. Other groups who t i e up an ever-

increasing woodland acreage are business executives and professional 

people who acquire these lands for recreational and retirement purposes. 

Due to their scale of operation, these small landowners do not scientif i ­

cally plan and manage their forest. Currently, there i s not an economic 

incentive for these small landowners to increase their land yield. 

I t i s not desirable for the paper companies to attempt to buy suf­

ficient land to satisfy the wood demand. Land ownership i s very important 

to a very large segment of the American public. In view of th i s , i t i s 

very doubtful if the public would allow a few large companies to control 

such a large percentage of land. 

The only practical solution seems to be mutual cooperation between 

the paper companies and the small landowners. With an adequate incentive, 

the small landowner i s probably interested in forest planning and manage­

ment to increase yield. Expensive! high production equipment i s required 

to properly prepare, plant, and harvest the forest efficiently. If the 

paper companies develop a pool of such equipment, they can prepare, plant, 

and harvest the small landowner's land at reasonable costs and insure the 

landowner adequate return on investment. This i s desirable to the land­

owner because i t helps insure an adequate return on investment, and i t 

i s desirable to the paper company because i t helps insure an adequate 

wood supply. The small acreage problem can be alleviated by systemat­

ical ly scheduling operations on small land acreages in the immediate 

vicinity of each other. 
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Forest Harvesting Problems 

In addition to problems related to land planning and management, 

there are severe labor problems developing that must be resolved to pro­

vide adequate harvesting capacity in accordance with future pulpwood de­

mands (k) • For many years, the national economy provided an abundant and 

cheap labor supply. In this labor environment, pulpwood harvesting re­

quirements were readily' accomplished by manual operations. During th i s 

time, working conditions were characterized by low wages, irregular work, 

excessive physical exertion, and excessive exposure to adverse forest en­

vironments. The national economy began to improve while the paper indus­

try was making l i t t l e effort to improve harvesting operations and related 

working conditions. The expanding economy produced a large demand, in 

urban centers, for labor to f i l l jobs that offered good wages, regular 

work, and improved working conditions. The paper industry was then con­

fronted with an expanding demand for paper in a dwindling labor force 

that was demanding better wages and improved working conditions. 

Development of the lightweight power saw, during the early 

19£0 fs, was the f i r s t major effort to eliminate some pulpwood harvesting 

dependence on manual power. The power saw was followed by the powered 

cable hoist mounted on the haul truck to relieve the burden of loading 

the pulpwood. 

In 195>0, the logging industry required approximately 200,000 men 

to produce almost 21 million cords of pulpwood. In 1961, 220,000 men 

produced i|0 million cords. Production during this 11 year period almost 

doubled with only a 10 percent increase in manpower requirements. The 

introduction of the chain saw, improved truck handling equipment, 
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mechanized reloading yards, and chip residue programs had a dramatic effect 

on the drop in manpower needs (U)» 

When the power saws and truck mounted cable hoists were developed, 

they were naturally adapted to the existing small pulpwood harvesting 

crews. Due to their related small investments, low ski l l requirements, 

and increased labor productivity, they were readily incorporated into 

existing operations* 

By the early 1960's, further advances in mechanization were made 

by the introduction of the articulated skidder (h wheel drive and rubber 

t ires) and hydraulically operated pulpwood handling equipment* These 

advances increased productivity and reduced manual effort, but they were 

not readily incorporated into the existing harvesting operations which 

were performed mostly by small crews* This equipment required much higher 

i n i t i a l investments, increased operator training, increased maintenance, 

higher operating costs, and more management planning* I t was diff icult 

to upgrade the small harvesting crews with this equipment due to their 

limited financial resources, scale of operation, and training. Only the 

larger harvesting crews and the paper company's harvesting crews were 

adaptable to this equipment. 

The paper companies and equipment manufacturers continued in the 

development of harvesting equipment that would fully mechanize pulpwood 

harvesting. According to Rolston (3), the ideal of mechanization was to 

be reached when a worker did not have to get on the ground. Equipment 

was placed on the market by the mid and late 1960's that satisfied this 

goal of ful l mechanization. 

The Buschcombine, the f i r s t fully mechanized harvesting system, 
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was f i r s t p l aced i n s e r v i c e i n 1961*. While opera ted by one man, i t f e l l s , 

del imbs, measures , bucks , p r e - h a u l s , and l oads 1.1 cord bundles of 5> f o o t , 

6 inch b o l t s onto a p a l l e t o r t r u c k . I t was t h e f i r s t machine t o u t i l i z e 

h y d r a u l i c shear c u t t i n g of wood, which has been u t i l i z e d i n many o t h e r 

subsequent des igns . I t i s des igned t o p r o c e s s a t r e e w i t h a maximum 

diameter of 19 inches ( $ ) . I t s manufacturer terms t h e Buschcombine a s a 

mass p roduc t ion l i n e concept t h a t has more t h a n t r i p l e d t h e l abor o u t p u t . 

The Koehring P rocesso r , i n t roduced 3 yea r s a f t e r t h e Buschcombine, 

has a s i m i l a r p roduc t ion sequence. T h i s machine has a t r e e - p r o c e s s i n g 

boom t h a t performs a cont inuous downward ope ra t ion whi l e t opp ing , 

l imbing , and bucking . The r e s u l t i n g 8 f oo t b o l t s a r e conveyed t o , and 

accumulated i n , a r e a r g rapp le t h a t l o a d s them on h a u l t r u c k s when a 

l oad i s formed. This machine i s designed f o r a maximum diameter of 1 6 

i n c h e s (5>)» 

S i ca rd and Logging Research Assoc i a t e s have developed s i m i l a r f u l l y 

mechanized systems t h a t u t i l i z e a f e l l e r - b u n c h e r and a wood p r o c e s s o r . 

The f e l l e r - b u n c h e r h y d r a u l i c a l l y s h e a r s t h e t r e e s from t h e stump and de ­

p o s i t s them i n a s t o r a g e g rapp le . When a l oad i s formed, t h e f e l l e r -

buncher t r a n s p o r t s t h e t r e e s t o t h e p roces so r f o r a d d i t i o n a l p r o c e s s i n g . 

The p r o c e s s o r t o p s , del imbs, measures , bucks and d e p o s i t s t h e pulpwood 

b o l t s i n bund le s . The bundles of b o l t s a r e then loaded on t r u c k s f o r 

h a u l i n g . The Logging Research A s s o c i a t e s 1 p r o c e s s o r a l s o debarks t h e 

t r e e s . The S i c a r d and Logging Research A s s o c i a t e s 1 systems a r e des igned 

f o r a maximum t r e e d iameter of 1 6 and 1 8 i n c h e s , r e s p e c t i v e l y . 

Omark and B e l o i t h a r v e s t e r s a r e s i m i l a r f u l l y mechanized sys tems 

t h a t have a h y d r a u l i c shea r , delimiter, and bucker mounted on a h y d r a u l i c -
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ally operated boom. These machines sever the tree from the stump with a 

hydraulic shear while securing the stem with the boom. The boom then 

tops, delimbs, measures, bolts, and stacks the wood on the ground. The 

Omark system is designed for a maximum tree diameter of 17 inches. The 

Beloit system is designed for a similar maximum tree diameter. 

All of these fully mechanized harvesting systems have greatly in­

creased man-machine productivity over the less mechanized systems. In 

most cases there has been some reduction in harvesting cost. The great­

est problem related to these fully mechanized systems i s their cost. 

All of them cost more than 50,000 dollars each. In general, the paper 

company's harvesting crews are the only crews that can ut i l ize this 

equipment due to i t s i n i t i a l cost. 

These machines are the f i r s t generation of fully mechanized har­

vesting systems and they lack refinement. The machines have a poor cost-

productivity ra t io . The major limitation on their production rate i s 

caused by designs that allow only one operation to be performed on only 

one tree at a time while much of the machine and the operator are idle or 

improperly uti l ized. These machines are also designed for too wide a 

range of tree sizes. All of them are designed to harvest trees with at 

least 1 6 inch diameters. Preliminary analysis of the economics related 

to tree growth indicates that i t i s not economical to even grow trees to 

a 1 2 inch diameter. This i s further verified by this work. A review of 

tree characteristics indicates a tree with a 16 inch diameter weighs 

approximately twice as much as one with a 1 2 inch diameter and approxi­

mately k times as much as one with a 9 inch diameter. The machine design, 

cycle time, and operating cost are closely related to the maximum size 
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tree a machine is designed to harvest. 

In view of the above, future harvesting machine designs and future 

forest planning and management should be developed in conjunction with 

each other and the related management objectives. 

Evaluation of Forest Growth and Harvesting Problems 

In the past, there has been considerable difficulty in evaluating 

forest planning and management alternatives and harvesting equipment de­

sign. Harvesting equipment design was normally evaluated by experimenta­

tion with equipment after i t was fabricated. Evaluation of forest 

planning and management alternatives was limited by the long-term nature 

of the forest. The development of the electronic computer in the 1 9 £ 0 f s 

and the increased refinement and availability since that time has recent­

ly made possible the evaluation of forest planning and management a l t er ­

natives, as well as harvesting equipment design, by computer simulation. 

In the past 1 f > years, the cost of arithmetical computations has 

decreased by a factor of 1 0 , 0 0 0 or more in those areas where digi ta l 

computers can be used in their most efficient modes of operation. The 

appearance of the electronic computer has removed the practical com­

putational barrier . Since the early 1 9 5 0 ! s , the computers speed, 

memory capacity, and re l iabi l i ty have increased approximately tenfold 

per year. Overall, this i s a technological change greater than that 

effected in going from chemical to atomic explosions. Society cannot 

absorb such a change in th i s length of time. We have a tremendous un­

tapped backlog of potential applications of this advancement. Since com­

puting machines are now so widely available and the cost of computation 
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and machine programming is so low relative to other costs, former 

diff iculties in activating simulation models need no longer determine 

our rate of progress in understanding system dynamics (6). 

Computers are essential for massive calculations connected with 

stand and harvester simulation models. Other potential uses will un­

doubtedly affect the entire spectrum of forest management in the future 

(7). 

Simulation i s the technique of evaluating a system's performance 

through experimentation performed on a mathematical model representing 

the real world system. According to Mao ( 8 ) , the simulation study should 

s tart with the construction of a mathematical model designed to capture 

the essence of the relevant features of the real world, thereby revealing 

the functional relationships among the variables being investigated. The 

mathematical model serves as a medium of s ta t i s t i ca l experimentation. 

This usage of a mathematical model in simulation i s what distinguishes 

simulation from optimization where mathematical models are solved analy­

t ical ly rather than experimentally. I t would be ideal i f we could readily 

derive analytical solutions from a l l of our mathematical models. Un­

fortunately, this i s sometimes impossible since a problem may be so com­

plex that either i t has no analytical solution or i t has an analytical 

solution which i s too costly to derive. 

Since mathematical models in simulation studies serve as the basis 

of experimentation, the focus in their construction i s on specifying the 

interrelationships between the individual elements making up the problem 

and on describing the randomness in these elements. These mathematical 

models, when activated with actual data, enable the analyst to forecast 
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the kind of results that can be expected under actual conditions. By-

repeating the experiment many times for each alternative policy and by 

comparing outcomes, a policy can be chosen which produces the best 

simulation results ( 8 ) . 

Simulation of pulpwood harvesting machinery has recently attracted 

much attention because the forest industry is striving to reduce the cost 

of wood fiber at the mill. The place where the greatest cost reduction 

can be achieved is in cutting the tree and getting i t to the roadside in 

a form which can be readily transported to the mill (9)• 

Simulation testing has many advantages over field testing of har­

vesting equipment. The method is much faster than field testing. A tes t , 

in which a 1,000 tree forest is harvested, can be made on a computer in 

less than a minute. The effect of varying the machine size can be tested 

without the expense of modifying the machine. The machine can be tested 

in a wide range of stand conditions using data from either actual or 

hypothetical stands. All tests can be made on the same stand, thus 

eliminating the "between stand" variations. This i s not possible with 

field testing because a stand can only be harvested once; in the computer 

i t can be reharvested as many times as necessary. Using the simulation 

technique, i t i s possible to study the effect of varying one machine or 

stand characteristics while keeping the remaining characteristics 

constant. In practice, this i s seldom possible as varying one character­

i s t i c usually a l ters others. The disadvantage of simulation models with 

new designs i s the availabil ity of related data for comparison so that 

model accuracy can be determined (10). 

A forest stand model i s very valuable in providing guidance in 
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planning and managing future forests. A stand model i s a simulation 

model that can be used to describe forest growth on an individual tree 

basis. This makes i t a useful tool in forest management research for 

studying the effect that different i n i t i a l spacing and different thinning 

treatments have on subsequent stand development. Results can be obtained 

in only a few minutes of computer time; whereas in real l i fe , perhaps 

100 years would be required. The researcher can afford to take risks 

and experiment with unusual treatment because fai lure , at the worst, 

means wasting a few dollars worth of computer time (7)« 

The growth rate of a tree in a given stand and s i t e depends on i t s 

diameter, age, and the amount of competition. Diameter and age data are 

relatively easy to obtain but competition i s an imponderable factor. 

Competition i s known to be at a minimum when the tree i s open-grown and 

at a maximum when the tree i s suppressed and about to die. There i s 

probably a "zone of influence" or "occupancy" around each tree and the 

area of th i s zone can be safely assumed to be proportional to the size 

of the t ree . The situation can be stated more simply by using the D.B.H. 

to measure "size" and by assuming that the "zone" is a c irc le . The 

radius of the circle i s assumed directly proportional to the D.B.H. 

Unfortunately, the value or "competition radius factor" by which the 

D.B.H. must be multiplied i s unknown (7 ) . 

Computer simulation models can provide valuable guidance to the 

independent landowner and the paper company in determining forest planning 

and management alternatives that optimize economic (business) objectives. 

In view of the intricately complex nature of business systems, i t 

i s difficult to evaluate new management concepts or system designs. Direct 
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experimentation poses almost insurmountable problems due to disruptions, 

uncontrolled results , length of time required, and the possibility of 

costly mistakes. Computer simulation, on the other hand, has been shown 

to provide a suitable methodology to study business system behavior under 

a variety of conditions and provide a means for analysis of simultaneous 

interaction of the many system variables to yield valuable insights ( 1 1 ) . 

In i t ia l ly , computer programming problems were the major stumbling 

blocks in developing simulation models. This was caused by the require­

ment to program the model in machine language which required a detailed 

understanding of computer operations. This difficulty has been greatly 

reduced by the development of specialized compiler language. Specialized 

compiler languages are designed for specific modeling techniques. The 

compiler language converts the model equation into machine language, 

thus eliminating the need for one to understand the many details of 

machine language. 

The compiler languages used in this work are DYNAMO ( 1 2 ) and 

GPSS II ( 1 3 ) . 

The DYNAMO compiler language is readily adapted to dynamic feedback 

systems in business, economics, and engineering due to i t s abi l i ty to 

translate mathematical models into tabulated and plotted results ( 1 2 ) . 

The DYNAMO program computes instant program variables at time intervals 

which are identified by the program symbol DT. The time instant at which 

computations are made is called the K computational instant. The prior 

computational instant is identified as the J instant and the instant of 

the next computation is identified as the L instant. The time interval 

between these computational instants i s identified as the JK and KL 
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intervals (12). 

There are 3 principal types of variables in DYNAMO: levels, rates , 

and auxil iaries. A level i s a quantity calculated at the K computational 

instant and i t s value depends upon i t s value at the J computational 

instant, other variables at the J instants, and values of rates at the 

JK interval. Rates are variables that represent the changes between 

computational instants . Rates are computed at the K instant for the KL 

interval from levels and auxiliaries at the K instant, and occasionally 

from rates at the JK interval. Auxiliaries are variables that are intro­

duced to simplify the algebraic complexity of rate equations. Auxiliaries 

are computed at the K instant from levels and other auxiliaries at the K 

instant, and occasionally from rates at the JK interval, DYNAMO consists 

of approximately 10,000 instructions written in machine language, DYNAMO 

can handle simulation models with up to 1,1*00 equations (12). 

GPSS I I (General '.Purpose Systems Simulation II) compiler language 

is readily adaptable to process flow simulation. This language allows 

the user to study the logical structure and the flow of traff ic through 

the system. I t is possible to simulate the interdependence of variables 

in the system such as queue lengths, input rates, and processing time. 

Material flows are simulated by transactions and each transaction i s 

assigned definitive values. Operations on the material flow are simulated 

by fac i l i t i e s . The operating time for each faci l i ty i s based on constants, 

functions, or variables as programmed in the model. The transaction flow 

logic can be programmed to simulate the actual flow l o g i c The simulated 

time, at any point in the flow of a transaction, may be recorded as can 

also a variety of s ta t i s t i ca l data related to the simulated flow of 
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material through the simulated system. GPSS LT can simulate 1,000 

transactions processing through 200 fac i l i t i es ( 1 3 ) . 

In this work, DYNAMO compiler language i s used in a combined 

forest growth and economic simulation model; whereas GPSS II compiler 

language i s used in a harvesting machine simulation model. The 

objective of this work would be unfeasible without the use of such 

simulation models. 
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CHAPTER I I I 

HARVESTER DESIGN CRITERIA 

Fully mechanized harvesting systems have been developed in 

response to decreasing labor resources and increasing wood demands as 

well as increasing productivity requirements. The current fully mecha­

nized systems are f i r s t generation designs and lack refinement. Their 

productivity i s limited mainly due to inadequate specialization of de­

sign, insufficient automation, improper sequencing of operations, and 

excessive handling of individual trees and bolts. In general, the de­

signers of these systems concentrated too much on getting the operator 

off the ground and not enough on efficient machine design and 

uti l ization. 

Millar reports that most of the important softwood and hard­

wood species in the United States are intolerant of shade which means 

they reproduce and grow best in stands of approximately the same age. 

He also states that "if they grow best this way, they should be managed 

this way." In view of th i s , i t i s interpreted that even age geometric 

planting, as i s done in plantations, i s a desirable forest planning and 

management policy. Such planning and management policies are also 

conducive to mechanized harvesting because of the resulting uniform tree 

size and spacing. A preliminary economic analysis is conducted to 

determine optimal forest planning and management policies relative to 

planting densities and harvesting ages for forest plantations. This 
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analysis indicated that optimal policies would result in harvested tree 

D.B.H.s being less than 1 2 inches and a height less than 65 feet. This 

i s verified in Chapters VLTI and X of this work. As pointed out in Chap­

ter I I , a l l of the current fully mechanized systems are designed for max­

imum tree diameters of at least 1 6 inches. If these machines were de­

signed for optimally planned and managed forests, their current use would 

be restricted due to the limited availability of such forests. But u t i ­

lization of optimal policies should increase and the harvesting machine 

design should be specialized in accordance with these policies. As noted 

in Chapter I I , a tree with a 1 6 inch diameter weighs approximately twice 

as much as one with a 1 2 inch diameter and 1* times as much as one with a 

9 inch diameter. Machine design i s closely related to the maximum tree 

size i t must harvest. Normally, designs associated with larger trees re­

quire larger, slower, and more expensive components than designs associ­

ated with smaller trees . As a result , the machine designs related to the 

larger trees are slower and more esxpensive to operate. In view of t h i s , 

current mechanized systems are designed for tree characteristics approxi­

mately twice those resulting from optimally planned and managed forests. 

Current harvesting machines are normally designed so that the oper­

ator i s required to control most of the processes as one tree i s processed 

by the machine. I t would be more efficient ut i l izat ion of the operator 

to only require the operator to assist the machine at the beginning of 

the processing sequence with a l l subsequent operations being automated. 

The sequencing of operations of current harvesting machines re­

sults in low machine and operator uti l ization. With current designs, only 

one operation i s performed at any given time with only one tree at a time 
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being processed by the harvester. With this design, the machine 

accomplishes several operations but many components are idle while only 

the components related to the operation being performed at that specific 

time are being util ized. Increased machine productivity can be realized 

if the harvesters are designed to simultaneously perform progressive 

operations on multiple trees as individual trees are progressively pro­

cessed through each of the operations. As stated above, the operator 

should be uti l ized only to s tart each tree in th is sequence of operations. 

Some of the current fully mechanized systems have multiple machines 

harvesting trees in separate operations. This requires each tree to be 

partially processed by each machine. Each tree , or partial ly processed 

tree, requires individual handling to start the processing sequence with 

each machine. The excess handling increases harvesting cost. Other 

systems attempt to accomplish too much with a single machine by process­

ing the tree into bolts and hauling them out of the forest. When a ma­

chine is designed and used for a tree processing function and a transpor­

tation function, only a limited percentage of the machine's capability 

can be used at a given time. I t i s impossible for trees to be processed 

at the stump and hauled in the very same operation at the same time. 

Therefore, i t i s desirable for one machine to be designed to completely 

process the tree into pulpwood and accumulate the pulpwood into units 

that can be readily transported. Specialized hauling equipment can then 

be util ized to transport these units but of the forest. In view of t h i s , 

the harvesting operation in this work consists of processing trees into 

units of wood that are readily transported out of the forest and to the 

paper mill. 
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Considering the above design problems in c u r r e n t h a r v e s t i n g 

machines, a h a r v e s t e r design i s proposed i n t h i s work t o reduce or 

e l i m i n a t e t h e noted problems. The des ign u t i l i z e s e x i s t i n g components 

which a r e commercially a v a i l a b l e and have e s t a b l i s h e d performance 

c h a r a c t e r i s t i c s based on p a s t usage d a t a . In view of t h e r e s u l t s of a 

p r e l i m i n a r y s tudy , the des ign i s f o r a maximum t r e e b u t t d iameter of 1 2 

i n c h e s , a maximum weight of 1 , ^ 0 0 pounds, and an opt imal he ight of 6$ 

f e e t (5>0 foot h a r v e s t a b l e s t em) . The o p e r a t o r i s r e q u i r e d t o c o n t r o l 

t h e machine movement t o t h e t r e e s and t h e i n i t i a l o p e r a t i o n . While t h e 

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

performs automatic opera t ions on m u l t i p l e t r e e s t h a t a r e being p r o g r e s s i v e ­

ly processed by t h e h a r v e s t e r . 

The h a r v e s t e r p r o c e s s e s t h e t r e e s In to 1 6 f o o t , 8 inch b o l t s which 

a r e s t o r e d i n a grapple u n t i l a 1 3 , 0 0 0 pound u n i t i s formed. When t h e 

1 3 , 0 0 0 pound u n i t i s formed, t r e e proces s ing i s i n t e r r u p t e d whi le t h e 

l oad i s depos i t ed on t h e ground as a 1 3 , 0 0 0 pound u n i t f o r t r a n s p o r t a ­

t i o n . The t r e e s a r e processed i n t o 1 6 f o o t , 8 inch b o l t s because t h i s 

l e n g t h reduces process ing and i s r e a d i l y loaded and t r a n s p o r t e d . This 

s i z e u n i t i s e f f i c i e n t l y t r a n s p o r t e d i n t h e f o r e s t and loaded on hau l 

t r u c k s . Four of t h e s e u n i t s form t h e maximum load (approximately) f o r 

e f f i c i e n t t r u c k t r a n s p o r t a t i o n ( to t h e m i l l ) on p u b l i c r o a d s . 
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CHAPTER IV 

THE HARVESTER DESIGN 

Discuss ion of t h e Harves t e r Operat ions 

The pulpwood ha rves t i ng machine des ign , proposed i n t h i s work, 

r e q u i r e s l i m i t e d ope ra to r c o n t r o l , i n c o r p o r a t e s automatic o p e r a t i o n s , 

p rov ides an e f f i c i e n t sequence of o p e r a t i o n s , minimizes i n d i v i d u a l 

handl ing of t r e e s , and u t i l i z e s e x i s t i n g machine components. A ske tch 

of t h e proposed h a r v e s t e r i s p re sen ted in F igure 1 . A block diagram of 

t h e h a r v e s t e r ope ra t ions i s p r e sen t ed i n F igu re 2 . 

The h a r v e s t e r opera t ion sequence begins with t h e ope ra to r i d e n t i ­

fying t h e t r e e t o be ha rves t ed and then guiding t h e machine, s p e c i f i c a l l y 

t h e shea r , t o t h e t r e e . When the ope ra to r has p o s i t i o n e d t h e shea r on t h e 

t r e e , he i s ready t o p repa re for the nex t t r e e . A l l subsequent o p e r a t i o n s , 

excluding t h e unloading o p e r a t i o n , a r e au tomat ic . The shear s eve r s t he 

t r e e i n two s t a g e s . The grapple i s au toma t i ca l ly p o s i t i o n e d on t h e t r e e 

r e l a t i v e t o t h e p o s i t i o n of t h e shea r . The f i r s t s t age shear ing p a r t i a l l y 

s eve r s t he stem. The second s t age shea r ing completely severs t h e stem, 

but i t i s not al lowed t o s t a r t u n t i l t h e grapple has secured t h e t r e e . 

When t h e t r e e i s severed, t h e grapple r a i s e s t he t r e e t o a w a i t i n g 

p o s i t i o n f o r del imber c l e a r a n c e . The shea r i s then a v a i l a b l e f o r t he 

o p e r a t o r t o guide i t , and t h e machine, t o t h e next t r e e . 

When t h e delimber i s c l e a r , t h e grapple p o s i t i o n s t h e t r e e i n t h e 

del imber . The delimber then delimbs t h e t r e e and the g rapp le secures t h e 
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next t r e e i n t h e shear . 

A f t e r delimbing and bucker c l e a r a n c e , t h e t r e e i s f l i p p e d i n t o the 

bucker . The del imber i s then c l e a r t o delimb t h e next t r e e . The bucker 

shears t h e t r e e i n t o t h r e e 16 f o o t , 8 inch b o l t s i f t h e t r e e i s long 

enough. I f t h e t r e e i s not 65 f e e t long, t h e top b o l t w i l l conta in some 

of t h e top t h a t i s smal ler than 3 inches . 

When bucking i s complete and t h e conveyer i s c l e a r , t h e b o l t s a r e 

f l i p p e d i n t o t h e conveyer. The bucker i s then c l e a r e d t o accept t h e next 

t r e e from t h e del imber. The conveyer d e p o s i t s t h e b o l t s in t h e s t o r a g e 

g r a p p l e . 

When t h e h y d r a u l i c suspension system senses t h a t a 13,000 pound 

load i s supported by t h e h a r v e s t e r , t h e o p e r a t o r i s a l e r t e d . The o p e r a t o r 

s tops p r o c e s s i n g a d d i t i o n a l t r e e s i n t o t h e machine and, as t h e l a s t t r e e s 

a r e processed through t h e h a r v e s t e r , he s t a r t s p o s i t i o n i n g t h e machine 

t o depos i t t h e u n i t load (approximately 13,000 pounds) . When t h e l oad 

i s depos i t ed on t h e ground, t h e o p e r a t o r and h a r v e s t e r can then s t a r t 

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

Discuss ion of Machine Components 

Many of t h e components u t i l i z e d i n t h e h a r v e s t e r design a r e b r i e f l y 

d i scussed r e l a t i v e t o major as sembl i e s . 

Shear 

The shear i s used t o sever t h e t r e e from t h e stump by t h e shear ing 

a c t i o n of 2 b l a d e s . A h y d r a u l i c c y l i n d e r prov ides t h e c u t t i n g f o r c e . 

The shear i s mounted on an arm t h a t i s equipped wi th a h y d r a u l i c c y l i n d e r 

t o r a i s e and lower t h e s h e a r and a h y d r a u l i c c y l i n d e r t o s l u e t h e shear 
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horizontally. 

Grapple 

The grapple i s used to position the tree in the delimber after the 

tree has been severed from the stump by the shear. The grapple is made 

up of a grapple assembly, a tree support, and a grapple arm. The grapple 

assembly has 2 clamps that secure the tree . Each clamp i s operated by a 

hydraulic cylinder. The grapple assembly can be rotated beneath the 

grapple arm by a hydraulic cylinder. A movable tree support (operated by 

a hydraulic cylinder) i s located on the top of the grapple arm to help 

support the tree as i t i s lowered into the delimber. The grapple 

assembly and the tree support are mounted on the end of the grapple arm. 

The grapple arm i s equipped with 2 hydraulic cylinders, series mounted, 

to raise and lower the grapple arm and 1 cylinder to provide horizontal 

sluing of the arm. 

Delimber 

The delimber delimbs the tree by rotating the tree near a series 

of cutting heads. The cutting heads are operated by two hydraulic motors. 

The rotary motion of the tree i s provided by a series of chain rotating 

mechanisms that are operated by hydraulic motors. The delimber i s also 

equipped with a set of f l ips that hold the tree in the delimber during 

delimbing and discharges the tree into the bucker when the delimbing i s 

complete. These f l ips are operated, by hydraulic cylinders. 

Bucker 

The bucker i s equipped with 3 shears that cut the tree into the 

desired lengths. A hydraulic cylinder provides the cutting force for 

each of the shears. The bucker also has 3 receiving fl ips to receive and 
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hold t h e t r e e i n t h e bucker and 6 d i s c h a r g i n g f l i p s t o d i scharge t h e 

t r e e b o l t s i n t o t h e conveyer. Each of t h e s e f l i p s i s operated by a 

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

Conveyer 

The conveyer i s comprised of a s e r i e s of r o l l e r s t o convey t h e 

b o l t s t o t h e s t o r a g e g r a p p l e . This s e r i e s of r o l l e r s i s d iv ided i n t o 3 

s e c t i o n s . Each s e c t i o n i s operated by a h y d r a u l i c motor. The r e a r 

s e c t i o n of r o l l e r s i s l o c a t e d above t h e s t o r a g e g r a p p l e . I t can be 

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

grapple when t h e conveyer s ide g a t e s a r e opened. The s ide g a t e s a r e a l s o 

operated by a h y d r a u l i c c y l i n d e r . The r e a r s e c t i o n of t h e conveyer i s 

equipped wi th a shock absorbing s top (operated by a h y d r a u l i c c y l i n d e r ) 

t o s top t h e b o l t s . 

S torage Grapple 

The s t o r a g e grapple s t o r e s t h e processed t r e e s u n t i l a 13,000 

pound load i s formed. The s t o r a g e g r a p p l e suppor t s t h e load on 6 curved 

arms. Each of t h e s e arms i s operated by a h y d r a u l i c c y l i n d e r . When a 

l o a d i s formed, t h e arms a r e opened t o allow t h e l o a d t o be depos i t ed 

on t h e ground. 

H a r v e s t e r Suspension Astern 

The h a r v e s t e r i s t r a n s p o r t e d by 3 s t e e r a b l e a x l e a s s e m b l i e s . Each 

of t h e axle assembl ies i s powered by a h y d r a u l i c motor mounted on t h e 

d i f f e r e n t i a l . The h a r v e s t e r i s supported on t h e axle assembly by 6 

h y d r a u l i c c y l i n d e r s . The s t e e r i n g of t h e ax l e assembl ies i s 

accomplished by h y d r a u l i c c y l i n d e r s . 
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P o w e r P a c k a g e 

T h e h a r v e s t e r ' s p o w e r s o u r c e i s 2 d i e s e l e n g i n e s ( e a c h r a t e d a t 

2 2 0 c o n t i n u o u s h o r s e p o w e r ) . E a c h o f t h e s e e n g i n e s d r i v e s 3 h y d r a u l i c 

p u m p s . 

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

t h e t i m e o f t h i s r e s e a r c h . T h e r e l a t e d c o s t a n d p e r f o r m a n c e d a t a f o r t h e 

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

a r e a . 

T h e t o t a l e s t i m a t e d c o s t o f t h e p r o p o s e d h a r v e s t e r , a t t h e t i m e 

o f t h i s r e s e a r c h , w a s 9 9 . 0 0 0 d o l l a r s . T h e c o s t i s s u m m a r i z e d i n 

A p p e n d i x I . 

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

r e s e a r c h , w a s 3 0 d o l l a r s p e r h o u r . T h i s c o s t i s c o m p u t e d i n a c c o r d a n c e 

w i t h g u i d e l i n e s p u b l i s h e d b y T h e C a t e r p i l l a r T r a c t o r C o m p a n y 05). T h e 

o p e r a t i n g c o s t c o m p u t a t i o n s a r e p r e s e n t e d i n A p p e n d i x I . 
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CHAPTER V 

DEVELOPMENT OF HARVESTER SIMULATION MODEL 

Discussion of Harvester Simulation 

In order to economically evaluate the design of the proposed 

harvester, i t i s necessary to determine i t s processing time per tree re­

lative to tree and forest characteristics. Computer simulation i s a 

flexible and economical method for determining the proposed harvester's 

tree processing time. 

Development of a simulation model i s much cheaper than construc­

tion of a prototype (the conventional method) and a model can produce 

reasonably accurate results . A simulation model i s very flexible in that 

i t is readily changed to simulate design modifications. A simulation 

model allows experimentation with many different simulated forests while 

the prototype requires actual growing and harvesting of the forests. 

The computer simulation also produces results faster because i t simulates 

the harvesting operation in microseconds while the forest must be har­

vested with the prototype. 

In view of the above, a computer simulation model i s developed to 

simulate the harvester harvesting various forests with different tree and 

forest characteristics. Each of the operations is broken into the basic 

movements that are required to accomplish each operation. These movements 

are accomplished by hydraulic components such as hydraulic motors and 

cylinders. Since the machine design ut i l izes existing components which 
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have established performance charcteristics, the estimated time to 

accomplish each movement is readily determined. The simulation model i s 

programmed to simulate the time (in 0 , 1 second increments) required for 

each motion and the interdependence of various motions as they occur in 

the actual harvester. 

The harvester simulation model i s programmed in General Purpose 

Systems Simulator I I ( 1 3 ) computer language. This language is used be­

cause of i t s adaptability to process flow simulation. The complete 

simulation model and sample printout are contained in Appendix I I , 

A detailed flow diagram of the harvester's processing sequence i s 

presented in Figure 3 . This flow diagram i s used to explain the simula­

tion model and the related harvester operations. Each processing move­

ment, or series of movements, i s represented by a circle and a number 

that i s called a step. The sequence of steps i s represented by solid 

lines and the interdependence of simultaneous steps i s represented by 

dotted l ines . 

The following discussions of the harvester simulation subprograms 

relate each of the steps in Figure 3 to the model programming blocks of 

the computer program contained in Appendix I I . Only the programming 

blocks necessary for a basic understanding of the computer simulation 

model are discussed. 

Discussion of Harvester Simulation Model Subprograms 

Forest Generator and Model Control Subprogram 

Step 1 . Tree transactions, representing trees to be harvested, are 

generated by the simulation program in blocks 1 and 2 . Each transaction 



* 1• Detailed Flow Diagram of the Harvester Processing Sequence 



Program Termination 

Figure 1. Detailed Flow Diagram of the Harvester 
Processing Sequence (continued) 
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has eight parameters to which specific tree and forest characteristics 

are assigned. Blocks 3, U, 5U0, 5, 6, 7, 8, 9, 10, and 11 are used to 

assign tree and forest characteristics to parameters of each tree trans-

action as follows: 

(1) Parameter 1 i s assigned the tree D.B.H. in tenths of 

inches. 

(2) Parameter 2 i s assigned the tree height in feet. 

(3) Parameter 3 i s assigned the tree number. 

(U) Parameter h i s assigned the tree spacing in the row in 

tenths of feet. 

(5) Parameter 5 i s assigned the tree alignment in the row in 

tenths of feet. 

(6) Parameter 6 i s assigned the tree grade (a fata l i ty i s assigned 

a value of 3, a defective tree is assigned a value of 5, a harvestable 

tree i s assigned a value of 10). 

(7) Parameter 7 i s assigned the tree terrain classification 

(5 classes depending on ground slope). 

(8) Parameter 8 i s assigned the types of cut (clear cut i s as­

signed a value of 5 and a thinning cut i s assigned a value of 10). 

Step 2. Blocks 51 through 61 and 72 set savex values that are 

used as model controls during the simulation. Blocks 70, 7h> 71, 75, 76, 

77, 78, and 79 are used to create duplicate tree transactions that 

simulate the operations performed on the tree . Duplicate transactions 

are necessary because certain functions of different operations are con­

ducted simultaneously in coordination with each other as the tree i s 

processed through the harvester. 



ho Operator Simulation Subprogram 

Step 1A. This step provides model logic based on the value of 

parameter 6 (tree grade) of each tree transaction. Block 20 routes the 

transaction to step 2A if the tree is a fata l i ty or to step 3A if the tree 

is a defective tree or a harvestable tree . 

Step 2A. This step simulates the operator processing a fa ta l i ty 

which actually does not require any time. Blocks 31 , 32, 33, and 3U re ­

cord the same clock time in savexes 101, 102, 103, and 10U so that 0 oper­

ating time is shown in the simulation printout. A fata l i ty i s identified 

in the printout by 0 operating time. The model i s programmed so that the 

operator s tarts processing the next tree after the fata l i ty so that the 

time required for the machine to move pass the fata l i ty is recorded as the 

processing time on the next t ree . 

Step 3A. Block 21 records clock time in savex 101. Blocks 8 6 

and 8 7 simulate the time required by the operator to identify the next 

tree , estimate the D.B.H., and set the shear opening range. 

Step 1|A. Block 88 simulates the time required for the operator to 

determine if the tree i s a harvestable tree or a defective tree . This 

block also routes the transaction to step $k if the tree i s a defective 

tree that must be cut out of the way or to step 6A if the tree i s a 

harvestable tree . 

Step 5>A. Block 91 sets savex 106 equal to 1111 so that defective 

trees are identified in the printoiit data. 

Step 6A. Block 8 9 sets savex 106 equal to 0 so that harvestable 

trees are identified in the printout data. Block 22 simulates the time 

for the operator to determine the terrain classification and program the 
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grapple for the terrain slope. 

Step 7A. Block 23 records clock time in savex 102. Relative to 

the value of parameter 8, block 2h routes the transaction to step 8A if 

a thinning operation is required or to step 9A if a clear-cutting opera­

tion i s required. 

Step 8A. Blocks 92, 93, and 9U simulate the operator, in conjunc­

tion with the shear (blocks 1U2, 1U3, and 1UU of step I|B), determining 

and accomplishing the slue of the shear to a neutral position so that 

the harvester can move to the next tree to be removed in a thinning 

operation. 

Step 9A. Block 95 holds the operator and block 1U6 of step 5B 

holds the shear for mutual availabil ity. Block 25 records the clock time 

in savex 103. Blocks 96, 97, and 98 simulate the operator in coordination 

with the shear (blocks 151, 152, 153, 15U, 155, and 156 of step 10B) as 

he is determining and accomplishing, i f necessary, a back up in order to 

provide clearance for the shear to slue to the tree . Blocks 99, 100, and 

101 simulate the operator in coordination with the shear (blocks 157, 158, 

159, 160, and 161 of step 10B) as he i s determining and accomplishing, if 

necessary, the i n i t i a l forward advance to position the machine so that 

the tree will be near the shear when the shear i s slued into alignment 

with the tree. Blocks 102 and 103 simulate the operator, in coordination 

with the shear (blocks 162, 163, 16U, and 165 of step 10B) as he i s con­

troll ing the slue of the shear into alignment with the tree . Block 10U 

holds the operator simulation unti l the shear has completed the slue to 

the tree (block 167 of step 11B). 

Step 10A. Block 105 simulates the operator preparing for the final 
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advance. Block 1 0 6 holds the shear (block 1 6 8 of step 12B) unti l the 

operator is prepared for the final advance. If the new tree is within 

2.5 feet alignment of the shear's neutral position during the final ad­

vance, the new tree could interfere with the previous tree that i s being 

processed through steps QC to 13C by the grapple. In the event of possi­

ble interference, the operator and shear simulations are not allowed to 

pass block k0 of step 1 3 B until the grapple has passed step 1 3 C which i s 

indicated by the value of savex 3 0 . 

Block 1 0 7 simulates the operator in conjunction with the shear 

(blocks 1 6 9 , 1 7 0 , 1 7 1 , 1 7 2 of step 114.B) as he i s accomplishing the final 

forward advance of the harvester to position the shear on the tree . Block 

26 records the clock time. 

Step 1 1 A. Blocks 2 7 , 2 8 , and 2 9 compute operating times for the 

operator. Block 3 0 prints out operator processing data in savexes 1 0 0 

to 1 0 9 as followst 
( 1 ) Savex 1 0 0 records the tree number. 

( 2 ) Savex 1 0 1 records the time the operator s tarts processing 

the tree. 

( 3 ) Savex 1 0 2 records the time the operator s tar t s waiting on 

the shear. 

(U) Savex 103 records the time when the shear is available to 

the operator. 

(5) Savex IOU records the time when the operator completes pro­

cessing of the tree . 

(6) Savex 105 records the actual operating time of the operator. 

( 7 ) Savex 1 0 6 identifies defective trees by a value of 1 1 1 1 , 



1*3 

harvestable trees by a value of 0 , and fa ta l i t i e s by a value of 1 . 

( 8 ) Savex 1 0 7 i s not used to record data, 

( 9 ) Savex 1 0 8 records the time the operator waits on shear 

availability. 

( 1 0 ) Savex 1 0 9 records the total time required by the operator to 

process the tree . 

After printing the above information, the operator simulation i s 

released by block 1 0 8 to simulate processing of the next t ree . 

Shear Simulation Subprogram 

Step 1B. This step is for simulation model logic relative to tree 

grade identified in parameter 6 . Block 3 5 routes the transaction to 

step 2B if the tree is a fa ta l i ty or to step 3B if the tree is a defective 

tree or a harvestable tree . 

Step 2B. This step simulates the shear processing a fa ta l i ty which 

actually does not require operating time. Blocks 1 1 1 , 1 1 2 , 1 1 3 , 1 1 U , 1 1 5 , 

1 1 6 , 1 1 7 , 1 1 8 , 119, and 1 * 6 record the same clock time in savexes 1 1 1 , 1 1 2 , 

1 1 3 , 1 1 1 * , 1 1 6 , 1 1 7 , 1 1 8 , 1 2 0 , 1 2 2 , and 1 2 3 . A fa ta l i ty can be identified 

in the printout by the same clock time in these savexes and 0 shear operat­

ing time. The model is programmed so that the time required for the shear 

and harvester to move past the tree fa ta l i ty is recorded as processing 

time for the next tree . 

Step 3B. Block 3 6 records simulation clock time in savex 1 1 1 and 

provides model logic relative to the type of cutting operation identified 

in parameter 8 . If a thinning cut i s being performed, the transaction i s 

routed to step 1*B or if clear cutting is being performed, the transaction 

i s routed to step 5B. 
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Step l*B. Blocks 1UO and 11*1 compute shear slue distance to the 

neutral position. Blocks 11+2, 1 *U.3, and 11*1* in conjunction with blocks 

92, 93, and 9k of step 8A simulate the shear being controlled by the 

operator and sluing to the neutral position. Block 11+5 records the shear 

position in savex 11. 

Step f?B. Block 11*6 holds the operator (block 95 of step 9A) unt i l 

the shear has completed the slue to the neutral position if a thinning 

operation i s being performed. If clear cutting is being performed, block 

1 U 6 holds the shear and the operator (block 95 of step 9A) for mutual 

availabil ity. Block 37 records the clock time in savex 112. The next 

steps (6B, 10B, and 8B or 9B) are conducted simultaneously. 

Step 6 B * Block 11*9 simulates the shear opening time. 

Step 7B* Block 197 provides model logic relative to tree grade 

identified in parameter 6. If the tree i s a defective tree , the trans­

action i s routed to step 8B. If the tree i s a harvestable t ree , the 

transaction i s routed to step 9B. 

Step 8B. Block 38 sets savex 121 equal to 1111 so that defective 

trees are identified in the printout. 

Step 9B. Block 39 sets savex 121 equal to 0 so that harvestable 

trees are identified in the printout. Block 150 simulates the time 

required for the harvester to automatically set the shear terrain stop. 

Step 10B. Blocks 151, 152, 1£3, 152*, and 156 in conjunction with 

the operator (blocks 96, 97* and 98 of step 9A) simulate the time required 

to determine and accomplish, if necessary, a back up to provide clearance 

for the slue of the shear to the t r e e . Block 155 records the harvester 

position in savex 10. Blocks 157* 158, 159, and 161 in conjunction with 



t h e o p e r a t o r ( b l o c k s 9 9 , 1 0 0 , a n d 1 0 1 o f s t e p 9 A ) s i m u l a t e t h e t i m e 

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

a d v a n c e t o p o s i t i o n t h e m a c h i n e a n d s h e a r s o t h a t t h e t r e e w i l l b e n e a r 

t h e s h e a r w h e n t h e s h e a r i s s l u e d i n t o a l i g n m e n t w i t h t h e t r e e . B l o c k 1 6 0 

r e c o r d s t h e h a r v e s t e r p o s i t i o n i n s a v e x 1 0 . B l o c k s 1 6 2 , 1 6 3 , 16U, a n d 165 

i n c o n j u n c t i o n w i t h t h e o p e r a t o r ( b l o c k s 1 0 2 a n d 1 0 3 o f s t e p 9 A ) s i m u l a t e 

t h e t i m e f o r t h e s l u e o f t h e s h e a r i n t o a l i g n m e n t w i t h t h e t r e e . 

S t e p 1 1 B . B l o c k 166 h o l d s t h e s h e a r u n t i l s t e p s 6 B , 1 0 B , a n d 8 B 

o r 9 B a r e a c c o m p l i s h e d . B l o c k 198 s e t s s a v e x 2 0 e q u a l t o 1 0 t o p r o v i d e 

c l e a r a n c e ( b l o c k 235 o f s t e p 1 C ) f o r g r a p p l e s l u e t o t h e t r e e . B l o c k 

167 h o l d s t h e o p e r a t o r ( b l o c k I0I4 o f s t e p 9 A ) u n t i l t h e s h e a r h a s c o m p l e t e d 

t h e s l u e t o t h e t r e e . 

S t e p 1 2 B . B l o c k 168 h o l d s t h e s h e a r u n t i l t h e o p e r a t o r ( b l o c k 106 

o f s t e p 1 0 A ) i s p r e p a r e d f o r t h e f i n a l f o r w a r d a d v a n c e t o p o s i t i o n t h e 

s h e a r o n t h e t r e e . B l o c k 168 a l s o p r o v i d e s m o d e l l o g i c . I f t h e n e w t r e e 

i s w i t h i n 2 .5 f e e t a l i g n m e n t o f t h e s h e a r ' s n e u t r a l p o s i t i o n d u r i n g t h e 

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

g r a p p l e t h a t i s p r o c e s s i n g t h r o u g h s t e p s 9 C t o 1 3 C . I f t h e n e w t r e e i s 

i n t h i s i n t e r f e r e n c e z o n e , b l o c k 1!68 r o u t e s t h e t r a n s a c t i o n t o s t e p 1 3 B 

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

t h e n e w t r e e i s n o t i n t h e i n t e r f e r e n c e z o n e , b l o c k 168 r o u t e s t h e 

t r a n s a c t i o n t o s t e p 1 l . B . 

S t e p 1 3 B . B l o c k 196 r e c o r d s t h e c l o c k t i m e i n s a v e x 1 1 3 . B l o c k 

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

c o m p l e t e s s t e p s 90 t h r o u g h 1 3 C ( i n d i c a t e d b y v a l u e o f s a v e x 3 0 ) w i t h t h e 

p r e v i o u s t r e e . B l o c k 1.1 r e c o r d s t h e c l o c k t i m e i n s a v e x 11U. 
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Step 1l+B. Blocks 1 6 9 , 170, and 172 in conjunction with the 

operator (block 107 of step 10A) simulate the final forward advance of 

the shear and harvester to position the shear on the tree . Block 171 

records the harvester's position in savex 10. The shear has a sensor 

(shear terrain stop) that automatically stops the machine when the tree 

hi ts i t . Block 172 releases the operator (block 107 of step 10A) to 

s tart processing the next tree . 

Step 1j?B. Block 173 simulates the time required for the shear to 

automatically lower to the ground. Block 173 also provides model logic 

relative to tree grade identified by parameter 6 of the transaction. The 

t r a n s a c t i o n i s r o u t e d to step 16B if the tree is a defective tree or to 

step 17B if the tree i s a harvestable tree . 

Step 16B. Block 17*U simulates the time to shear the defective tree 

and block 1 7 5 simulates the time for the defective tree to fa l l to the 

ground. Block 1 7 6 records the shear position in savex 1 1 for model 

reference. 

Step 1 7 B . Block 200 simulates the time for the shear to accom­

plish phase 1 shearing which is the part ia l severing of the tree stem. 

Block hZ records clock time in savex 116. 

Step 1 8 B . Block 201 holds phase 2 shearing unti l the grapple i s 

ready to grasp the tree (block 2h6 of step i*C). 

Step 1 9 B . Block h3 records clock time in savex 116. Block 199 

sets savex 20 equal to 5 to hold the grapple slue to the tree (block 2 3 5 

of step 1C) for the next tree unti l the shear completes the slue to the 

tree . Block 202 simulates the time to accomplish phase 2 shearing to 

sever the tree stem. Block 203 holds the grapple (block 2i*8 of step 5 c ) 
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until the tree is severed. Block 1*1* records clock time in savex 120. 

Step 2OB. Block 20l* holds the raising of the shear unti l the 

grapple raises the tree to the slue position (block 255 of step 8 c ) . 

Block 1*5 records the clock time in savex 122. Block 205 simulates the 

time to raise the shear. Block 206 records the shear position in savex 

11 for model reference. Block 1*6 records the clock time in savex 123 . 

Step 21B. Blocks 1*7, 1*8, and 1*9 compute time operating data for 

the shear. Block 110 prints out shear processing data in savexes 110 to 

121* as follows: 

(1) Savex 110 records the tree number. 

(2) Savex 111 records the time when the shear starts to slue to 

the neutral position. 

(3) Savex 112 records the time the shear completes the slue to 

the neutral position. 

( 1 * ) Savex 113 records the time the shear s tarts to wait for 

grapple clearance if the new tree is within 2.5 feet of alignment with 

the neutral position. 

(5) Savex 111* records the time the shear receives clearance from 

the grapple. 

(6) Savex 115 records the actual operating time of the shear. 

(7) Savex 1 1 6 records the time when phase 1 shearing is complete. 

( 8 ) Savex 117 records the time when clearance i s given for the 

phase 2 shearing. 

(9) Savex 1 1 8 records the time the shear waits on the operator 

and grapple availability. 

(10) Savex 119 records the to ta l time required for the shear to 
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process the tree . 

(11) Savex 120 records the time when phase 2 shearing i s complete. 

(12) Savex 121 identifies defective trees by a value of 1111 and 

harvestable trees by a value of 0 . A fa ta l i ty has a 0 or 1111 value in 

this savex, but i t i s identified by a value of 0 for a l l operating times 

or the same clock times in savexes 111, 112, 113, 111*, 116, 117, 118, 120, 
122, and 123. 

(13) Savex 122 records the time the shear i s given clearance to 

raise . 

(11*) Savex 123 records the time the raising of the shear i s complete 

(15) Savex 12U i s not used to record data. 

After printing the above information, the shear simulation i s re ­

leased by block 210 to simulate processing of the next tree . 

Grapple Simulation Subprogram 

Step 1C. Block 1*61 records the clock time in savex 131 • Block 

235 holds the grapple slue to the tree unti l the shear has slued to the 

tree (block 198 of step 11B). The grapple i s released when savex 20 i s 

set equal to 10 by block 198. Block 1*62 records clock time in savex 132. 
Blocks 238, 239, and 2l*0 simulate the time for the grapple to slue to the 

tree . Block 21*1 simulates the time to unfold the grapple assembly 6 0 

degrees from under the grapple arm. The next steps (2C and 3C) are per­

formed simultaneously. 

Step 20. Block 2i*3 simulates the time to unfold the grapple 

assembly the remaining 3 0 degrees so that i t is perpendicular to the 

grapple arm. 

Step 3 C Block 2l*l* simulates the time to lower the grapple arm 
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from the slue position to a position to grasp the tree . 

Step UC Block U63 records the clock time in savex 133. Block 

?U6 holds the phase 2 shearing (block 2 0 1 of step 18B) unti l the grapple 

is positioned to grasp the tree . Block I46I4 records the clock time in 

savex 13U. 

Step f>C. Block 2I4.7 simulates the time for the grapple to close 

on the tree . Block 2U8 holds the grapple unti l the phase 2 shearing 

(block 203 of step 1 9 B ) i s complete and severs the stem. Block 2U9 

simulates the time to raise the grapple and the tree through 10 degrees 

of the grapple arm. The next steps (6C, 7C, and 8C) are simultaneously 

performed• 

Step 6C. Block 2F>3 simulates the time required to position the 

tree support on the top of the grapple in order to help support the tree . 

Step 7C« Block 2£2 simulates the time required to rotate the tree 

and grapple assembly up 1£ degrees. This rotation is necessary to posi­

tion the tree so that i t will not interfere with the previous tree that 

is being processed by the delimber. 

Step 8C. Block 25>U simulates the time to raise the grapple arm 

20 degrees to the slue position. Block 2̂ 5 holds the raising of the 

shear (block 20ii of step 20B) until the grapple arm is raised to the 

slue position. 

Step 9C Block 2F>7 sets savex 30 equal to 3> to hold the final 

advance of the shear (block J4O of step 13B) to avoid interference with 

the next tree if i t i s located within 2,5 feet of the shear's neutral 

position. Block 2J>8 simulates the time to slue the tree and the grapple 

to the center slue position where i t waits for clearance to go to the 
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delimber holding position. Block 1+65 records clock time in savex 1 3 6 . 

Step 10C. Block 2 6 0 holds the grapple in the center slue position 

for the delimber clearance (block 3 1 5 of step 3D) to go to the delimber 

holding position. The grapple cannot go to the delimber holding position 

while the previous tree is processed through steps 1D to 3D because the 

trees will interfere with each other. The delimber holds the grapple at 

block 2 6 0 by setting savex 35 equal to 5 at block 30 l+ in step 1 D . Block 

1+66 records the clock time in savex 1 3 7 * The next steps (11C and 12C) 

are simultaneously performed. 

Step 11C. Block 262 simulates the time required to rotate the 

grapple assembly and tree support 15 degrees so that the tree is 90 de­

grees to the grapple arm. 

Step 12C. Block 2 6 3 simulates the time to rotate the grapple arm 

3 0 degrees to the delimber holding position. 

Step 13C« Block 2 6 5 sets savex 3 0 equal to 1 0 to release the 

shear for the final advance for the next tree (block 1+0 of step 13B). 

Block I+67 records the clock time in savex 1l+0. Block 2 6 6 holds the 

grapple in the delimber holding position unti l the delimber i s clear to 

receive the tree (block 3 0 2 of step 1 D ) . Block 1+68 records clock time 

in savex 1 1 * 2 . 

Step 11+C. Block 2 6 7 simulates the time to rotate the grapple arm 

down 3 0 degrees and lower the tree into the delimber. Block 2 6 8 simulates 

the time to open the grapple. Block 2 6 9 holds the delimber receiver 

(block 3 0 3 of step 1 D ) unti l the grapple i s opened. Block 2 7 0 holds the 

grapple for the delimber receiver to raise the tree off the grapple 

(block 3 0 6 of step 1 D ) . The next steps (15C, 1 6 C , 17C, and 1 8 C ) are 
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conducted simultaneously. 

StejDjJpC. Block 272 simulates the time to lower the grapple arm 

30 degrees to the delimber holding position. 

Step 16C. Block 21h simulates the time to fold the tree support 

back on the grapple arm. 

Step 17C Block 276 simulates the time to lower the grapple arm 

30 degrees to the center slue position. 

Step 18C. Block 2 7 5 simulates the time to fold the grapple 

assembly 9 0 degrees under the grapple arm. 

Step 1 9 0 * Block 2 7 8 holds the lowering of the delimber receiver 

(block 307 of step 2D) until the grapple has been lowered out of the way 

of the tree . Block U 6 9 records the clock time in savex 1 a 3 . 

Step 20C. Blocks U70, 1 * 7 1 , and 1 *72 compute operating data for the 

grapple. ELock U 7 3 prints out grapple processing data in savexes 1 3 0 to 

ihk as follows: 

( 1 ) Savex 1 3 0 records the tree number. 

(2) Savex 1 3 1 records the time when the grapple i s ready to slue 

to the tree . 

( 3 ) Savex 1 3 2 records the time when the grapple receives clear­

ance to slue to the tree . 

(h) Savex 1 3 3 records the time when the grapple is in position 

for the phase 2 shearing to s t a r t . 

( 5 ) Savex 1 3 a records the time when phase 2 shearing s t a r t s . 

( 6 ) Savex 1 3 5 records the actual operating time of the grapple. 

( 7 ) Savex 1 3 6 records the time the grapple s tarts waiting for 

clearance to go to the delimber holding position. 
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(8) Savex 137 records the time the grapple receives clearance 

to go to the delimber holding position. 

(9) Savex 138 records the total time the grapple waits on the 

shear and delimber. 

(10) Savex 139 records the total time required for the grapple to 

process the tree . 

(11) Savex 1l|0 records the time when the grapple s tarts waiting 

in the delimber holding position. 

(12) Savex 1l+1 i s not used to record data. 

(13) Savex 11+2 records the time when the grapple receives delimber 

clearance to receive the tree . 

(11+) Savex 1U3 records the time when the grapple completes the 

processing of the tree . 

(15) Savex 11+I+ is not used to record data. 

After printing the above information, the grapple simulation i s 

released by block 282 to simulate processing of the next tree . 

Delimber Simulation Subprogram 

Step 1D. Block 1+81 records the clock time in savex 151 • Block 

302 holds the delimber and block 266 of step 13C holds the grapple for 

mutual availabil i ty. Block 1+82 records the clock time in savex 152. 
Block 303 holds the delimber receiver unti l the grapple has opened (block 

269 of step 1 l+C). Block 30l+ sets savex 35 equal to 5 to hold the grapple 

at the center slue position (block 260 of step 10C) when i t processes the 

next tree to avoid interference with this tree . Block 305 simulates the 

time for the delimber receiver to l i f t the tree clear of the grapple. 

Block 306 holds the grapple (block 270 of step 1l+C) unti l the receiver 
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l i f t s the tree clear of the grapple. 

Step 2D. HLock 307 holds the delimber receiver unti l the grapple 

(block 278 of step 1 9 C ) i s lowered out of the way. Block 308 simulates 

the time for the delimber receiver to lower the tree into the delimber. 

Block 3 0 9 simulates the time for closing the delimber tree retaining 

arms. Block 3 1 0 simulates the time for the delimber to rotate the tree 

against the delimbing cutters to remove the limbs. HLock 3 1 1 simulates 

the time for the tree retaining arms to open. Block 1+83 records the 

clock time in savex 153• 

Step 3 D * Block 3 1 2 holds the delimber and block 3 6 7 of step 13E 

holds the bucker for mutual availabil ity to f l ip the tree from the de­

limber into the bucker. Block 1+81+ records the clock time in savex 15U. 

Block 31h simulates the time for the delimber discharge flips to f l ip the 

tree into the bucker. Block 315 sets savex 35 equal to 10 to allow the 

grapple (block 260 of step 10C) to move from the center slue position to 

the delimber holding position. Block 3 1 6 holds the bucker receiving 

flips (block 368 of step 13E) unti l the delimber discharging fl ips have 

discharged the tree . Block 317 holds the delimber discharge fl ips unti l 

the bucker receiving flips receive the tree (block 371 of step 11+E). 

Block 318 simulates the time to return the bucker discharge f l ips . Block 

1+85 records the clock time in savex 156. 

Step U P . Blocks 1+86, 1+87, and 1+88 compute operating data for the 

delimber. Block 1+89 prints out the delimber processing data in savexes 

150 to 159 as follows. 

(1) Savex 150 records the tree number. 

(2) Savex 151 records the time when the delimber i s ready to 
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receive another tree . 

(3) Savex 152 records the time when the grapple s tar t s lowering 

the tree into the delimber. 

( U ) Savex 153 records the time when the delimber s tarts waiting 

for the bucker clearance. 

(5) Savex 15U records the time when the delimber s tar t s dis­

charging the tree into the bucker. 

(6) Savex 155 records the actual operating time of the delimber. 

(7) Savex 156 records the time the delimber completes processing 

of the tree . 

(8) Savex 157 i s not used to record data. 

(9) Savex 158 records the time the delimber waits on the grapple 

and bucker. 

(10) Savex 159 records the total time required for the delimber to 

process the tree . 

After printing the above information, the delimber simulation i s 

released by block 319 to simulate processing of the next t ree . 

Bucker Simulation Subprogram 

Step 1E. Blocks 31|2 through 3h9 assign s a vexes 1*1 through 1*8 the 

value of parameters 1 through 8 for the tree transaction. This i s 

necessary because parameters will be changed for programming purposes in 

this subprogram. Block 350 assigns parameter 2 logic values for pro­

gramming logic. If the tree height i s 65 to 80 feet, a value of 10 is 

assigned parameter 2. If the tree height is not 65 to 80 feet, a value 

of 0 i s assigned parameter 2. Trees 65 to 80 feet high require the rear 

shear and the rear set of bucker discharge flips to be turned down. 
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This is necessary so the tree top and top bolt are flipped on the ground. 

The harvester can process only 50 feet of a tree . Trees over 65 feet 

normally have a merchantable length over 50 feet. The harvester cannot 

process the short tops on 65 to 80 foot trees , but i t can process the 

remaining merchantable wood in the top if the las t bolt i s l e f t on the 

top. In view of this , the harvester i s normally recycled to process the 

top bolt and the remaining wood in the top. For trees not 65 to 80 feet 

long, the rear shear and rear set of discharge f l ips are turned up so the 

top bolt i s flipped into the conveyer and the top fal ls on the ground. 

Blocks 351, 500, and 352 assign parameter 3 logic values to provide model 

logic that determines if the rear shear and fl ips are changed for th i s 

tree . The parameter 2 value for the previous tree is recorded in savex 

50. The parameter 2 value of th is tree i s compared to that of the pre­

vious t ree . If a change i s required for this tree , parameter 3 i s as­

signed a value of 10 and i f no change is required, parameter 3 i s as­

signed a value of 0. Block 501 records the clock time in savex 161. The 

next steps (2E, 3E, 1+E, and 6E) are conducted simultaneously. 

Step 2E. Block 36k simulates the time to return a l l discharging 

f l ips except the rear bucker discharging f l ips. 

Step 3E. Block 366 simulates the time to position the bucker 

shears to allow for expansion during the simultaneous shearing action. 

Step 1|E. Block i+10 provides model logic based on the value as­

signed parameter 3 in step 1E. If repositioning of the rear shear i s 

required (parameter 3 equals 10), the transaction i s routed to step 5E. 
If no change i s required (parameter 3 equals 0), the transaction i s 

routed directly to step 13E. 
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Step 5 E . HLock 363 simulates the time to reposition the rear 

shear up or down* 

Step 6E. Block 1*09 provides model l og ic based on the value as ­

signed parameter 3 in step 1E. The transaction i s routed to step 7E i f 

repositioning of the rear set of discharging f l i p s i s not required 

(parameter 3 equals 0) . The transaction i s routed to step 10E i f r e ­

positioning of the rear set of discharging f l i p s i s required (parameter 

3 equals 10), 

Step 7E* Block 356 provides model log ic based on the value as ­

signed parameter 2 in step 1E. I f the tree i s 65 to 80 f ee t high (para­

meter 2 equals 10), the transaction i s routed to step 8E. I f the tree 

i s not 65 to 80 fee t high (parameter 2 equals 0 ) , the transaction i s 

routed to step 9E. 

Step 8E* Block 357 simulates the time to return the rear se t of 

bucker receiving f l i p s* 

Step 9E» Block 358 simulates the time to return the rear se t 

of bucker discharging f l ips* 

Step 10E* Block 359 provides model l o g i c based on the value a s ­

signed parameter 2 in step 1E. I f the tree i s 65 to 80 f ee t high (para­

meter 2 equals 10), the transaction i s routed to step 11E* I f the t ree 

i s not 65 to 80 fee t high (parameter 2 equals 0 ) , the transaction i s 

routed to step 12E* 

Step 11E* HLock 360 simulates the time to return the bucker rear 

set of discharge f l i p s* Block 361 simulates the time to rotate the rear 

set of discharge f l i p s down* 

Step 12E* Block 362 simulates the time to return the rear 
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receiving fl ips and rotate the bucker discharge fl ips up. 

Step 1 3 E » HLock 502 records clock time in savex 162. Block 367 

holds the bucker and block 312 of step 3 D holds the delimber discharge of 

the tree for mutual availabil i ty. Block 503 records the clock time in 

savex 163. Block 368 holds the bucker receiving f l ips for the delimber 

discharging f l ips to discharge the tree (block 316 of step 3 D ) . Block 

369 simulates the time for the bucker receiving fl ips to f l ip the tree 

into the bucker. 

Step II4E. HLock 3 7 1 holds the return of the delimber discharge 

fl ips (block 3 1 7 of step 3 D ) for the bucker receiving flips to receive 

the tree . Block 3 7 2 simulates the time for the shears to shear the tree 

into bolts . The next steps (15E and 1 6 E ) are performed simultaneously. 

Step 15E. HLock 3 7 u simulates the time required to open the shears. 

Step 1 6 E . HLock 375 simulates the time to return the bucker 

receiving f l ips . 

Step 1 7 E » HLock 501+ records the clock time in savex 16U. HLock 

3 7 7 holds the bucker discharge fl ips for the conveyer clearance (block 

531 of step 7 F ) when i t completes processing the previous t r e e . Conveyer 

clearance i s indicated by savex 180 being assigned a value of 0 at block 

531 of step 7F as the previous tree i s processed through the conveyer. 

Block 505 records the clock time in savex 166. The next steps ( 1 8 E and 

19E) are simultaneously performed. 

Step 18E. Block 380 simulates the time to flip the front and 

middle bolts into the conveyer. 

Step 1 9E. Block I4II provides model logic based on the values 

assigned parameter 2 in step 1E. If the tree i s not 65 to 80 feet high 
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(parameter 2 equals 0), the transaction is routed to step 20E. If the 

tree is 65 to 80 feet high (parameter 2 equals 10), the transaction i s 

routed to step 21E. 

Step 20E. Block 379 simulates the time for the rear set of dis­

charge flips to f l ip the rear tree bolt into the conveyer. 

Step 21E. Block 381 simulates the time for the rear receiving 

f l ips to f l ip the rear bolt and tree top on the ground. 

Step 22E, Block 383 assigns savex 50 the value of parameter 2 for 

reference in step 1E for the next tree when the logic value of parameter 

3 i s computed. Block 398, 399, 1*00, U01, U02, and 1*03 reassign original 

values to parameters 1, 2, 3, 6, 7, and 8. Block 506 records the clock 

time in savex 5o6. Blocks 507, 509> and 510 compute operating data for 

the bucker. Block 511 prints out the bucker processing data in savexes 

160 to 169 as follows: 

(1) Savex 160 records the tree number. 

(2) Savex 161 records the time when the bucker s tar t s preparing 

to process the next t ree . 

(3) Savex 162 records the time when the bucker s tar t s waiting on 

the delimber. 

(1+) Savex 163 records the time when the delimber s tar t s dis­

charging the tree into the bucker. 

(5) Savex 161* records the time when the bucker s tarts waiting 

on the conveyer. 

(6) Savex 165 records the actual operating time of the bucker. 

(7) Savex 166 records the time when the bucker s tarts flipping 

the bolts into the conveyer. 
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(8) Savex 167 records the time when the bucker completes the 

processing of the tree . 

(9) Savex 168 records the time the bucker waits on the delimber 

and conveyer. 

(10) Savex 169 records the total time required for the bucker to 

process the tree . 

After printing the above information, the bucker simulation is 

released by block 1*16 to simulate processing of the next tree . 

Conveyer Simulation Subprogram 

Step 1F. Block 532 sets savex 180 equal to 10 so that the bucker 

cannot discharge the next tree into the conveyer while this tree is being 

processed. Block 526 records the clock time in savex 171. The next steps 

(2F, 3F, 1*F, 5F, and 6F) are performed simultaneously. 

Step 2F. Block 1*28 simulates the time to convey the top bolt to 

the conveyer stop and block 1*29 simulates the time to stop the bolt . 

Block 1*30 simulates the time to open the conveyer side gate. The rear 

section of the conveyer (section above the storage grapple) is t i l ted to 

the side so the bolts will fa l l off the conveyer when the side gate i s 

opened. HLock 1*31 simulates the time for the bolt to fa l l out of the 

conveyer and block 1*32 simulates the time to close the conveyer side gate. 

Step 3 F . HLock 1*33 delays conveying of the middle bolt to provide 

the top bolt conveyer clearance. 

Step 1*F. Block l*3l* simulates the time to convey the middle bolt 

to the stop and block 1*35 simulates the time to stop the bolt . Block 

1*36 simulates the time to open the conveyer side gate and block 1*37 
simulates the time for the middle bolt to fa l l out of the conveyer. 
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Block 1 * 3 8 simulates the time to close the conveyer side gate. 

Step 5 F . Block 1 * 3 9 delays conveying of the bottom bolt for the 

middle bolt conveyer clearance. 

Step 6F. Block 1*1*0 simulates the time to convey the bottom bolt 

to the conveyer stop and block 1*1*1 simulates the time to stop the bottom 

bolt . Block 14*2 simulates the time to open the conveyer side gate and 

block 1*1*3 simulates the time for the bottom bolt to fa l l out of the 

conveyer. Block 1*1*1* simulates the! time to close the conveyer side gate. 

Step 7F. Block 5 3 1 sets savex 180 equal to 0 to provide the 

conveyer clearance for the bucker (block 3 7 7 of step 17E) to s tar t 

flipping bolts into the conveyer. Block 1*1*6 simulates the time to t i l t 

the conveyer rotatable section (section above the storage grapple) to the 

other side so as to provide even loading of the storage grapple. Block 

5 2 7 records the clock time in savex 172. 

Step 8 F . Blocks 5 2 8 and 5 2 9 compute the operating data for the 

conveyer. Block 5 3 0 prints out the conveyer processing data in savexes 

170 to 179 as follows: 

( 1 ) Savex 170 records the tree number. 

( 2 ) Savex 1 7 1 records the time when the conveyer s tar t s processing 

the tree . 

(3) Savex 172 records the time when the conveyer completes 

processing the t ree . 

(1*) Savex 1 7 3 i s not used to record data. 

(5) Savex 171* i s not used to record data. 

(6) Savex 1 7 5 records the actual operating time of the conveyer. 

(7) Savex 176 i s not used to record data. 
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( 8 ) Savex 1 7 7 i s not used to record data. 

( 9 ) Savex 1 7 8 i s not used to record data. 

( 1 0 ) Savex 1 7 9 records the tota l time required for the conveyer 

to process the tree . 

After printing the above information, the conveyer simulation i s 

released by block Uf>0 to simulate processing of the next t ree . 

Program Termination 

The simulation model i s designed to process 1 0 f > trees through 

block 7 6 and then run for an additional 1 , 8 0 0 simulation time units 

( 1 8 0 seconds) before terminating the simulation. HLocks h$2y h$3, USh, 

and 1 + 5 5 provide model termination control. 

The purpose of this model i s to determine the basic processing 

time per tree relative to tree and forest characteristics. The basic 

processing time i s used by the economical model to compute the time 

required to process a grapple load for the specific tree and forest 

characteristics being considered by the economic model. The economic 

model determines the unloading time. The economic model then determines 

the total harvester time per load from the sum of the unloading time and 

the load processing time. 
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C H A P T E R V T 

H A R V E S T E R S I M U L A T I O N M O D E L E X P E R I M E N T A T I O N A N D R E S U L T S 

A s i m u l a t e d s m a l l s a m p l e f o r e s t o f 100 t r e e s i s d e v e l o p e d f o r 

s i m u l a t e d h a r v e s t i n g by t h e h a r v e s t e r m o d e l . I n i t i a l p l a n t i n g d e n s i t y , 

s u r v i v a l r a t e , a n d t r e e s i z e o f t h e s i m u l a t e d f o r e s t a r e v a r i e d f o r 

m u l t i p l e h a r v e s t e r s i m u l a t i o n s b y t h e h a r v e s t e r m o d e l . T h e r e s u l t s a r e 

u s e d t o d e t e r m i n e t h e h a r v e s t e r ' s p r o c e s s i n g t i m e p e r h a r v e s t a b l e t r e e 

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

A s i m u l a t e d f o r e s t (100 t r e e s ) i s d e v e l o p e d b y f i r s t r a n d o m l y 

i d e n t i f y i n g h a r v e s t a b l e t r e e s a t .80, .75, .70, a n d .65 s u r v i v a l l e v e l s . 

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

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

a r e a l s o d e f e c t i v e t r e e s o r f a t a l i t i e s a t t h e l o w e r s u r v i v a l l e v e l s . 

A d d i t i o n a l h a r v e s t a b l e t r e e s a r e r a n d o m l y i d e n t i f i e d a s d e f e c t i v e t r e e s 

o r f a t a l i t i e s a s s u r v i v a l d e c r e a s e s . T h e d e f e c t i v e t r e e s a r e e s t i m a t e d 

t o b e 20 p e r c e n t o f t h e n u m b e r o f d e f e c t i v e t r e e s a n d f a t a l i t i e s . T h e 

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

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

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

i s p r e s e n t e d i n T a b l e 1. O n e o f t h e s e s u r v i v a l s e q u e n c e s (.80, .75, »70, 

o r .65), d e p e n d i n g o n s u r v i v a l l e v e l d e s i r e d f o r a s i m u l a t i o n r u n , i s 

c o d e d i n f u n c t i o n 6 o f t h e s i m u l a t i o n m o d e l a n d u s e d b y b l o c k 8 o f s t e p 1 

t o a s s i g n t r e e g r a d e s t o p a r a m e t e r 6 o f e a c h t r e e t r a n s a c t i o n . 



Table 1. Simulated Sample Forest Tree Grade Sequence 

Tree Tree Grade Relative Tree Tree Grade Relative 
Number to Survival Level Number to Survival Level 

. 8 0 • 7 5 . 7 0 . 6 5 . 8 0 . 7 5 . 7 0 . 6 5 

1 G G G G 2 6 G M M M 
2 G G G G 2 7 G G G G 
3 M M M M 2 8 G G G G 
l i G G G G 2 9 G G G G 
5 G G G G 30 G G G G 
6 C C C C 31 G G G G 
7 G G G G 3 2 G G G G 
8 G G G G 3 3 G G G G 
9 G G G G 3h G G G G 

10 G G G G 3 5 M M M M 
11 G G G G 3 6 G G G G 
1 2 G G G G 3 7 G G G G 
13 G G G G 3 8 G G G G 
1 l i G G G M 3 9 C C C C 
1 5 M M M M ho M M M M 
1 6 M M M M • l i l G G M M 
17 G G G G 1*2 M M M M 
18 G M M M 1*3 G G G G 
19 G G G G W i G G G G 
2 0 G G G • G U 5 G G G G 
21 G, G G G 1.6 G G G G 
2 2 G G G G 1*7 M M M M 
2 3 G G G G 1*8 G G G G 
21* G G G G 1*9 G G M M 
2 5 G G G G 5 0 G G G G 

G i s a H a r v e s t a b l e T r e e . 

C i s a D e f e c t i v e T r e e . 

M i s a T r e e F a t a l i t y 



T a b l e 1 . S i m u l a t e d S a m p l e F o r e s t T r e e G r a d e S e q u e n c e ( C o n t i n u e d ) 

T r e e T r e e G r a d e R e l a t i v e T r e e T r e e G r a d e R e l a t i v e 

N u m b e r t o S u r v i v a l L e v e l N u m b e r t o S u r v i v a l L e v e l 

.80 .75 . 7 0 .65 .80 .75 .70 .65 

M M M M 76 G G G C 

52 G G G G 77 M' M M M 

53 G G G G 78 G G G G 

5l4 
55 

M M M M 79 G G G G 5l4 
55 G G G G 80 G G G G 

56 C C C C 81 G G G G 

57 G G G G 82 G G G G 

53 G G G M 83 G G G G 

59 G G G G 8U G G G G 

60 G G G G 85 M M M M 

61 G G M M 86 G G G G 

62 G G G G 87 M M M M 

63 G G G G 88 G M M M 

6h C C C C 89 G C C C 

65 G G G G 90 G G G G 

66 M M M M •91 G G C C 

6? G G G '..G 92 G G G G 

68 G G M M 93 G M M M 

69 G G G v M 9h M M M M 

70 G G G G ' 95 G G G G 

71 M M M M 96 G G G M 

72 G G G G 97 M M M M 
73 G G G G 98 G G G G 

Ik G G G G 99 G G G G 

75 G G GR G 100 G G G G 
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A 100 tree sample forest ( in i t ia l planting quantity) or multiples 

of 100 trees i s necessary because the number of defective trees and 

fa ta l i t i e s are integers for multiples of 100 trees ( in i t ia l planting quan­

t i ty ) at the survival levels considered. The simulation i s not designed 

to handle fractions of trees . Only one random sample at specific survival 

levels i s used. Insignificant changes in harvestable tree processing time 

i s assumed to occur at different distributions of defective trees and 

fa ta l i t i e s at specific survival levels. This assumption i s based on the 

fact that basicly the same processing movements are required at a specific 

survival level and only the sequence of movements i s changed by changes 

in distribution at a specific survival level. 

A set of harvester simulation runs with the simulated forest i s 

run with 5 inch D.B.H. trees. These runs are made for i n i t i a l planting 

densities of 200 to 1,000 trees per acre. The trees are oriented in a 

square pattern and the i n i t i a l planting densities are changed in 100 trees 

per acre increments. Simulation runs are then made at 65, 70, 75, and 80 

percent survival levels for each of the i n i t i a l planting densities. The 

processing time, per harvestable tree for each simulation, i s computed by 

dividing the survival level into the simulation clock time (savex 172 for 

tree 100) when processing i s completed on tree number 100. This gives 

the cycle time in tenths of seconds. The value of savex 172 for tree 

number 100 must have 10 subtracted from i t before the above division i s 

accomplished. This accounts for a 1 second delay by block 1 of step 1 to 

insure model control. The resulting processing times are plotted for 

each planting density as a function of survival. The graphs are projected 

to .50 and 1.00 survival levels. The resulting processing times, relat ive 
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to i n i t i a l planting density and survival for 5 inch D.B.H. trees , are 

presented in Table 2. 
A set of harvester simulation runs is then made for 700 trees per 

acre ( in i t ia l planting density) for trees with 6, 7, 8, °, and 10 inch 

D.B.H.s at .80, .75* »70, and .65 survival levels. The results are used 

as above to compute harvester processing time relative to D.B.H. and sur­

vival for i n i t i a l planting density of 700 trees per acre. The processing 

times per harvestable tree are interpolated to 1* and 12 inch D.B.H.s. The 

resulting processing times are used to determine correctional values that 

can be used to adjust the 5 inch D.B.H. processing time (Table 2) to 

account for different D.B.H.s in four survival ranges. The resulting 

correctional time values are presented in Table 3. 

It is assumed that these correctional time values can be used 

uniformly for a l l planting densities. Simulation runs at 200 to 1,000 

trees per acre ( in i t ia l planting densities) are made for 7*5 inch D.B.H. 

at .75 survival, 10 inch D.B.H. at .75 survival, and 10 inch D.B.H. at 

.65 survival to determine if large errors result by uniformly using the 

correctional time values. The results are presented in Table ii. Only 

small errors result; therefore, the processing time (relative to i n i t i a l 

planting density and survival) for 5 inch D.B.H. trees (Table 2) and the 

correctional time values for other D.B.H.s (Table h) are used to summarize 

the harvester processing time per harvestable tree for use by the 

economic model. 

Preliminary economic analysis indicate optimal tree heights are 

not much over 65 feet. I t is estimated that 65 foot high trees have a 

50 foot merchantable stem below the 3 inch top diameter. The harvester 
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T a b l e 2 . H a r v e s t e r P r o c e s s i n g T i m e ( i n S e c o n d s ) f o r 5 I n c h D i a m e t e r 

a t B r e a s t H e i g h t H a r v e s t a b l e T r e e s R e l a t i v e t o P l a n t i n g 

D e n s i t y a n d S u r v i v a l 

S u r v i v a l 

P e r - I n i t i a l P l a n t i n g D e n s i t i e s ( T r e e s p e r A c r e ) 

c e n t a g e s 2 0 0 3 0 0 U O O 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0 

1 0 0 17-0 1 5 . 6 14.9 14.5 14.0 1 3 . 7 1 3 - 5 1 3 . 3 1 3 . 2 

9 5 17-6 1 6 . 2 1 5 . 4 14.9 1 4 . 4 14.1 1 3 . 9 1 3 . 7 1 3 . 6 

90 18.3 1 6 . 8 1 6 . 0 1 5 . 4 14.9 I 4 . 6 14.3 14.1 1 3 . 9 

85 1 9 - 0 1 7 - 4 1 6 . 5 1 5 . 9 1 5 . 4 1 5 . 0 1 4 . 7 14.5 1 4 . 3 

80 19.888 1 8 . 2 0 1 17 .198 1 6 . 5 0 3 1 5 . 9 8 4 1 5 - 5 8 5 1 5 . 2 8 9 1 5 . 0 2 0 1 4 . 8 2 1 

7 5 2 0 . 6 9 8 1 8 . 9 0 0 17.827 1 7 . 0 8 8 1 6 . 5 3 6 1 6 . 1 0 8 1 5 . 7 9 1 1 5 . 5 0 5 1 5 . 2 9 2 

7 0 2 1 . 5 8 3 19.691 18.540 1 7 . 7 5 0 1 7 . 1 6 0 1 6 . 7 0 1 1 6 . 3 5 9 1 6 . 0 5 4 1 5 . 2 8 4 

6 5 2 2 . 6 1 2 20.600 19.371 1 8 . 5 2 3 17.886 1 7 . 3 9 5 1 7 . 0 2 3 1 6 . 6 9 7 1 6 . 4 4 6 

6o 2 3 . 9 2 1 . 7 2 0 . 3 1 9 . 4 1 8 . 6 1 8 . 1 17 -7 1 7 . 4 1 7 . 1 

55 2 5 - 4 2 3 . 0 2 1 . 4 2 0 . 5 19.6 19.1 1 8 . 7 1 8 . 3 1 8 . 0 

5o 27.2 24.5 2 2 . 6 2 1 . 7 2 0 . 6 2 0 . 1 1 9 . 6 19.2 1 8 . 9 
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Table 3. Harvester Processing Time Correctional Time Values (in seconds) 
Relative to Diameter at Breast Height 

Survival Ranges 

D.B.H. 
Less than 
.675 

Equal to or 
Greater than 
.675 and Less 
than .725 

Equal to or 
Greater than 
.725 and Less 
than .775 

Equal to and 
Greater than 
.775 

1* -0.39* -0.31*3 -0.333 -0.325 
5 +0.000 +0.000 +0.000 +0.000 
6 +0.351 +3.31*3 +0.333 +0.325 
7 +0.817 +0.795 +0.775 +0.758 

C
O

 

+1.179 +1.11*5 +1.115 +1.089 
9 +1.539 +1.1*93 +1.1*53 +1.1*19 

10 +2.1*33 +2.369 +2.313 +2.265 
11 +3-327 +3.21*5 +3.173 +3.111 
12 +1*.221 +1*.121 +1*.033 +3.957 
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Table 1*. Harvester Processing Times Determined by Simulation Model 
versus Processing Times Computed with Correctional Time 
Values 

Processing Time Processing Time Error 
(Seconds per (Seconds per (Seconds 

In i t i a l Planting Harvestable Tree) Harvestable Tree) per 
Densities Based on Based on Correctional Harvestable 
(Trees per Acre) Simulation Model Time Values Tree) 

7 . 5 Inch D.B.H. and . 7 5 Survival 

2 0 0 2 1 . 5 8 6 2 1 . 6 1 * 3 . 1 5 7 

3 0 0 1 9 . 7 8 9 19.Qh^ . 0 5 6 

1 * 0 0 1 8 . 7 1 7 18.772 . 0 5 5 

5 b o 1 7 . 9 7 9 1 8 . 0 3 3 . 0 5 1 * 

6 0 0 17.1*27 1 7 . 1 * 8 1 . 0 1 * 1 * 

7 0 0 16.999 1 7 . 0 5 3 . 0 5 1 * 

8 0 0 1 6 . 6 8 1 1 6 . 7 3 6 . 0 5 5 

9 0 0 1 6 . 3 9 6 1 6 . 1 * 5 0 . 0 5 1 * 

1 0 0 0 1 6 . 1 8 3 16 . 2 3 7 . 0 5 1 * 

1 0 Inch D.B.H. and . 7 5 Survival 

2 0 0 2 3 . 0 1 2 2 3 . 0 1 1 . 0 0 1 

3 0 0 2 1 . 2 1 2 21 . 2 1 3 . 0 0 1 

1 * 0 0 2 0 . 1 1 * 0 2 0 . 1 1 * 0 . 0 0 1 

5 0 0 19 .1*01 1 9 . 1 * 0 1 . 0 0 0 

6 0 0 1 8 . 8 1 * 9 1 8 . 8 1 * 9 . 0 0 0 

7 0 0 18 .1*21 1 8 . 1 * 2 1 . 0 0 0 

8 0 0 1 8 . 1 0 1 * 1 8 . 1 0 1 * . 0 0 0 

9 0 0 1 7 . 8 1 9 1 7 . 8 1 8 . 0 0 1 

1 0 0 0 1 7 . 6 0 5 1 7 . 6 0 5 . 0 0 0 

1 0 Inch D.B.H. and . 6 5 Survival 

2 0 0 2 5 . 0 1 4 * 2 5 . 0 1 * 5 . 0 0 1 

3 0 0 2 3 . 0 3 1 2 3 . 0 3 3 . 0 0 2 

koo 2 1 . 8 0 3 2 1 . 8 0 1 * . 0 0 1 

5 0 0 2 0 . 9 5 5 2 0 . 9 5 6 . 0 0 1 

6 0 0 2 0 . 3 1 8 2 0 . 3 1 9 . 0 0 1 

7 0 0 1 9 - 8 2 8 1 9 - 8 2 8 . 0 0 0 

8 0 0 1 9 . 4 5 5 1 9 . 1 * 5 6 . 0 0 1 

9 0 0 1 9 . 1 2 5 1 9 . 1 3 0 . 0 0 5 

1 0 0 0 1 8 . 8 7 8 1 8 . 8 7 9 . 0 0 1 
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can harvest $0 feet of a tree in a single processing sequence. The 

harvester must be recycled to harvest more than 56 feet of the tree on 

trees higher than 65 feet which have merchantable stems longer than 50 

feet. For trees slightly higher than 65 feet, l i t t l e volume is lost in 

the top above 5 6 feet and i t i s not economical to recycle the harvester 

for this snail volume of wood. In view of this , the harvester simulation 

model i s programmed to harvest only 50 feet of the merchantable stem on 

trees over 65 feet high. The volume lost i s accounted for in the 

economic model. In addition, the harvester processing time is not con­

sidered to be affected by tree height if the harvester i s not recycled. 

I t i s also necessary to determine the time required to process 

the last tree of a load. The hydraulic suspension system alerts the 

operator when 13,000 pounds of wood i s supported by the harvester. After 

being alerted, he s tarts positioning the harvester to unload the load. 

While the operator i s positioning the harvester, the last tree i s auto­

matically being processed by the harvester. The economic model computes 

the load processing time from the number of trees per load and the pro­

cessing time per tree as determined by th i s harvester simulation. The 

economic model also determines the unloading time. The economic model 

then computes the tota l harvester operating time, per load, as a sum of 

the load processing time and the unloading time. Since the las t tree i s 

processed during the unloading time, the processing time on the la s t tree 

of the load, after the shear raising, i s subtracted from the above sum 

to determine the correct harvester operating time per load. 

The time (in tenths of seconds) required to process the last tree 

i s the difference between savexes 123 and 172 for tree number 106. Savex 
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123 i s the clock time when the raising of the shear i s complete. 

Savex 172 i s the clock time when the conveyer completes processing a 

tree . Diameter is the only characteristic that affects this time. 

The processing times are computed for D.B.H. values of 5 to 10 inches 

(in 1 inch increments) and interpolated to k and 12 inches. The results 

are presented in Table 5. These data are used in the economic model. 
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Table Time Required to Complete Processing of the Last Tree 
in a Load versus Diameter at Breast Height 

D.B.H. Time Required to Complete Processing 
(Inches) of the Last Tree in a Load (Seconds) k 28.2 

5 28.2 

6 28.2 

7 28.2 

8 29.3 

9 29.7 

10 30.2 

11 30.73 

12 31-32 
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CHAPTER VII 

FOREST GROWTH MODEL 

Discussion of the Forest Growth Model 

The design of pulpwood harvesting machines and the characteristics 

of trees and forest being harvester should be highly compatible with 

each other. Tree and forest characteristics are determined by forest 

planning and management policies. A forest growth simulation model is 

developed to determine tree and forest characteristics at harvesting time 

relative to forest'planning and management alternatives. The tree char­

acteristics considered are tree height, D.B.H., weight, and volume. The 

forest characteristics considered are the forest yield and tree d i s t r i ­

bution as determined by i n i t i a l planting densities and survival rates . 

Forest planning determines the i n i t i a l planting density and the s i te in­

dex of the land on which the trees are planted. Forest management de­

termines the age at which the forest is harvested. The results of the 

forest growth model and the harvester simulation model are used by the 

economic model to economically evaluate the machine design in conjunction 

with forest planning and management alternatives. 

The forest growth model i s based on tree growth regression equa­

tions developed by Bennett, McGee, and Clutter (16) and tree growth sup­

pression data developed by Nelson, Lotti , Brender, and Trousdell (17)» 

The regression equations were developed from tree growth observed on old-

field slash pine plantations in the Georgia Costal Plain and the Carolina 
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Sandhills. The forest planning and management related to these data are 

considered representative of future forest planning and management. The 

regression equations are developed from data gathered from 3 0 8 plots as 

described in Table 6 . 

A major problem was encountered due to the low ages of the sample 

plots. The regression equations do not adequately account for growth 

suppression that occurs at higher tree ages when the trees s tart saturat­

ing the land. The most valuable data relative to growth suppression are 

found in a technical paper by Nelson, Lott i , Brender, and Trousdell ( 1 7 ) 

on volume growth in natural loblolly pine stands. This work identifies 

the square feet of basal area per acre for full stocking relative to 

D.B.H. and the basal areas for optimal growth rates relative to s i te 

index. After a review of the data presented by Nelson, Lotti, Brender, 

and Trousdell ( 1 7 ) , i t i s assumed that growth suppression begins at 

the basal areas identified at the maximum growth rates . 

The data on natural loblolly pine stands are used to estimate the 

basal area (relative to D.B.H. and site index) where growth suppression 

s t a r t s . These data are also used to estimate the growth rates subsequent 

to suppression in i t iat ion. 

Development of the Forest Growth Model 

The forest growth model is programmed in DYNAMO computer language 

( 1 2 ) . This language is used because of i t s adaptability for dynamic feed­

back systems in business, economics, or engineering and i t s ab i l i ty to 

translate mathematical models into tabulated and plotted resul ts . 

The economic model requires extensive data from the forest growth 
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Table 6. Distribution of Sample Plots by Age and Site Index (Age 25) 

Age Site Index 
Class 30 40 50 60 70 80 Total 

10 - 2 2 27 12 2 U5 
13 - 2 5 22 27 3 59 
16 2 1 U 49 hi 6 109 

19 - 1 10 31 36 1 79 
22 - 2 1 9 - - 12 
?5 - - 1 1 1 - 3 
28 - - - - 1 - 1 

TOTAL 2 CO
 23 139 12b, 12 308 
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model. Also, the forest growth model i s closely related to the economic 

model in that both have the same time base. In view of th i s , the forest 

growth model and the economic model are programmed as two sections of a 

joint model and run simultaneously. 

The forest growth model consists of 12 subprograms numbered 1 

through 12. The forest growth simulation model and sample printout are 

contained in Appendix I I I . The purpose of each subprogram i s as 

follows: 

(1) Subprogram 1 assigns values to computational constants. 

(2) Subprogram 2 computes time variables used in the model. 

(3) Subprogram 3 computes the tree D.B.H. 

(U) Subprogram k computes the tree height. 

0>) Subprogram $ computes tree survival rates . 

( 6 ) Subprogram 6 computes tree basal areas per acre. 

(7) Subprogram 7 computes the basal area for the next year when 

growth suppression occurs. 

(8) Subprogram 8 computes the D.B.H. suppression factor when 

growth suppression occurs. 

(9) Subprogram 9 computes the basal area value at which growth 

suppression occurs. 

(10) Subprogram 10 computes the basal area increase during the 

next computational interval relative to the basal area increase during 

the past computational interval when growth suppression occurs. 

(11) Subprogram 11 computes the unsuppressed basal area at the 

next computational instant. 

(12) Subprogram 12 computes the yield per acre. 
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D e v e l o p m e n t o f e a c h o f t h e f o r e s t g r o w t h m o d e l s u b p r o g r a m s i s 

d i s c u s s e d i n d e t a i l . 

S u b p r o g r a m 1 

C e r t a i n c o m p u t a t i o n a l c o n s t a n t s a r e u s e d i n m a n y a p p l i c a t i o n s i n 

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

a s s i g n e d v a l u e s b y t h i s s u b p r o g r a m . 

C o m p u t a t i o n a l c o n s t a n t s X a n d P a r e a s s i g n e d a v a l u e o f 1 . S I T E I 

i s a s s i g n e d t h e v a l u e o f t h e l a n d s i t e i n d e x , b a s e d o n 25 y e a r s , f o r 

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

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

1/2.3025851 • 

S u b p r o g r a m 2 

T h e t r e e g r o w t h m o d e l a n d t h e e c o n o m i c m o d e l a r e b a s e d o n t i m e . 

T h e t r e e a n d f o r e s t c h a r a c t e r i s t i c s a r e c o m p u t e d a t 1 y e a r i n c r e m e n t s f r o m 

p l a n t i n g t i m e t o 1*0 y e a r s . 

T h e m o d e l ' s b a s i c t i m e v a r i a b l e i s N . T h e v a r i a b l e N i s i n i t i a l l y 

s e t e q u a l t o 0 a n d t h e n i n c r e a s e d b y 1 b e t w e e n e a c h c o m p u t a t i o n a l i n s t a n t . 

M o s t m o d e l t i m e c a l c u l a t i o n s a r e b a s e d o n t h e v a r i a b l e A G E . A G E i s e q u a l 

t o 1 w h e n N i s l e s s t h a n 1 o r A G E i s e q u a l t o N w h e n N i s e q u a l t o 1 o r 

m o r e . A G E i s n o t a l l o w e d t o b e l e s s t h a n 1 b e c a u s e i t i s u s e d a s t h e 

d i v i s o r i n s e v e r a l e q u a t i o n s . T h e c o m p u t a t i o n s f o r N a n d A G E a r e 

s u m m a r i z e d b e l o w : 

1 L N . K » N . J + ( D T ) ( + N R - 0 ) 
C N R = 1 

6N N=0 
7 A N 1 .K - - - -P+N.K 
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S1A NC.K«CLIP(+0,1,N.K,+1) 
7A NX.K«N.K+NC.K 
6A AGE.K-NX.K 

N.K • Value of N for Current Computational Instant 
N.J 88 Value of N for Previous Computational Instant 
NR • Time Increment Value (NR equals one year for th is 

model.) 
N1. K * Value of N at Next Computational Instant 
NC = CLIP Function (NC equals 1 when N.K is less than 1 or 

NC equals 0 when N.K is 1 or greater.) 
NX.K * N.K or 1 (NX.K equals 1 when N.K i s 1 or greater or 

NX .K equals 1 when N .K i s less than 1.) 
AGE.K = Tree Age at Current Computational Instant 

The inverse of AGE is used in the rate of return computations in 

the economic model. The inverse of AGE is identified as NIV and computed 

by the following equation: 

20A NlV.K-P/toX.K 

NIV.K » Inverse of AGE 
P = 1 (P i s a computational constant established by 

subprogram 1.) 
NX.K ..- N.K or 1 

Many computations in the model are computed during the current 

computational instant for the next computational instant. XAGE i s 

identified as the time variable for computations for the next 

computational instant. XAGE is computed as follows: 

7A XAGE. K=AGE. K+P 

XAGE.K * Tree Age at Next Computational Instant 
AGE.K « Tree Age at Current Computational Instant 
P • • 1 (P i s a computational constant established by 

subprogram 1.) 

Subprogram 3 

Prior to growth suppression, D.B.H. i s a function of tree age, 
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s i te index of the land, and surviving trees per acre. The regression 

equation (16) for unsuppressed D.B.H (DBHT) i s as follows: 

LogDBHTO. 6 5 0 7 1 2 + 0 . 0 0 0 2 1 9 (AGE) (SITEI) - 0.23k5hk (LogXSTAF) + 0 . 3 1 1*215 (LogSITEI) 

The unsuppressed D.B.H. (DBHT) i s computed as follows: 

1 2 A DBHA1. K® (AGE. K) (SITEI .K) 
1 2 A DBHA.K»(0.000219)(DBHA1.K) 
2 9 A DBHB1 .K-(F.K )L0GN (XSTAF.K) 
1 2 A D B H B . K * ( 0 . 2 3 4 5 o l + ) (DBHB1 .K) 
29A DBHC1 .Ks(F.K)L0GN (SITEI. K) 
12A DBHC. K= ( 0 . 3 1 i |215) (DBHC1. K) 
9 A DBHL.K*+0.650712+DBHA.K-DBHB.K+DBHC.K 
1 2 A DBHL1 . K s ( 2 . 3 0 2 5 8 5 1 ) (DBHL.K) 
28A DBHT.K«(X.K)EXP(DBHL1.K) 

DBHA1 .K = Computational Factor for DBHA.K 
AGE.K 53 Tree Age (AGE.K i s computed by subprogram 2 . ) 
SITEI.K = Site Index of the Land (Value of SITEI.K i s assigned 

by subprogram 1 . ) 
DBHA.K * Second Term of Regression Equation 
DBHB1 .K • Computational Factor for DBHB.K 
F.K • 1 (F.K i s a computational constant established by 

subprogram 1 . ) 
XSTAF.K -'. Sui*viving Trees per Acre (Value i s computed by 

subprogram 5«) 
DBHB.K • Third Term of Regression Equation 
DEHC1 .K • Computational Factor for DBHC.K 
DBHL.K - Common Logarithm of DBHT 
DBHL1. K • Natural Logaritlim of DBHT 
X.K * 1 (X.K i s a corajmtational constant established by 

subprogram 1 . ) 
DBHT.K 88 Unsuppressed D.B.H. at Current Computational Instant 

The variable DBHT does not account for growth suppression. A 

D.B.H. suppression factor (BASLU) i s used to account for growth sup­

pression. The product of BASLl; and DBHT i s used to compute DBH. DBH 

i s the value used for a l l computations requiring the D.B.H. value for 

current computational instants. DBH i s computed by the following 

equation: 
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12A D B H . K ~ ( B A S L l i . K ) ( D B H T . K ) 

DBH.K « D.B.H. Value for Current Computational Instant 
BASLli.K « D.B.H. Suppression Factor (BASLli.K i s computed by-

subprogram 8, and i t i s equal to 1 when suppression 
does not occur.) 

DBHT.K • Unsuppressed D.B.H. at Current Computational Instant 

Subprogram k 

The tree height i s a function of tree age and s i te index of the 

land. The regression equation (16) for tree height i s presented 

below: 

LogHGH«LogSJTEI+5.U0638% " ^ ) 

The tree height (HGH) i s computed as follows: 

6A HGHB.K-DEHC1.K 
20A HGHA2.K-1/25 
2QA HGHA3»K«1 /AGE .K 
7A HGHA1. K»HGHA2. K-HGHA3 • K 
12A HGHA.K»(5.1|0638) (HGHA1 .K) 
7A HGHL.K-HGHB. K+HGHA.K 
12A HGHL1. K» (2.3023J851) (HGHL. K) 
28A HGH.K»(X.K)EXP(HGHL1.K) 

DBHB.K - First Term of Regression Equation (DBHB.K i s equal to 
DBHC1.K which i s computed in subprogram 30 

HGHA2.K • Computational Term for HGHA1 
HGHA3-K « Computational Term for HGHA1 
HGHA1 .K * Computational Factor for HGHA.K 
HGHA.K • Second Term of Regression Equation 
AGE.K = Tree Age (AGE.K i s computed by subprogram 2.) 
HGHL.K • Common Logarithm of Tree Height 
HGHL1 .K • Natural Logarithm of Tree Height 
X.K = 1 (X.K is a computational constant established by 

subprogram 1.) 
HGH.K • Tree Height at Current Computational Instant 

Subprogram $ 

This subprogram estimates tree survival. Limited information i s 
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available that provides guidance on survival. Therefore, the following 

equation was developed to estimate the harvestable surviving trees per 

acre at yearly increments after planting. 

52L HSTPA.K=HSTPA.J+(DT)(RTPA.JK-I]m.JK-AMR.JK-MDRT1 .JK) 

HSTPA.K = Harvestable Surviving Trees per Acre for Current 
Computational Instant (The i n i t i a l value of HSTPA i s 
set at 200.) 

HSTPA.J = Harvestable Surviving Trees per Acre for Prior 
Computational Instant 

RTPA.JK • Correctional Term (RTPA accounts for changes in i n i t i a l 
planting densities during model reruns.) 

INMR.JK = Correctional Term (INMR accounts for planting 
casualties per acre.) 

AMR.JK *• Annual Casualty Rate Between the Prior and Current 
Computational Instants 

M0RT1.JK= Annual Miscellaneous Casualty Rate Between the Prior 
and Current Computational Instants 

The i n i t i a l planting density (TPA) i s assigned a value of 200 trees 

per acre for the i n i t i a l simulation run in a group of simulation reruns. 

The i n i t i a l value of HSTPA is assigned a corresponding value of 200. TPA 

i s changed to account for different planting densities on simulation re­

runs (HSTPA is not changed on reruns) and RTPA i s a correctional term 

that automatically corrects HSTPA to account for a change in TPA. Com­

putations for RTPA are summarized as follows: 

C TPA«200 
7A TPA2.K*TPA-200 
£1A TPA1.K*CLIP(TPA2.K,0,N.K,1.0) 
5TR RTPA.KL=CLIP(0.0,TPA1 .K,N.K,2.0) 

TPA • I n i t i a l Planting Density in Trees per Acre 
TPA2.K * Correctional Term Value 
TPA1.K -. CLIP Function 
RTPA.KL • CLIP Function (The two CLIP functions work together to 

apply the planting density correctional factor during 
the third computational instant.) 

N.K e Years Since Planting at Current Computational Instant 
(N.K is computed by subprogram 2.) 
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I t i s necessary that the harvestable surviving trees per acre 

(HSTPA) be corrected to account for planting casualties. The correctional 

term for planting casualties (INRM) i s computed as follows: 

7A INMP.K-1 .O-INSUP 
C BISUP-0.88 
12A BW.K«(TPA)(INMP.K) 
51A INMN1 .K=CLL?(INMN.K,0,N.K,1.0) 
£1R MMR.KL*CLIP(0.0,INMN1.K,N.K,2.0) 

INSUP = Planting Survival Rate (This i s estimated at 88 
percent.) 

INMP.K - Percentage of Trees That are Planting Casualties 
BJMN.K - Planting Casualties per Acre 
INMNLK* CLIP Function 
INMR.KL = CLIP Function (The two CLIP functions work together to 

apply the planting casualty correctional factor during 
the th ird computational instant.) 

N.K • Years Since Planting at Current Computational Instant 
(N.K i s computed by subprogram 2.) 

TPA - In i t i a l Planting Density in Trees per Acre 

The annual casualty rate (AMR) is estimated by the following 

equation: 

13R AMR.KL* (HSTPA .K) (BASA3 • K) (AMPC) 

HSTPA.K 88 Harvestable Surviving Trees per Acre 
BASA3.K - Basal Area Percent of Full Stocking (BASA3 is computed 

by subprogram 10.) 
AMPC » Basic Annual Casualty Rate (AMPC i s estimated at 1.2 

percent.) 

The miscellaneous annual casualty rate (MDRT1) i s used to account 

for effects on harvestable tree casualties such as very dry periods, 

insect infestation, and disease infestation. This term is added to give 

the model f lexibi l i ty . I t i s assigned 0 values for this simulation. 

MDRT1 i s computed as follows: 
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1 2A MDRT1.KL= (MDRT2.K) (HSTPA .K) 
5 9 A MORT2.K=TABLE(MORT3,N.K,0,i+0,i+0) 
C MDRT3*=0/0 

MDRT1.KL= Annual Miscellaneous Casualties per Acre 
MDRT2.K = Annual Miscellaneous Casualty Percentage 
MDRT3# = Annual Miscellaneous Casualty Percentage for Each Year 
HSTPA.K = Harvestable Surviving Trees per Acre for Current 

Computational Instant 
N.K = Years Since Planting at Current Computational Instant 

(N.K is computed by subprogram 2.) 

Basal area and D.B.H. computations are based on the number of 

defective and harvestable trees on an acre. Defective trees are estimated 

to be 20 percent of the casualties. The to ta l number of harvestable and 

defective trees per acre (XSTAF) is computed by the following equations: 

11+A XSTAF.K=HSTPA.K+(M0HT.K)(0.2) 
$21 M0RT.K=MDRT.J+(DT)(lNMR.JK+AMR.JK+M0RT1.JK+0.0) 

XSTAF.K = Harvestable Trees and Defective Trees per Acre at 
Current Computational Instant 

HSTPA.K = Surviving Harvestable Trees per Acre at Current 
Computational Instant 

MORT.K = Cummulative Casualties at Current Computational Instant 
(WDRT includes defectives and f a t a l i t i e s , and defect­
ive trees are estimated at 20 percent of the casualties.) 

MDRT.J = Cummulative Casualties at Prior Computational Instant 
INMR.JK = Correctional Term (INMR accounts for trees per acre 

that are planting casualties.) 
AMR.JK = Annual Casualty Rate Between the Prior and Current 

Computational Instants 
MDRT1 .JK= Annual Miscellaneous Casualty Rate Between the Prior 

and Current Computational Instants 

Subprogram 11 computes the unsuppressed basal area (BAXAS) for the 

next computational instant (year N+1). The number of harvestable and 

defective trees (XSTPA) at the next computational instant must be e s t i ­

mated. In order to compute XSTPA, i t is assumed that the change in 

defective and harvestable trees i s the same between the current and next 
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computational instants as i t i s between the prior and current computational 

instants. The computations for estimating XSTPA are summarized as 

follows: 

6A STPA1*1 .K-XSPAF.K 
37B STPA1,K=B0XLIN(2,1) 
C STPA1*=1/1 
7A STPA2 ,K=STAF. K-STPA1 *2. K 
51A STPA6.K=CLIP(SrPA2.K,0.0,N.K,3.0) 
7A XSTPA. K=XSTAF. K+STPA6. K 

STPA1*1. 

STPA1.K 

STPA1-K2. 

STPA1* 
XSTAF.K 

STPA6.K 

XSTPA.K 

K = 

K = 

Helps STPA1.K and STPA1*2.K Delay XSTAF.K Values 1 
Computational Interval 
Helps STPA*1.K and STPA1*2.K Delay XSTAF.K Values 1 
Computational Interval 
Surviving Harvestable and Defective Trees per Acre at 
Prior Computational Instant 
In i t ia l Values of STPA1.K 
Surviving Harvestable and Defective Trees per Acre at 
Current Computational Instant 
CLIP Function (CLIP function does not allow feedback 
of STPA2 values unti l fourth computational instant to 
allow model stabilization.) 
Estimated Harvestable and Defective Trees at Next 
Computational Instant 

The harvestable surviving tree percentage (SURP) of i n i t i a l 

planting density is computed by the following equation: 

20A SURP.K«HSTPA.K/TPA 

SURP.K • Harvestable Surviving Tree Percentage of In i t ia l 
Planting Density at Current Computational Instant 

HSTPA.K * Surviving Harvestable Trees per Acre at Current 
Computational Instant 

TPA = In i t ia l Planting Density in Trees per Acre 

Subprogram 6 

Basal area i s the square feet of tree cross section at breast 

height. Basal area per acre i s used to estimate when growth suppression 

occurs. The basal area per acre (BASAS) i s computed as follows: 
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1 3 A BASATOK»(3.1U15927)(DBH.K)(DBH.K) 
20A B A S A F . K - B A S A T . K A 
UUA BASAS.K=(BA.SAF„K) (XSTAF.K)/1UU 

DBH.K * Tree Diameter at Breast Height at Current Computational 
Instant (DBH i s computed by subprogram 3.) 

BASAT.K " Computational Factor for BASAF 
BA.SAF.K = Cross Sectional Area of Individual Trees (BASAF i s in 

square inches.) 
XSTAF.K = Surviving Harveistable and Defective Trees per Acre at 

Current Computational Instant (XSTAF i s computed by 
subprogram 5») 

BA.SAS.K «= Basal Area per Acre (BASAS i s in square feet.) 

Subprogram 7 

When growth suppression is necessary, the D.B.H. growth i s sup­

pressed. Basal area i s directly related to D.B.H. and tree density. 

During growth suppression the basal area increases, between the current 

and next computational instants, are assumed less than the increase be­

tween the prior and current computational instants . Subprogram 10 deter­

mines a factor (BASAu) that estimates the basal area increase between the 

current and next computational Instants relative to the increase from the 

prior to the current computational instants . This subprogram estimates 

the basal area (BAXA3) at the next computational instant . Computations 

for the B&SAS are summarized below: 

6A BASA1*1 .K«BASAS.K 
37B BASA1 .K«B0XLIN(2,1) 
C BASAHM/0 
7A BASD2. K-BASAS .K-BASA1 *2 ,K 
12A BAXA2.K«(BASAU.K) (BASD2.K) 
7A BAXA3.K-BASAS.K+BAXA2.K 

BASA1*1.K = Helps BASAT.K and BASA1*2.K Delay BASAS.K Values 1 
Computational Interval 

BA.SA1 .K » Helps BASA1#1 .K and B/LSA1*2.K Delay BASAS.K Values 1 
Computational Interval 

BASA1 *2 .K * Basal Area per Acre at Prior Computational Instant 
BASA1* » In i t ia l Values for BASA1 .K 
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BASAS.K = Basal Area per Acre f o r Current Computational I n s t a n t 
(BASAS.K i s computed by subprogram o . ) 

BASD2.K = Change i n Basal Area Between t h e P r i o r and Current 
Computational I n s t a n t s 

BASAS.K = Basal Area Suppression Fac to r (BASAl; i s computed by 
subprogram 10. ) 

BASA3.K = Est imated Basal Area a t Next Computational I n s t a n t 

Subprogram 8 

This subprogram computes t he D.B.H. suppress ion f a c t o r (BASLJ4). 

P r i o r t o growth suppress ion , t h e t r e e D.B.H. i s equal t o t he D.B.H. r e ­

g r e s s i o n equat ion i n (subprogram 3* When growth suppress ion o c c u r s , t h e 

r e s u l t s of t h e r e g r e s s i o n equa t ion i s suppressed by BASLl* i n subprogram 

3 . 

Subprogram 11 computes the b a s a l area (BAXAS) t h a t r e s u l t s from 

an unsuppressed D.B.H. a t t he next computat ional i n s t a n t . Subprogram 7 

computes t h e suppressed b a s a l a rea (BAXA3) a t t h e next computat ional 

i n s t a n t . The D.B.H. suppress ion f a c t o r (BASLij) i s ass igned a va lue t o 

suppress t h e D.B.H. r e g r e s s i o n equa t ion r e s u l t s so t h a t t h e b a s a l a r ea 

a t the next computat ional i n s t a n t i s equal t o t h e BAXA3 va lue i n s t e a d of 

t h e BAXAS v a l u e . The BASLlj. va lue i s delayed 1 computat ional i n t e r v a l 

be fore i t i s used by subprogram 3* 

Subprogram 9 computes t h e b a s a l a rea (BASA3?) a t which growth sup­

p r e s s i o n s t a r t s . Subprogram 6 computes t h e r e s u l t i n g b a s a l a rea (BASAS) 

a t t h e cu r r en t computat ional i n s t a n t . Subprogram 10 computes t h e r a t i o 

(BASA3) of t h e c u r r e n t b a s a l a r ea (BASAS) t o t h e b a s a l a r ea (BASAS) a t 

which suppress ion s t a r t s . When BASA3 i s l e s s than 1 , BASLi* i s equa l 1j 

and when BASA3 exceeds 1 , BASLl; i s a s s i g n e d v a l u e s t o p rov ide t h e sup­

p r e s s e d b a s a l a r ea (BAXA3). Computations for BASLlj a r e summarized 
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as fo l lows: 

20A BAXAu.K=BAXA3.K/BAXAS.K 

51A BAXA6.K=CLIP(BAXAu.K,0.000001,BAXAU.K,0.000001) 

3 0 A BASL3.K=(1)SQRT(BAXA6.K) 
51A BASL5 .K=CLIP(BASL3 .K ,1 .0,BASA3 .K ,1 .0) 
6A BASL6*1.K=BASL5.K 
37B BASL6 .K=B0XLIN(2,1) 
C BASL6*-=1/1 
6A BASLu. K=BASL6*2. K 

BAXAlj.K = Rat io of Suppressed Basal Area t o Unsuppressed Basal 
Area a t the Next Computational I n s t a n t 

BAXA3-K = Suppressed Basal Area a t t he Next Computational I n s t a n t 
(BAXA3 i s computed by subprogram 7 . ) 

BAXAS.K = Unsuppressed Basal Area a t the Next Computational 
I n s t a n t (BAXAS i s computed by subprogram 1 1 . ) 

BAXA6.K = CLIP Funct ion (BAXA6.K holds BAXAS.K va lues p o s i t i v e . ) 
BASL3.K = D.B.H. Suppression Value 
BASL5.K = CLIP Function (BASL5.K i s ass igned t h e va lue of 

BASL3.K when BASA3.K i s ass igned a va lue of 1 when 
BASA3.K i s l e s s than 1 . ) 

BASA3-K = Ra t io of Current Basal Area t o Basal Area Value a t 
Which Suppression S t a r t s (BASA3 i s computed by 
subprogram 1 0 . ) 

BASL6VI .K= Helps BASL6.K and BASL6*2.K Delay BASL5.K Values 1 
Computational I n t e r v a l 

BASL6.K * Helps BASL6VI .K and BASL6*2.K Delay BASL5-K Values 1 
Computational I n t e r v a l 

BASL6*-2.K= BASL5.K Value a t P r i o r Computational I n s t a n t 
BASL6* » I n i t i a l Values of BASL6.K 
BASLK.K « D.B.H. Suppression Fac to r 

Subprogram 9 

The r e g r e s s i o n equa t ions f o r t r e e growth c h a r a c t e r i s t i c s , developed 

by Bennet t , McGee, and C l u t t e r (16), do not adequate ly account fo r growth 

suppress ion a t t he hig;her ages . The age d i s t r i b u t i o n fo r t h e sample p l o t s 

(Table 6) i n d i c a t e t h a t t h e r e g r e s s i o n equa t ions a r e based on data of 

which 95 p e r c e n t i s from p l o t s l e s s than 20.5 y e a r s o ld . Tree growth 

suppress ion , a t p l a n t i n g d e n s i t i e s cons idered , normally occurs a t ages 

g r e a t e r than 20.5 y e a r s . 
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The only usable data on growth suppression i s found in a technical 

paper on volume growth in natural loblolly pine stands by Nelson, Lott i , 

Brender, and Trousdell (17). This work identifies the square feet of 

basal area per acre for ful l stocking relative to D.B.H. and the basal 

area at maximum growth rates relative to s i te index. 

The full stocking basal areas per acre relative to D.B.H. i s pre­

sented in Table 7* The following equation for ful l stocking relat ive to 

D.B.H. was developed to represent the data in Table 7-

Full Stocking^33+3(D.B.H.)-(12/(D.B.H.+(li/D.B.H.)))3*7 3-(D.B.H./11 

The results of this equation are also presented in Table 7 for a 

comparison of values. 

The full stocking equation is programmed as follows: 

12A BaSS1.K-(3.0) (DBH.K) 
27A BA£S2.K«(l4.0/Dm.K)+DBH.K 
2 OA BASS3.K»12/BASS2.K 
29A BASS]+.K«(3.73)L0GN(BASS3.K) 
28A BASSS.KO .0)EXP(BASSl4.K) 
20A BA£S6.K«DBH.K/VI 
29A BASS7.K*(U.5)LOGN(BASS6.K) 
28A BASS8.K»(1 )EXP(BASS7.K) 
9A BASS9.K«133+BASS1 .K-BASS5>.K-BASS8.K 

DBH.K • Diameter at Breast Height at Current Computational 
Instant (DBH.K i s computed by subprogram 3-) 

BASS1.K « Second Term of Full Stocking Equation 
BASS2.K « Computational Factor for BASS3.K 
BASS3.K a Computational Factor for BASSl+.K 
RASSl+.K a Computational Factor for BASŜ .K 
BASS5. K « Third Term of Full Stocking Equation 
BASS6.K * Computational Factor for B A S S 7 . K 
B A S S 7 . K * Computational Factor for B A S S 8 . K 
B A S S 8 . K « Fourth Term of Full Stocking Equation 
B A S S 9 . K = Full Stocking Basal Area Relative to D.B.H. 

The above data and. equations identify fu l l stocking relative to 
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Table 7» Basal Area at Full Stocking versus 
Diameter at Breast Height 

Diameter Basal Area Basal Area 
at Breast (in Square Feet) (in Square Feet) 
Height in per Acre by per Acre by Full 
Inches Reference (17) Stocking Equation 

ii 119 119 
6 iUo 11*1.9 

co
 

153 153.13 
10 161 160.65 
12 167 166.63 
Iii 172 171.50 
16 175 175.28 

Table 8 . Growth Suppression Relative to 
Site Index and Full Stocking 

Site 
Index 
(50 year) 

Site 
Index 
(25 year) 

Basal Area (Square 
Feet per Acre) at 
which Growth Sup­

pression i s Initi­
ated (10 Inch 
D.B.H.) 

Full 
Stocking 
Basal Area 
(Square Feet 
per Acre) 
at 10 Inch 
D.B.H. 

Percent of 
Full 
Stocking 
at Which 
Suppression 
In i t ia tes 

Site 
Index 
(50 year) 

Site 
Index 
(25 year) 

Natural 
Stand 

Plantation 
Stand (30 
Percent In­
crease Over 
Natural) 

Full 
Stocking 
Basal Area 
(Square Feet 
per Acre) 
at 10 Inch 
D.B.H. 

Percent of 
Full 
Stocking 
at Which 
Suppression 
In i t ia tes 

100 78 1ii5 188 161 117 
90 70 130 1 6 9 161 105 
80 62.5 118 153 161 95 
70 105 137 161 85 
60 1.6.5 90 117 161 73 
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D.B.H. I t i s now necessary to determine at what percentage of full 

stocking growth suppression s t a r t s . Nelson, Lotti , Brender, and 

Trousdell (17) presented annual volume growth for various s i te indices 

and basal areas per acre. These data are used to identify the basal 

area per acre related to maximum volume growth, at 30 years, for 

various s i te indices. The basal area at maximum volume growth i s 

presented in Table 8 as a function of s i te index. 

The above data are based on 50 year s i te indices. The growth 

model i s based on 25 year s i t e indices. The two s i te indices are 

correlated by the height regression equation in subprogram h» Equivalent 

25 year and 56 year site indices are presented in Table 8. 

Growth suppression i s assumed to be the major cause of the reduced 

growth rate as the basal area becomes greater than the values (related to 

maximum growth rates) in Table 8. Therefore, growth suppression is as­

sumed to s tar t at basal areas that produce the maximum growth rate . 

In order to determine at what percent of ful l stocking suppression 

occurs, i t i s necessary to identify the D.B.H. values related to optimal 

growth rates because the full stocking basal areas are related to D.B.H. 

The maximum growth rate data for 90 foot s i t e index (130 square feet of 

basal area per acre at 30 years) are chosen as base data to relate the 

basal area at maximum growth rate and full stocking. Based on interpo­

lated data from Table 22 of the Forestry Handbook by Forbes (18), i t i s 

estimated that 10 inch D.B.H. trees would be grown on a 90 foot s i te with 

130 square feet of basal area per acre at 30 years. According to Table 

7, the fu l l stocking basal area for 10 inch D.B.H. trees i s 161 square 

feet of basal area per acre. 
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The data presented by Nelson, Lotti , Brender, Trousdell (17), and 

Forbes (18) are based on natural stands. Millar (11;) reports that most 

of the important softwood and hardwood species in the United States are 

intolerant of shade which means they grow best in stands of approximately 

the same age. Dyck (1) reports that properly planned and managed forests 

can produce productivity increases of over 30 percent. Millar's and 

Dyck's statements are interpreted to mean that geometrically oriented, 

even-aged forest stands have productivity approximately 30 percent 

greater than related natural stands. In view of th i s , i t i s assumed that 

the basal area related to optimal growths in forest plantations is approx­

imately 30 percent higher than related basal areas in natural stands. 

Therefore, the basal areas related to optimal annual growth for natural 

stands i s increased by 30 percent to account for improved growing condi­

tions related to plantation forest stands. The resulting increased 

basal areas are presented in Table 8. 

The increased basal area for plantation forest stands, at 90 foot 

s i te index, i s compared to the full stocking basal area for the 10 inch 

D.B.H. to determine the percent of fu l l stocking at which suppression i s 

in i t iated. I t i s assumed that the maximum growth basal areas at other 

s i te indices are similarly related to fu l l stocking at 10 inch D.B.H. 

values. The percent of ful l stocking for 10 inch D.B.H. at which sup­

pression is ini t iated i s computed for other s i te indices and presented 

in Table 8. 

The percentages of ful l stocking, in Table 8, are plotted relative 

to 2$ year s i te indices. This data closely f i t s a straight line between 

65 percent for s i te index 1+0 and 120 percent for s i te index 80. I t is 



92 

assumed that these percentages can be applied to ful l stocking at other 

D.B.H.s. 

The above data are used to determine the basal area (BASA5) at 

which growth suppression starts relative to s i te index and D.B.H. Com­

putation of BASA5> i s summarized as follows: 

5 9 A BAS10. K=TABLE(BAS11, SITEI, 2,0,80,1*0) 
C BAS11*0.65/1-20 
12A BASA5-K=(BASS9.K)(BAS1O.K) 

BAS10.K = Percent of Full Stocking at Which Growth Suppression 
Is Init iated 

BAS11* - Table Values for BAS10.K 
SITEI • Site Index of Land (SITEI is assigned values by 

subprogram 1.) 
BASS9.K - Basal Area Relative to D.B.H. at Full Stocking 

(BASS9.K i s in square feet per acre.) 
BASA5»K 83 Basal Area at Which Growth Suppression Is Init iated 

(BASA5 is in square feet per acre.) 

Subprogram 10 

This subprogram determines the degree that growth will be sup­

pressed between the current and next computational instants as compared 

to the growth between the prior and current computational instants . 

Growth suppression i s assumed to result from trees competing for 

growing space and nutrients. As the trees grow larger, their require­

ments increase while the growing space and nutrients remain constant. 

In view of th i s , i t i s assumed that suppression begins at a zero value 

and progressively increases unt i l growth ceases. 

Projections of basal area versus growth data (17) indicates that 

basal area growth i s completely suppressed at approximately 150 percent 

of the basal area at which suppression i s ini t iated. 

Therefore, i t i s expected that the slope of the basal area versus 
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age curve will progressively decrease from the slope of the curve where 

suppression is in i t iated. As age further increases, the curve should 

asymptotically approach zero slope at approximately 150 percent of the 

basal area value at which growth suppression is in i t iated. 

Subprogram 7 computes the basal area at the next computational 

instant when growth suppression occurs. The suppressed basal area 

(BASA3) is determined by requiring the basal area increase between cur­

rent and next computational instants to be a percentage (BASAU) of the 

basal area increase between the prior and current computational instants . 

The basal area suppression factor (BASAlO is assigned values so that 

growth is suppressed as described above (progressively decreasing slope 

when suppression i s initiated and asymptotically approaching zero slope 

at approximately 1 50 percent of the value of basal area (BASA5) at 

suppression ini t iat ion)• 

Experimentation was conducted to determine a means of computing 

values of BASAii (basal area suppression factor) that would produce the 

desired growth suppression. The desired curve results if BASAl* is assigned 

values linearly from 1.0 to 0.5 as values of BASA3 (raised to the U .2 

power) increase from 1 to 7 . B A S A 3 i s the ratio of BASAS to BASA5. 

BASAS is the basal area at the current computational Instant and i t i s 

computed by subprogram 7 * BASA5 is the basal area at which suppression 

i s Initiated and i t i s computed by subprogram 9 . 

The computation of BASAli i s summarized as follows: 

20A BASA3 .K-BASAS. K/BA.SA5 • K 
5 1 A BAXA9.K-CLIP(BASA3.K,1.0,BASA3.K,1.0) 
29A BAXA7.K-(U.20)LOGN(BAXA9.K) 
2 8 A BAXA8.K-(1)EXP(BAJA7.K) 
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S9A BASAU.K*TABHL(BASTA,BAXA8.K,1.0,7.00,6.00) 
C BASTA*-1.0/.5 

BASA3.K • Rat io of Basal Area a t Current Computational I n s t a n t 
to Basal Area a t Which Suppression I s I n i t i a t e d 

BASAS.K - Basal Area a t Current Computational I n s t a n t (BASAS.K 
i s computed by subprogram 6.) 

BASAS.K « Basal Area a t Which Suppression I s I n i t i a t e d (BASAS.K 
i s computed by subprogram 9.) 

BAXA9.K « CLIP Function (BAXA9.K i s equal 1 when BASA3.K i s 
l e s s than 1 or BAXA9.K i s equal BASA3.K when BASA3.K 
i s equal 1 or more.) 

B A X A 7 . K • Computational Fac tor for BAXA8.K 
BAXA8.K = Exponent ia l Function of B A S A 3 

BASTA* = Suppression Factor Values as a L inea r Funct ion of 
BAXA8.K 

BASAl+.K = Basal Area Suppression Factor 

Subprogram 11 

When suppress ion occur s , subprogram 8 computes the D.B.H sup­

p r e s s i o n f a c t o r s (BASLU). The D.B.H. suppress ion f a c t o r (BASLU) sup­

p r e s s e s D.B.H. va lues computed by the D.B.H. r e g r e s s i o n equa t ion i n 

subprogram 3* I t i s necessa ry t h a t the unsuppressed D.B.H. be suppressed 

so t h a t the b a s a l a rea (BASAS) a t t he cu r r en t computat ional i n s t a n t i s 

equal t o t he suppressed b a s a l a rea (BASAS) computed a t the p r i o r computa­

t i o n a l i n s t a n t . BASAS i s computed by subprogram 6 and BASA3 i s computed 

by subprogram 7. 

The value of BASlii for t h e c u r r e n t computat ional i n s t a n t i s com­

puted a t the p r i o r computat ional i n s t a n t . There fore , subprogram 8 r e ­

q u i r e s the value of the b a s a l a r ea r e s u l t i n g from the unsuppressed D.B.H. 

a t the next computat ional i n s t a n t i n order t o determine t h e value of BASLU 

requi red fo r the nex t computat ional i n s t a n t . 

This subprogram computes the unsuppressed b a s a l a r ea (BAXAS) a t 

t he next computat ional i n s t a n t . The unsuppressed D.B.H., a t t h e nex t 
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computat ional i n s t a n t (DBXT), i s computed by t h e same D.B.H. r e g r e s s i o n 

equat ion used i n subprogram 3 . The unsuppressed b a s a l a r e a , a t t h e next 

computat ional i n s t a n t (BAXAS), i s computed as BASAS i n subprogram 6. 

The computations f o r BAXAS a r e summarized a s fo l l ows : 

12A DBXA1.K-(XAGE.K)(SITEI) 

12A DBXA.K«(0.000219)(DBXA1.K) 
29A DBXB1 .K«(F)L0GN(XSTPA.K) 
12A DHXB.K-(O.23U5U0 (DBXB1 . K ) 
9A DBXL.K*(0.650712+DBXA.K-DBXB. K+DBHC. K) 
12A DBXL1.K*(2.3025851) (DBXL.K) 
28A DBXT.K«(X)EXP(DBXL1.K) 
13A BAXAT.K-(3.1U15927)(DBXT•K)(DBXT.K) 
20A BAXA5.K>BAXAT.K/U 
UUA BAXAS.K*8(BAXA5«K) (XSTPA.K)/1UU 

XAGE.K = Tree Age a t Next Computational I n s t a n t (XAGE.K i s 
computed by subprogram 2.) 

SITEI * S i t e Index of the Land (SITEI value i s ass igned by 
subprogram 1 . ) 

DBXA1 .K = Computational Fac tor f or DBXA.K 
DBXA.K = Second Term of D.B.H. Regress ion Equation 
F «* 1 (F i s a computat ional cons tant e s t a b l i s h e d by 

subprogram 1 . ) 
XSTPA.K = Estimated Harves table and Defect ive Trees a t Next 

Computational I n s t a n t (XSTPA.K i s computed by 
subprogram 5.) 

DBXB1.K = Computational Factor f o r DBXB.K 
DBXB.K = Third Term of D.B.H. Regress ion Equation 
DBXL.K * Common Logarithm of D.B.H. a t Next Computational I n s t a n t 
DBXL1.K = N a t u r a l Logarithm of D.B.H. a t Next Computational 

I n s t a n t 
X = 1 (X i s a computat ional c o n s t a n t e s t a b l i s h e d by 

subprogram 1 • ) 
DBXT.K = Unsuppressed D.B.H. a t Next Computational I n s t a n t 
BAXAT.K = Computational Fac tor f o r BAXA5.K 
BAXA5.K = Cross Sec t iona l Area of I n d i v i d u a l Tree a t Next 

Computational I n s t a n t (BAXA5.K i s i n square i n c h e s . ) 
BAXAS.K = Basal Area per Acre a t Next Computational I n s t a n t 

(BAXAS i s i n square f e e t . ) 

Subprogram 12 

The t r e e volume i s a f u n c t i o n of t r e e h e i g h t and t r e e D.B.H. The 

r e g r e s s i o n equat ion (16) for t r e e volume i n s i d e the bark a t a 3 inch 
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diameter top i s as follows: 

V3I2 « 0.002135(HGH)(DBH)2-0.693239 

This equation i s programmed as follows: 

13A VQIF.K-(DBH.K) (DBH.K) (HGH.K) 
12A V3H .K-(0.002135) (VOLF.K) 
7A V3I2.K=V3I1.K-0.693239 

= Tree D.B.H. (DBH.K is computed by subprogram 30 
- Tree Height (HGH.K i s computed by subprogram I*.) 
= Computational Factor for V3H »K 
- First Term of Tree Volume Regression Equation 
= Tree Volume Inside Bark Below a 3 Inch Diameter Top 

at Current Computational Instant (V3I2.K i s in 
cubic feet . ) 

Based on wood volume data compiled by Taras (19), i t i s estimated 

that there are 72 cubic feet of wood per cord. Based on th i s , the e s t i ­

mated number of trees per cord (V33TC) is computed as follows: 

DBH.K 
HGH.K 
VOLF.K 
V3I1-K 
V3I2.K 

20A V3HC.K-72/V3I2.K 

V3I2.K m Tree Volume Inside Bark Below a 3 Inch Diameter Top 
at Current Computational Instant 

V3ITC.K • Trees, per Cord at Current Computational Instant 

The tree weight (V3IWT) i s estimated as follows: 

hhA V3IWT.K=(V3I2.K)(CDWP)/72 

V3I2.K 88 Tree Volume Inside Bark Below a 3 Inch Diameter Top 
at Current Computational Instant 

CDWT - Cord Weight (CDWT value i s assigned by subprogram 13 
of the economic model.) 

V3IWT.K s Merchantable Tree Weight at Current Computational 
Instant 

The harvester can only harvest 56 feet of a tree in a single 
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PROCESSING SEQUENCE* TREES ARE ESTIMATED TO HAVE 15 FEET OF TOP ABOVE 

THE 3 INCH TOP DIAMETER; THEREFORE, 65 FOOT HIGH TREES HAVE A 50 FOOT 

MERCHANTABLE STEM® 

TREES ARE NOT EXPECTED TO GREATLY EXCEED 65 FEET I N HEIGHT; THERE­

FORE, THE HARVESTER I S NOT RECYCLED TO PROCESS WOOD REMAINING I N TOPS OF 

TREES OVER 65 FEET I N HEIGHT* SUBPROGRAM 13 OF THE ECONOMIC MODEL E S T I ­

MATES THE PERCENTAGE (V3I70) OF THE MERCHANTABLE STEM THAT I S HARVESTED 

WHEN TREES ARE OVER 65 FEET H I G H . THE HARVESTABLE YIELD (V3I60) I S 

COMPUTED AS FOLLOWS: 

12A V 3 I U . K - ( H S T P A . K ) ( V 3 I 2 . K ) 
20A V 3 I 1 0 . K - V 3 I U . K / 7 2 
51A V 3 l 5 . K « a i P ( V 3 n O . K , 1 , V 3 I 1 0 . K , 1 ) 
1 2 A V3I60 .K-(V3I5 .K) (V3I70 .K) 

V 3 I 2 . K » TREE VOLUME I N S I D E BARK BELOW A 3 INCH DIAMETER TOP 
AT CURRENT COMPUTATIONAL INSTANT 

HSTPA.K » HARVESTABLE SURVIVING TREES AT CURRENT COMPUTATIONAL 
INSTANT (HSTPA«K I S COMPUTED BY SUBPROGRAM 5*) 

V 3 I U . K « YIELD PER ACRE AT CURRENT COMPUTATIONAL INSTANT 
( V 3 I 1 . . K I S I N CUBIC F E E T . ) 

V 3 I 1 0 . K • YIELD PER ACRE AT CURRENT COMPUTATIONAL INSTANT 
(V3I10 .K I S I N CORDS.) 

V3I5 .X • C L I P FUNCTION (V3I5 .K EQUALS 1 WHEN V3I10 .K I S L E S S 
THAN 1 OR V3I5 .K EQUALS V 3 I 1 0 . K WHEN V 3 I 1 0 . K EQUALS 
1 OR MORE.) 

V 3 I 7 0 . K • HARVESTABLE VOLUME ( V 3 I 7 0 . K ACCOUNTS FOR VOLUME THAT 
CANNOT BE HARVESTED I N A SINGLE PROCESSING SEQUENCE 
ON TREES OVER 65 FEET H I G H . V 3 I 7 0 . K I S COMPUTED 
BY SUBPROGRAM 1 3 OF THE ECONOMIC MODEL.) 

V3I60 .K • HARVESTABLE YIELD PER ACRE AT CURRENT COMPUTATIONAL 
INSTANT (V3I60.K I S I N CORDS.) 

THE HARVESTABLE YIELD PER ACRE PER YEAR AVERAGE ( V 3 I 6 1 ) I S 

COMPUTED AS FOLLOWS 1 

20A V3I61 .K-V3I60 .K/AGE.K 
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AGE.K • Age of Trees a t Current Computational Instant 
(AGE.K i s computed by subprogram 2.) 

V3I60.K • Harvestable Yield per Acre a t Current Computational 
Instant 

V3I61 .K = Harvestable Cords per Acre per Year Average a t Current 
Computational Instant 
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CHAPTER VIII 

FOREST GROWTH I-DDEL EXPERIMENT AT TON AND RESULTS 

The f o r e s t growth model i s developed to determine tree and 

f o r e s t c h a r a c t e r i s t i c s r e l a t i v e t o f o r e s t p lanning and management a l t e r ­

n a t i v e s by model exper imenta t ion . The tree c h a r a c t e r i s t i c s considered 

i n the model exper imenta t ion a r e t r e e h e i g h t , D.B.H., weight , and volume; 

whereas t h e f o r e s t c h a r a c t e r i s t i c s considered a re y i e l d , s u r v i v a l , and 

t r e e d i s t r i b u t i o n . Fo re s t p lann ing a l t e r n a t i v e s considered i n the model 

exper imenta t ion a r e i n i t i a l p l a n t i n g dens i ty and t h e land s i t e index on 

which t h e t r e e s a r e p l a n t e d ; whereas t he f o r e s t management a l t e r n a t i v e 

considered i s the age a t which t h e f o r e s t i s ha rves t ed . 

The f o r e s t growth model i s run at s i t e i n d i c e s 1*0, £ 0 , 6 0 , 70, 

and 8 0 . For each s i t e index , i n i t i a l p l a n t i n g d e n s i t i e s a r e v a r i e d from 

2 0 0 t o 1 , 0 0 0 t r e e s per ac re i n increments of 1 0 0 t r e e s pe r a c r e . Time 

i s inc reased from p l a n t i n g t ime t o liO y e a r s i n 1 yea r i nc remen t s . The 

computed f o r e s t and t r e e c h a r a c t e r i s t i c s a r e supp l ied d i r e c t l y t o t he 

economic model t h a t i s run s imul taneous ly with t h i s model. 

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

p l o t t e d a t each subsequent yea r a f t e r p l a n t i n g . The r e s u l t i n g data a r e 

p l o t t e d fo r 1 0 t o 1*0 yea r s and p r e s e n t e d i n f i g u r e s a s fo l l ows : 

( 1 ) Tree Height ve r sus Age for Trees on Land wi th S i t e I n d i c e s 

hO t o 8 0 i s Figure h-

( 2 ) Su rv iva l ve rsus Age for I n i t i a l P l a n t i n g D e n s i t i e s of 2 0 0 t o 



1 0 0 

1,000 T r e e s p e r A c r e o n L a n d w i t h : S i t e I n d e x 1*0 i s F i g u r e 15, S i t e I n d e x 

50 i s F i g u r e 1 6 , S i t e I n d e x 60 i s F i g u r e 5, S i t e I n d e x 70 i s F i g u r e 17, 

a n d S i t e I n d e x 80 i s F i g u r e 1 8 . 

(3) D i a m e t e r a t B r e a s t H e i g h t v e r s u s A g e f o r I n i t i a l P l a n t i n g 

D e n s i t i e s o f 200 t o 1,000 T r e e s p e r A c r e o n L a n d w i t h : S i t e I n d e x 1*0 i s 

F i g u r e 1 9 , S i t e I n d e x 50 i s F i g u r e 20, S i t e I n d e x 60 i s F i g u r e 6, S i t e 

I n d e x 70 i s F i g u r e 21, a n d S i t e I n d e x 80 i s F i g u r e 22. 

(k) B a s a l A r e a v e r s u s A g e f o r I n i t i a l P l a n t i n g D e n s i t i e s o f 200 

t o 1,000 T r e e s p e r A c r e o n L a n d w i t h : S i t e I n d e x 1*0 i s F i g u r e 23, S i t e 

I n d e x 50 i s F i g u r e 21*, S i t e I n d e x ; 60 i s F i g u r e 7, S i t e I n d e x 70 i s F i g u r e 

25, a n d S i t e I n d e x 80 i s F i g u r e 26. 

(5) H a r v e s t a b l e Y i e l d v e r s u s A g e f o r I n i t i a l P l a n t i n g D e n s i t i e s 

o f 200 t o 1,000 T r e e s p e r A c r e o n L a n d w i t h : S i t e I n d e x 1*0 i s F i g u r e 

27, S i t e I n d e x 50 i s F i g u r e 28, S i t e I n d e x 60 i s F i g u r e 8, S i t e I n d e x 70 

i s F i g u r e 29, a n d S i t e I n d e x 8 0 i s F i g u r e 30. 

(6) M e r c h a n t a b l e S t e m W e i g h t v e r s u s A g e f o r I n i t i a l P l a n t i n g D e n ­

s i t i e s o f 200 t o 1,000 T r e e s p e r A c r e o n L a n d w i t h : S i t e I n d e x 1*0 i s 

F i g u r e 31, S i t e I n d e x 50 i s F i g u r e 32, S i t e I n d e x 60 i s F i g u r e 9, S i t e 

I n d e x 70 i s F i g u r e 33, a n d S i t e I n d e x 80 i s F i g u r e 31* • 
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Figure 5. Survival versus Age for In i t ia l Planting Densities of 200 to 

1,000 Trees per Acre on Land with Site Index 60 



1 0 3 

Figure 6 . Diameter at Breast Height versus Age for I n i t i a l Planting Den­
s i t ies of 2 0 0 to 1 , 0 0 0 Trees per Acre on Land with Site 
Index 6 0 



Figure 7 . Basal Area ve r sus Age f o r I n i t i a l P l a n t i n g D e n s i t i e s of 200 
t o 1,000 Trees pe r Acre on Land wi th S i t e Index 60 
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Figure 8. Harvestable Yield versus Age for In i t ia l Planting Densities 
of 200 to 1,000 Trees per Acre on Land with Site Index 60 
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Figure 9« Merchantable Stem Weight versus Age for In i t ia l Planting 
Densities of 200 to 1,000 Trees per Acre on Land with 
Site Index 60 
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CHAPTER IX 

ECONOMIC MODEL 

Discussion of the Economic Model 

It is desirable to economically evaluate the proposed harvester 

design in conjunction with forest planning and management alternatives. 

An economic evaluation is desirable because of management objectives of 

the independent landowner and the paper company. The private landowner 

normally desires to plan, manage, and harvest the forest so as to obtain 

the maximum return on investments and expenses; whereas the goal of the 

paper company is to plan, manage, and harvest the forest so as to reduce 

wood cost to a minimum. 

An economic simulation model is developed to evaluate the harvest­

er's design in conjunction with forest planning and management alterna­

tives relative to economically oriented management objectives. 

The forest is a long-term investment and there are many factors 

that affect the rate of return and wood cost. The economic model is 

designed to determine initial investments, initial expenses, follow-on 

expenses, and harvesting expenses related to the machine design and forest 

planning and management alternatives. All costs are based on their value 

at planting time and economics factors such as inflation. The forest 

asset value at harvesting time, is also determined by the economic model. 

The initial investment is the land value at planting time. The 

land value is assumed to be a linear function of the site index. 
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The in i t ia l expenses are costs related to site clearing, s i te 

preparation, and planting. Site clearing is only required for the i n i t i a l 

plantation planting. The site preparation is the clearing of small under­

brush and soil preparation. The planting cost considered is the tree 

seedling and planting costs. 

The follow-on expenses consist of annual taxes and management 

costs. These costs are a function of inflation and their related costs 

at planting time. 

The harvesting cost is based on harvester performance, harvester 

operating cost at planting time, and inflation. The harvester's perform­

ance is determined relative to tree and forest characteristics based on 

the results of the harvester simulation model and the forest growth model. 

The harvester operating cost computations are contained in Appendix I I . 

In the case of the private landowner, the economic model is designed with 

an allowance for harvesting cost. If the harvesting cost is different 

from this allowance, the stumpage price is adjusted to compensate for the 

difference. In the case of the paper company, the harvesting cost, minus 

the harvesting cost allowance, is added to the cost of the wood. 

The investment value at harvesting time is a function of inflation, 

stumpage price at planting time, forest yield, harvesting cost, and land 

value. 

The landowner's rate of return and the paper company's wood cost 

are determined relative to the harvester design and forest planning and 

management alternatives. The results of the economic model are used to 

identify forest planning and management alternatives related to maximum 

rate of return and minimum wood cost. The results of the forest growth 
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model a r e u t i l i z e d t o determine the t r e e and f o r e s t c h a r a c t e r i s t i c s 

r e l a t e d t o t h e maximum r a t e of r e t u r n and minimum wood c o s t . The p r o ­

posed h a r v e s t e r design needs to be r e f i ned i n accordance with t h e t r e e 

and f o r e s t c h a r a c t e r i s t i c s r e l a t e d t o t h e optimal f o r e s t p lanning and 

management a l t e r n a t i v e s . 

The landowner 's r a t e of r e t u r n i s computed from t h e r a t i o of t h e 

i n i t i a l va lue a t p l a n t i n g time of a l l inves tments and expenses to l and 

value and ha rves ted wood value a t ha rves t i ng t ime . The above r a t e of 

r e t u r n da ta i s computed for p lanning and management a l t e r n a t i v e s when 

s i t e c lea rance i s r e q u i r e d as w e l l as when s i t e c learance i s not r e q u i r e d . 

The landowner ' s r a t e of r e t u r n i s computed before income t axes a r e 

deducted. 

The paper company's wood cos t i s computed as t h e summation of a l l 

f o r e s t inves tments , f o r e s t expenses , and h a r v e s t i n g expenses (minus 

h a r v e s t i n g cos t a l lowance) . The wood cos t r e l a t e d t o p lanning and manage­

ment a l t e r n a t i v e s i s computed fo r cases where the paper company d i v e r t s 

p r o f i t s ( a f t e r t axes ) from i n d u s t r i a l inves tments i n t o f o r e s t i nves tmen t s . 

These a l t e r n a t i v e s a r e cons idered for s i t e c l e a r i n g cos t requi rements as 

we l l a s no s i t e c l e a r i n g cos t r equ i rements . The paper company's wood 

cos t i s a l s o computed r e l a t i v e t o p lanning and management a l t e r n a t i v e s 

when t h e paper company borrows funds fo r f o r e s t inves tments as they a r e 

r e q u i r e d . These a l t e r n a t i v e s a r e cons idered only when s i t e c l e a r a n c e i s 

r e q u i r e d . 

Development of t h e Economic Model 

The economic model i s programmed i n DYNAMO computer language ( 1 2 ) . 
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This language is used because of its adaptability for dynamic feedback 

systems in business, economics, or engineering and its ability to trans­

late mathematical models into tabulated and plotted results. The forest 

growth model and the economic model are combined into a single computer 

model and they are run simultaneously. It is desirable to combine the 

two models due to common time basis and extensive data flow from the 

forest growth model to the economic model. 

The forest growth model is identified as Section I of the combined 

model, whereas the economic model is identified as Section II. The forest 

growth model is made up of subprograms 1 through 1 2 and the economic 

model is made up of subprograms 1 3 through 2 3 - The combined models and 

sample printout are contained in Appendix III. 

The purpose of each of the 1 1 subprograms of the economic model 

is as follows: 

( 1 ) Subprogram 1 3 computes the harvesting cost per cord at 

harvesting time. 

( 2 ) Subprogram. *\k computes the value, at planting time, of all 

expenses related to planting and growing the forest. 

( 3 ) Subprogram 1 £ computes the land value at 1 year increments 

after planting. 

(h) Subprogram 1 6 computes the stumpage prices at 1 year increments 

after planting. 

( 5 ) Subprogram 1 7 computes the annual taxes at 1 year increments 

after planting. 

(6) Subprogram 1 8 computes the annual management costs at 1 year 

increments after planting. 



111 

(7) Subprogram 19 computes the harvester's hourly operating costs 

at 1 year increments after planting. 

(8) Subprogram 20 computes the harvesting cost allowance at 1 

year increments after planting. 

(9) Subprogram 21 computes discount factors for follow-on expenses 

which are invested unt i l required. 

(10) Subprogram 22 computes the rate of return for the landowner 

at 1 year increments after planting. 

(11) Subprogram 23 computes the wood growing costs, adjusted for 

harvesting costs, for the paper company at 1 year increments after 

planting. 

Development of each of the economic model subprograms is 

discussed in detai l . 

Subprogram 13 

The harvesting cost per cord i s a function of operating cost and 

the production rate . The operating cost i s a function of the operating 

cost at planting time and economic factors such as inflation, and the 

production rate i s a function of the harvester design and the character­

i s t i cs of the trees and forest. 

The harvester simulation model i s used to determine the processing 

cycle time per tree relative to i n i t i a l planting density, survival, and 

tree size. The harvester simulation model is used f i r s t to determine the 

processing cycle time for the 5 inch D.B.H. trees as a function of i n i t i a l 

planting density and survival percentages. These data are recorded in Table 

2. The harvester simulation model i s then used to determine the processing 
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t ime pe r t r e e a t 700 t r e e s pe r ac r e i n i t i a l p l a n t i n g dens i ty a s a f u n c t i o n 

of D.B.H. These da ta a r e used t o determine t h e d i f f e r ence i n t h e p r o ­

cess ing t ime fo r t h e 5 i nch D.B.H. t r e e s r e l a t i v e t o t r e e s w i t h o t h e r 

D.B.H.s . The r e s u l t i n g da t a a r e used t o determine c o r r e c t i o n a l va lues t o 

a d j u s t t h e 5 inch D.B.H. cyc le t ime fo r o the r D.B.H.s . The r e s u l t i n g 

c o r r e c t i o n a l va lues fo r k su rv iv ing ranges i s p r e s e n t e d i n Table 3« I t 

was determined t h a t t h e s e c o r r e c t i o n a l va lues fo r o the r D.B.H.s r e s u l t e d 

i n n e g l i g i b l e e r r o r s when uni formal ly a p p l i e d f o r i n i t i a l p l a n t i n g 

d e n s i t i e s o t h e r than 700 t r e e s pe r a c r e . 

The f o r e s t growth model, which runs s imul taneous ly with t h e 

economic model, determines t r e e s i z e and s u r v i v a l a s a func t ion of i n i t i a l 

p l a n t i n g d e n s i t y , s i t e index , and age . The economic model uses t h e s e 

da ta i n conjunct ion wi th t h e da t a from t h e h a r v e s t e r model (as r eco rded 

i n Tables 2 and 3) t o determine t h e h a r v e s t e r p rocess ing t ime p e r t r e e 

r e l a t i v e t o t r e e and f o r e s t c h a r a c t e r i s t i c s as determined by f o r e s t 

p lanning and management. 

The da ta i n Table 2 a r e madle a v a i l a b l e t o t h e economic model by 

TABHL func t ions (CCF22 through C C F 3 0 ) f o r each i n i t i a l p l a n t i n g dens i ty 

(TPA). Each of t h e TABHL func t ions i s a funct ion of s u r v i v a l (SURP). 

The TABHL func t ions (CCF22 through CCF30) a r e m u l t i p l i e d by r e l a t e d SWITCH 

func t ions (CCF12 through CCF22) t o compute p rocess ing t ime terms (CCFl|2 

th rough CCF^O) f o r t r e e s wi th f> inch D.B.H. The SWITCH func t ions a r e 

equa l t o 1 o r 0 r e l a t i v e t o va lues of t h e SWITCH func t ion c o n t r o l f a c t o r s 

(CCF02 through CCF10). I f t h e SWITCH func t ions a r e equa l t o 1 , t h e i r 

r e l a t e d SWITCH func t ion c o n t r o l f a c t o r s a r e equal t o 0 o r i f t h e SWITCH 

func t ions a r e equa l t o 0 , t h e i r r e l a t e d SWITCH func t ion c o n t r o l f a c t o r s 
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are not equal to 0 . The SWITCH function control factors are equal to 0 

only for specific initial planting densities (TPA). Therefore, all the 

processing time per tree terms (CCFl|2 through CCF5>0) for 5 inch D.B.H.s 

are equal to 0 except the one related to the initial planting density 

(TPA) being considered for this particular simulation run. The processing 

time term, related to the specified initial planting density (TPA), is 

equal to the related TABHL function (CCF22 through C C F 3 0 ). The harvester 

processing time per tree ( C C F 5 3 ) . for 5 inch D.B.H. trees relative to 

initial planting densities (TPA) and survival, is equal to the sum of the 

processing time terms (CCFu2 through CCF5>0) of which all but the one re-

lated to the specified initial planting density (TPA) are equal to 0 . 

The harvester processing time per £ inch D.B.H. trees is then 

corrected by the processing time correctional term ( C C F 7 8 ) for trees with 

D.B.H.s other than $ inches. The processing time per tree correctional 

term (CCF78) is computed from correctional values recorded in Table 3« 

The correctional values in Table 3 are made available to the economic 

model by h TABLE functions (CCF61, CCF66, C C F 7 1, and CCF75) for h ranges 

of survival. Each of these TABHL functions is a function of D.B.H. Each 

of the TABHL functions are multiplied by related CLIP functions ( C C F 6 0 , 

CCF61i, CCF65, C C F 6 9 , C C F 7 0 , and CCF7u). These CLIP functions are equal 

to 1 or 0 . The logic of the CLIP functions is so that the TABHL function, 

related to the survival being considered by the economic model, is multi­

plied by 1 and the other 3 TABHL functions are multiplied by 0 . Survival/ 

D.B.H. correctional values (CCF63, C C F 6 8 , CCF73, and CCF77) are the re­

sulting products of the k TABHL functions and their related CLIP functions. 

The processing time per tree correctional term (CCF78) is the sum of the 



m* 
s u r v i v a l / D . B . H . c o r r e c t i o n a l v a l u e s (CCF63, CCF68, CCF73, a n d CCF77)• 

T h e h a r v e s t e r p r o c e s s i n g t i m e p e r t r e e (CCF79) i s e q u a l t o t h e s u m o f t h e 

p r o c e s s i n g t i m e p e r t r e e ( C C F 5 3 ) f o r 5 i n c h D . B . H . t r e e s a n d t h e p r o ­

c e s s i n g t i m e p e r t r e e c o r r e c t i o n a l t e r m (CCF78). 

T h e a b o v e c o m p u t a t i o n s f o r i n i t i a l p l a n t i n g d e n s i t y ( T P A ) o f 500 

t r e e s p e r a c r e a n d 75 p e r c e n t s u r v i v a l a r e s u m m a r i z e d b e l o w . E q u a t i o n s 

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

7A CCF05.K=+TPA-500 
U9A CCF15 . K = S W T T C H (1 . 0 , 0 . 0 , C C F 0 5 . K ) 
5 8 A CCF25 . K = T A B H L ( C C F 3 5 , S U R P . K , 0 . 5 , 1 . 0 , 0 . 0 5 ) 
C CCF35*=21.7/20.5/19. ii/18.523/17.7 50/17.088/16.503/ 

15.9/15.14/1̂ .9/11*.5 
12A CCF1+5.K=(CCF15.K)(CCF25.K) 
8 A CCF51 • K = + C C F l + 2 . K + C C F l i 3 . K + C C F l i l * . K 

10A CCF52 . K = + C C F l i 5 . K + C C F l ; 6 . K + C C F l + 7 . K+CCFI18. K+CCFlt9 • K 

+CCF50 . K 
7A CCF53 • K=+CCF51 . K + C C F 5 2 . K 

51A CCF69 .K=CLIP(+1 « 0 , 0 . 0 , S U R P .K,0.725) 
51A C C F 7 0 . K = C L I P ( - 1 . 0 , 0 . 0 , S U R P . K , 0 . 775 ) 
58A CCF71 . K = T A B H L ( C C F 7 2 , D B H . K , l i . 0 , 1 2 . 0 , 1 . 0 ) 
C CCF72#=-0.333/+0.000/+0.333/+0.775/+1.115/+1.1*53/ 

+2.313/+3.173/+li.033 
18A C C F 7 3 . K = ( C C F 7 1 .K)(CCF69 .K+CCF70.K) 
9A CCF78.K=+CCF63.K+CCF68 .K+CGF73•K+CCF7 7.K 
7A C C F 7 9 . K=+CCF53•K+CCF78.K 

T P A = I n i t i a l P l a n t i n g D e n s i t y ( T P A i s i n t r e e s p e r a c r e 

a n d t h e v a l u e i s a s s i g n e d b y s u b p r o g r a m 5 o f t h e 

f o r e s t g r o w t h m o d e l . ) 

CCF05 .K = S W I T C H F u n c t i o n C o n t r o l F a c t o r f o r 500 T r e e s p e r A c r e 

CCF15 . K = S W I T C H F u n c t i o n (CCF15«K i s e q u a l 1 i f CCF05 . K i s 

e q u a l 0 o r CCF15•K i s e q u a l 0 i f CCF05 . K i s n o t 

e q u a l 0.) 
S U R P . K = S u r v i v a l P e r c e n t a g e a t t h e C u r r e n t C o m p u t a t i o n a l 

I n s t a n t ( S U R P . K i s c o m p u t e d b y s u b p r o g r a m 5 o f t h e 

f o r e s t g r o w t h m o d e l . ) 

CCF25 . K = T A B H L F u n c t i o n f o r H a r v e s t e r P r o c e s s i n g T i m e p e r T r e e 

f o r 5 i n c h D . B . H . a n d I n i t i a l P l a n t i n g D e n s i t y o f 

500 T r e e s p e r A c r e (CCF25»K i s a f u n c t i o n o f S U R P . K 

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

r e c o r d e d i n T a b l e 2 . ) 

CCF35* = P r o c e s s i n g T i m e p e r H a r v e s t a b l e T r e e D a t a f r o m T a b l e 2 
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C C F l * 2 . K 
= 

P r o c e s s i n g T i m e T e r m 

P l a n t i n g D e n s i t y 

f o r 2 0 0 T r e e s p e r A c r e , I n i t i a l 

C C F ) 4 3 . K P r o c e s s i n g T i m e T e r m 

P l a n t i n g D e n s i t y 

f o r 3 0 0 T r e e s p e r A c r e , I n i t i a l 

C C F l * l * . K — P r o c e s s i n g T i m e T e r m 

P l a n t i n g D e n s i t y 

f o r 1*00 T r e e s p e r A c r e , I n i t i a l 

CCFl*5 .K - P r o c e s s i n g T i m e T e r m 

P l a n t i n g D e n s i t y 

f o r 500 T r e e s p e r A c r e , I n i t i a l 

C C F 4 6 . K P r o c e s s i n g T i m e T e r m 

P l a n t i n g D e n s i t y 

f o r 6 0 0 T r e e s p e r A c r e , I n i t i a l 

C C F i ; 7 . K = P r o c e s s i n g T i m e T e r m 

P l a n t i n g D e n s i t y 

f o r 7 0 0 T r e e s p e r A c r e , I n i t i a l 

C C F l - 8 . K — P r o c e s s i n g T i m e T e r m 
P l a n t i n g D e n s i t y 

f o r 8 0 0 T r e e s p e r A c r e , I n i t i a l 

C C F 4 9 . K = P r o c e s s i n g T i m e T e r m f o r 9 0 0 T r e e s p e r A c r e , I n i t i a l 

P l a n t i n g D e n s i t y 

C C F ^ O . K = P r o c e s s i n g T i m e T e r m f o r 1 , 0 0 0 T r e e s p e r A c r e , 

I n i t i a l P l a n t i n g D e n s i t y 

CCF51.K = S u m o f P r o c e s s i n g T i m e T e r m s f o r 2 0 0 , 3 0 0 , a n d 1*00 

T r e e s p e r A c r e , I n i t i a l P l a n t i n g D e n s i t y 

CCF5>2.K = S u m o f P r o c e s s i n g T i m e T e r m s f o r 500, 6 0 0 , 7 0 0 , 8 0 0 , 

9 0 0 , a n d 1 , 0 0 0 T r e e s p e r A c r e , I n i t i a l P l a n t i n g 

D e n s i t y 

C C F 3 > 3 . K = S u m o f a l l P r o c e s s i n g T i m e T e r m s 

CCF69.K = C L I P F u n c t i o n (CCF69•K i s e q u a l 0 w h e n S U R P . K i s 

l e s s t h a n 0.725 o r C C F 6 9 . K i s e q u a l 1 w h e n S U R P . K 

i s e q u a l t o o r g r e a t e r t h a n 0 . 7 2 5 0 

C C F 7 0 . K = C L I P F u n c t i o n ( C C F 7 0 . K i s e q u a l 0 w h e n S U R P . K i s 

l e s s t h a n 0.775 o r C C F 7 0 . K i s e q u a l - 1 . 0 w h e n S U R P . K 

i s e q u a l t o o r g r e a t e r t h a n 0 . 7 7 5 0 

D B H . K = D i a m e t e r a t B r e a s t H e i g h t a t T h i s C o m p u t a t i o n a l I n s t a n t 

( D B H . K i s c o m p u t e d b y s u b p r o g r a m 3 o f t h e f o r e s t g r o w t h 

m o d e l 0 
C C F 7 1 . K = T A B H L F u n c t i o n f o r P r o c e s s i n g T i m e p e r T r e e C o r r e c t i o n a l 

V a l u e s R e l a t i v e t o D . B . H . a n d S u r v i v a l B e t w e e n 7 2 . 5 
a n d 7 7 . 5 P e r c e n t ( C C F 7 1 . K v a l u e s a r e c o m p u t e d b y t h e 

h a r v e s t e r s i m u l a t i o n m o d e l a n d r e c o r d e d i n T a b l e 3 . ) 

C C F 7 2 * = P r o c e s s i n g T i m e p e r T r e e C o r r e c t i o n a l D a t a f r o m T a b l e 3» 

C C F 7 3 . K = S u r v i v a l / D . B . H . C o r r e c t i o n a l V a l u e s f o r S u r v i v a l P e r ­

c e n t a g e s 7 2 . 5 t o 77 .5 ( C L I P f u n c t i o n s CCF69.K a n d 

CCF70.K w o r k t o g e t h e r t o m a k e C C F 7 3 . K e q u a l C C F 7 1 - K 
w h e n s u r v i v a l i s i n t h e r a n g e o f 7 2 . 5 t o 77•5 p e r c e n t . 

T h e C L I P f u n c t i o n m a k e s C C F 7 3 « K e q u a l 0 w h e n s u r v i v a l 

i s n o t i n t h e r a n g e o f 7 2 . 5 t o 7 7 . 5 p e r c e n t . ) 

CCF63.K = S u r v i v a l / D . B . H . C o r r e c t i o n a l V a l u e s f o r S u r v i v a l P e r ­

c e n t a g e s L e s s t h a n 67.5 P e r c e n t 

CCF68.K = S i i r v i v a l / D . B . H . C o r r e c t i o n a l V a l u e s f o r S u r v i v a l P e r ­

c e n t a g e s o f 67 .5 t o 7 2 . 5 P e r c e n t 

C C F 7 7 - K = S u r v i v a l / D . B . H . C o r r e c t i o n a l V a l u e s f o r S u r v i v a l P e r ­

c e n t a g e s G r e a t e r t h a n 77*5 P e r c e n t 
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CCF78.K = Sum of Survival/D.B.H. Correctional Values for the 
Four Survival Ranges 

CCF79.K = Harvester Processing Time per Tree (CCF79-K is in 
seconds.) 

The harvester processing time per tree ( C C F 7 9 ) is used to compute 

the time required to process a grapple load (CCF81). The trees per storage 

grapple load (CCF80) are computed as the product of cords per grapple load 

(CDPL) and harvestable trees per cord (VITC). 

The cords per grapple load (CDPL) are computed by dividing the 

weight of a storage grapple load (LOAD) by the estimated weight per cord 

(CDWT). The weight of the storage grapple load (LOAD) is assigned 1 3 , 0 0 0 

pounds due to the harvester design. The estimated cord weight (CTMT) is 

5 , 1 * 0 0 pounds. The estimated cord weight (CDWT) of 5 , 1 + 0 0 pounds is based 

on data compiled by Taras ( 1 9 ) • 

The harvestable trees per cord (VTTC) is computed by dividing the 

trees per cord at a 3 inch top (V3ITC) by the percentage of the tree that 

is harvestable ( V 3 I 7 0 ) . The trees per cord at a 3 inch top ( V 3 3 T C ) are 

computed by regression equations ( 1 6 ) in subprogram 1 2 of the forest growth 

model. The harvester can harvest only 5 0 feet of a tree in a single pro­

cessing sequence. Trees are estimated to have 1 5 feet of tree above a 3 

inch top. Therefore, trees over 6 5 feet are expected to have a merchant­

able stem of more than 5 0 feet long. Since trees are not expected to be 

much higher than 6 5 feet at optimal harvesting time, it is considered 

more economical not to recycle the harvester for the small volume of wood 

in tops of trees slightly over 6 5 feet in height. The percentage of 

merchantable wood in the 5 0 foot stem of a tree over 6 5 feet high is es­

timated by V 3 I 7 0 . 
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T h e p e r c e n t a g e of m e r c h a n t a b l e t r e e v o l u m e t h a t i s h a r v e s t a b l e 

( V 3 I 7 0 ) i s e s t i m a t e d by a s s u m i n g t h a t t h e t r e e i s a r i g h t c i r c u l a r c o n e 

t h e h e i g h t o f t h e t r e e a n d t h e r e a r e 1 ^ f e e t of t o p a b o v e t h e 3 i n c h 

d i a m e t e r . T h e v o l u m e of a r i g h t c i r c u l a r c o n e i s c o m p u t e d by t h e 

f o l l o w i n g e q u a t i o n : 

V o l u m e = ( 1 / 3 ) ( B a s e ) ( H e i g h t ) 

T h e p e r c e n t a g e o f w o o d t h a t i s h a r v e s t a b l e ( V 3 I 7 0 ) i s c o m p u t e d b y t h e 

f o l l o w i n g f o r m u l a : 

V 3 I 7 0 = 1 - ( V o l u m e a b o v e ^ 0 F e e t ) - ( V o l u m e i n Foot Top) 
( T o t a l V o l u m e ) - ( V o l u m e i n 1 5 F o o t T o p ) 

T h e p e r c e n t a g e o f h a r v e s t a b l e w o o d ( V 3 I 7 0 ) i s m a n u a l l y c o m p u t e d f o r 

t r e e s 6 5 t o 1 0 0 f e e t h i g h a n d i s r e c o r d e d i n T a b l e 9 . T h e h a r v e s t e r c a n 

h a r v e s t a l l o f t h e m e r c h a n t a b l e v o l u m e o f t r e e s l e s s t h a n 6 5 f e e t h i g h . 

T h e v a l u e s o f V 3 I 7 0 a r e p r o g r a m m e d i n t h e m o d e l b y a T A B H L f u n c t i o n . 

C o m p u t a t i o n s f o r c o m p u t i n g t h e g r a p p l e l o a d p r o c e s s i n g t i m e ( C C F 8 1 ) 

a r e s u m m a r i z e d b e l o w : 

C C D W T = 5 ? u 0 0 

C L 0 A D = 1 3 , 0 0 0 

2 0 A C D P L . K = L 0 A D . K / C D W T „ K 

5 8 A V 3 I 7 0 . K « T A B H L ( V 3 I 7 1 , H G H . K , 6 5 , 1 0 0 , 1 ) 

C V 3 I 7 1 * = 1 . 0 0 / . 9 9 6 6 / . 9 9 5 7 / . 9 9 2 2 / . 9 8 9 U / . 9 8 6 5 / 

. 9 8 3 7 / . 9 8 0 5 / . 9 7 7 U / . 9 7 U 2 / . 9 7 1 0 / . 9 6 7 6 / 

. 9 6 4 2 / . 9 6 0 8 / . 9 5 7 a / . 9 5 3 1 / . 9 5 0 3 / . 9 U 6 6 / 

. 9 U 2 9 / . 9396/. 9 3 5 5 / . 9 3 2 1 / . 9 2 7 7 / . 9 2 1 * 2 / 

. 9 2 0 6 / . 9 1 6 7 / . 9 1 3 0 / . 9 0 8 9 / . 9 0 5 2 / . 9 0 1 9 / 

. 8 9 7 7 / . 8 9 3 8 / . 8 9 0 2 / . 8 8 6 1 / . 8 8 2 5 / . 8 7 8 0 

2 0 A V T T C . K = V 3 I T C . K A 3 I 7 0 . K 
1 2 A C C F 8 0 . K = ( V T T C . K ) ( C D P L . K ) 

1 2 A C C F 8 1 . K « = ( C C F 8 0 . K ) ( C C F 7 9 . K ) 

CDWT - W e i g h t p e r C o r d i n P o u n d s 
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Table 9. Percentage of Merchantable Stem That is 
Harvestable for Trees Over 65 Feet High 

Tree Percentage of Tree Percentage of 
Height Merchantable Stem Height Merchantable Stem 
(Feet) That is Harvestable (Feet) That is Harvestable 

65 100 83 914.29 
66 99.66 Sk 93.96 
67 99.57 85 93.55 68 99.22 86 93.21 
69 98.9U 87 92.77 70 98.6* 88 92.U2 
71 98.37 89 92.06 
72 98.05 90 91.67 
73 97.7)4 91 91.30 

7U 97.U2 92 90.89 
75 97.10 93 90.52 
76 96.76 9h 90.19 
77 96. k2 95 89.77 
78 96.08 96 89.38 
79 95.7U 97 89.02 80 95.31 98 88.61 
81 95.03 99 88.25 82 9U.66 100 87.80 
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LOAD = Weight of a Grapple Load 
CDPL.K = Cords per Grapple Load 
V3I70.K = TABHL Function for Estimating Percentage of 

Merchantable Stem That is Harvestable for Trees over 
6 5 Feet High 

V 3 I 7 1 *
 s Values for TABHL Functions as Recorded in Table 9 

HGH.K ** Tree Height at This Computational Instant (HGH.K i s 
in feet and is computed by subprogram h of the forest 
growth model.) 

V3ITC.K = Trees per Cord Based on Merchantable Volume (V3ITC .K 
i s computed on stem volume below a 3 inch top and 
V3ITC .K i s computed by subprogram 1 2 of the tree 
growth model.) 

VTTC.K = Trees per Cord Based on Harvestable Volume 
CCF80.K = Trees per Grapple Load 
CCF79-K - Harvester Processing Time per Tree (CCF79.K i s in 

seconds.) 
CCF81.K = Grapple Load Processing Time 

The harvester's operator i s alerted by the harvester's hydraulic 

suspension system when a 1 3 , 0 0 0 pound load i s supported by the harvester. 

After the load signal i s given and after the shear i s raised from the 

stump of the last t ree , the operator moves the machine into position to 

deposit the load on the ground while the harvester automatically completes 

processing of the last tree in the load. The time to finish processing 

the last tree i s computed by the harvester simulation model. These data, 

as a function of D.B.H!., are recorded in Table 5 « The time to process the 

grapple load and the time to deposit the load are added together to deter­

mine the to ta l harvester operating time per load. Since the time to pro­

cess the las t tree i s counted twice as dual time ( C C F 8 2 ) , i t i s subtracted 

from the grapple load processing time (CCF81 ) to compute the effective 

grapple load processing time (CCF8I4 ) . The dual time ( C C F 8 2 ) is made 

available to the economic model by a TABHL function. 

The time required for the harvester to get into position and unload 

the grapple (CCF85) i s the sum of: TWTI1, BUPT1, LMTI1, IGCT1, TWTI2, 
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a n d RMTI1. TWTI1 i s t h e e s t i m a t e d t i m e ( 3 s e c o n d s ) r e q u i r e d t o t u r n t h e 

h a r v e s t e r w h e e l s . B U P T 1 i s t h e e s t i m a t e d t i m e ( 1 0 s e c o n d s ) r e q u i r e d t o 

back u p 2 0 f e e t . L M T I 1 i s t h e e s t i m a t e d t i m e ( 2 s e c o n d s ) r e q u i r e d t o 

l o w e r t h e m a c h i n e . I G C T 1 i s t h e e s t i m a t e d t i m e ( 1 s e c o n d ) r e q u i r e d t o 

i n i t i a t e o p e n i n g o f t h e g r a p p l e . TWTI2 i s t h e e s t i m a t e d t i m e (6 s e c o n d s ) 

r e q u i r e d t o t u r n w h e e l s f u l l y i n t h e o p p o s i t e d i r e c t i o n . R M T I 1 i s t h e 

e s t i m a t e d t i m e (h s e c o n d s ) r e q u i r e d t o r a i s e t h e m a c h i n e . 

T h e t i m e r e q u i r e d f o r t h e t o t a l u n l o a d i n g s e q u e n c e ( C C F 8 7 ) i s t h e 

s u m o f : C C F 8 6 , B U P T 2 , T W T I 3 , I R G C T , P F W T 1 , a n d I L G C T . C C F 8 6 i s e q u a l t o 

t h e m a x i m u m o f t h e t i m e t o p o s i t i o n a n d u n l o a d t h e g r a p p l e (CCF85) o r t h e 

t i m e t o c o m p l e t e p r o c e s s i n g o f t h e l a s t t r e e (CCF82). T h i s is n e c e s s a r y 

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

c e s s i n g o f t h e l a s t t r e e is c o m p l e t e a n d t h e g r a p p l e h a s b e e n o p e n e d . 

BUPT2 i s t h e e s t i m a t e d t i m e (U s e c o n d s ) r e q u i r e d t o b a c k u p 8 f e e t . 

TWTI3 i s t h e e s t i m a t e d t i m e ( 6 s e c o n d s ) r e q u i r e d t o t u r n t h e h a r v e s t e r 

w h e e l s f u l l y i n t h e o p p o s i t e d i r e c t i o n . I R G C T i s t h e e s t i m a t e d t i m e 

(1 s e c o n d ) r e q u i r e d t o i n i t i a t e c l o s i n g o f t h e g r a p p l e o n t h e s i d e t o w a r d 

t h e u n h a r v e s t e d f o r e s t . P F W T 1 i s t h e e s t i m a t e d t i m e (lU s e c o n d s ) r e q u i r e d 

t o m o v e t h e h a r v e s t e r f o r w a r d 2 8 f e e t . I L G C T i s t h e e s t i m a t e d t i m e ( 1 

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

T h e t o t a l h a r v e s t e r o p e r a t i n g t i m e , i n s e c o n d s , p e r g r a p p l e l o a d 

(CCF88) i s t h e s u m o f t h e t o t a l u n l o a d i n g s e q u e n c e t i m e (CCF87) a n d t h e 

e f f e c t i v e g r a p p l e l o a d p r o c e s s i n g t i m e (CCF8I1). T h e t o t a l h a r v e s t e r 

o p e r a t i n g t i m e p e r g r a p p l e l o a d , i n m i n u t e s , i s c o m p u t e d by V3I1U. T h e 

t o t a l h a r v e s t e r o p e r a t i n g t i m e p e r t r e e ( C C F 9 0 ) i s a l s o c o m p u t e d by 

d i v i d i n g t h e t o t a l h a r v e s t e r o p e r a t i n g t i m e p e r g r a p p l e l o a d (CCF88) by 
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the t o t a l number of t r e e s per g rapple load (CCF89 which i s equal CCF80 

when CCF80 i s equal to 1 or more) . 

The t o t a l h a r v e s t i n g cos t per grapple load (V3H5>) i s computed by 

t h e product of the ope ra t ing time pe r g rapple load (V3HU which i s con­

ver ted to hours) and t h e h a r v e s t e r ope ra t i ng cos t per hour a t h a r v e s t i n g 

t ime (E£). The h a r v e s t e r o p e r a t i n g cos t per hour a t h a r v e s t i n g t ime 

(E£) i s computed as a funct ion of h a r v e s t e r o p e r a t i n g cos t per hour a t 

p l a n t i n g t ime and economic f a c t o r s such as i n f l a t i o n . The h a r v e s t e r 

ope ra t ing cos t pe r hour (E5>) i s computed by subprogram 1 9 . The h a r v e s t ­

ing cos t per cord a t h a r v e s t i n g time ( V 3 I 1 6 ) i s computed by d iv id ing the 

ha rves t i ng cos t per g rapp le load a t h a r v e s t i n g time (V3H5>) by the number 

of cords per grapple load (CDPL) . The equ iva l en t h a r v e s t i n g cos t pe r 

cord a t p l a n t i n g time (V3I62) i s computed by d i v i d i n g the h a r v e s t i n g 

cos t per cord a t ha rves t i ng time ( V 3 I 1 6 ) by an i n f l a t i o n f a c t o r ( C £ ) . 

The i n f l a t i o n f a c t o r (C5) i s computed by subprogram 1 9 . 

The above computations a r e summarized below: 

5 8 A CCF82.K=TABHL(CCF83,DBH.K,0.0,1 2.0,1 .0) 
C CCF83**28 .2 /28 .2 /28 .2 /28 .2 /28 .2 /28 .2 /28 .2 /28 .2 

2 9 . 3 / 2 9 . 7 / 3 0 . 2 / 3 0 . 7 3 / 3 1 .32 
7A CCF8U.K=CCF81.K-CCF82.K 
C TOT 11 = 3 

C BUPT1=10 
C LMTI1=2 
C IGCT1=1 
C TWTI2=6 
C HMTI1 =li 
10A CCF85.K=+TWTH .K+BUPT1 .K+LMTI1 .K+IGCT1 .K+TWTI2.K+RMTI1 .K 
£6A CCF86.K=MX(+CCF85.K,+CCF82.K) 
C BUPT2=lt 
C TWTI3=6 
C IRGCT=1 
C PF1JT1 =1 h 
C ILGCT=1 
1 OA CCF87 .K=+CCF86. K+BUPT2. K+T WTI3 .K+IRGCT. K+PFWT1 . K+ILGCT. K 
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7 A C C F 8 8 . K = C C F 8 7 .K+CCF8I4 • K 

2 0 A V 3 I 1 K = C C F 8 8 . K / 6 0 

51A C C F 8 9 . K = C L I P ( C C F 8 0 . K , 1 . 0 , C C F 8 0 . K , 1 . 0 ) 

2 0 A C C F 9 0 . K = C C F 8 8 . K / C C F 8 9 . K 

hhA V 3 I l 5 . K - ( E 5 . K ) ( v 3 H U . K ) / 6 0 
2 0 A V 3 I 1 6 . K = V 3 H 5 . K / C D P L . K 

2 0 A V3I62 .K«V3H6 .K /C5 .K 

D B H . K = D . B . H . a t C u r r e n t C o m p u t a t i o n a l I n s t a n t ( D B H . K i s c o m ­

p u t e d b y s u b p r o g r a m 3 o f t h e f o r e s t g r o w t h m o d e l . ) 

C C F 8 2 . K * T A B H L F u n c t i o n f o r D u a l T i m e D u r i n g P r o c e s s i n g o f 

L a s t T r e e i n a G r a p p l e L o a d ( T h e d u a l t i m e v a l u e s a r e 

d e t e r m i n e d b y t h e h a r v e s t e r ' s s i m u l a t i o n m o d e l a n d 

r e c o r d e d i n T a b l e 3> a s a f u n c t i o n o f D . B . H . ) 

CCF83* = V a l u e s f o r T A B H L F u n c t i o n a s R e c o r d e d i n T a b l e $ 

CCF81 . K = G r a p p l e L o a d P r o c e s s i n g T i m e 

CCF8I1.K = E f f e c t i v e G r a p p l e L o a d P r o c e s s i n g T i m e 

T W T I 1 = T i m e t o T u r n H a r v e s t e r W h e e l F u l l y i n O n e D i r e c t i o n 

B U P T 1 = T i m e t o B a c k H a r v e s t e r U p 2 0 F e e t 

L M T I 1 = T i m e t o L o w e r t h e H a r v e s t e r 

I G C T 1 = T i m e t o I n i t i a t e O p e n i n g o f G r a p p l e 

T W T I 2 = T i m e t o T u r n H a r v e s t e r W h e e l s f r o m O n e F u l l D i r e c t i o n 

t o t h e O p p o s i t e F u l l D i r e c t i o n 

R M T I 1 = T i m e t o R a i s e t h e H a r v e s t e r 

CCF85«K = T i m e t o P o s i t i o n a n d U n l o a d t h e G r a p p l e 

CCF86.K = M a x i m u m o f C C F 8 £ o r CCF82 
B U P T 2 = T i m e t o B a c k H a r v e s t e r U p 8 F e e t 

T W T I 3 = T i m e t o T u r n H a r v e s t e r W h e e l s f r o m O n e F u l l D i r e c t i o n 

t o t h e O p p o s i t e F u l l D i r e c t i o n 

I R G C T = T i m e t o I n i t i a t e C l o s i n g o f O n e S i d e o f G r a p p l e 

P F W T 1 = T i m e t o M o v e H a r v e s t e r F o r w a r d 2 0 F e e t 

I L G C T = T i m e t o I n i t i a t e C l o s i n g o f O t h e r H a l f o f G r a p p l e 

C C F 8 7 . K = T o t a l U n l o a d i n g S e q u e n c e T i m e 

C C F 8 8 . K = T o t a l H a r v e s t e r O p e r a t i n g T i m e p e r G r a p p l e L o a d , i n 

S e c o n d s 

V 3 I 1 l | . K - T o t a l H a r v e s t e r O p e r a t i n g T i m e p e r G r a p p l e L o a d , i n 

M i n u t e s 

C C F 8 9 . K = C L I P F u n c t i o n (CCF89 i s e q u a l C C F 8 0 , t r e e p e r g r a p p l e 

l o a d , w h e n CCF80 i s e q u a l 1 o r m o r e . CCF89 i s e q u a l 

1 w h e n CCF80 i s l e s s t h a n 1 . ) 

C C F 9 0 . K = H a r v e s t e r O p e r a t i n g T i m e p e r T r e e ( C C F 9 0 . K i s i n 

s e c o n d s . ) 

E5«K - H a r v e s t e r O p e r a t i n g C o s t p e r H o u r a t H a r v e s t i n g T i m e 

(E5> i s c o m p u t e d b y s u b p r o g r a m 1 9 0 

V 3 H 5 . K = H a r v e s t i n g C o s t p e r G r a p p l e L o a d a t H a r v e s t i n g T i m e 

C D P L . K - C o r d s p e r G r a p p l e L o a d 

V 3 H 6 . K - H a r v e s t i n g C o s t p e r C o r d a t H a r v e s t i n g T i m e 

C £ . K = I n f l a t i o n F a c t o r B e t w e e n P l a n t i n g T i m e a n d H a r v e s t i n g 

T i m e ( C £ . K i s c o m p u t e d b y s u b p r o g r a m 1 9 0 

V 3 I 6 2 . K = E q u i v a l e n t H a r v e s t i n g C o s t p e r C o r d a t P l a n t i n g T i m e 
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S u b p r o g r a m Ik 

T h i s s u b p r o g r a m c o m p u t e s t h e i n i t i a l v a l u e p e r a c r e ( I N V ) ' o f a l l 

i n v e s t m e n t s a n d e x p e n s e s r e q u i r e d b y t h e p r i v a t e l a n d o w n e r t o g r o w t r e e s 

t o t h e h a r v e s t i n g a g e . T N V i s c o m p u t e d a t p l a n t i n g t i m e . 

T h e i n i t i a l i n v e s t m e n t i s t h e l a n d v a l u e a t p l a n t i n g t i m e ( I L V ) . 

T h e l a n d v a l u e i s c o m p u t e d i n s u b p r o g r a m \ $ b y T E 1 B 2 a s a f u n c t i o n o f 

t h e s i t e i n d e x . 

T h e i n i t i a l e x p e n s e s a r e s i t e c l e a r i n g c o s t ( S P C 1 ) a n d t h e c o m ­

b i n e d s i t e p r e p a r a t i o n a n d p l a n t i n g c o s t ( S P P C ) . T h e s i t e c l e a r i n g c o s t 

( S P C 1 ) i s i n c u r r e d d u r i n g t h e i n i t i a l p l a n t a t i o n p l a n t i n g a n d i s e s t i m a t e d 

a t 2 0 d o l l a r s p e r a c r e . D u r i n g r e p l a n t i n g o f p l a n t a t i o n s , t h e s i t e 

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

a n d c l e a r c u t w h e n h a r v e s t e d . T h e c o m b i n e d s i t e p r e p a r a t i o n a n d p l a n t i n g 

c o s t ( S P P C ) i s m a d e u p o f s i t e p r e p a r a t i o n c o s t ( S P C ) , t r e e s e e d l i n g 

c o s t ( T C ) , a n d t r e e s e e d l i n g p l a n t i n g c o s t ( P C ) . S i t e p r e p a r a t i o n c o s t 

( S P C ) i s e s t i m a t e d a t 1 2 d o l l a r s p e r a c r e . T r e e s e e d l i n g c o s t p e r a c r e 

( T C ) i s c o m p u t e d a s a f u n c t i o n o f p l a n t i n g d e n s i t y p e r a c r e ( T P A ) a n d 

s e e d l i n g c o s t ( T C P T ) . T r e e s e e d l i n g c o s t ( T C P T ) i s e s t i m a t e d a t h d o l l a r s 

p e r 1 , 0 0 0 t r e e s . T h e t r e e s e e d l i n g p l a n t i n g c o s t p e r a c r e ( P C ) i s c o m ­

p u t e d a s a f u n c t i o n o f p l a n t i n g d e n s i t y p e r a c r e ( T P A ) a n d p l a n t i n g c o s t 

( P C P T ) . P l a n t i n g c o s t ( P C P T ) i s e s t i m a t e d a t l £ d o l l a r s p e r 1 , 0 0 0 t r e e s . 

T h e f o l l o w - o n e x p e n s e s a r e i d e n t i f i e d a s a n n u a l t a x e s a n d a n n u a l 

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

d u e t o e c o n o m i c f a c t o r s s u c h a s i n f l a t i o n . T h e s e f o l l o w - o n e x p e n s e s a r e 

a s s u m e d t o b e i n v e s t e d a t p l a n t i n g t i m e a t t y p i c a l b a n k d e p o s i t r a t e s 

( e s t i m a t e d a t 5 p e r c e n t b a s e d o n i n t e r e s t r a t e s a t t h e t i m e o f t h i s w o r k ) 
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and remain on deposit unti l needed. Subprogram 17 computes the annual 

taxes at subsequent years after planting and discounts the value, at the 

bank deposit rate , to the related value at planting time. The discounted 

annual taxes are used to determine the cummulative annual tax cost (H3) 

at planting time. Subprogram 18 computes, in a similar manner, the 

annual management cost and the cummulative annual management cost (Ha) 

at planting time. 

The above computations are summarized below: 

10A HV. K«+ILV. K+SPPC. K+H3. K+Ha.K+SPC1 +0.0 
6A LL7.K=TE1 B2.K 
C SPC1«20 
8A SPPC.K«SPC+TC.K+PC.K 
C SP012 
oUA TC.K«(TPA)(TCPT.K)/1,000 
C TCPT«l] 
UoA PC.K*(TPA)(PCPT.K)/1,000 
C PCPT*15 

INV.K « In i t ia l Value at Planting Time of All Investments and 
Expenses Required to Qrow an Acre of Trees to 
Harvesting Age 

ILV.K « Land Value per Acre at Planting Time (ILV.K i s equal 
TE1B2.K which i s computed by subprogram 15.) 

SPPC.K * Combined Site Preparation and Planting Cost per Acre 
H3.K • Cummulative Annual Tax Cost per Acre Discounted to 

Value at Planting Time (H3.K i s computed by 
subprogram 17.) 

Hu.K « Cummulative Annual Management Cost per Acre Discounted 
to Value at Planting Time ( H U . K i s computed by 
subprogram 18.) 

SPC1 • Site Clearing Cost per Acre 
TE1B2.K • Land Value per Acre at Planting Time (TE1B2.K i s 

computed by subprogram 15.) 
SPC - Site Preparation Cost per Acre 
TC.K * Tree Seedling Cost per Acre 
PC.K • Tree Seedling Planting Cost per Acre 
TPA * In i t ia l Planting Density in Trees per Acre (TPA i s 

assigned a value by subprogram $ of the forest growth 
model.) 

TCPT.K • Tree Seedling Cost per 1 , 0 0 0 
PCPT « Tree Seedling Planting Cost per 1 , 0 0 0 
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Subprogram 15 
F o r e s t land value a t p l a n t i n g t ime (TE1B2) i s ass igned v a l u e s 

r e l a t i v e t o t h e land s i t e index. The land value a t p l a n t i n g t ime ( T E 1 B 2 ) 

i s assumed to l i n e a r l y i n c r e a s e from 50 d o l l a r s per acre for land with a 

kO s i t e index t o 90 d o l l a r s per acre f o r land with a 80 s i t e index . The 

land i s a l so expected t o i n c r e a s e i n va lue r e l a t i v e t o time due t o 

economic f a c t o r s . The economic f a c t o r s a f f e c t i n g land va lues are t h e 

misce l laneous i n f l a t i o n f a c t o r ( T E 1 B 1 ) and the i n f l a t i o n r a t e f a c t o r ( D 1 ) . 

The misce l laneous i n f l a t i o n f a c t o r (TE1B1 ) i s ass igned v a l u e s by 

a TABLE funct ion t h a t i s i n c l u d e d i n t h e model t o spec i fy land v a l u e s a t 

s p e c i f i c years a f t e r p l a n t i n g t ime . This f a c t o r can be used t o account 

for s p e c i a l i n f l u e n c e s in conjunct ion with t h e i n f l a t i o n r a t e f a c t o r ( D 1 ) , 

or i t can be used t o t o t a l l y account f o r changes i n land v a l u e . The 

s p e c i a l in f luences are economic f a c t o r s such as surrounding land develop­

ment. This work does not cons ider s p e c i a l cases of economic f a c t o r s and 

t h e land i s assumed t o i n c r e a s e i n va lue a t a compound i n f l a t i o n r a t e 

( 1 1 ) . In view of t h i s , t h e misce l laneous i n f l a t i o n f a c t o r ( T E 1 B 1 ) i s 

a s s igned a va lue of u n i t y a t a l l computat ional i n s t a n t s . 

The i n f l a t i o n r a t e r a t i o ( 0 1 ) i s computed a t an annual compound 

i n f l a t i o n r a t e ( 1 1 ) of 3 p e r c e n t . The i n f l a t i o n r a t e r a t i o a t N y e a r s 

a f t e r p l a n t i n g t ime i s computed by t h e fol lowing equat ion: 

01 = ( 1 + H ) N 

A CLIP f u n c t i o n i s used t o c o n t r o l t h e use of t h e compound i n f l a t i o n 

r a t e . The CLIP funct ion i s c o n t r o l l e d by the va lue of LCCT. I f use of 

t h e annual compound i n f l a t i o n r a t e i s d e s i r e d , LCCT i s a s s igned a value 
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g r e a t e r t h a n $• a n d t h e C L I P f u n c t i o n a s s i g n s D 1 t h e v a l u e of 0 1 . If use 

o f t h e a n n u a l c o m p o u n d i n f l a t i o n r a t e i s n o t d e s i r e d , L C C T i s a s s i g n e d a 

v a l u e l e s s t h a n 5> a n d t h e C L I P f u n c t i o n a s s i g n s D 1 a v a l u e o f 1 . 

T h e m i s c e l l a n e o u s i n f l a t e d l a n d v a l u e ( T E 1 ) i s c o m p u t e d a s t h e 

p r o d u c t o f t h e m i s c e l l a n e o u s i n f l a t i o n f a c t o r ( T E 1 B 1 ) a n d t h e l a n d v a l u e 

a t p l a n t i n g t i m e ( T E 1 B 2 ) . T h e t o t a l i n f l a t e d l a n d v a l u e ( E 1 ) i s c o m p u t e d 

a s t h e p r o d u c t o f t h e m i s c e l l a n e o u s i n f l a t e d l a n d v a l u e ( T E 1 ) a n d t h e 

i n f l a t i o n r a t e f a c t o r ( D 1 ) . 

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

C I1=.03 
7 A A1.K=P+I1 
29A B1.K=(N.K)L0GN(A1 . K ) 
28A C 1 . K = ( P ) E X P ( B 1 . K ) 
51A D 1 . K = C L I P ( + C 1 . K , + P , + L C C T , + 5 ) 
12A E1.K=(D1.K)(TE1.K) 
12A TE1 .K=(TE1B1 .K)(TE1B2.K) 
5 9 A TE1B1 .K=TABLE(TE1V1 , N . K , 0 , 2 | . 0 , l i 0 ) 
C TE1V1*»1/1 
59A TE1B2.K=TABLE(TE1V2,SITEI.K,U0,8 0,10) 
C TE1V2**50/60/70/80/90 
C LCCT=10 

1 1 = C o m p o u n d A n n u a l I n f l a t i o n R a t e f o r L a n d V a l u e 

P = 1 ( C o m p u t a t i o n a l c o n s t a n t e s t a b l i s h e d b y s u b p r o g r a m 

1 o f t h e f o r e s t g r o w t h m o d e l . ) 

A1.K = C o m p u t a t i o n a l F a c t o r f o r B1.K 

B1.K = C o m p u t a t i o n a l F a c t o r f o r C1.K 

N . K - Y e a r s S i n c e P l a n t i n g T i m e a t C u r r e n t C o m p u t a t i o n a l 

I n s t a n t ( N . K i s c o m p u t e d b y s u b p r o g r a m 2 o f t h e 

f o r e s t g r o w t h m o d e l . ) 

C1.K = I n f l a t i o n R a t e R a t i o 

D1.K - I n f l a t i o n R a t e F a c t o r C L I P F u n c t i o n (D1 . K i s a s s i g n e d 

t h e v a l u e o f C1.K i f L C C T i s g r e a t e r t h a n f> o r D1.K 

i s a s s i g n e d a v a l u e o f 1 i f L C C T i s l e s s t h a n S > . ) 

E1 .K = T o t a l I n f l a t e d L a n d V a l u e a t N Y e a r s A f t e r P l a n t i n g 

T i m e 

TE1 . K = M i s c e l l a n e o u s I n f l a t e d L a n d V a l u e 

TE1B1.K = M i s c e l l a n e o u s I n f l a t i o n F a c t o r 

TE1V1-K- = M i s c e l l a n e o u s I n f l a t i o n F a c t o r s f o r S u b s e q u e n t Y e a r s 

A f t e r P l a n t i n g T i m e 

TE1B2.K = L a n d V a l u e a t P l a n t i n g T i m e 
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TE1V2* = Land Values a t P l a n t i n g Time R e l a t i v e t o S i t e Index 
SITEI.K - S i t e Index of Land. (Value i s ass igned by subprogram 1 

of t h e f o r e s t growth model . ) 
LCCT = Contro l Fac tor for Use of Compound I n f l a t i o n Rate 

Subprogram 16 

The stumpage p r i c e of wood (cost of unharvested wood) g e n e r a l l y 

i n c r e a s e s with t ime due to economic f a c t o r s . The stumpage p r i c e , a t sub­

sequent y e a r s a f t e r p l a n t i n g , i s cons idered a funct ion of i n f l a t i o n and 

t h e stumpage p r i c e a t p l a n t i n g time (TE2B2). The stumpage p r i c e a t 

p l a n t i n g t ime (TE2B2) i s approximated a t 8 d o l l a r s per cord. Stumpage 

p r i c e i n f l a t i o n i s determined by a misce l laneous i n f l a t i o n f a c t o r (TE2B1) 

and an i n f l a t i o n r a t e f a c t o r (D2). 

The misce l laneous i n f l a t i o n f a c t o r (TE2B1) i s a s s igned va lues by 

a TABLE funct ion t h a t i s inc luded in t h e model t o spec i fy stumpage p r i c e s 

a t subsequent y e a r s a f t e r p l a n t i n g t ime . This f a c t o r can be used t o 

account for s p e c i a l in f luences i n conjunct ion with t h e i n f l a t i o n r a t e 

f a c t o r (D2); or i t can be used t o t o t a l l y account f o r i n c r e a s e s i n t h e 

stumpage p r i c e . The s p e c i a l i n f l u e n c e s a r e considered t o be caused by 

f a c t o r s r e l a t e d t o supply and demand. This work does not cons ider s p e c i a l 

cases of supply and demand, and t h e stumpage p r i c e i s assumed t o i n c r e a s e 

a t an annual compound i n f l a t i o n r a t e (12) . In view of t h i s , t h e m i s c e l l a ­

neous i n f l a t i o n f a c t o r (TE2B1) i s ass igned a value of u n i t y a t a l l compu­

t a t i o n a l i n s t a n t s . 

The i n f l a t i o n r a t e r a t i o (C2) i s computed a t an annual compound 

I n f l a t i o n r a t e (12) of 3 p e r c e n t . The i n f l a t i o n r a t e r a t i o , a t N y e a r s 

a f t e r p l a n t i n g t i m e , i s computed by t h e fo l lowing equat ion: 
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C2 = (1 + 12) 

C TE2V1-*=1/1 
C TE2B2=8.CO 
C SPCT=10 

12 = Compound I n f l a t i o n Rate for Stumpage P r i ce 
P = 1 (Computational cons tan t e s t a b l i s h e d by subprogram 1 

of t h e f o r e s t growth model) 
A2.K = Computational Factor fo r B2.K 
B2.K = Computational Factor for C2.K 
N.K = Years Since P l a n t i n g a t Current Computational I n s t a n t 

(N.K i s computed by subprogram 2 of t h e f o r e s t growth 
model.) 

C2.K = I n f l a t i o n Rate Ra t io 
D2.K = I n f l a t i o n Rate Factor CLIP Funct ion (D2.K i s a s s igned 

the va lue of C2.K i f SPCT i s g r e a t e r than 5 or D2.K 
i s ass igned a va lue of 1 i f SPCT i s l e s s than 50 

A CLIP funct ion i s used to c o n t r o l t h e use of the compound i n f l a t i o n 

r a t e . The CLIP funct ion i s c o n t r o l l e d by the value of SPCT. I f use of 

the annual compound i n f l a t i o n r a t e i s d e s i r e d , SPCT i s ass igned a va lue 

g r e a t e r than 5 and the CLIP funct ion a s s i g n s D2 the va lue of C2. I f use 

of t he annual compound i n f l a t i o n r a t e i s not d e s i r e d , SPCT i s a s s igned a 

value l e s s than 5 and the CLIP funct ion a s s i g n s D2 a va lue of 1. 

The misce l laneous i n f l a t e d stumpage p r i c e (TE2) i s computed as the 

product of the misce l laneous i n f l a t i o n f a c t o r (TE2B1) and t h e stumpage 

p r i c e a t p l a n t i n g t ime (TE2B2). The t o t a l i n f l a t e d stumpage p r i c e (E2) 

i s computed as the product of t h e misce l laneous i n f l a t e d stumpage p r i c e 

(TE2) and the i n f l a t i o n r a t e f a c t o r (D2). 

The computations a r e summarized as fo l lows : 

C I2=.03 
7A A2.K=P+I2 
29A B2.K=(N.K)LOGN(A2.K) 
28A C2.K=(P)EXP(B2.K) 
51A P2.K=CLIP(+C2.K,+P,+SPCT,+5) 
12A E2.K-(D2.K)(TE2.K) 
12A TE2.K>(TE2B1.K)(TE2B2.K) 
59A TE2B1 .K=TABLE(TE2V1 ,N.K,0,uO,liO) 
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E 2 . K = T o t a l I n f l a t e d S t u m p a g e P r i c e a t C u r r e n t C o m p u t a t i o n a l 

I n s t a n t 

T E 2 . K = M i s c e l l a n e o u s I n f l a t e d S t u m p a g e P r i c e 

T E 2 B 1 . K = M i s c e l l a n e o u s I n f l a t i o n F a c t o r 

T E 2 V 1 - * = M i s c e l l a n e o u s I n f l a t i o n F a c t o r s f o r S u b s e q u e n t Y e a r s 

A f t e r P l a n t i n g T i m e 

T E 2 B 2 = S t u m p a g e P r i c e a t P l a n t i n g T i m e 

S P C T = C o n t r o l F a c t o r f o r U s e o f " C o m p o u n d I n f l a t i o n R a t e 

S u b p r o g r a m 1 7 

T h e a n n u a l p r o p e r t y t a x (E3) p e r a c r e o f f o r e s t l a n d i s c o m p u t e d 

a s a f u n c t i o n o f w o o d v o l u m e p e r a c r e ( V 3 I l i ) , m i s c e l l a n e o u s i n f l a t i o n 

f a c t o r (TE3B1), a n d i n f l a t i o n r a t e f a c t o r (D3). T h e p r o p e r t y t a x i s 

p a i d a t t h e e n d c f t h e a p p l i c a b l e y e a r a t t h e r a t e d e t e r m i n e d a t t h e b e ­

g i n n i n g o f t h e y e a r . T h e t a x y e a r s a r e a s s u m e d c o i n c i d e n t w i t h 1 y e a r 

i n c r e m e n t s a f t e r p l a n t i n g . 

T h e a s s e s s e d v a l u e o f f o r e s t l a n d f o r t a x a t i o n i s b a s e d o n t h e 

v o l u m e o f w o o d (V3ll+) o n t h e l a n d . T h e t a x r a t e ( T 5 3 B 2 ) o n f o r e s t l a n d , 

a t p l a n t i n g t i m e , i s . $ 0 o f a d o l l a r - p e r a c r e p e r y e a r i f t h e l a n d i s 

e s t i m a t e d t o h a v e l e s s t h a n 2 $ 0 c u b i c f e e t o f w o o d p e r a c r e . I f t h e r e 

a r e a n e s t i m a t e d 25>0 t o 1^ ,000 c u b i c f e e t o f w o o d p e r a c r e , t h e t a x r a t e 

i s p l a c e d a t 1 d o l l a r p e r a c r e p e r y e a r . F o r l a n d w i t h m o r e t h a n l i , 0 0 0 

c u b i c f e e t o f w o o d p e r a c r e , t h e t a x r a t e i s 1 . $ 0 d o l l a r s p e r a c r e p e r 

y e a r . T h e s e a n n u a l t a x r a t e s a r e b a s e d o n t y p i c a l p r o p e r t y t a x r a t e s o n 

f o r e s t l a n d i n M i d d l e G e o r g i a a t t h e t i m e o f t h i s w o r k . 

T h e m i s c e l l a n e o u s i n f l a t i o n f a c t o r ( T E 3 B 1 ) i s a s s i g n e d v a l u e s b y 

a T A B L E f u n c t i o n t h a t i s i n c l u d e d i n t h e m o d e l t c s p e c i f y t a x r a t e s a t 

s u b s e q u e n t y e a r s a f t e r p l a n t i n g t i m e . T h i s f a c t o r c a n b e u s e d t o a c c o u n t 

f o r s p e c i a l i n f l u e n c e s i n c o n j u n c t i o n w i t h t h e i n f l a t i o n r a t e f a c t o r 

(D3), o r i t c a n b e u s e d t o t o t a l l y a c c o u n t f o r i n f l a t i o n o f t a x e s . T h e 
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s p e c i a l i n f luences a re t o be used to account fo r in f luences such as 

l o c a l economic developments. This work does not cons ider s p e c i a l cases 

of i n f l a t i o n and t h e t a x r a t e i s assumed to i n c r e a s e a t an annual compound 

i n f l a t i o n r a t e ( 1 3 ) . In view of t h i s , the misce l laneous i n f l a t i o n f a c t o r 

(TE3B1) i s ass igned a va lue of u n i t y a t a l l computat ional i n s t a n t s . 

The i n f l a t i o n r a t e r a t i o ( C 3 ) is .computed a t an annual compound 

i n f l a t i o n r a t e ( 1 3 ) of 3 p e r c e n t . The i n f l a t i o n r a t i o a t N yea r s a f t e r 

p l a n t i n g time i s computed by t h e fol lowing equat ion: 

0 3 = ( 1 + 1 3 ) K 

A CLIP funct ion i s used t o c o n t r o l the use of the compound i n f l a t i o n 

r a t e . The CLIP func t ion i s c o n t r o l l e d by t h e value of TRCT. I f use of 

the annual compound i n f l a t i o n r a t e i s d e s i r e d , TRCT i s ass igned a va lue 

g r e a t e r than 5 and t h e CLIP func t ion a s s i g n s D3 the va lue of C 3 . I f 

use of t h e annual compound i n f l a t i o n r a t e i s not d e s i r e d , TRCT i s a s s igned 

a va lue l e s s than 5 and the CLIP funct ion a s s i g n s D3 a value of 1 . 

The misce l laneous i n f l a t e d annual t a x r a t e (TE3) i s computed as 

the product of t h e misce l laneous i n f l a t i o n f a c t o r ( T E 3 B 1 ) and t h e t a x r a t e 

( T E 3 B 2 ) a t p l a n t i n g t ime. The t o t a l i n f l a t e d annual t a x r a t e (E3) i s 

computed as t he product of t h e misce l laneous i n f l a t e d annual t a x r a t e 

(TE3) and the i n f l a t i o n r a t e f a c t o r (D3). 

The annual t a x e s a r e i n v e s t e d a t p l a n t i n g t ime a t t y p i c a l bank 

depos i t r a t e s ( 1 1 0 ) . The annual t a x e s (E3) remain on depos i t u n t i l r e ­

q u i r e d . Subprogram 2 1 computes a d i scount f a c t o r (D10) t o d i scount t h e 

t o t a l i n f l a t e d annual t a x r a t e (E3) t o t h e r e l a t e d va lue (F3) a t p l a n t i n g 

t ime . The d i scounted annual t a x r a t e (F3) i s delayed f o r 1 yea r ( t h e 
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next computat ional i n s t a n t ) t o account fo r the t axes being pa id a t t h e end 

of t h e app l i cab l e y e a r . The cummulated d iscounted annual t ax ( H 3 ) i s 

computed by summing the d i scounted t o t a l i n f l a t e d annual t a x r a t e s ( F 3 ) 

a f t e r they have been delayed 1 computat ional i n t e r v a l . 

These computations a re summarised as fo l lows : 

C I3=.03 
7A A3.K=P+I3 
2 9A B3. K= (N. K) LOGN (A3. K) 
28A C3.K=(P)EXP(B3«K) 
51A D3. K=CLIP (+C3. K, P.TRCT, +5) 
12A E3.K=(D3.K)(TE3-K) 
12A TE3.K=(TE3B1 .K)(TE3B2.K) 
5 9 A TE3B1 .K=TABLE(TE3V1 ,N.K,0,1*0,1*0) 

M;- C TE3V1*-=1/1 
$9k TE3B2. K=T ABHL (TE3V2 ,V 3ll*. K, 500, 1*000, 250) 
C TE3V2*=0.50/1 /1 /1 /1 /1 / I / I /1 /1 / 1 / 1 A /'1 / 1 .50 
12R F3.KL*(E3.K)(D10.K) 
1L H3.K=H3.J+(DT)(+F3.JK+0) 
6 N H3=0 
C TRCT=10 

13 = Compound Annual I n f l a t i o n Rate fo r Annual Tax Rate 
P = 1 (Computational cons tan t e s t a b l i s h e d by subprogram 1 

of t h e f o r e s t growth model . ) 
A3»K = Computational Fac to r fo r B3«K 
B3»K = Computational F a c t o r for C3.K 
N.K = Years Since P l a n t i n g a t Current Computational I n s t a n t 

(N.K i s computed by subprogram 2 of t h e f o r e s t growth 
model.) 

C3.K = I n f l a t i o n Rate Ra t io 
D3.K = I n f l a t i o n Rate F a c t o r CLIP Funct ion (D3.K i s a s s igned 

t h e value of C3.K i f TRCT i s g r e a t e r than 5 or D3.K i s 
a ss igned a va lue of 1 i f TRCT i s l e s s than 50 

E3.K = To ta l I n f l a t e d Annual Tax Rate a t Current Computational 
I n s t a n t 

TE3.K = Miscel laneous I n f l a t e d Annual Tax Rate 
TE3B1.K = Miscel laneous I n f l a t i o n F a c t o r 
TE3V1* = Miscel laneous I n f l a t i o n F a c t o r s fo r Subsequent Years 

After P l a n t i n g Time 
TE3B2.K = TABHL Funct ion fo r Tax Rate per Acre a t P l a n t i n g Time 
TE3V2* = Tax Rate p e r Acre a t P l a n t i n g Time R e l a t i v e t o Wood 

Volume on t h e Land 
V3Il*.K = Wood Volume p e r Acre (V3Il*.K i s i n cubic f e e t and i s 

computed by subprogram 12 of the f o r e s t growth model . ) 
F3.KL = Discounted Annual Tax Rate 
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D10.K = Discount Factor (D10.K i s computed by subprogram 21.) 
H3.K = Cummulative Discounted Annual Tax a t Current 

Computational I n s t a n t 
TRCT = Control Fac to r fo r Use of Compound I n f l a t i o n Rate 

Subprogram 18 

The annual management expense accounts fo r i tems such as i n s p e c t i o n 

and t r ea tment for d i sease and i n s e c t s , f i r e p r o t e c t i o n , and management 

r e c o r d s . The management cos t i s computed a t t he beginning of t h e a p p l i c ­

ab le y e a r s . The annual management expense funds a re made a v a i l a b l e a t 

t h e beginning of t h e a p p l i c a b l e y e a r s . F o r e s t management cos t a t p l a n t i n g 

t ime (TE4B2) i s es t imated a t 1.50 d o l l a r s per a c r e . The f o r e s t manage­

ment cos t i s i n c r e a s e d a t subsequent y e a r s due to t h e misce l laneous i n ­

f l a t i o n f a c t o r (TE4BI) and t h e i n f l a t i o n r a t e f a c t o r (D4) . The annual 

management cos t (E4) i s computed for t h e next computat ional i n s t a n t . The 

management cos t i s made a v a i l a b l e a t t h e beginning of t h e a p p l i c a b l e yea r 

and expended between the a p p l i c a b l e y e a r and the next y e a r . 

The misce l laneous i n f l a t i o n f a c t o r (TE4BI) i s a s s igned va lues by 

a TABLE func t ion t h a t i s inc luded i n t h e model t o specify management cos t 

a t subsequent yea r s a f t e r p l a n t i n g t i m e . This f a c t o r can be used t o a c ­

count for s p e c i a l i n f l uences i n conjunct ion with t h e i n f l a t i o n r a t e f a c t o r 

(D4), or i t can be used t o t o t a l l y account for i n c r e a s e s i n annual manage­

ment c o s t . The s p e c i a l in f luences a r e t o be used t o account fo r c o s t s 

such as t h e t rea tment of abnormal d i s e a s e or i n s e c t i n f e s t a t i o n . This 

work does not cons ider s p e c i a l cases and the annual management cost i s 

assumed t o i n c r e a s e a t an annual compound i n f l a t i o n r a t e (I4). In view 

of t h i s , t h e misce l laneous i n f l a t i o n f a c t o r (TE4BI) i s a s s igned a va lue 

of u n i t y a t a l l computat ional i n s t a n t s . 
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The i n f l a t i o n r a t e r a t i o (Cii) i s computed a t an annual compound 

i n f l a t i o n r a t e ( 1 2 ; ) of 3 p e r c e n t . The i n f l a t i o n r a t i o , a t N 1 yea r s ( the 

next computat ional i n s t a n t ) a f t e r p l a n t i n g t ime , i s computed by t h e 

fo l lowing equa t ion : 

A CLIP funct ion i s used t o c o n t r o l the use of the compound i n f l a t i o n 

r a t e . The CLIP funct ion i s c o n t r o l l e d by t h e value of MCCT. I f use of 

t he annual compound i n f l a t i o n r a t e i s d e s i r e d , MCCT i s ass igned a va lue 

g r e a t e r than 5 and the CLIP func t ion a s s i g n s Dl; the value of Cl+. I f 

use of t he annual compound i n f l a t i o n r a t e i s not d e s i r e d , MCCT i s a s ­

s igned a value l e s s than $ and t h e CLIP func t ion a s s i g n s D*U a v a l u e of 1 . 

The misce l laneous i n f l a t e d annual management cos t (TE1+) i s com­

puted as t h e product of t he misce l laneous i n f l a t i o n f a c t o r (TE1+B1) and 

t h e management cos t (TEI+B2) a t p l a n t i n g t ime . The t o t a l i n f l a t e d annual 

management cos t (El+) i s computed as the product of t he misce l laneous 

i n f l a t e d annual management cost ( T E 2 + ) and t h e i n f l a t i o n r a t e f a c t o r (Di;). 

The annual management cos t i s i n v e s t e d a t p l a n t i n g time a t t y p i c a l 

bank depos i t r a t e s ( 1 1 0 ) . The annual management cos t (El+) remains on de­

p o s i t u n t i l r e q u i r e d . Subprogram 2 1 computes a d i scount f a c t o r ( D 1 0 ) t o 

d i scount t h e t o t a l i n f l a t e d annual management cost (Eh) t o t he r e l a t e d 

va lue (FU»-1) a t p l a n t i n g t i m e . The d i scounted annual management c o s t 

(FU*1) ' i s computed for the next computat ional i n s t a n t . The d i scoun ted 

annual management cos t a t t h e nex t computat ional i n s t a n t (Fl;*-1) i s de layed 

1 computat ional i n t e r v a l t o compute t h e d i scounted annual management cos t 

a t t h e c u r r e n t computat ional i n s t a n t (GU). The annual management cos t i s 
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m a d e a v a i l a b l e a t t h e b e g i n n i n g o f t h e a p p l i c a b l e y e a r a n d e x p e n d e d b e ­

t w e e n t h e a p p l i c a b l e y e a r a n d t h e n e x t y e a r . T h e r e f o r e , t h e d i s c o u n t e d 

a n n u a l m a n a g e m e n t c o s t a t t h e c u r r e n t c o m p u t a t i o n a l i n s t a n t (Gh) i s d e ­

l a y e d 1 c o m p u t a t i o n a l i n t e r v a l a n d a d d e d t o t h e c u m m u l a t i v e d i s c o u n t e d , 

a n n u a l m a n a g e m e n t c o s t ( H i * ) . 

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

C l i p . 0 3 
7 A A i i „ K = P + I i i 

2 9 A B i i . K = ( N 1 . K ) L 0 G N ( A h . K ) 

2 8 A C l i . K = ( P ) E X P ( B i i . . K ) 

51A D i i . K = C L I P ( + C i i . K , P . M C C T , +5) 
1 2 A E h . K = ( D a . K ) ( T E h . K ) 

1 2 A T E J | . K = ( T E l i B 1 . K ) ( T E l * B 2 . K ) 

5?A T E l j 3 1 . K = T A B L E ( T E l i V 1 , N 1 .K,1,2i1,1|0) 
C T E U V 1 * « 1 / 1 
C T E 2 | B 2 = 1.50 
C M C C T = 1 0 
1 2 A F l i * 1 . K = ( E l i . K ) ( D 1 0 . K ) 

3 7 B F 4 . K = B 0 X L I N ( 2 , 1 ) 

C F l i * = 1 .50/1 .50 
6 R G4.KL=F4#2.K 
1 L H l i . K = H l i . J + ( D T ) (+G4.JK+O) 

I i i = C o m p o u n d A n n u a l I n f l a t i o n R a t e f o r A n n u a l M a n a g e m e n t 

C o s t 

P = 1 ( C o m p u t a t i o n a l c o n s t a n t e s t a b l i s h e d b y s u b p r o g r a m 1 

o f t h e f o r e s t g r o w t h m o d e l . ) 

A 4 . K = C o m p u t a t i o n a l F a c t o r f o r B l i . K 

B 4 . K = C o m p u t a t i o n a l F a c t o r f o r C 4 . K 

N 1 . K = Y e a r s S i n c e P l a n t i n g a t t h e N e x t C o m p u t a t i o n a l I n s t a n t 

( N 1 . K i s c o m p u t e d b y s u b p r o g r a m 2 o f t h e f o r e s t g r o w t h 

m o d e l . ) 

C4.K = I n f l a t i o n R a t e R a t i o 

D4.K = I n f l a t i o n R a t e F a c t o r C L I P F u n c t i o n (D4 . K i s a s s i g n e d 

t h e v a l u e o f C4 . K i f M C C T i s g r e a t e r t h a n 5 o r D 4 . K i s 

a s s i g n e d a v a l u e o f 1 i f M C C T i s l e s s t h a n 5«) 
E4.K = T o t a l I n f l a t e d A n n u a l M a n a g e m e n t C o s t a t N e x t C o m p u t a ­

t i o n a l I n s t a n t 

TEl i .K - M i s c e l l a n e o u s I n f l a t e d A n n u a l M a n a g e m e n t C o s t 

T E l i B I .K * M i s c e l l a n e o u s I n f l a t i o n F a c t o r 

TE4VI* « M i s c e l l a n e o u s I n f l a t i o n F a c t o r s f o r S u b s e q u e n t Y e a r s 

a f t e r P l a n t i n g T i m e 

TE4B2 = A n n u a l M a n a g e m e n t C o s t p e r A c r e a t P l a n t i n g T i m e 
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Fij*-1 .K = Discounted Annual Management Cost a t t h e Next 
Computational I n s t a n t 

Flj.K = Helps Fh-*2.K Delay Flj#1 .K Values 1 Computational 
I n t e r v a l 

Fl^2.K = Helps F4.K Delay Fl;*-1 .K Values 1 Computational I n t e r v a l 
Fir* = I n i t i a l Values of Flj.. K 
D10.K = Discount Fac to r (D10.K i s computed by subprogram 21.) 
Gi*.KL = Discounted Annual Management Cost a t t h e Curren t 

Computational I n s t a n t 
HJ4.K = Cummulative Discounted Annual Management Costs Expended 

a t Curren t Computational I n s t a n t 
MCCT = Control Fac tor for Use of Compound I n f l a t i o n Rate 

Subprogram 19 

The proposed h a r v e s t e r ope ra t i ng cos t a t p l a n t i n g t ime (TE5B2) i s 

es t ima ted t o be 30 d o l l a r s pe r hour . Computation of t h i s opera t ing c o s t 

i s summarized i n Appendix I I . The es t ima ted h a r v e s t e r ope ra t i ng c o s t , 

a t p l a n t i n g t ime , i s based on c u r r e n t component c o s t s , t h e i r r e l a t e d 

ope ra t ing c o s t , and cu r ren t h a r v e s t e r assembly cost a t p l a n t i n g t i m e . 

The h a r v e s t e r ope ra t ing cos t a t subsequent y e a r s a f t e r p l a n t i n g t ime (E5>) 

i s expected t o i n c r e a s e r e l a t i v e t o t h e misce l laneous i n f l a t i o n f a c t o r 

(TE5B1) and the i n f l a t i o n r a t e f a c t o r (D5). 

The misce l laneous i n f l a t i o n f a c t o r ( T E 5 B 1 ) i s ass igned v a l u e s by 

a TABLE func t ion t h a t i s inc luded i n t h e model t o spec i fy h a r v e s t e r 

o p e r a t i n g cost a t subsequent y e a r s a f t e r p l a n t i n g t i m e . This f a c t o r can 

be used t o account for s p e c i a l i n f luences i n conjunct ion with t h e i n f l a ­

t i o n r a t e f a c t o r (D£), o r i t can be used t o t o t a l l y account f o r i n c r e a s e s 

i n t h e h a r v e s t e r opera t ing c o s t . The s p e c i a l i n f l u e n c e s can be abnormal 

f l u c t u a t i o n s i n t h e n a t i o n a l economy which a f f e c t t h e i n f l a t i o n r a t e . 

Th i s work does not cons ide r s p e c i a l cases and t h e h a r v e s t e r o p e r a t i n g 

cos t i s assumed t o i n c r e a s e a t an annual compound i n f l a t i o n r a t e ( l £ ) . 

In view of t h i s , t he misce l laneous i n f l a t i o n f a c t o r (TE5>B1) i s a s s igned 
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a va lue of u n i t y a t a l l computat ional i n s t a n t s . 

The i n f l a t i o n r a t e r a t i o (c£) i s computed a t an annual compound 

i n f l a t i o n r a t e (I5>) of 3 p e r c e n t . The i n f l a t i o n r a t i o , a t N yea r s a f t e r 

p l a n t i n g t i m e , i s computed by the fol lowing equa t ion : 

c5 = d + I 5 ) N 

A CLIP func t ion i s used t o con t ro l t h e use of t h e compound i n f l a t i o n 

r a t e . The CLIP func t ion i s c o n t r o l l e d by the va lue of MOCT. I f use of 

t h e annual compound i n f l a t i o n r a t e i s de s i r ed , MOCT i s a s s igned a va lue 

g r e a t e r than 5 and t h e CLIP func t ion a s s igns D£ t h e value of C£. I f 

use of t he annual compound i n f l a t i o n r a t e i s not d e s i r e d , MDCT i s a s ­

signed a va lue l e s s than 5 and the CLIP func t ion a s s igns D $ a va lue of 1 . 

The misce l laneous i n f l a t e d h a r v e s t e r opera t ing cos t (TE5>) i s com­

puted as the product of t h e misce l laneous i n f l a t i o n f a c t o r (TE5>B1) and 

the h a r v e s t e r ope ra t i ng cos t a t p l a n t i n g t ime (TEf?B2). The t o t a l i n ­

f l a t e d h a r v e s t e r opera t ing cos t (E5>) i s computed as t he product of t h e 

misce l laneous i n f l a t e d h a r v e s t e r opera t ing cos t (TEf?) and t h e i n f l a t i o n 

r a t e f a c t o r (D5>). A l l of t h e above h a r v e s t e r ope ra t ing c o s t s a re hour ly 

r a t e s . 

These computations a r e summarized as fo l l ows : 

C I5=.03 
7A A5.K=P+I5 
29A B5.Ka(N.K)LOGN(A5.K) 
28A C5.K=(P)EXP(B5.K) 
51A D5.K=CLIP(+C5.K,P,MOCT,+5) 
12A E5.K*(D5.K)(TE5.K) 
22A TE5.K(TE5B1 .K) (TE5>B2.K) 59A TE3>B1 .K=TABLE(TE5V1 ,N.K,0, i ;0 , l ;0) 
C TE£m=l/l 
C TE£B2=30.00 
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C MDCT-10 
15 - Compound Annual I n f l a t i o n Rate for Harves te r Opera t ing 

Cost 
P = 1 (Computational cons tan t e s t a b l i s h e d by subprogram 1 

of the f o r e s t growth model.) 
A5«K = Computational F a c t o r for B>K 
B5«K * Computational Fac tor fo r C5»K 
N.K = Years Since P l a n t i n g a t Current Computational I n s t a n t 

(N.K i s computed by subprogram 2 of the f o r e s t growth 
model.) 

Cf?.K = I n f l a t i o n Rate R a t i o 
D5.K = I n f l a t i o n Rate F a c t o r CLIP Funct ion (D5-K i s a s s igned 

t h e value of C£.K i f MOCT i s g r e a t e r than 5 or D5.K 
i s ass igned a value of 1 i f MDCT i s l e s s than 50 

E5.K = T o t a l I n f l a t e d Harves te r Operat ing Cost p e r Hour a t 
Current Computational I n s t a n t 

TE^.K = Miscel laneous I n f l a t e d Harves ter Operat ing Cost pe r 
Hour 

TE5B1.K = Miscel laneous I n f l a t i o n Fac to r 
TE5V"1-» = Miscel laneous I n f l a t i o n Fac to r s f o r Subsequent Years 

a f t e r P l an t ing Time 
TE5B2 = Harves te r Operat ing Cost p e r Hour a t P l a n t i n g Time 
MOCT = Control Fac tor fo r Use of Compound I n f l a t i o n Rate 

Subprogram 20 

The h a r v e s t i n g cost pe r cord i s a func t ion of t r e e and f o r e s t 

c h a r a c t e r i s t i c s . In view of t h i s , an al lowance i s made fo r t h e h a r v e s t ­

ing cos t pe r cord (V3I16 computed by subprogram 13) . When t h i s p r i c e 

(V3H6) exceeds the i n f l a t e d h a r v e s t i n g cos t pe r cord allowance a t 

h a r v e s t i n g t ime (E6), t he stumpage p r i c e a t h a r v e s t i n g t ime (E2 computed 

by subprogram 16) i s reduced accordingly by subprogram 22 which computes 

an ad jus t ed stumpage p r i c e a t h a r v e s t i n g t ime (V3I22). When t h e h a r v e s t ­

ing cos t i s l e s s than the a l lowance , the stumpage p r i c e i s i nc r ea sed 

acco rd ing ly . The h a r v e s t i n g cos t allowance a t p l a n t i n g t ime (TE6B2) i s 

p laced a t 1.50 d o l l a r s pe r cord . The h a r v e s t i n g cos t al lowance a t sub­

sequent y e a r s a f t e r p l a n t i n g t ime (E6) i s i n c r e a s e d r e l a t i v e t o t h e mis ­

ce l l aneous i n f l a t i o n f a c t o r (TE6B1) and t h e i n f l a t i o n r a t e f a c t o r (D6). 
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The miscel laneous i n f l a t i o n f a c t o r (TE6B1), t h a t i s a s s igned va lues 

by a TABLE func t ion , i s inc luded in t h e model t o speci fy h a r v e s t i n g cos t 

allowance a t subsequent y e a r s a f t e r p l a n t i n g t ime. This f a c t o r can be 

used to account for s p e c i a l i n f luences i n conjunct ion with t h e i n f l a t i o n 

r a t e f a c t o r (D6), or i t can be used to t o t a l l y account for i n c r e a s e s i n 

ha rves t i ng cos t a l lowance. The s p e c i a l i n f luences can be used t o account 

fo r the a f f e c t s of abnormal t e r r a i n and abnormal f l u c t u a t i o n s in t h e 

economy. Th i s work does not cons ider s p e c i a l cases and the h a r v e s t i n g 

cos t allowance i s assumed t o i nc r ea se a t an annual compound i n f l a t i o n 

r a t e . In view of t h i s , t he misce l laneous i n f l a t i o n f a c t o r ( T E 6 B 1 ) 

i s ass igned a va lue of u n i t y a t a l l computat ional i n s t a n t s . 

The i n f l a t i o n r a t e r a t i o (c£) fo r t h e h a r v e s t e r ope ra t i ng cos t 

(computed by subprogram 1 9 ) i s used as the i n f l a t i o n r a t e r a t i o fo r t h e 

h a r v e s t i n g cost al lowance a t subsequent yea r s a f t e r p l a n t i n g t ime . The 

h a r v e s t e r ope ra t ing cos t and t h e h a r v e s t i n g cos t allowance i n c r e a s e a t 

t he same annual compound i n f l a t i o n r a t e . 

A CLIP func t ion i s used t o c o n t r o l t h e use of t h e compound i n f l a ­

t i o n r a t e . The CLIP funct ion i s c o n t r o l l e d by the va lue of HCCT. I f 

use of t he annual compound i n f l a t i o n r a t e i s d e s i r e d , HCCT i s a s s igned a 

value g r e a t e r than $ and t h e CLIP funct ion a s s i g n s D6 t h e value of C$. 

I f use of t he annual compound i n f l a t i o n r a t e i s not d e s i r e d , HCCT i s 

a s s igned a va lue l e s s than 5 and the CLIP func t ion a s s i g n s D6 a va lue of 

1. 

The misce l laneous i n f l a t e d h a r v e s t i n g cost al lowance pe r cord ( T E 6 ) 

i s computed as t h e product of t he misce l laneous i n f l a t i o n f a c t o r (TE6B1) 

and t h e ha rves t i ng cost al lowance per cord a t p l a n t i n g t ime (TE6B2). The 
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total inflated harvesting cost allowance per cord (E6) is computed as 

the product of the miscellaneous inflated harvesting cost allowance per 

cord (TE6) and the inflation rate factor (D6). 

These computations are summarized as follows: 

51A D6.K=CLIP(+C5.K,P,HCCT,+5) 
12A E6 .K=(D6 .K)(TE6 .K) 
22A TE6.K=(TE6B1 .K)(TE6B2.K) 
59A TE6B1.K=TAELE(TE6V1 ,N.K,0>40,UO) 
C TE6V1**1/1 
C TE6B2-=1.50 
C HCCT=10 

P = 1 (Computational constant established by subprogram 1 
of the forest growth model.) 

C5 .K = Inflation Rate Ratio ( C £ . K is computed by subprogram 
19.) 

D6.K = Inflation Rate Factor CLIP Function (D6.K i s assigned 
the value of C£.K if HCCT is greater than 5 or D6.K 
i s assigned a value of 1 if HCCT is less than 5.) 

E6.K = Total Inflated Harvesting Cost Allowance per Cord at 
Current Computational Instant 

TE6.K = Miscellaneous Inflated Harvesting Cost Allowance per 
Cord 

TE6B1.K = Miscellaneous Inflation Factor 
TE6V1* = Miscellaneous Inflation Factors for Subsequent Years 

After Planting Time 
N . K = Years Since Planting at Current Computational Instant 

( N . K is computed by subprogram 2 of the forest growth 
model.) 

TE6B2 « Harvesting Cost Allowance per Cord at Planting Time 
HCCT - Control Factor for Use of Compound Inflation Rate 

Subprogram 21 

The follow-on forest expenses are identified as the annual tax and 

the annual management costs. In the case of the private landowner, these 

expenses are invested at planting time at typical bank deposit interest 

rates (110). These funds remain on deposit unti l they are required each 

year. The i n i t i a l value of the annual expenses i s computed by discount­

ing their value at subsequent years to the value at planting time. 
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The discount factor (D10) is computed at the bank deposit rate (110). 

Subprogram 17 computes the annual tax and the discounted value at 

planting time. The annual tax i s computed at the beginning of applicable 

years. The annual tax remains on deposit unti l i t i s paid at the end of 

the applicable years (next computational instants) . 

Subprogram 18 computes the annual management cost and the dis­

counted value at planting time. The annual management cost i s computed 

for the next year (next computational instant) and then delayed unti l the 

next year (next computational instant)• 

The bank deposit rate (110) is estimated at a 5 percent annual 

compound interest ra te . This interest rate i s based on typical bank de­

posit rates at the time of this work. The related discount factor (D10) 

at the next computational instant (N1) i s computed by the following 

equation: 

D10 * 1/(1 + 110) N1 

This discount factor (D10) i s used by subprograms 17 and 18 to discount 

the annual tax and the annual management costs to their related values 

at planting time. 

These computations are summarized as follows: 

C no« .o5 
7A A10.K-P+I10 
29A B10.K«(N1 .K)L0GN(+A10.K) 
28A C10.K»(P)EXP(B10.K) 
20A D10.K«P/C10.K 

110 * Compound Annual Interest Kate on Bank Deposits 
P • 1 (Computational constant established by subprogram 1 

of the forest growth model.) 
A10.K = Computational Factor for B10.K 
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B10.K = Computational Factor for C10.K 
C10.K = Compound Interest Rate Ratio 
D10.K = Discount Factor at Next Computational Instant 

Subprogram 22 

The private landowner's management objective for his forest is 

assumed to be the maximum rate of return on investment. The rate of re­

turn on investment is determined relative to harvesting cost and forest 

planning and management alternatives. The rate of return (V3I30) is 

computed from the ratio (V3I27)of the total asset value at subsequent 

years after planting (adjusted for harvesting cost) to the total value 

at planting time (NTV) of all investments and expenses. 

The total asset value per acre (V3I2U) at subsequent years after 

planting is the sum of the land value per acre ( E 1) and the harvestable 

yield value per acre adjusted for harvesting cost ( V 3 I 2 3 ) • The land 

value per acre ( E 1 ) is computed by subprogram 15> as a function of in­

flation. The harvestable yield value per acre ( V 3 I 2 3 ) i s computed as the 

product of the harvestable yield per acre ( V 3 I 6 0 ) and the stumpage price 

adjusted for harvesting cost ( V 3 I 2 2 ) „ The harvestable yield in cords per 

acre ( V 3 1 6 0 ) i s computed by subprogram 1 2 of the forest growth model. The 

stumpage price adjusted for harvesting cost ( V 3 I 2 2 ) i s computed as the sum 

of the total inflated stumpage price ( E 2 ) and the stumpage price adjust­

ment term for harvesting cost ( V 3 I 2 1 ) • The total inflated stumpage price 

( E 2 ) i s computed by subprogram 1 6 . The stumpage price adjustment term for 

harvesting cost ( V 3 I 2 1 ) i s computed as the difference between the total 

inflated harvesting cost allowance per cord ( E 6 ) and the harvesting cost 

per cord ( V 3 I 1 6 ) . The total inflated harvesting cost allowance per cord 
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( E 6 ) i s computed by subprogram 19 and the h a r v e s t i n g cos t per cord ( V 3 I 1 6 ) 

i s computed by subprogram 13 . 

The i n i t i a l value a t p l a n t i n g time of a l l inves tments and expenses 

(INV) i s computed by subprogram 1 k. IN? va lues a r e used both where s i t e 

c lea rance cos t (SPC1) i s and i s not r e q u i r e d . 

The p r i v a t e landowner ' s r a t e of r e t u r n (V3I30), when the f o r e s t i s 

harves ted N yea r s a f t e r p l a n t i n g t ime , i s computed by t h e fol lowing equa t ion 

V3I30 = ( V 3 I 2 7 ) 1 / ^ - 1 

The computations for the landowner ' s r a t e of r e t u r n (V3I30) a r e 

summarized as fo l lows : 

7A V3I21.K=V3I16.K-E6.K 
7A V3I22.K=E2.K-v3'I21.K 
12A V3I23.K=(V3I22.K)(V3I60.K) 
7A V3I2U.K=E1 .K+V3I23.K 
20A V3I27.K=V3I2U.K/INV.K 
51A V3I32.K=CLIP(V3'I27.K,1.0,V3I27.K,1.0) 
29A V3I28.K=(NIV.K)LOGN(V3I32.K) 
28A V3I?9.K=(P)EXP(¥3I28.K) 
7A V3I30.K=V3I29.K--P 

V3H6.K = Harvest ing Cost per Cord a t Harves t ing Time (V3I16.K 
i s computed by subprogram 13.) 

E6.K = Tota l I n f l a t ed Harves t ing Cost Allowance pe r Cord a t 
Harves t ing Time (E6.K i s computed by subprogram 20.) 

V3I21 ,K = Stumpage P r i c e Adjustment Term for Harves t ing Cost 
E2.K = To ta l I n f l a t e d Stumpage P r i c e per Cord a t Harves t ing 

Time 
V3I22.K = Stumpage Pr i ce per Cord Adjusted fo r Harves t ing Cost 

a t Harves t ing Time 
V3I23.K = Harves tab le Yield Value p e r Acre a t Harves t ing Time 
V3I60.K = Harves table Yield i n Cords pe r Acre a t Harves t ing Time 

(V3I60.K i s computed by subprogram 12 of the f o r e s t 
growth model.) 

E1,K = Tota l I n f l a t e d Land Value pe r Acre a t Harves t ing Time 
(E1 .K i s computed by subprogram 15>.) 

V3I2I+.K = Tota l Asset Value per Acre a t Harves t ing Time 
V3I27.K = Ratio of To ta l Asset Value pe r Acre a t Harves t ing Time 

to To ta l Value pe r Acre of Al l Investments and 
Expenses a t P l a n t i n g Time 
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NIV.K * Total Value per Acre of All Investments and Expenses 
at Planting Time (NIV i s computed by subprogram 11;.) 

V3I32.K «* CLIP Function (V3I32 .K i s assigned the value of V3I27.K 
when V3I27.K i s equal to or greater that 1 or V3I32.K 
i s assigned a value of 1 when V3I27.K is less than 1.) 

V3I28.K « Computational Factor for V3I29.K 
V3I29.K - Computational Term for V3I30.K 
P * 1 (Computational constant i s established by subprogram 

1 of the forest growth model.) 
V3I30.K * Private Landowner's Rate of Return on Forest 

Investment and Expenses 

Subprogram 23 

The paper company's management objective for i t s forest i s assumed 

to be minimum wood cost. The paper company's cost of growing wood i s 

determined relative to harvesting cost and forest planning and management 

alternatives. The wood cost per cord (CWC11*), adjusted for harvesting 

cost relative to harvesting cost allowance, i s computed as the sum of the 

stumpage price adjustment term for harvesting cost (V3I21) and the wood 

growing cost (CWC13). The paper company's wood cost is determined when 

funds are diverted into forest investments in l ieu of industrial invest­

ments. Cases are considered where both s ite clearance is and i s not re ­

quired. The paper company's wood cost i s also determined when the company 

borrows funds for forest investments and expenses as they are required. 

Site clearance i s required for a l l the cases considered when funds are 

borrowed as needed. 

The stumpage price adjustment term for harvesting cost ( V 3 I 2 1 ) i s 

computed by subprogram 22. V 3 I 2 1 i s the difference (positive if V 3 I 1 6 

i s more than E6 and negative for the converse) between harvesting cost 

per cord at planting time ( V 3 I 1 6 as computed by subprogram 13) and the 

harvesting cost allowance per cord at planting time (E6 as computed by 
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subprogram 20.) 

The wood growing cost per cord (CWC13) is computed by dividing 

the total growing cost per acre (CWC12) by the harvestable cords per 

acre (V3I60). V3I60 i s computed by subprogram 1 2 of the forest growth 

model. The total wood growing cost per acre (CWC12) i s the sum of 

in i t ia l investment and expenses per acre (CWC6), cummulative annual 

management cost expended per acre (CWCU#2), cummulative annual tax cost 

expended per acre (CWC1) , and cummulative investment cost per acre (CWC11) 

minus the land value per acre at harvesting time ( E 1 ) . The land value 

at harvesting time ( E 1 ) is deducted to compute the actual growing cost. 

The land value at planting time ( E 1 ) i s computed by subprogram 1$ . 

The i n i t i a l investment and expenses per acre (CWC6) are the sum 

of the in i t i a l land value per acre at planting time (TLV), combined site 

preparation and planting cost per acre at planting time (SPPC), and site 

clearing cost per acre at planting time (SPC1). The i n i t i a l land value 

at planting time (TLV) is computed by subprogram 15> as TE1B2 which i s a 

function of the land site index. The combined site preparation and 

planting costs per acre at planting time i s computed by subprogram 1U as 

the sum of the s i te preparation cost per acre (SPC), tree seedling cost 

per acre (TC), and tree seedling planting cost per acre (PC). The s ite 

clearing cost per acre at planting time (SPC1) i s determined in subpro­

gram 1U. 
The tota l inflated annual management cost a t the next computa­

tional instant ( E U ) i s computed by subprogram 18. Since this annual 

management cost ( E U ) i s computed for the next computational instant, i t 

i s delayed to the next computational instant and added to the cummulative 
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computational instant (CWC2). The annual management cost i s made avail­

able at the beginning of the applicable year and expended between the 

current computational instant (applicable year) and the next computational 

instant (next year). In view of th i s , the cummulative inflated annual 

management cost per acre required at the current computational instant 

(CWC2) i s delayed to the next computational instant to determine the 

cummulative inflated annual management cost per acre (CWCij#2) expended 

at the current computational instant. 

The total inflated annual tax rate per acre at the current com­

putational instant (E3) i s computed by subprogram 17. The annual tax 

rate i s computed at the beginning of the applicable year and paid at the 

end of the year. In view of th i s , the to ta l inflated annual tax rate per 

acre (E3) i s delayed to the next computational instant and added to the 

cummulative annual tax cost to determine the cummulative inflated annual 

tax cost per acre (CWC1) at the current computational instant . 

The cummulative investment cost per acre (CWC11) i s determined by 

the cummulative interest on funds invested in the forest. The investment 

cost at the next computational instant (CWC9) i s the product of the inter­

est rate (CWC8) and the total investment value at the current computa­

tional instant (CWC7)« The total investment value at the current computa­

tional instant (CWC7) i s the sum of the i n i t i a l investment and expenses 

per acre (CWC6), the combined cummulative tax and management cost expended 

at current computational instant (CWC£), and the cummulative interest a t 

the current computational instant (CWC11). 

The interest rate (CWC8) i s assigned a value of 6 percent if the 
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paper company borrows funds as needed for forest investments and expenses, 

The interest rate (CWC8) i s assigned a value of 9 percent to represent 

lost profits after taxes if the paper company diverts funds from indus­

t r i a l investments into the forest. 

The investment cost at the next computational instant (CWC9) i s 

delayed until the next computational instant . The delayed values of CWC9 

are added to the past cummulative Interest to determine the cummulative 

Interest at the current computational instant (CWC11)• 

These computations are summarized as follows t 

6R K3.KL-E3.K 
51L CWC1 .K-CWC1. J+(DT) (K3 .JK+0) 
6N CWC1-0 
6R KU.KL-EU.K 
51L CWC2.K-CWC2. J+(DT) (Kl;.JK+0) 
6N C ¥ C 2 « 1 . 5 0 
6A CWI&#1.K«CW32.K 
3 7 B CWC1 | .K«B0XLIN(2,1) 
C CWCi.*»0/0 
7A CWC5.K-CWC1.K+CWC2.K 
8A GWC6.K«ILV.K+SPPC.K+SPC1.K 
8A C¥C7.K»C¥C6.K+CTrfC5.K+CWC11 .K 
1 2 R C¥C9«KL-(CWC8.K)(CWC7.K) 
C CWC8-.06 
51L CWC11 .K-CWC11 ,J+(DT) (CWC9.JK+0) 
6N CWC11-0 
10A CWC12.K»CWC56.K+G¥CU*2.K+CWC1 .K+CWC11 .K-B1 .K+0 
2 0 A CWC13.K«CWC12. K / V 3 I 6 0 . K 
7A CWC1 h. K*CWC13 • K+V3I21 . K 

E3*>K B Total Inflated Annual Tax Rate per Acre at Current 
Computational Instant (E3 .K i s computed by subprogram 
17.) 

K3.KL « Tax Cast per Acre at Current Computational Instant 
(The tax cost at the current computational instant i s 
the tax rate computed at the prior computational 
instant.) 

CWC1.K • Cummulative Inflated Annual Tax Cost per Acre at the 
Current Computational Instant 

EU.K « Total Inflated Annual Management Cost per Acre at the 
Next Computational Instant (EU.K I S computed by 
subprogram 1 8 . ) 
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CWC2.K • Cummulative Inflated Annual Management Cost per Acre 
Required at the Current Computati onal Instant 

CWCU*1.K« Helps CWCU.K and CWCl**2.K Delay CWC2.K Values 1 
Computational Interval 

CWCU.K » Helps CWCl**1.K and CWCl**2.K Delay CWC2.K Values 1 
Computational Interval 

CWCU* * I n i t i a l Values of CWCl*.K 
CWCl**2.K«* Cummulative Inflated Annual Management Cost per Acre 

Expended at the Current Computational Instant 
CWCU.K « Combined Cummulative Tax and Management Cost Expended 

at Current Computational Instant 
CWC60K = In i t ia l Investments and Expenses per Acre at Planting 

Time 
ILV.K * I n i t i a l Land Value per Acre at Planting Time (ILV.K 

is assigned the value of TE1B2 by subprogram 11* and 
TE1B2 i s computed by subprogram 150 

SPPC.K * Combined Site Preparation and Planting Cost per Acre 
at Planting Time (SPPC.K i s computed by subprogram 
11*0 

SPC1 = Site Clearing Cost per Acre at Planting Time (SPC1 
value i s assigned by subprogram 1l*.) 

CWC7.K • Total Investment Value at the Current Computational 
Instant 

CWCU.K = Cummulative Interest at the Current Computational 
Instant 

CWC8 • Interest Rate (CW38 i s the interest rate if funds are 
borrowed as needed or CWC8 i s the profit loss rate if 
funds are diverted from industrial investments.) 

CWC9.KL 85 Investment Cost at the Current Computational Instant 
CWC12.K » Total Wood Growing Cost per Acre at Current 

Computational Instant 
V 3 I 6 0 . K * Harvestable Yield in Cords per Acre at Harvesting 

Time ( V 3 I 6 0 . K i s computed by subprogram 1 2 of the 
forest growth model.) 

E1 .K - Land Value at Harvesting Time (E1.K i s computed by-
subprogram 150 

CWC13.K = Total Wood Growing Cost per Cord 
V 3 I 2 1 . K = Stumpage Price Adjustment Term for Harvesting Cost 

( V 3 I 2 1 . K i s computed by subprogram 2 2 . ) 

CWC11*.K * Total Wood Growing Cost per Cord Adjusted for Har­
vesting Cost Relative to Harvesting Cost Allowance 
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CHAPTER X 

ECONOMIC MODEL EXPERIMENTATION AND RESULTS 

The economic model i s developed to economically evaluate the 

proposed harvester design in conjunction with forest planning and manage­

ment alternatives relative to economically oriented management objectives 

by model experimentation. 

The economic model experimentation i s conducted for various 

forest planning and management alternatives to determine the independent 

landowners rate of return, the paper company^ wood cost, harvesting 

cost, productivity of the harvester, and related data for these alterna­

t ives . During the model experimentation, the i n i t i a l planting density 

(TPA) i s varied from 200 to 1,000 trees per acre in 100 trees per acre 

increments for s i te indices 1*0, 56, 60, 70, and 80. The harvesting age 

i s varied from 0 to 1*0 years in 1 year increments for each of the plant­

ing densities on each s i te index. 

The landowner's rate of return is computed for each of the forest 

planning and management alternatives when s i te clearance i s required and 

when i t i s not required. The results are plotted for harvesting ages 

of 10 to 1+0 years and presented in figures as follows: 

(1) Independent Landowner's Rate of Return on Forest Investment 

and Growing Cost (Site Clearance Required) versus Age for I n i t i a l Plant­

ing Densities of 200 to 1,000 Trees per Acre on Land with: Site Index 

1*0 i s Figure 35, Site Index 50 i s Figure 36, Site Index 60 i s Figure 10, 
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S i t e I n d e x 70 i s F i g u r e 37, a n d S i t e I n d e x 80 i s F i g u r e 38. 

(2) I n d e p e n d e n t L a n d o w n e r ' s R a t e o f R e t u r n o n F o r e s t I n v e s t m e n t 

a n d G r o w i n g C o s t ( S i t e C l e a r a n c e N o t R e q u i r e d ) v e r s u s A g e f o r I n i t i a l 

P l a n t i n g D e n s i t i e s o f 200 t o 1,000 T r e e s p e r A c r e o n L a n d w i t h : S i t e 

I n d e x 1*0 i s F i g u r e 39, S i t e I n d e x 5>0 i s F i g u r e 1*0, S i t e I n d e x 60 i s 

F i g u r e 11, S i t e I n d e x 70 i s F i g u r e 1*1, a n d S i t e I n d e x 80 i s F i g u r e 1*2. 

T h e p a p e r c o m p a n y ' s w o o d c o s t , a d j u s t e d f o r h a r v e s t i n g c o s t , i s 

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

t h e c o m p a n y d i v e r t s f u n d s f r o m i n d u s t r i a l i n v e s t m e n t s (9 p e r c e n t e x p e c t e d 

p r o f i t ) i n t o f o r e s t i n v e s t m e n t s . T h e s e c o m p u t a t i o n s a r e c o m p u t e d b o t h 

w h e n s i t e c l e a r a n c e i s r e q u i r e d a n d w h e n i t i s n o t r e q u i r e d . T h e r e s u l t s 

a r e p l o t t e d f o r h a r v e s t i n g a g e s o f 10 t o 1*0 y e a r s a n d p r e s e n t e d i n f i g u r e s 

a s f o l l o w s : 

(1) P a p e r C o m p a n y ' s W o o d G r o w i n g C o s t U t i l i z i n g C o m p a n y I n d u s t r i a l 

F u n d s ( S i t e C l e a r a n c e R e q u i r e d ) v e r s u s A g e f o r I n i t i a l P l a n t i n g D e n s i t i e s 

o f 200 t o 1,000 T r e e s p e r A c r e o n L a n d w i t h : S i t e I n d e x 1*0 i s F i g u r e 1*3, 

S i t e I n d e x £0 i s F i g u r e 1*1*, S i t e I n d e x 60 i s F i g u r e 12, S i t e I n d e x 70 i s 

F i g u r e 1*5>, a n d S i t e I n d e x 80 i s F i g u r e 1*6. 

(2) P a p e r C o m p a n y ' s W o o d G r o w i n g C o s t U t i l i z i n g C o m p a n y I n d u s t r i a l 

F u n d s ( S i t e C l e a r a n c e N o t R e q u i r e d ) v e r s u s A g e f o r I n i t i a l P l a n t i n g D e n ­

s i t i e s o f 200 t o 1,000 T r e e s p e r A c r e o n L a n d w i t h : S i t e I n d e x 1*0 i s 

F i g u r e 1*7, S i t e I n d e x £0 i s F i g u r e 1*8, S i t e I n d e x 60 i s F i g u r e 13, S i t e 

I n d e x 70 i s F i g u r e 1*9, a n d S i t e I n d e x 80 i s F i g u r e 50. 

T h e p a p e r c o m p a n y ' s w o o d c o s t i s c o m p u t e d f o r e a c h o f t h e f o r e s t 

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

( a t 6 p e r c e n t i n t e r e s t ) a s t h e y a r e r e q u i r e d f o r f o r e s t i n v e s t m e n t s a n d 
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e x p e n s e s . T h e s e c o m p u t a t i o n s a r e c o m p u t e d o n l y w h e n s i t e c l e a r a n c e i s 

r e q u i r e d . T h e r e s u l t s a r e p l o t t e d f o r h a r v e s t i n g a g e s o f 10 t o h0 y e a r s 

a n d p r e s e n t e d i n f i g u r e s a s f o l l o w s : 

r 
P a p e r C o m p a n y ' s G r o w i n g C o s t p e r C o r d a t 6 P e r c e n t I n t e r e s t o n 

F o r e s t I n v e s t m e n t a n d G r o w i n g C o s t ( S i t e C l e a r a n c e R e q u i r e d ) v e r s u s A g e 

f o r I n i t i a l P l a n t i n g D e n s i t i e s o f 200 t o 1,000 T r e e s p e r A c r e o n L a n d 

w i t h : S i t e I n d e x liO i s F i g u r e 5>1, S i t e I n d e x 5>0 i s F i g u r e 52, S i t e I n d e x 

60 i s F i g u r e 'ih, S i t e I n d e x 70 i s F i g u r e 53, a n d S i t e I n d e x 80 i s F i g u r e 

5U. 
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Figure 10. Independent Landowner's Rate of Return on Forest Investment 
and Growing Cost (Site Clearance Required) versus Age for 
I n i t i a l Planting Densities of 200 to 1,000 Trees per Acre on 
Land with Si te Index 60 
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Rate of Return (Percent) 

i i i 10 Uo Figure 11. Independent Landowner's Rate of Return on Forest Investment and Growing Cost (Site Clearance Not Required) versus Age for Initial Planting Densities of 200 to 1,000 Trees per Acre on Land with Site Index 60 
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F i g u r e 12. P a p e r C o m p a n y ' s W o o d G r o w i n g C o s t U t i l i z i n g C o m p a n y I n d u s t r i a l 

F u n d s ( S i t e C l e a r a n c e R e q u i r e d ) v e r s u s A g e f o r I n i t i a l 

P l a n t i n g D e n s i t i e s o f 200 t o 1,000 T r e e s p e r A c r e o n L a n d 

w i t h S i t e I n d e x 60 



152. 

T " r > i> i » < i ' | ' 1 1 ' ' ' ' ' 1 |—• I I I I i I I I 

C o s t ( D o l l a r s p e r C o r d ) 

I i i—i—i—» i i i i—I—i—I_J—<tii»iiiiiiiiiiii 
10 20 30 k0 

F i g u r e 13. P a p e r C o m p a n y ' s W o o d G r o w i n g C o s t U t i l i z i n g C o m p a n y I n d u s t r i a l 

F u n d s ( S i t e C l e a r a n c e N o t R e q u i r e d ) v e r s u s A g e f o r I n i t i a l 

P l a n t i n g D e n s i t i e s o f 200 t o 1,000 T r e e s p e r A c r e o n L a n d 

w i t h S i t e I n d e x 60 
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Figure 1U. Paper Company's Wood Growing Cost per Cord at 6 Percent 
Interest on Investment and Growing Cost (Site Clearance 
Required) versus Age for I n i t i a l Planting Densities of 
200 to 1,000 Trees per Acre on Land with S i te Index 60 
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C H A P T E R X I 

D I S C U S S I O N O F T H E R E S U L T S 

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

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

c h a r a c t e r i s t i c s ( t r e e l o c a t i o n a n d s i z e ) . T h e r e s u l t s o f t h e h a r v e s t e r 

s i m u l a t i o n m o d e l e x p e r i m e n t a t i o n a r e s u m m a r i z e d i n T a b l e s 2 a n d 3 . 

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

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

d e n s i t y ) a s a f u n c t i o n o f f o r e s t p l a n n i n g a n d m a n a g e m e n t ( p l a n t i n g d e n ­

s i t y , s i t e i n d e x , a n d t r e e a g e ) . T h e r e s u l t s o f t h e f o r e s t g r o w t h m o d e l 

e x p e r i m e n t a t i o n a r e s u m m a r i z e d i n F i g u r e s h t h r o u g h 9 a n d 1$ t h r o u g h 3h. 

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

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

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

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

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

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

t r e e a n d f o r e s t c h a r a c t e r i s t i c s . T h e e c o n o m i c m o d e l a l s o d e t e r m i n e s f o r e s t 

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

m e n t a l t e r n a t i v e s . T h e e c o n o m i c e v a l u a t i o n i s b a s e d o n t h e m a x i m u m r a t e 

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

a n d m i n i m u m w o o d g r o w i n g c o s t f o r t h e p a p e r c o m p a n y . T h e l a n d o w n e r ' s 

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

m e n t a l t e r n a t i v e s w h e r e s i t e c l e a r i n g c o s t i s b o t h r e q u i r e d a n d n o t 
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required. The paper company's wood growing cost i s determined r e l a t i ve 

to the forest planning and management a l ternat ives when the paper 

company diverts industr ia l funds into forest investments and when the 

paper company borrows funds for forest investments. The paper company's 

wood growing cost (where funds are diverted from industr ia l investments) 

i s determined for cases where s i t e clearance i s required and where i t 

i s not required. The paper company's wood growing cost (where funds 

are borrowed) i s determined only for cases where s i t e clearance i s re­

quired. The resul ts are summarized in Figures 10 through 1U and 35 

through 5U. 

The data developed by the economic model are reviewed to identify 

the forest planning and management al ternat ives (in conjunction with the 

harvester design) that optimize the economic objectives of the independent 

landowner (maximum rate of return) and the paper company (minimum wood 

growing c o s t ) . The tree and forest charac ter i s t ics , harvester performance 

and operating cost , and related economic data are identif ied re la t ive to 

the optimal forest planning and management a l ternat ives ( i n i t i a l planting 

and harvesting age related to s i t e index) . The data are summarized in 

Tables 10 through 1U. 

Data for the independent landowner with s i t e index hO are not pre­

sented in Tables 10 and 11 because the rates of return do not peak a t 

hO years (age l imi t of the simulation). Projections of the rate of return 

curves for s i t e index hO indicate the rates of return are l e s s than 5 

percent, which i s considered a poor investment. 

The land s i t e index has a major a f fec t on the rate of return and 

wood growing cost . The low s i t e indices resul t in marginal rates of 
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T a b l e 10. S u m m a r y o f D a t a R e l a t e d t o M a x i m u m R a t e o f R e t u r n f o r t h e 

I n d e p e n d e n t L a n d o w n e r W h e n S i t e C l e a r a n c e I s R e q u i r e d 

S i t e I n d e x 

5O 60 7 0 80 
M a x i m u m R a t e o f R e t u r n ( P e r c e n t ) 5.71 7 .30 9.02 10.78 
H a r v e s t i n g A g e ( Y e a r s ) 36 2 8 2 2 18 
I n i t i a l P l a n t i n g D e n s i t y ( T r e e s p e r A c r e ) koo 5OO 600 7 0 0 

S u r v i v a l a t H a r v e s t i n g T i m e ( P e r c e n t ) 66 7 0 7h 7 6 

T r e e D . B . H . ( I n c h e s ) 9.73 9.12 8.57 8.19 
T r e e H e i g h t ( F e e t ) 58 63 65 66 
T r e e W e i g h t ( P o u n d s ) 

m 802 728 666 
H a r v e s t a b l e Y i e l d A v e r a g e ( C o r d / A c r e / Y e a r ) 1.15 1 .86 2.71 3.6h 
H a r v e s t a b l e Y i e l d P e r c e n t a g e o f 

M a x i m u m Y i e l d 9 9 9 8 97 97 
H a r v e s t e r O p e r a t i n g T i m e ( S e c o n d s p e r T r e e ) 23 21 1 9 18 
M a n - H a r v e s t e r P r o d u c t i o n R a t e ( C o r d s / 

M a n - H a r v e s t e r H o u r ) 2h.k 25.6 25.0 2U.0 
H a r v e s t i n g C o s t ( D o l l a r s p e r C o r d ) 3.56 2.68 2.30 2.13 
E q u i v a l e n t H a r v e s t i n g C o s t a t P l a n t i n g 

T i m e ( D o l l a r s p e r C o r d ) 1.23 1 .17 1.20 1.25 
H a r v e s t i n g C o s t A l l o w a n c e ( D o l l a r s p e r 

C o r d ) U.35 3.U3 2.88 2.58 
S t u m p a g e P r i c e a t H a r v e s t i n g T i m e 

( D o l l a r s p e r C o r d ) 23.19 18.30 15.32 13.62 
A d j u s t e d S t u m p a g e P r i c e f o r H a r v e s t i n g 

C o s t ( D o l l a r s p e r C o r d ) 
23.98 19.05 15.90 1LU07 

C h a n g e i n S t u m p a g e P r i c e D u e t o 

H a r v e s t i n g C o s t ( P e r c e n t ) +3.JU +U.1 +3.8 +3.3 
S t u m p a g e P r i c e a t H a r v e s t i n g T i m e p l u s 

H a r v e s t i n g C o s t A l l o w a n c e 

( D o l l a r s p e r C o r d ) 27.5U 21.73 18.20 16.20 
H a r v e s t i n g C o s t P e r c e n t a g e o f C o m b i n e d 

S t u m p a g e P r i c e a n d H a r v e s t i n g 

A l l o w a n c e 12.9 12.3 12.62 13.15 
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T a b l e 1 1 . S u m m a r y o f D a t a R e l a t e d t o M a x i m u m R a t e o f R e t u r n f o r t h e 

I n d e p e n d e n t L a n d o w n e r W h e n S i t e C l e a r a n c e I s N o t R e q u i r e d 

S i t e I n d e x 

5 0 6 0 7 0 8 0 

M a x i m u m R a t e o f R e t u r n ( P e r c e n t ) 6 . 1 3 7 . 8 6 9 . 6 8 1 1 . 5 5 
H a r v e s t i n g A g e ( Y e a r s ) 3 2 . 2 5 2 1 1 8 

I n i t i a l P l a n t i n g D e n s i t y ( T r e e s p e r A c r e ) 5 o o 6 o o 7 0 0 7 0 0 

S u r v i v a l a t H a r v e s t i n g T i m e ( P e r c e n t ) 6 8 7 2 7 U 7 6 

T r e e D . B . H . ( I n c h e s ) 8 , 3 9 8 . 0 3 7 . 9 1 8 . 1 9 
T r e e H e i g h t ( F e e t ) 5 6 6 0 61* 66 
T r e e W e i g h t ( P o u n d s ) 5 8 5 5 7 6 5 9 5 666 
H a r v e s t a b l e Y i e l d A v e r a g e ( C o r d / A c r e / Y e a r ) 1 . 1 5 1 . 8 3 2 . 7 1 3 . 6 U 
H a r v e s t a b l e Y i e l d P e r c e n t a g e o f 

M a x i m u m Y i e l d 9 9 9 8 9 7 9 7 

H a r v e s t e r O p e r a t i n g T i m e ( S e c o n d s p e r T r e e ) 2 1 1 9 1 9 1 8 

M a n - H a r v e s t e r P r o d u c t i o n R a t e ( C o r d s / 

M a n - H a r v e s t e r H o u r ) 1 9 . 0 1 9 . 8 5 2 1 , 1 * 2 i * ; o 

H a r v e s t i n g C o s t ( D o l l a r s p e r C o r d ) l * . o 6 3 . 1 6 2 . 6 0 2 . 1 3 

E q u i v a l e n t H a r v e s t i n g C o s t a t P l a n t i n g 

T i m e ( D o l l a r s p e r C o r d ) 1 . 5 8 1 . 5 1 1 .1*0 1 . 2 5 

H a r v e s t i n g C o s t A l l o w a n c e ( D o l l a r s p e r C o r d ) 3 . 8 6 3 . 1 1 * 2 . 7 ? 2 . 5 8 

S t u m p a g e P r i c e a t H a r v e s t i n g T i m e 

( D o l l a r s p e r C o r d ) 2 0 . 6 0 1 6 . 7 5 1 1 * . 8 9 1 3 . 6 2 

A d j u s t e d S t u m p a g e P r i c e f o r H a r v e s t i n g 

C o s t ( D o l l a r s p e r C o r d ) 2 0 . 1 * 0 1 6 . 7 3 1 5 . 0 9 1 l * . 0 7 
C h a n g e i n S t u m p a g e P r i c e D u e t o 

H a r v e s t i n g C o s t ( P e r c e n t ) - 1 . 0 0 + 1 . 2 9 + 3 . 3 

S t u m p a g e P r i c e a t H a r v e s t i n g T i m e p l u s 

H a r v e s t i n g C o s t A l l o w a n c e 

( D o l l a r s p e r C o r d ) 2 l | . l | 6 1 9 . 8 9 1 7 . 6 8 1 6 . 2 0 

S t u m p a g e P r i c e a n d H a r v e s t i n g A l l o w a n c e 1 6 . 7 1 5 . 9 1 1 * . 7 1 3 . 1 5 
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Table 12. Summary of Data Re la t ed t o Minimum Wood Cost f o r t h e Paper 
Company When S i t e Clearance i s Required and t h e Paper Company 
U t i l i z e s I n d u s t r i a l Funds fo r F o r e s t Investments and Growing 
Expenses 

S i t e Index 
ho 5 0 6 0 7 0 8 0 

Minimum Wood Cost Adjusted fo r Har­
v e s t e r Cost (Dol la r s p e r Cord) 8 0 . 5 1 3 7 . 5 2 2 1 . 0 1 * 1 3 . 0 6 8 . 6 0 

Harves t ing Age (Years) 

2/4 
2 1 2 0 1 9 1 8 

I n i t i a l P l a n t i n g Dens i ty (Trees pe r 
Acre) 8 0 0 9 0 0 8 0 0 8 0 0 7 0 0 

Surv iva l a t Harves t ing Time (Percen t ) 7 2 7 3 71*" 7 5 7 6 

Tree D.B.H. ( Inches) 5 . 1 2 5 . 5 5 6 . 1 * 9 7 . 1 9 8 . 1 9 
Tree Height (Fee t ) 3 9 1 * 5 5 3 6 0 6 6 

Tree Weight (Pounds) 1 1 1 * 1 7 5 3 1 0 1 * 5 0 6 6 6 

Harves t ab le Yie ld Average (Cords/ 
Acre/Year) . 5 1 1 . 0 2 1 . 7 1 2 . 6 3 3 . 6 1 * 

Harves tab le Y ie ld Percentage of 
Maximum Yie ld 8 8 8 7 9 0 91* 9 5 

Harves t e r Opera t ing Time 
(Seconds p e r Tree) 1 6 1 6 1 7 1 8 1 8 

Man-Harvester Product ion Rate (Cords / 
Man-Harvester Hour) l * . 6 i * 7 . 2 1 2 . 1 5 1 7 . 1 5 • 2 1 * . 0 

Harves t ing Cost (Do l l a r s p e r Cord) 1 3 . 1 9 7 . 7 5 1*.1*6 3 . 6 5 2 . 1 3 

Equiva len t Harves t ing Cost a t P l a n t i n g 
Time (Dol la r s p e r Cord) 6 . 1 * 7 2*.17 2 . 1 * 7 1 . 7 5 1 . 2 5 

Harves t ing Cost Allowance 
(Do l l a r s pe r Cord) 3 . 0 5 2 . 7 9 2 . 7 1 2 . 6 3 2 . 5 8 

Stumpage P r i c e a t Harves t ing Time 
(Dol la r s p e r Cord) 1 6 . 2 9 1 1 * . 8 9 1 1 * . 1 * 3 1 1 * . 0 2 1 3 . 6 2 

Wood Growing Cost Adjusted f o r Har­
v e s t i n g Cost p lu s Harves t ing 
Cost Allowance (Dol la rs p e r 
Cord) 8 3 . 5 6 1 * 0 . 3 1 2 3 . 7 5 1 5 . 6 9 1 1 . 1 8 

Harves t ing Cost Percentage of Combined 
Wood Growing Cost Adjusted f o r 
Harves t ing Cost p l u s Harves t ing 
Cost Allowance 1 5 . 8 1 9 . 3 1 8 . 8 2 3 . 3 1 9 . 1 
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T a b l e 1 3 . S u m m a r y o f D a t a R e l a t e d t o M i n i m u m W o o d C o s t f o r t h e P a p e r 

C o m p a n y W h e n S i t e C l e a r a n c e I s H o t R e q u i r e d a n d t h e P a p e r 

C o m p a n y U t i l i z e s I n d u s t r i a l F u n d s f o r F o r e s t I n v e s t m e n t s a n d 

G r o w i n g E x p e n s e s 

S i t e I n d e x 

ho 50 60 70 80 

M i n i m u m W o o d C o s t A d j u s t e d f o r H a r ­

v e s t i n g C o s t ( D o l l a r s p e r C o r d ) 67.37 3 1 . 7 1 1 7.76 11.00 7.16 
H a r v e s t i n g A g e ( Y e a r s ) 

I n i t i a l P l a n t i n g D e n s i t y ( T r e e s p e r 
23 21 20 20 18 H a r v e s t i n g A g e ( Y e a r s ) 

I n i t i a l P l a n t i n g D e n s i t y ( T r e e s p e r 

A c r e ) 700 800 800 700 700 
S u r v i v a l a t H a r v e s t i n g T i m e ( P e r c e n t ) Ik Ih Ik 75 7 6 
T r e e D . B . H . ( I n c h e s ) 5.16 5.71 6 . 4 9 7.70 8.19 
T r e e H e i g h t ( F e e t ) 38 16 53 62 66 
T r e e W e i g h t ( P o u n d s ) 112 188 310 5U3 666 
H a r v e s t a b l e Y i e l d A v e r a g e ( C o r d s / 

A c r e / Y e a r ) •1*7 .98 1 . 7 1 2.63 3.64 
H a r v e s t a b l e Y i e l d P e r c e n t a g e o f 

M i n i m u m Y i e l d 7k 85 90 9k 97 
H a r v e s t e r O p e r a t i n g T i m e 

( S e c o n d s p e r T r e e ) 1 7 1 7 1 7 1 8 1 8 

M a n - H a r v e s t e r P r o d u c t i o n R a t e ( C o r d s / 

M a n - H a r v e s t e r H o u r ) 4-55 7.6 12.15 1 9.85 2k 
H a r v e s t i n g C o s t ( D o l l a r s p e r C o r d ) 

E q u i v a l e n t H a r v e s t i n g C o s t a t P l a n t i n g 

13.02 7.32 4.46 2.72 2.13 H a r v e s t i n g C o s t ( D o l l a r s p e r C o r d ) 

E q u i v a l e n t H a r v e s t i n g C o s t a t P l a n t i n g 

T i m e ( D o l l a r s p e r C o r d ) 6.60 3-9.U 2.i;7 1.51 1.25 
H a r v e s t i n g C o s t A l l o w a n c e 

( D o l l a r s p e r C o r d ) 2.96 2.79 2 . 7 1 2 . 7 1 2.58 
S t u m p a g e P r i c e a t H a r v e s t i n g T i m e 

( D o l l a r s p e r C o r d ) 15.79 1 4 . 8 9 1 4 . 4 3 1 4 . 4 3 13.62 
W o o d G r o w i n g C o s t A d j u s t e d f o r H a r ­

v e s t i n g C o s t p l u s H a r v e s t i n g 

C o s t A l l o w a n c e ( D o l l a r s p e r 

C o r d ) 70.33 34.50 20.ii7 13 . 7 1 9.74 
H a r v e s t i n g C o s t P e r c e n t a g e o f C o m b i n e d 

W o o d G r o w i n g C o s t A d j u s t e d f o r 

H a r v e s t i n g C o s t p l u s H a r v e s t i n g 

C o s t A l l o w a n c e 18.6 21.2 21.8 19.8 21.9 
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T a b l e 1 2 * . S u m m a r y o f D a t a R e l a t e d t o M L n i m u m W o o d C o s t f o r t h e P a p e r 

C o m p a n y W h e n S i t e C l e a r a n c e i s R e q u i r e d a n d t h e P a p e r 

C o m p a n y B o r r o w s F u n d s f o r F o r e s t I n v e s t m e n t s a n d G r o w i n g 

E x p e n s e s 

S i t e I n d e x 

ho 5o 60 70 80 

l l i n i m u m W o o d C o s t A d j u s t e d f o r H a r ­

v e s t i n g C o s t ( D o l l a r s p e r C o r d ) 2*2.68 20.10 10.91 6.1*1 2*.18 
H a r v e s t i n g A g e ( Y e a r s ) 29 27 25 22 21 
I n i t i a l P l a n t i n g D e n s i t y ( T r e e s p e r 

A c r e ) 700 600 600 600 600 
S u r v i v a l a t H a r v e s t i n g T i m e ( P e r c e n t ) 69 71 72 Ih 72* 
T r e e D . B . H . ( I n c h e s ) 5.88 7.12* 8.03 8.57 9.1*0 
T r e e H e i g h t ( F e e t ) 1*3 52 60 65 73 
T r e e W e i g h t ( P o u n d s ) 188 378 576 728 993 
H a r v e s t a b l e Y i e l d A v e r a g e ( C o r d s / 

A c r e / Y e a r ) .58 1.10 1.83 2.70 3.66 
H a r v e s t a b l e Y i e l d P e r c e n t a g e 

M a x i m u m Y i e l d 90 95 97 97 98 
H a r v e s t e r O p e r a t i n g T i m e 

( S e c o n d s p e r T r e e ) 18 18 19 19 20 
M a n - H a r v e s t e r P r o d u c t i o n R a t e ( C o r d s / 

M a n - H a r v e s t e r H o u r ) 7.15 13.6 19.85 25 .0 32.2 
H a r v e s t i n g C o s t ( D o l l a r s p e r C o r d ) 9-90 2*. 9 0 3.16 2.30 1.73 
E q u i v a l e n t H a r v e s t i n g a t P l a n t i n g 

T i m e ( D o l l a r s p e r C o r d ) 1*.20 2.20 1.51 1.20 .93 
H a r v e s t i n g C o s t A l l o w a n c e 

( D o l l a r s p e r C o r d ) 3.53 3.3U 3.11* 2.88 2.79 
S t u m p a g e P r i c e a t H a r v e s t i n g T i m e 

( D o l l a r s p e r C o r d ) 18.82 17.80 16 .75 15-32 11*.89 
W o o d G r o w i n g C o s t A d j u s t e d f o r H a r ­

v e s t i n g C o s t p l u s H a r v e s t i n g 

C o s t A l l o w a n c e ( D o l l a r s p e r 

C o r d ) 2*6.21 23.1*1* 11*.05 9.29 6.97 
H a r v e s t i n g C o s t P e r c e n t a g e o f C o m b i n e d 

W o o d G r o w i n g C o s t A d j u s t e d f o r 

H a r v e s t i n g C o s t p l u s H a r v e s t i n g 

C o s t A l l o w a n c e 2 1 . 5 20.9 22 .5 22*.8 2i*.8 



1 6 3 

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

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

M i e n t h e p a p e r c o m p a n y u t i l i z e s i n d u s t r i a l f u n d s ( w h i c h h a v e a n 

e x p e c t e d a n n u a l p r o f i t r a t e o f 9 p e r c e n t a f t e r t a x e s ) f o r f o r e s t i n v e s t -

m e n t s a n d g r o w i n g e x p e n s e s , t h e p a p e r c o m p a n y ' s w o o d g r o w i n g c o s t ( a d ­

j u s t e d f o r h a r v e s t i n g c o s t ) e x c e e d s t h e s t u m p a g e p r i c e a t h a r v e s t i n g 

t i m e f o r s i t e i n d i c e s b e l o w 7 0 . I n t h i s c a s e , i t c o s t s t h e p a p e r c o m p a n y 

m o r e t o g r o w t h e w o o d t h a n t o b u y w o o d f r o m t h e i n d e p e n d e n t l a n d o w n e r a t 

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

t h e p a p e r c o m p a n y t o o n l y i n v e s t i n f o r e s t s w i t h s i t e i n d i c e s 7 0 t o 8 0 

w h e n f u n d s a r e d i v e r t e d f r o m i n d u s t r i a l i n v e s t m e n t s . 

W h e n t h e p a p e r c o m p a n y b o r r o w s f u n d s ( a t a n a n n u a l i n t e r e s t r a t e 

o f 6 p e r c e n t ) f o r f o r e s t i n v e s t m e n t s a n d e x p e n s e s , t h e g r o w i n g c o s t e x ­

c e e d s t h e c u r r e n t s t u m p a g e p r i c e f o r s i t e i n d i c e s l e s s t h a n 6 0 . I n 

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

s i t e i n d i c e s l e s s t h a n 6 0 w h e n b o r r o w e d f u n d s a r e b e i n g i n v e s t e d i n t h e 

f o r e s t . 

T h e s i t e c l e a r i n g c o s t a l t e r s t h e l a n d o w n e r ' s r a t e o f r e t u r n b y 

a p p r o x i m a t e l y 7 p e r c e n t . T h e p a p e r c o m p a n y ' s w o o d g r o w i n g c o s t i s 

c h a n g e d a p p r o x i m a t e l y 1 2 p e r c e n t b y s i t e c l e a r i n g c o s t . 

T h e o p t i m a l h a r v e s t i n g a g e v a r i e s f r o m 1 8 t o 3 6 y e a r s . T h e s i t e 

i n d e x h a s t h e m a j o r i n f l u e n c e o n t h e o p t i m a l h a r v e s t i n g a g e . 

T h e o p t i m a l p l a n t i n g d e n s i t i e s v a r y f r o m 2 * 0 0 t o 8 0 0 t r e e s p e r a c r e . 

T h e o p t i m a l p l a n t i n g d e n s i t y f o r t h e i n d e p e n d e n t l a n d o w n e r . i n c r e a s e s a s 

t h e s i t e i n d e x i n c r e a s e s ; w h e r e a s t h e o p t i m a l p l a n t i n g d e n s i t y f o r t h e 

p a p e r c o m p a n y i s n o t a s c l o s e l y r e l a t e d t o t h e s i t e i n d e x . 
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THE MAXIMUM WOOD YIELD I S NOT GREATLY REDUCED AT THE OPTIMAL FOREST 

PLANNING AND MANAGEMENT ALTERNATIVES FOR THE ECONOMICALLY ORIENTED MANAGE­

MENT OBJECTIVES. THE WOOD YIELD AT ALL RECOMMENDED ALTERNATIVES I S AT 

LEAST 9k PERCENT OF THE MAXIMUM Y I E L D . 

THE HARVESTING COST (AT RECOMMENDED FOREST PLANNING AND MANAGEMENT 

ALTERNATIVES) VARIES FROM 1 . 7 3 TO k.06 DOLLARS PER CORD. THE EQUIVALENT 

HARVESTING COST AT PLANTING TIME (EQUIVALENT CURRENT COST) I S . 9 3 TO 1.58 

DOLLARS PER CORD. THIS I S A SIGNIFICANT REDUCTION I N HARVESTING COST AS 

COMPARED TO THE CURRENT HARVESTING COST OF THE BUSCHCOMBINE THAT I S 

REPORTED ( 2 0 ) TO BE 5.70 DOLLARS PER CORD. I N THE CASE OF THE INDEPENDENT 

LANDOWNER, THE HARVESTING COST COMPRISES 12.9 TO 1 6 . 7 PERCENT OF THE COM­

BINED STUMPAGE PRICE AND HARVESTING COST ALLOWANCE. IN THE CASE OF THE 

PAPER COMPANY, THE HARVESTING COST COMPRISES 1 9 . 1 TO 2k•8 PERCENT OF 

THE COMBINED WOOD GROWING COST (ADJUSTED FOR HARVESTING COST) AND 

HARVESTING COST ALLOWANCE. 

THE MAN-HARVESTER PRODUCTION RATE VARIES FROM 17 .15 TO 3 2 . 2 CORDS 

PER HOUR (AT RECOMMENDED FOREST PLANNING AND MANAGEMENT ALTERNATIVES). 

T H I S I S A SIGNIFICANT INCREASE OVER CURRENT MAN-MACHINE PRODUCTION RATES. 

THE TREE CHARACTERISTICS (RELATED TO THE RECOMMENDED FOREST PLANNING 

AND MANAGEMENT ALTERNATIVES) ARE 7 . 1 9 TO 9 . 7 3 INCHES FOR TREE D . B . H . , 

56 TO 7 3 FEET FOR TREE HEIGHT, AND U50 TO 9 9 3 POUNDS FOR TREE WEIGHT. 

THE HARVESTER DESIGN SHOULD BE REFINED FOR THESE TREE CHARACTERISTICS. 

THE ECONOMIC MODEL DATA ARE REVIEWED TO DETERMINE THE S E N S I T I V I T Y 

OF THE LANDOWNER'S RATE OF RETURN AND THE PAPER COMPANY'S WOOD GROWING 

COST RELATIVE TO VARIATIONS FROM THE OPTIMAL HARVESTING AGE. DATA ARE 

REVIEWED FOR 5 YEARS AROUND THE OPTIMAL HARVESTING AGE. THE PLANTING 
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density is maintained at the optimal planting density at the optimal 

harvesting age. The cases considered are for the landowner and paper 

company (funds borrowed) where site clearance is required for site indice 

6 0 and 80. The related data are summarized and presented in Tables 15 

through 18. These data are used to determine the variance in harvesting 

age that maintains the rate of return and wood growing cost within 2 

percent of the optimal values. With this goal, the independent land­

owner's harvesting age can vary from - 4 tc +3 years for site index 60 

and from -1.5.to +2 years for site index 80. In the case of the paper 

company, the harvesting age can vary + 2 years for site index 60 and 

+ 1.5 years for site index 80. The rate of return and wood growing cost 

change at an increasing rate as the harvesting age changes from the 

optimal age. 

The percentage change in harvesting cost is also analyzed as the 

harvesting age is changed from the optimal age. The percentage change 

in harvesting cost is found to be at least 5 times greater than the 

change in the rate of return and the wood growing cost when-variance of 

these objectives is maintained within 2 percent of the optimal values. 

The economic model data are also reviewed to determine the sensi­

tivity of the landowner's rate of return and the paper company's wood 

growing cost relative to variations from the optimal planting density. 

The data are reviewed at the optimal harvesting age at planting densities 

of 200 to 1,000 trees per acre. The data are reviewed for the landowner 

and paper company (funds borrowed) where site clearance is required for 

site indices 60 and 80. The related data are summarized and presented 

in Tables 19 through 22. In all cases reviewed, the planting density 



Table 15' Sensitivity of the Independent Landowner's Rate of Return (Site Clearance Required) to 
Variations from the Optimal Harvesting Age for Site Index 60 at the Optimal Planting 
Density of 500 Trees per Acre 

Equivalent Percentage 
Harvesting Change in 
Cost at Harvesting 
Planting Cost 

Rate of Percent of Tree Tree Tree Time Relative to 
Harvesting Return Maximum Rate D.B.H. Weight Height (Dollars Cost at 
Age (Years) (Percent) of Return (Inches) (Pounds) (Feet) per Cord) Optimal A g e 

23 6.9865 95.8 7.97 51I0 57.5 1.61 + 3 7 . 5 
2h 7.1156 97 .6 8.22 592 58.7 •1 .1*9 +27 
25 7.2081 98.9 8.1*6 61*5 60.0 1.39 .+19 
26 7.2663 99.6 8.69 698 61.1 1 .30 +11 
2 7 7.2955 99.9 8.91 751 62.2 1 . 2 3 +5 28* 7.296U 100.0 9.12 802 6 3 . 2 1.17 n 

29 7.2731 99.7 9 . 3 1 851 6k.2 1.13 -3.5 
30 7 . 2 2 1 7 99.0 898 65.1 1 .00 

•"7 ~ t 
31 7.1371 97.8 9.63 92*3 oo.O 1 .06 -9-h 
32 7.014*0 96.5 9 . 7 7 985 6 6 . 9 1 . 0 3 -12 
33 6.914*2 95.0 9.89 1,023 67.7 1 . 0 1 -13.U 

* Optimal Harvesting Age 



Table 16. Sensitivity of the Paper Company's Wood Growing Cost (When Funds Are Borrowed and Site 
Clearance Is Required) to Variations from the Optimal Harvesting Age for Site Index 60 
at the Optimal Planting Density of 600 Trees per Acre 

Equivalent Percentage 
Paper Company's Harvesting Change in 
Wood Growing Percent of Cost at Harvesting 
Cost Adjusted Minimum Planting Cost Rela­

Harvesting for Harvesting Wood Tree Tree Tree Time tive to 
Age Cost (Dollars ,Growing D.B.H. Weight Height (Dollars Cost at 
(Years) per Cord) Cost (Inches) (Pounds) (Feet) per Cord) Optimal Age 

20 12.21 1 .12 6.95 363 52.9 2.21 +46 
21 11.73 1.075 7.18 kok 54.5 2.02 +34 
22 11 .36 1 .ok 7.U0 kk6 56 1 .85 +22 
23 11.11 1.019 7.62 189 57.5 1 .72 +14 
2k 10.96 1 .002 7.83 532 58.7 1.60 +6 
25* 10.91 1 .00 8.03 575 60 1.51 0 26 10.96 1.002 8.21 617 61.1 1 .42 -6 
27 11 .11 1 .019 8.38 657 62.2 1 .36 -10 28 11.35 1 .ok 8.53 696 63.2 1.30 ~ -14 
29 11 .70 1.075 8.67 732 64.2 1.25 -17 
30 12.17 1 .12 8.79 766 65.1 1.21 -20 

* Optimal Harvesting Age 



Table 17« Sensitivity of the Independent Landowner's Rate of Return (Site Clearance Required) to 
Variations from the Optimal Harvesting Age for Site Index 80 at the Optimal Planting 
Density of 700 Trees per Acre 

Equivalent Percentage 
Harvesting Change in 
Cost at Harvesting 
Planting Cost 

Rate of Percent of Tree Tree Tree Time Relative to 
Harvesting Return Maximum Rate D.B.H. Weight Height (Dollars Cost at 
Age (Years) (Percent) of Return (Inches) (Pounds) (Feet) per Cord) Optimal Age 

13 8.77 81.5 6.69 316 51 2.39 +90 
11. 9-1*9 88.0 6.98 376 51*.1 2.01* +63 
15 10.03 93.lt 7.29 57.1* 1 .77 +1*1,5 
16 10.1*3 97.0 7.60 516 60.5 1.55- +21* 
17 10.68 99.0 7.90 591 63.3 1 .38 +10 
i&* 10.77 100.0 8.19 666 65-9 1 .25 0 
19 10.71 99.5 8.1.5 71*1 68.1* 1 .11* -8.6 
20 10.58 98.2 8.68 813 70.6 1 .06 -15 
21 10.Uo 96.5 8.89 881 72.7 1 .00 -20 
22 10.19 9li.5 9.06 91*5 71*.7 .95 -21* 
23 9-96 92.5 9.21 1,003 76.6 .91 -27 

-* Optimal Harvesting Age 

http://93.lt


Table 18. S e n s i t i v i t y of the Paper Company's Wood Growing Cost (When Funds a re Borrowed and S i t e 
Clearance I s Required) t o V a r i a t i o n s from the Optimal Harves t ing Age fo r S i t e Index 80 
a t t he Optimal P lan t ing Dens i ty of 600 Trees per Acre 

Equivalent Percentage 
Paper Company's Harvest ing Change i n 
Wood Growing Percent of Cost a t Harves t ing 
Cost Adjusted Minimum P lan t ing Ccst Re la ­

Harvest ing f o r Harves t ing Wood Tree Tree Tree Time t i v e t o 
Age Cost (Dol la r s Growing D.B.H. Weight Height (Dol lars Cost a t 
(Years) p e r Cord) Cost (Inches] (Pounds) (Feet ) pe r Cord) Optimal Age 

16 5-32 1.27 7.87 556 6 0 . 5 1.1*8 +59 
17 4.81 1 .15 8.21 6I4I 63.3 1.31 +1*1 
18 4.47 1.07 8.54 728 65-9 1 .18 +27 
19 4.29 1.025 8.85 818 68.1* 1.07 +15 
20 4 .19 1.001 9 . 1 4 906 70.6 • 99 +6 
21-* 4 .18 1 .00 9-1*0 992 72.7 • 93 0 
22 4 .24 1 .012 9.63 1,074 71*. 7 .88 - 5 . 5 
23 4.38 1.0l*7 9.82 1,150 76.6 .81* - 9 . 5 
2l* 4.57 1.09 9.9° 1,220 

1,285 
78.3 .81 -13 

25 4.83 1.15 1 0 . 1 1 ; 
1,220 
1,285 80.0 • 78 -16 

26 5.15 1 .23 10.2? 1,31*5 81 .76 -18 

•* Optimal Harves t ing Age 



Table 19* Sensitivity of the Independent Landowner's Rate of Return (Site Clearance Required) to 
Optimal Harvesting Ages at Planting Densities Other Than the Optimal Planting Density 
on Site Index 60 

Planting Density 
(Trees per Acre) 

Optimal 
Harvesting 
Age for 
Planting 
Density 
(Years) 

Percent of 
Rate of Maximum Tree Tree Tree 
Return Rate of D.B.H. Weight Height 
(Percent) Return (Inches) (Pounds) (Feet) 

Equivalent 
Harvesting 
Cost at 
Planting 
Time 
(Dollars 
per Cord) 

200**-
300 31 7.066 97.0 11.ue 1,361 66 .85 

koo 
29 7.22*8 99.1 10.05 1,001 61* 1.03 

5bo* 28 7.296 100.0 9.12 63 1.17 
600 26 7.295 99.9 8.12 617 61 1.1*2 
700 25 7.222 99.0 7.60 511 60 1.6'^ 
800 25 7.137 98.0 7.20 !<59 60 1.79 
900 2l* 6.951 95.il 6.76 381i 58 2.06 

1,000 

2k 
6.769 92.8 6.1.7 31*7 58 2.2li 

-SBf 

Optimal Planting Density 
Tree Characteristics Exceeded Harvester's Capacity 

-*3 
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T a b l e 2 0 . S e n s i t i v i t y o f t h e P a p e r C o m p a n y ' s W o o d G r o w i n g C o s t ( W h e n F u n d s A r e B o r r o w e d a n d S i t e 

C l e a r a n c e I s R e q u i r e d ) t o O p t i m a l H a r v e s t i n g A g e s a t P l a n t i n g D e n s i t i e s O t h e r T h a n 

t h e O p t i m a l P l a n t i n g D e n s i t y o n S i t e I n d e x 6 0 

P a p e r C o m ­ E q u i v a l e n t 

O p t i m a l p a n y ' s W o o d P e r c e n t H a r v e s t i n g 

H a r v e s t i n g G r o w i n g C o s t o f C o s t a t 

A g e f o r A d j u s t e d f o r M i n i m u m P l a n t i n g 
P l a n t i n g H a r v e s t i n g W o o d T r e e T r e e T r e e T i m e 

P l a n t i n g D e n s i t y D e n s i t y C o s t ( D o l l a r s G r o w i n g D . B . H . W e i g h t H e i g h t ( D o l l a r s 

( T r e e s p e r A c r e ) ( Y e a r s ) p e r C o r d ) C o s t ( I n c h e s ) ( P o u n d s ) ( F e e t ) p e r C o r d 

2 0 0 * * 

3 0 0 3 0 1 2 . 1 8 1 . 1 2 1 1 . 1 5 1 , 2 6 5 6 5 . 2 . 9 0 

1 *00 2 8 1 1 . 2 5 1 . 0 3 9 - 7 8 9 3 2 6 3 - 3 1 . 0 8 

5 o o 2 6 1 0 . 9 5 1 . 0 0 2 8 . 6 9 6 9 9 6 1 . 2 1 . 3 0 

600* 2 5 1 0 . 9 1 1 . 0 0 8 . 0 3 5 7 6 6 0 . 0 1 . 5 1 
7 0 0 21 1 1 . 1 0 1 . 0 1 5 7 - 1 * 5 1 *77 5 8 . 8 1 . 7 0 

8 0 0 2 3 1 1 . 3 5 1 . 0 1 * 6 . 9 8 1 *02 5 7 . 5 1 . 9 9 

9 0 0 2 2 1 1 . 9 1 1 . 0 9 6 . 5 3 3 3 6 5 6 . 1 2 . 3 0 

1 , 0 0 0 2 2 1 2 . 1 * 2 1 .11* 6 . 2 7 3 0 6 5 6 . 1 2 . 1 * 8 

* O p t i m a l P l a n t i n g D e n s i t y 

* # T r e e C h a r a c t e r i s t i c s E x c e e d e d H a r v e s t e r ' s C a p a c i t y 



Table 21. Sensitivity of the Independent Landowner's Rate of Return (Site Clearance Required) to 
Optimal Harvesting Ages at Planting Densities Other Than the Optimal Planting Density 
on Site Index 80 

Planting Density 
(Trees per Acre) 

Optimal 
Harvesting 
Age for 
Planting Rate of 
Density Return 
(Years) (Percent) 

Percent of 
Maximum Tree 
Rate of D.B.H. 
Return (Inches) 

Equivalent 
Harvesting 
Cost at 
Planting 

Tree Tree Time 
Weight Height (Dollars 
(Pounds) (Feet) per Cord) 

200** 
300** 
hoo 21 10.08 93.5 

96.5 
10.62 1,281 72 .80 

500 19 10.38 
93.5 
96.5 9.28 905 68 1 .01 

600 18 10.62 99.0 8.514 728 66 1 .17 
700* 18 10.77 100.0 8.19 666 66 1.25 
800 18 10.71 99.7 7.79 598 66 1.35 
900 17 10.66 99.0 7.27 U 9 1 63 1.58 

1,000 17 10.55 98.0 7.99 h50 63 1.69 

* Optimal Planting Density 
** Tree Characteristics E x c e e d e d H a r v e s t e r ' s C a p a c i t y 



.he Optimal Planting Density on Site Index 8 0 ~ e _ _ c ut..eA .w*n 

Planting Density 
(Trees per Acre) 

Optimal 
Harvesting 
Age for 
Planting 
Density 
(Years) 

2 0 0 * * 

3 0 0 * * 

4OO** 
5 o o 2 2 

6 0 0 * 2 1 

7 0 0 2 0 

8 0 0 1 9 

9 0 0 1 9 

1 , 0 0 0 1 8 

Paper Com­
pany f s Wood 
Growing Cost 
Adjusted for 
Harvesting 
Cost (Dollars 
per Cord) 

4 . 2 1 

U. 2 5 

k.SU 
4 . 7 7 

5 . 0 5 

idnimum 
Wood 
Growing 
Cost 

1 .01 
1 .00 
1 . 0 1 5 

1.083 
1.14 
1.21 

I T 

(inch* 

1 0 . 2 6 

9 . 4 0 

8 . 6 ? 

8 . 0 0 

7 . 6 4 
7 . 1 5 

Iree 
Weight 
(Pounds) 

Tree 
Height 
(Feet) 

Equivalent 
Harvesting 
Cost at 
Planting 
Time 
(Dollars 
per Cordj) 

1 , 2 2 5 7 5 

G
O

 

992 7 3 • 9 3 

e n 7 1 1 . 0 6 

6 5 ? 6 8 1 . 2 5 

5 ? 5 6 8 
1 . 3 5 

4 ? 6 6 6 1 . 5 6 

Optimal Planting Density 
Tree Characteristics Exceeded Harvester's Capacity 
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can vary a t l e a s t + 100 trees per acre and maintain the rate of return 

and wood growing cost within 2 percent of the optimal values. The rate 

of return and wood growing cost change at an increasing rate as the 

planting densit ies vary from the optimal values. Since the planting 

density i s readi ly controlled, i t i s recommended that the planting den­

s i t i e s be a t the optimal values. This i s desirable because a combination 

of deviations from optimal planting density and harvesting age can lead 

to s ignif icant changes from optimal values of the rate of return and the 

wood growing cos t . The maximum variance in harvesting age (without 

s ignif icant reduction in management objectives) i s desirable so as to 

allow maximum response to demand and harvesting schedules. 
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CHAPTER XII 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

Conclusions derived from the economic evaluation of fores t 

planning and management a l te rna t ives , in conjunction with the proposed 

harvester design and management object ives of the independent landowner 

and the paper company, are summarized as fol lows: 

(1) There are forest planning and management a l ternat ives re la ted 

to the proposed harvester design that provide a maximum rate of return on 

the fores t investments and growing cost for the independent landowner and 

minimum wood growing cost for the paper company. 

(2) The recommended forest planning and management a l te rna t ives 

that provide the maximum rate of return for the independent landowner 

(when s i t e clearance i s required) are i n i t i a l planting densi t ies (trees 

per acre) of: kOO harvested at 36 years for s i t e index 50, 500 harvested 

at 28 years for s i t e index 60, 600 harvested at 22 years for s i t e index 

70, and 700 harvested at 18 years for s i t e index 80. 

(3) The recommended fores t planning and management a l ternat ives 

that provide the maximum rate of return for the independent landowner 

(when s i t e clearance i s not required) are i n i t i a l planting densit ies 

(trees per acre) of : 500 harvested at 32 years for s i t e index 50, 600 

harvested a t 25 years for s i t e index 60, 700 harvested at 21 years for 

s i t e index 70, and 700 harvested at 18 years for s i t e index 80. 
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(k) T h e r e c o m m e n d e d f o r e s t p l a n n i n g a n d m a n a g e m e n t a l t e r n a t i v e s 

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

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

i n i t i a l p l a n t i n g d e n s i t i e s ( t r e e s p e r a c r e ) o f : 800 h a r v e s t e d a t 1 9 

y e a r s f o r s i t e i n d e x 70, a n d 700 h a r v e s t e d a t 18 y e a r s f o r s i t e i n d e x 80. 

(5) T h e r e c o m m e n d e d f o r e s t p l a n n i n g a n d m a n a g e m e n t a l t e r n a t i v e s 

t h a t p r o v i d e t h e m i n i m u m w o o d g r o w i n g c o s t ( s i t e c l e a r a n c e n o t r e q u i r e d ) 

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

a r e i n i t i a l p l a n t i n g d e n s i t i e s ( t r e e s p e r a c r e ) o f : 700 h a r v e s t e d a t 20 

y e a r s f o r s i t e i n d e x 70, a n d 700 h a r v e s t e d a t 18 y e a r s f o r s i t e i n d e x 80. 

(6) "When t h e p a p e r c o m p a n y u t i l i z e s i n d u s t r i a l f u n d s ( w i t h n o r m a l 

e x p e c t e d a n n u a l p r o f i t o f 9 p e r c e n t a f t e r i n c o m e t a x ) f o r w o o d g r o w i n g 

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

d e x l e s s t h a n 70 ( t h e p a p e r c o m p a n y ' s w o o d g r o w i n g c o s t o n l o w e r s i t e 

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

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

(7) T h e r e c o m m e n d e d f o r e s t p l a n n i n g a n d m a n a g e m e n t a l t e r n a t i v e s 

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

t h e p a p e r c o m p a n y ( w h e n w o o d g r o w i n g c o s t i s b o r r o w e d a t 6 p e r c e n t 

i n t e r e s t ) a r e i n i t i a l p l a n t i n g d e n s i t i e s ( t r e e s p e r a c r e ) o f : 600 h a r ­

v e s t e d a t 25 y e a r s f o r s i t e i n d e x 60, 600 h a r v e s t e d a t 22 y e a r s f o r s i t e 

i n d e x 70, a n d 600 h a r v e s t e d a t 21 y e a r s f o r s i t e i n d e x 80. 

(8) " W h e n t h e p a p e r c o m p a n y b o r r o w s f u n d s ( a t 6 p e r c e n t a n n u a l i n ­

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

f o r e s t l a n d w i t h a s i t e i n d e x l e s s t h a n 60 ( t h e p a p e r c o m p a n y ' s w o o d g r o w ­

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

(9) T h e m a x i m u m t r e e c h a r a c t e r i s t i c s ( r e l a t e d t o t h e r e c o m m e n d e d 

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

v e s t e r d e s i g n s h o u l d b e s p e c i a l i z e d a n d r e f i n e d a r e : 9*73 i n c h D . B . H . , 

993 p o u n d s t r e e w e i g h t , a n d 73 f o o t t r e e h e i g h t . 

(10) N e g l i g i b l e t r e e v o l u m e i s l o s t i f t h e h a r v e s t e r o n l y h a r v e s t s 

5>0 f e e t o f t h e t r e e ( t h e m a x i m u m t r e e h e i g h t a t o p t i m a l f o r e s t p l a n n i n g 

a n d m a n a g e m e n t a l t e r n a t i v e s i s 73 f e e t w h i c h h a s a n a s s o c i a t e d v o l u m e 

l o s s o f 2.25 p e r c e n t ) . 

(11) T h e r a t e o f r e t u r n f o r t h e i n d e p e n d e n t l a n d o w n e r a n d t h e w o o d 

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

s i t e i n d e x . 

(12) A t t h e o p t i m a l f o r e s t p l a n n i n g a n d m a n a g e m e n t a l t e r n a t i v e s , 

t h e i n d e p e n d e n t l a n d o w n e r ' s r a t e o f r e t u r n i s m a r g i n a l f o r s i t e i n d e x 56 

(5«71 t o 6.13 p e r c e n t ) a n d v e r y g o o d f o r s i t e i n d e x 80 (10.78 t o 11.5 
p e r c e n t ) . 

(13) A t t h e o p t i m a l f o r e s t p l a n n i n g a n d m a n a g e m e n t a l t e r n a t i v e s , 

t h e p a p e r c o m p a n y ' s w o o d g r o w i n g c o s t i s u n a c c e p t a b l e f o r s i t e i n d e x 1*0 

(1*2.68 t o 80.51 d o l l a r s p e r c o r d a t h a r v e s t i n g t i m e ) a n d v e r y g o o d f o r 

s i t e i n d e x 80 (8.11* t o 8.60 d o l l a r s p e r c o r d a t h a r v e s t i n g t i m e ) . 

(11*) A t t h e r e c o m m e n d e d o p t i m a l f o r e s t p l a n n i n g a n d m a n a g e m e n t 

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

t h e i n d e p e n d e n t l a n d o w n e r ' s r a t e o f r e t u r n ( a p p r o x i m a t e l y 7 p e r c e n t ) a n d 

i n c r e a s e s t h e p a p e r c o m p a n y ' s w o o d g r o w i n g c o s t ( a p p r o x i m a t e l y 12 p e r c e n t ) . 

(15) T h e p r o p o s e d h a r v e s t e r ' d e s i g n , i n c o n j u n c t i o n w i t h t h e r e ­

c o m m e n d e d o p t i m a l f o r e s t p l a n n i n g a n d m a n a g e m e n t a l t e r n a t i v e s , 
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s i g n i f i c a n t l y reduces t h e wood h a r v e s t i n g cos t from the c u r r e n t 

h a r v e s t i n g cos t ( .93 t o 1.50 d o l l a r s pe r cord as compared t o 5.70 

d o l l a r s p e r cord fo r t h e Buschcombine (20 ) ) . 

(16) The proposed h a r v e s t e r des ign , i n conjunct ion wi th recommended 

opt imal f o r e s t p lanning and management a l t e r n a t i v e s , should p r o v i d e ade­

qua t e h a r v e s t i n g capac i ty s i nce t h e a s s o c i a t e d man-machine p roduc t ion 

r a t e (17.5 t o 32.2 cords p e r hour) i s approximately t e n f o l d g r e a t e r 

than cu r r en t p roduc t ion r a t e s . 

(17) In view of t h e r e s u l t i n g h a r v e s t i n g cos t pe rcen tage (12.9 t o 

16.7 p e r c e n t ) of combined stumpage p r i c e ( ad jus ted f o r h a r v e s t i n g c o s t ) 

and h a r v e s t i n g cos t allowance ( fo r t h e independent landowner) as w e l l a s 

t h e r e s u l t i n g h a r v e s t i n g cos t pe rcen t age (19«1 t o 2h»8 p e r c e n t ) of 

combined wood growing cos t ( ad jus ted fo r h a r v e s t i n g cos t ) and h a r v e s t i n g 

cost a l lowance ( fo r t h e paper company), an a d d i t i o n a l i t e r a t i o n of 

h a r v e s t e r des ign re f inement , i n conjunct ion wi th f o r e s t p l ann ing and 

management p o l i c y , i s recommended bu t t h e p o i n t of d imin ish ing r e t u r n s 

i s soon t o be reached wi th m u l t i p l e i t e r a t i o n s . . 

(18) Harves t ing age can vary + 1 . $ y e a r s from t h e recommended 

op t imal h a r v e s t i n g ages , so a s t o respond t o h a r v e s t i n g schedules and 

demands, whi le r e s u l t i n g i n l e s s than a 2 pe rcen t change i n t h e r a t e of 

r e t u r n and the wood growing c o s t . 

(19) The opt imal p l a n t i n g d e n s i t i e s should be c l o s e l y adhered t o 

so a s t o a l low maximum v a r i a n c e i n t h e h a r v e s t i n g age for response t o 

h a r v e s t i n g schedules and demands wi thou t causing s i g n i f i c a n t r e d u c t i o n s 

i n t h e r a t e of r e t u r n and t h e wood growing c o s t . 

(20) The recommended f o r e s t p lann ing and management a l t e r n a t i v e s 
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that optimize the landowner's rate of return and the paper company's wood 

growing cost do not greatly reduce the forest yield from maximum yields 

(minimum of 9h percent of maximum land yield at all recommended 

alternatives). 

The economical evaluation of forest planning and management alter­

natives, in conjunction with the proposed harvester design and management 

objectives, lead to the following general conclusions: 

(1) Future pulpwood harvesting machine designs and future forest 

planning and management policies should be developed and refined in 

conjunction with each other and the management objectives. 

(2) Current pulpwood harvesting equipment can be significantly 

improved through automation and efficient sequencing of operations. 

(3) Computer simulation is a valuable tool in evaluating forest 

planning and management alternatives in conjunction with harvester 

designs and management objectives. 

(ll) The paper company can benefit by assisting the independent 

landowners in planning, managing, and harvesting his forest in order to 

help insure the landowner an adequate return on his investment. 

(5) The independent landowner can benefit by cooperating with 

the paper company in planning, managing and harvesting his forest. 

Recommendations 

The following recommendations are offered relative to this work: 

( 1) The proposed harvester design should be redesigned for 

maximum tree characteristics of: 10 inch D.B.H., 1,000 pounds weight, 

and 65 foot height. 
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( 2 ) When the economic model i s rerun in l a t e r years , a l l cost 

values must be upgraded to the current planting time for which the model 

i s being run and for l oca l m i l l conditions at that time. 

(3) The tree growth regression equations developed by Bennett, 

McGee, and Clutter (16) should be revised to account for t ree growth to 

35 years to allow for growth suppression. 

(k) A forest growth model should be developed for improved future 

tree species so that the harvester design and forest planning and 

s c i e n t i f i c management a l ternat ives can be evaluated and refined for 

future tree species . 

(5) Future harvesting machines and forest planning and management 

po l i c i e s should be developed in conjunction with each other and with 

management object ives . 

(6) There should be a high l e v e l of cooperation between the 

paper companies and the independent landowners in planning, planting, 

managing, and harvesting the fo res t s . 

( 7 ) Due to the undesirable ra te of return and wood growing cost 

associated with low s i t e indices (which comprises a large percentage 

of avai lable fores t land), research should be conducted to determine 

economical means of upgrading land with low s i t e indices . 



A P P E N D I X I 

H A R V E S T E R O P E R A T I N G C O S T C O M P U T A T I O N S 
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Harves te r Cost 

Unit T o t a l 
Component Cost Quant i ty Cost 

1. C a t e r p i l l a r , 9hh Axle and 
F i n a l Drive Assembly $ 6 , 2 5 0 $ 1 8 , 7 5 0 

2. Vicke r s , 50K300, Vane Motor 7 0 0 3 2,100 
5 , 7 0 0 3 . T i r e s , 1 7 - 5 X 2 5 

C a t e r p i l l a r , D33h, D i e s e l 
9 5 0 6 

2,100 
5 , 7 0 0 

h. 
T i r e s , 1 7 - 5 X 2 5 
C a t e r p i l l a r , D33h, D i e s e l 

2,100 
5 , 7 0 0 

Engine 6 , 5 0 0 2 13,000 
5 . 

6. 
Hydraul ic Pumps 5 0 0 6 3,000 5 . 

6. Shear, F e l l i n g 3 ,000 1 3,000 
7. Shear, Bucking 3,000 3 9,000 CO

 Hydraul ic Cy l inde r s , L i n e s , 
and Controls 12,000 1^ 7 » Frame 12,000 

10. Miscel laneous Equipment and 
Assembly 1 1 , 1 5 0 

11. T o t a l Equipment and Assembly Cost $90,000 
12. P r o f i t 9,000 
1 3 . T o t a l Est imated Cost $ 9 9 , 0 0 0 

The t o t a l e s t ima ted h a r v e s t e r cos t of 99,000 d o l l a r s i s based 

on cos t s as l i s t e d below: 
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H a r v e s t e r O p e r a t i n g C o s t 

T h e h a r v e s t e r o p e r a t i n g c o s t o f 3 0 d o l l a r s p e r h o u r i s c o m p u t e d 

a s b e l o w t 

1 . T o t a l E q u i p m e n t C o s t $ 9 9 , 0 0 0 . 0 0 

2 . T o t a l T i r e C o s t 5 . 7 0 0 . 0 0 

3 - E q u i p m e n t C o s t , L e s s T i r e s 

D e p r e c i a t i o n ( E x c l u d i n g T i r e C o s t ) B a s e d o n 

$ 9 3 , 3 0 0 . 0 0 

l i . 

E q u i p m e n t C o s t , L e s s T i r e s 

D e p r e c i a t i o n ( E x c l u d i n g T i r e C o s t ) B a s e d o n 

1 0 , 0 0 0 H o u r s $ 9 - 3 3 

5. I n t e r e s t , I n s u r a n c e , a n d T a x e s B a s e d o n 30 p e r 

T h o u s a n d D o l l a r s o f T o t a l E q u i p m e n t C o s t 2 . 9 7 

6 . T o t a l O w n i n g C o s t ( p e r O p e r a t i n g H o u r ) 1 2 . 3 0 

7 . H o u r l y F u e l C o s t a t 1 7 . 6 G a l l o n p e r H o u r 2 . 6 1 ; 

8 . H o u r l y H y d r a u l i c O i l C o s t . 1 1 

9 - H o u r l y L u b r i c a t i o n C o s t . 1 * 0 
1 0 . H o u r l y R e p a i r C o s t B a s e d o n 9 0 P e r c e n t o f 

8 . 1 * 0 D e p r e c i a t i o n 8 . 1 * 0 

1 1 . H o u r l y T i r e C o s t B a s e d o n li,500 H o u r s T i r e L i f e 1 . 2 7 
1 2 . T o t a l D i r e c t O p e r a t i n g C o s t p e r H o u r 1 2 . 8 2 

1 3 . O p e r a t o r H o u r l y W a g e s a n d R e l a t e d E x p e n s e s 4 .88 

T o t a l H a r v e s t e r O p e r a t i n g C o s t ( p e r H o u r ) 30.00 



APPENDIX II 

HARVESTER SIMULATION MODEL COMPUTER PROGRAM AND SAMPLE PRINTOUT 
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JOB 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * ft* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* HARVESTER SIMULATION MODEL 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *' * •* * * * * * * * * * * PROGRAM VARIABLE S E C T I Q N 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * I VARIABLE FN2*FN<2/K100 
* * VI I S USED TO COMPUTE STANDARD TREE HEIGTH AS A F U N C T I C N CF CBH ANC 
* * * * A VARIANCE AROUND JHAT HEIGHT 

c VARIABLE K 1 6 0 - X U 
*.Mc I S USED TO COMPUTE SHEAR SLUE DISTANCE PFC,ULLAR TO THIN CUT 

3 VARIABLE X 9 - X 1 0 + F N 9 
* * V3 I S USED TO COMPUTE RACK-LF DISTANCE IN F E L L I N G OPFPATICN 

^ VARIABLE X 9 - X 1 0 - K 1 7 0 
* * V«4 I S USED TO COMPUTE F I R 5 T ADVANCE DISTANCE IN FELLJNG CFFRATICN 

b VARIABLE X 1 1 - X 5 + K 1 6 0 
* * V5 I S USED TO COMPUTE SLUE DISTANCE TO TRFE FOR SHEAF IN FELLING 
* * * * OPERATION 

fc VARIABLE K 1 6 0 - X 1 1 
* * V T I S USED TO COMPUTE S H E DISTANCE TC TREE F^R GRFLPPLF IN FELLING 
* * * * OPERATION 

7 VARIABLE P 2 - X 5 0 + K 1 1 
* * V7 I S USED TO HELP DETERMINE J F THERE I S A N FT-D TO CHAKGF POSITION 
* * * * OF BACKER REAR SHEAR 

t VARIABLE X 1 0 2 + X 1 0 4 - X 1 0 1 - X 1 0 3 
* * VD COMPUTES ACTUAL OPERATING TIME OF CFERATRP 

<3 VARIABLE X 1 0 2 - X 1 0 2 
* * VC COMPUTES TIME C F E R M C P M T T S CN SHEAR A V ^ L L A E L L I T Y 

10 VARIABLE G 1 + Q H + G 1 2 
*» VLO I S USED IN CONTROLLING THE RATE TH A T TRFE TRANSACTIONS ARE 
* * * * GENERATED 

I I VARIABLE X 1 0 4 - X 1 0 1 
* * V H COMPUTES TIME TREE I S IN CONTROL OF CPEPA/ICR 

1 2 VARIABLE X LL 3 + XL 1 6 + X 1 2 0 + X 1 2 3 - X 1 L2~XL 1*»-X 1 1 7 - Y 1 2 2 
* * V I 2 COMPUTES ACTUAL O F E R A T ^ G TIME CF SHEAR 

1 3 VARIABLE X L L 2 + X L M + X L L 7 + X 1 2 2 - X L L L - X 1 1 7 - X L L 6 - Y L 2 0 
* * V I 3 COMPUTES TIME SHEAR WAITS CN A V A I L A B I L I T Y CF OP^RATCR ANC GRAPPLE 

1 4 VARIABLE XL0-K**2 
* * V I 4 I S USED TO COMPUTE Y LOCATION WHERE TOPS OF TRG^S GREATER THAN 
* * * * G O F T . ARE DROPPED 

1 5 VARIABLE X 1 Q - K 2 5 
* * V I 5 I S USED TO COMPUTE Y LOCATION WHERE T C P C CF TRP^S 6 5 TC PG F T . 
* * * * ARE DPCPPED 

1 6 VARIABLE X 1 2 3 - X 1 I 1 
* * V I 6 COMPUTES TIME TREE I S IN CONTROL CF SHEAR 

1 7 VARIABLE X 1 3 3 + X L 3 6 + X I 4 N + X H T 3 - X L 3 2 - X L 3 U - X 1 3 7 - X I 4 2 


