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x i i 

SUMMARY 

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

j o b shop c o n t r o l . 

The i m p o r t a n c e of a c h i e v i n g shop b a l a n c e i n many t y p e s of manu­

f a c t u r i n g j o b shops i s shown and a l a r g e number of i n d i c e s f o r m e a s u r i n g 

b a l a n c e i n t h e j o b shop a r e d e v e l o p e d . I n a d d i t i o n t o t h e b a l a n c e mea­

s u r e s , o t h e r m e a s u r e s of p e r f o r m a n c e i n d i c a t i n g a b i l i t y t o meet due d a t e s 

and l e v e l s of work i n p r o c e s s a r e a l s o employed . 

A method t o p r o v i d e good c o n t r o l i n t h e o p e r a t i o n of t h e j o b shop 

w i t h r e s p e c t t o mos t m e a s u r e s of p e r f o r m a n c e i s p r e s e n t e d . T h i s method 

c o n s i s t s of s e t t i n g up a p o o l of j o b s p r i o r t o r e l e a s i n g them t o t h e j o b 

shop and e s t a b l i s h i n g a m a t h e m a t i c a l p rogramming a l g o r i t h m t o s e l e c t j o b s 

t o b e l o a d e d i n t h e shop from t h e p o o l . 

I t i s shown by t h i s r e s e a r c h t h a t mos t of t h e b a l a n c e m e a s u r e s 

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

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

The j o b shop c o n t r o l m e t h o d o l o g y i s a l s o employed i n c o n j u n c t i o n 

w i t h a v a r i e t y of c o n d i t i o n s such a s shops w i t h few i n t e r a c t i o n s , j o b 

a r r i v a l d i s t r i b u t i o n s w i t h s t a t i c and dynamic m e a n s , and a l l o w a n c e of 

a l t e r n a t i v e mach ine o p e r a t i o n s . 

A j o b shop s i m u l a t i o n model i s u t i l i z e d uo t e s t t h e c o n t r o l 

m e t h o d o l o g y . 
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CHAPTER I 

INTRODUCTION 

A j o b shop i s a c o l l e c t i o n of d i s t i n c t mach ine g r o u p s and j o b s 

which r e q u i r e p r o c e s s i n g on t h e m a c h i n e s . Each j o b w i l l r e q u i r e p r o c e s s ­

i n g on a c e r t a i n number of t h e m a c h i n e s . F u r t h e r m o r e , a j o b c o u l d r e q u i r e 

any o r d e r i n g of p r o c e s s i n g by t h e m a c h i n e s such t h a t t h e r e i s no common 

p a t t e r n of movement from mach ine t o m a c h i n e . The l a c k of a common r o u t i n g 

f o r a l l j o b s i s c h a r a c t e r i s t i c of a j o b s h o p . 

J o b shop s c h e d u l i n g r e s e a r c h h a s c e n t e r e d on t h e s e q u e n c i n g p r o b ­

lem. Thit, p r o b l e m c o n s i s t s of d e t e r m i n i n g t h e s e q u e n c e i n which u n i t s 

a r e t o be p r o c e s s e d a t each of t h e mach ine c e n t e r s . A s o l u t i o n t o t h e 

j o b shop s c h e d u l i n g p r o b l e m h a s n o t been d e v e l o p e d , i n f a c t , t h e r e i s no 

g e n e r a l a g r e e m e n t a s t o what t h e s o l u t i o n s h o u l d b e . The mos t common a p ­

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

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

t o some m e a s u r e s of p e r f o r m a n c e . The most commonly employed m e a s u r e s of 

p e r f o r m a n c e h a v e b e e n c o n c e r n e d w i t h t h e a b i l i t y t o meet due d a t e s and 

w i t h j o b f low t i m e s , b u t t h e l e v e l of work i n p r o c e s s h a s a l s o b e e n u s e d . 

A group of c r i t e r i a t h a t h a v e been a l m o s t c o m p l e t e l y o v e r l o o k e d a r e t h e 

m e a s u r e s of shop w o r k l o a d b a l a n c e . 

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

and b a l a n c i n g me thodo logy f o r j o b shop c o n t r o l . Load ing i n t h i s r e s e a r c h 

i s t a k e n t o mean t h e r e l e a s e of j o b s t o t he s h o p . The d e f i n i t i o n of j o b 
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shop b a l a n c e i s of p r i m a r y c o n c e r n i n t h i s r e s e a r c h . I t w i l l b e shown 

t h a t d i f f e r e n t m e a s u r e s of shop b a l a n c e may b e d e v i s e d f o r d i f f e r e n t 

t y p e s of s h o p s . A l l of t h e s e m e a s u r e s w i l l be a n a l y z e d i n d e t a i l l a t e r . 

B r i e f l y , h o w e v e r , i t can be s a i d t h a t b a l a n c i n g t h e shop i n v o l v e s t h e 

s c h e d u l i n g of j o b s i n t h e shop so t h a t a shop r e l a t e d m e a s u r e ( i . e . work 

o u t p u t , queue s i z e , e t c . ) i s s p r e a d a s e v e n l y a s p o s s i b l e o v e r t i m e o r 

o v e r a l l m a c h i n e s . The s p e c i f i c o b j e c t i v e h a s b e e n t o improve t h e b a l ­

a n c e and work i n p r o c e s s m e a s u r e s of t h e shop w h i l e s t i l l o p e r a t i n g 

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

Most of t h e j o b shop s c h e d u l i n g r e s e a r c h t o d a t e h a s a t t e m p t e d t o 

o p t i m i z e a m e a s u r e of p e r f o r m a n c e r e l a t e d t o i n d i v i d u a l j o b s such a s t h e 

f r e q u e n c y w i t h which a s s i g n e d due d a t e s a r e m e t , m i n i m i z a t i o n of mean 

f low t i m e , maximum f low t i m e , e t c . The a t t e m p t s t o o b t a i n t h e s e o b j e c ­

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

T h i s r e s e a r c h i n t r o d u c e s a h i g h e r d e g r e e of shop c o n t r o l by t h e u s e of a 

d i f f e r e n t a p p r o a c h . T h i s a p p r o a c h makes u s e of a p o o l of j o b s i n f r o n t of 

t h e shop and a n a l g o r i t h m t o s e l e c t t h e j o b s t o be r e l e a s e d , or l o a d e d , 

from t h e j o b p o o l t o t h e s h o p . 

The j o b p o o l c o n c e p t i s u s e d e x p l i c i t l y i n some i n d u s t r i e s ( a p ­

p a r e l , l e a t h e r p r o d u c t s ) and i m p l i c i t l y i n many o t h e r s whe re a m a n u f a c t u r ­

i n g l o t i s r e a d y "on p a p e r " t o be p l a c e d i n t h e shop l o n g b e f o r e t h i s i s 

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

j o b shop r e s e a r c h by d e v e l o p i n g a f o r m a l way of u t i l i z i n g t h e j o b p o o l . 

The a l g o r i t h m employed t o s e l e c t j o b s from t h e p o o l i s p r i m a r i l y 

c o n c e r n e d w i t h m a i n t a i n i n g a b a l a n c e d a g g r e g a t e w o r k l o a d i n t h e shop f o r 

e a c h m a c h i n e , w h i l e s t i l l a l l o w i n g t h e j o b s t o meet t h e i r due d a t e s . The 
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u t i l i z a t i o n of t h i s o b j e c t i v e f u n c t i o n i s based on t h e f a c t t h a t e v e r y 

j o b shop i s p h y s i c a l l y s e t up t o o p e r a t e w i t h a g i v e n w o r k l o a d m i x t u r e 

among t h e m a c h i n e s and a t a c e r t a i n o v e r a l l l oad l e v e l and o u t p u t . Any 

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

i s , l oad f l u c t u a t i o n s from p e r i o d to p e r i o d f o r a g i v e n mach ine a n d / o r 

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

l a b o r , c o s t s of o v e r t i m e p remiums , o r c o s t s of p e r f o r m i n g some o p e r a t i o n s 

i n o t h e r t han t h e i r normal m a c h i n e s a t i n c r e a s e d c o s t s . 

The f i n a l measu re of a me thodo logy i n an i n d u s t r i a l s i t u a t i o n l i e s 

on i t s a b i l i t y t o r e d u c e c o s t s and t h e r e b y i n c r e a s e p r o f i t s . T h i s r e ­

s e a r c h shows t h a t a b a l a n c e d shop w o r k l o a d a l l o w s t h e shop t o o p e r a t e a t 

a lower w o r k - i n - p r o c e s s l e v e l . The work i n p r o c e s s l e v e l and t h e im­

provement i n shop o p e r a t i n g c o n d i t i o n s m e n t i o n e d i n t h e p r e c e d i n g p a r a ­

g r aph r e s u l t i n v e r y i m p o r t a n t c o s t r e d u c t i o n s . The mos t i m p o r t a n t c o s t 

r e d u c t i o n i n some i n d u s t r i e s , h o w e v e r , i s due t o t h e s m a l l e r r i s k caused 

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

j o b p o o l u n t i l t h e moment t h a t t h e j o b i s moved i n t o t h e s h o p . A good 

example where t h i s s i t u a t i o n o c c u r s i s t h e f a s h i o n i n d u s t r y where t h e 

a b i l i t y t o p o s t p o n e a c u t t i n g d e c i s i o n of a w ide c u f f p a n t f o r two o r 

t h r e e weeks c o u l d mean t h e d i f f e r e n c e between $10 ,000 p r o f i t and $2 ,000 

l o s s in a p r o d u c t i o n l o t . T h i s i s due to t h e f a c t t h a t many f a s h i o n p r o ­

d u c e r s m a n u f a c t u r e t o s t o c k i n a n t i c i p a t i o n of s t o r e o r d e r s and s t y l e s i n 

f a s h i o n o r d e r e d by s t o r e s and c h a i n s somet imes " d i e " i n a m a t t e r o f d a y s . 

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

d i r e c t l y by t he p r o d u c t i o n p l a n n e r , t h u s a l l o w i n g d i s c r e t e r e l e a s i n g of 

t h e j o b s a t f i x e d t ime i n t e r v a l s ( f o r i n s t a n c e once pe r s h i f t ) . A l s o t h e 
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w e i g h t a t t a c h e d i n t h e a l g o r i t h m t o m e e t i n g due d a t e s can be v a r i e d and 

t h e l e v e l of work i n p r o c e s s i n t h e shop a s w e l l a s t h e d e g r e e of b a l a n c e 

o b t a i n e d can a l s o be c o n t r o l l e d . 

The p r i m a r y p u r p o s e o f t h i s r e s e a r c h h a s been t o d e v e l o p a m e t h o d ­

o l o g y t o p r o v i d e b e t t e r j o b shop b a l a n c e and c o n t r o l . T h i s l e d t o t h e 

f o r m a l i z a t i o n o f t h e j o b p o o l c o n c e p t , t h e deve lopmen t o f t h e d i s c r e t e r e ­

l e a s i n g a p p r o a c h and t h e m a t h e m a t i c a l programming j o b l o a d i n g a l g o r i t h m . 

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

e n t ones b e i n g a p p r o p r i a t e f o r d i f f e r e n t shops and c o n d i t i o n s . T h e r e f o r e , 

s e v e r a l b a l a n c e m e a s u r e s and t h e i r u s e f u l n e s s have been i d e n t i f i e d by t h i s 

r e s e a r c h . I t must a l s o be r e c o g n i z e d t h a t o t h e r c o n s t r a i n t s f a c e t h e j o b 

shop m a n u f a c t u r i n g f a c i l i t y i n a d d i t i o n t o t h e " b a l a n c e " c o n d i t i o n s . These 

a r e t h e a b i l i t y t o meet a s s i g n e d due d a t e s and t h e l e v e l of work i n p r o ­

c e s s i n v e n t o r y . 

T h r e e b a s i c t y p e s of p e r f o r m a n c e m e a s u r e s a r e employed i n t h i s r e ­

s e a r c h . They a r e : 

1 . Shop B a l a n c e O r i e n t e d Measu re s 

2 . Measures R e l a t e d t o Work i n P r o c e s s L e v e l s 

3 . Measu res D e a l i n g w i t h t h e A b i l i t y t o Meet J o b Due D a t e s 

S e v e r a l c r i t e r i a which can be c l a s s i f i e d i n t o t h e t h r e e g r o u p s above 

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

e n t l o a d i n g ( s c h e d u l i n g ) and d i s p a t c h i n g r u l e s a r e a n a l y z e d . No a t t e m p t 

h a s been made t o a s s i g n w e i g h t s t o t h e v a r i o u s m e a s u r e s of p e r f o r m a n c e 

employed . The p rob l em i s a p p r o a c h e d i n t h i s way b e c a u s e t h e c o s t s t r u c t u r e 

f o r t h e v a r i o u s c r i t e r i a w i l l v a r y from shop t o shop and p r o b a b l y even 

w i t h i n t h e same shop a t d i f f e r e n t t i m e s . 
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The l o a d i n g and b a l a n c i n g m e t h o d o l o g y d e v e l o p e d by t h i s r e s e a r c h 

was t e s t e d t h r o u g h t h e u s e of a j o b shop s i m u l a t i o n m o d e l . The r e a s o n f o r 

t he u s e of a s i m u l a t i o n model f o r t h i s p u r p o s e i s t h e s c a r c i t y of t h e o r e ­

t i c a l r e s u l t s i n t h e q u e u i n g n e t w o r k a r e a . I n f a c t , Conway ( 1 9 6 7 ) , h a s 

s t a t e d t h a t "a h a r s h c r i t i c c o u l d c o n c l u d e t h a t t h e r e a r e no n e t w o r k 

q u e u i n g r e s u l t s . " 

The f o l l o w i n g c h a p t e r s p r e s e n t t h e r e s u l t s of t h i s r e s e a r c h . Chap­

t e r I I g i v e s a d e s c r i p t i o n of t h e j o b shop and t h e m e a s u r e s of p e r f o r m a n c e 

s t u d i e d and i t a l s o p r o v i d e s a r e v i e w of r e l e v a n t l i t e r a t u r e . In C h a p t e r 

I I I a number of b a l a n c e m e a s u r e s a r e p r e s e n t e d and t h e i r p o t e n t i a l a p p l i ­

c a t i o n s a r e d i s c u s s e d . 

C h a p t e r IV p r o v i d e s a d e s c r i p t i o n of t h e l o a d i n g and b a l a n c i n g 

me thodo logy d e v e l o p e d by t h i s r e s e a r c h . These i n c l u d e t h e m a i n t e n a n c e of 

a j o b p o o l , d i s c r e t e j o b s e l e c t i o n , and j o b l o a d i n g from t h e p o o l . The 

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

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

shown. 

C h a p t e r V p r e s e n t s t h e t e s t i n g v e h i c l e . I t s t a r t s w i t h a d e s c r i p ­

t i o n of t h e j o b shop p a r a m e t e r s and t h e d i s p a t c h i n g r u l e s and t hen g i v e s 

a b r i e f e x p l a n a t i o n of t h e j o b shop s i m u l a t o r which i s a GASP I I s i m u l a ­

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

grams w i t h r e f e r e n c e t o t h e f low c h a r t s . Some v a r i a t i o n s of t h e s i m u l a ­

t i o n program a r e u sed t o i n v e s t i g a t e s p e c i a l c o n d i t i o n s such a s a j o b a r ­

r i v a l d i s t r i b u t i o n w i t h a s t a t i c and a dynamic mean, shops w i t h few i n t e r ­

a c t i o n s , and shops w i t h a n o n - s y m m e t r i c t r a n s i t i o n m a t r i x . 
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C h a p t e r VT i s c o n c e r n e d w i t h t h e v a l i d a t i o n of t h e s i m u l a t i o n and 

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

random number g e n e r a t o r . C h a p t e r VI I p r e s e n t s t h e r e s u l t s o b t a i n e d when 

u s i n g t h e j o b p o o l and t h e l o a d i n g a l g o r i t h m and a n a l y z e s t h e compar i son 

o f t h e s e r e s u l t s w i t h t h e o u t p u t o f an " u n c o n t r o l l e d " s h o p . C h a p t e r V I I I 

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

F i n a l l y , C h a p t e r IX p r e s e n t s t h e c o n c l u s i o n s and p r o v i d e s an o v e r ­

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

p o s s i b l e e x t e n s i o n s of t h e work p r e s e n t e d h e r e . 
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CHAPTER I I 

JOB SHOP FRAMEWORK AND LITERATURE REVIEW 

2 . 1 J o b Shop Framework 

2 . 1 . 1 B r i e f D e s c r i p t i o n of t h e J o b Shop 

A j o b shop i s c o n s i d e r e d i n t h i s r e s e a r c h t o be a p r o d u c t i o n shop 

w i t h d i s t i n c t mach ine c e n t e r s which p e r f o r m s d i f f e r e n t t y p e s of o p e r a t i o n s . 

T h e r e a r e one o r more m a c h i n e s in each one of t h e s e mach ine c e n t e r s . 

T h e r e f o r e , t h e mach ine c e n t e r s may have d i f f e r e n t c a p a c i t i e s . 

A j o b t o be pe r fo rmed by t h e shop r e q u i r e s s e v e r a l o p e r a t i o n s f o r 

c o m p l e t i o n and t h e r e f o r e may r e q u i r e t i m e i n d i f f e r e n t m a c h i n e c e n t e r s . 

Each j o b may a l s o f o l l o w a d i f f e r e n t m a c h i n e o p e r a t i o n s e q u e n c e b e f o r e i t 

i s c o m p l e t e d and i n f a c t t h e same m a c h i n e c e n t e r may a p p e a r more t h a n o n c e 

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

J o b s become a v a i l a b l e t o t h e shop i n a c o n t i n u o u s s t r e a m w i t h r a n ­

dom i n t e r a r r i v a l t i m e s . They e n t e r a j o b p o o l from which t h e y a r e s e ­

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

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

t h e i r f i r s t r e s p e c t i v e o p e r a t i o n and t h e j o b s t h e n r e m a i n i n t h e shop 

u n t i l c o m p l e t i o n . 

A t e n - m a c h i n e shop was u t i l i z e d fo r most: of t h e i n v e s t i g a t i o n s i n 

t h i s r e s e a r c h . Ten m a c h i n e s a r e enough t o a l l o w t h e i n t e r a c t i o n s and com­

p l e x i t i e s of a " r e a l w o r l d s h o p " t o d e v e l o p w h i l e a t t h e same t i m e t h e 

shop s i z e i s s m a l l enough to m a i n t a i n t h e compute r t ime r e q u i r e d i n t h e 

s i m u l a t i o n w i t h i n r e a s o n a b l e b o u n d s . 
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The j o b a r r i v a l p r o c e s s was g e n e r a t e d by u s i n g e x p o n e n t i a l i n t e r -

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

s amp le s from an e x p o n e n t i a l d i s t r i b u t i o n . A j o b due d a t e was a s s i g n e d t o 

each j o b a s i t e n t e r e d t h e shop w i t h t h e due d a t e b e i n g a f u n c t i o n of t h e 

work c o n t e n t of t h e j o b . 

The above shop c o n d i t i o n s w e r e deemed r e a s o n a b l e and a r e g e n e r a l l y 

r e p r e s e n t a t i v e of shop c o n d i t i o n s in s e v e r a l i n d u s t r i e s such a s t h e a p p a r e l 

s t y l e s h o p . I t h a s n o t been t h e i n t e n t o f t h i s r e s e a r c h , h o w e v e r , t o r e ­

p r o d u c e a p a r t i c u l a r s h o p , b u t r a t h e r t o model a shop s t r u c t u r e which i s 

a r e a s o n a b l e image of e x i s t i n g s h o p s i n many i n d u s t r i e s i n o r d e r t o e v a l ­

u a t e t h e e f f e c t s of t h e p r o p o s e d shop l o a d i n g m e t h o d o l o g y . I n f a c t , Con­

way and o t h e r s ( 1 9 6 7 , p . 220) s t a t e t h a t , . . t h e r e i s no e v i d e n c e t o 

s u g g e s t t h a t t h e u s e of a c t u a l shop d a t a and d i m e n s i o n s s i g n i f i c a n t l y 

a l t e r s t h e c o m p a r a t i v e p e r f o r m a n c e of key p r o c e d u r e s . " The shop c h a r a c ­

t e r i s t i c s employed i n t h i s r e s e a r c h have been g e n e r a l l y a c c e p t e d by p r e ­

v i o u s r e s e a r c h s t u d i e s by Baker and D z i e l i n s k i (1960) , Nanot ( 1 9 6 3 ) , 

Conway, e t a l . ( 1 9 6 5 , 1 9 6 7 ) , Gere ( 1 9 6 6 ) , B u l k i n e t a l . ( 1 9 6 6 ) , and Deane 

( 1 9 7 2 ) . 

I t i s e v i d e n t t h a t i n a c t u a l shops t h e a r r i v a l p a t t e r n does n o t 

f o l l o w e x a c t l y t h e e x p o n e n t i a l d i s t r i b u t i o n . Job a r r i v a l s t e n d somet imes 

t o be g rouped t o g e t h e r more c l o s e l y t h a n would be i n d i c a t e d by t h e e x p o ­

n e n t i a l i n t e r a r r i v a l t i m e s . O t h e r t i m e s t h e j o b a r r i v a l s a r e more w i d e l y 

s p a c e d t h a n i s j u s t i f i e d by t h e mean t i m e be tween a r r i v a l s b e i n g u s e d . 

These two c o n d i t i o n s seem t o o c c u r i n c y c l e s and t h e r e f o r e i n o r d e r t o 

add r e a l i s m t o t h e j o b a r r i v a l p a t t e r n an o p t i o n h a s been p r o v i d e d i n t h e 

j o b shop s i m u l a t o r t o a l l o w t h e mean t ime be tween a r r i v a l s t o f l u c t u a t e . 
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T h i s i n e f f e c t c r e a t e s a mean t i m e be tween a r r i v a l s t h a t i s dynamic w i t h 

r e s p e c t t o t i m e r a t h e r t h a n s t a t i c a s h a s been commonly d o n e . The t i m e 

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

w i t h a dynamic mean t i m e between a r r i v a l s . 

O t h e r a s s u m p t i o n s used i n d e v e l o p i n g t h e mode l s p r e s e n t e d h e r e a r e 

common t o most j o b s h o p s . These a s s u m p t i o n s s e r v e t o s i m p l i f y t h e s t u d y 

and t h e most i m p o r t a n t ones a r e l i s t e d b e l o w : 

a ) Each mach ine i s c o n t i n u o u s l y a v a i l a b l e f o r a s s i g n m e n t 

b) Each o p e r a t i o n can be p e r f o r m e d by o n l y one t y p e o f mach ine in 

t h e shop 

c ) Each j o b can be p r o c e s s e d on o n l y one mach ine a t a t i m e 

d) J o b s a r e s t r i c t l y - o r d e r e d s e q u e n c e s of o p e r a t i o n s , w i t h o u t 

a s s e m b l y o r p a r t i t i o n s 

e ) P r e - e m p t i o n s o f j o b s on m a c h i n e s i s n o t a l l o w e d 

f ) T h e r e i s no s e t - u p r e q u i r e d f o r o p e r a t i o n s 

g) Each m a c h i n e can h a n d l e a t mos t one o p e r a t i o n a t a t i m e 

h ) A j o b i s c o n s i d e r e d i m m e d i a t e l y a v a i l a b l e fo r i t s n e x t o p e r a t i o n 

when i t f i n i s h e s t h e c u r r e n t o n e . 

2 . 1 . 2 T r a d i t i o n a l S c h e d u l i n g and Job Shop C l a s s i f i c a t i o n s 

S c h e d u l i n g p r o b l e m s can be c l a s s i f i e d i n s e v e r a l w a y s . The most 

common c l a s s i f i c a t i o n s a r e t h e f o l l o w i n g : 

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

1 - T h e r e i s a f i x e d f i n i t e number of j o b s in t h e s h o p . T h i s 

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

2 - The j o b s a r r i v e t o t h e shop in a c o n t i n u o u s s t r e a m and a t 
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random i n t e r v a l s . T h i s c a s e i s c a l l e d a dynamic j o b s h o p . 

C l a s s i f i c a c i o n s a c c o r d i n g t o t h e number of m a c h i n e s i n t he shop 

1 - T h e r e i s o n l y one mach ine i n t h e s h o p . 

2 - T h e r e a r e two o r more m a c h i n e s . 

C l a s s i f i c a t i o n a c c o r d i n g t o t h e t y p e of s e t - u p t i m e s c o n s i d e r e d 

1 - The s e t - u p t i m e s a r e i n d e p e n d e n t of t h e j o b s e q u e n c e and 

t h e r e f o r e can be i n c o r p o r a t e d w i t h i n t h e p r o d u c t i o n t i m e . 

2 - The s e t - u p t i m e s a r e d e p e n d e n t on j o b s e q u e n c e . 

C l a s s i f i c a t i o n a c c o r d i n g t o t h e j o b r o u t i n g i n t h e shop 

1 - A l l j o b s have i d e n t i c a l r o u t i n g s t h r o u g h t h e s h o p . The 

shop i s t h e n c a l l e d a f low s h o p . 

2 - The j o b s have n o n - i d e n t i c a l r o u t i n g t h r o u g h t h e s h o p . 

T h i s i s a j o b shop and i f t h e r o u t i n g i s c o m p l e t e l y r a n ­

dom, t h e shop i s c a l l e d a p u r e j o b s h o p . 

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

1 - F i r s t come f i r s t s e r v e d 

2 - Random 

3 - E a r l i e s t due d a t e 

4 - S h o r t e s t p r o c e s s i n g t i m e 

5 - Minimum s l a c k 

6 - Dynamic s l a c k pe r o p e r a t i o n 

7 - Minimum s l a c k pe r o p e r a t i o n 

8 - Minimum work i n n e x t queue 

9 - Longes t p r o c e s s i n g t i m e , e t c . 

C l a s s i f i c a t i o n a c c o r d i n g t o m e a s u r e s of j o b o r shop p e r f o r m a n c e 

1 - A b i l i t y t o meet s p e c i f i e d c o m p l e t i o n d a t e s 
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2 - V a r i a n c e of t h e l a t e n e s s d i s t r i b u t i o n 

3 - Average j o b f low t i m e 

4 - Maximum j o b f low t i m e 

5 - Work i n p r o c e s s i n t o t a l h o u r s o f work i n t h e shop 

6 - Work i n p r o c e s s i n h o u r s of \<7ork done i n t h e s h o p , e t c . 

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

c a t i o n c o n d i t i o n s g i v e n a b o v e : a . 2 , b . 2 , c l , d . 2 , e . l , e . 4 , e . 6 , e . 8 , 

f . l , f . 2 , f . 5 , and f . 6 . 

2 . 1 . 3 Measu re s of P e r f o r m a n c e 

M e a s u r e s of p e r f o r m a n c e of p r i m a r y i n t e r e s t i n t h i s r e s e a r c h a r e 

t h o s e d e a l i n g w i t h w o r k l o a d b a l a n c e . However , t h e d i s c u s s i o n of t h e s e 

w i l l be d e f e r r e d u n t i l b a l a n c e m e a s u r e s a r e d e f i n e d i n t h e n e x t c h a p t e r . 

O t h e r m e a s u r e s of p e r f o r m a n c e o b t a i n e d by t h e j o b shop s i m u l a t o r 

a r e : 

M e a s u r e s of p e r f o r m a n c e r e l a t e d t o work i n p r o c e s s 

a ) Average work i n p r o c e s s i n h o u r s of work in t h e s h o p . 

b) Average number of j o b s i n t h e s h o p . 

c ) Average number of o p e r a t i o n s pe r fo rmed f o r j o b s i n t h e s h o p . 

d) Average h o u r s of work done f o r j o b s i n t h e s h o p . T h i s m e a s u r e 

g i v e s an i n d i c a t i o n of t h e i n v e s t m e n t made i n work p e r f o r m e d 

f o r work i n p r o c e s s in t h e s h o p . 

e ) Average queue l e n g t h . 

M e a s u r e s of p e r f o r m a n c e r e l a t e d t o t h e a b i l i t y t o meet due d a t e s 

f ) Average j o b l a t e n e s s . 

g) V a r i a n c e of t h e l a t e n e s s d i s t r i b u t i o n . 
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h) Average j o b t a r d i n e s s . 

i ) Average t a r d i n e s s v a r i a n c e . 

No a t t e m p t h a s been made t o d e v e l o p a c o m p o s i t e p e r f o r m a n c e c r i ­

t e r i o n by a s s i g n i n g w e i g h t s t o t h e v a r i o u s m e a s u r e s of p e r f o r m a n c e s i n c e 

t h e s e would v a r y from shop t o s h o p . I n s t e a d , a s u b s e t o f t h e above mea­

s u r e s , b a s e d on t h e i r i m p o r t a n c e a n d / o r how r e p r e s e n t a t i v e of t h e i r g r o u p 

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

The m e a s u r e s s e l e c t e d were a , d , g , and h . The a v e r a g e work i n p r o c e s s 

i n h o u r s o f work i n t h e shop was s e l e c t e d b e c a u s e i t i s p r o b a b l y t h e mos t 

commonly a c c e p t e d measured of work i n p r o c e s s i n b o t h i n d u s t r y and i n t h e 

l i t e r a t u r e . The a v e r a g e h o u r s of work done f o r j o b s i n t h e shop i s of 

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

work t o p r o v e t h a t t h e c o n t r o l l e d shop l o a d i n g m e t h o d o l o g y k e e p s away from 

t h e shop j o b s t h a t would be p a r t i a l l y c o m p l e t e d o t h e r w i s e , and n o t o n l y 

j o b s a t t h e end of t h e i r f i r s t q u e u e s . 

The v a r i a n c e of t h e l a t e n e s s d i s t r i b u t i o n was s e l e c t e d b e c a u s e i n 

many j o b shop s i t u a t i o n s t h e i n a b i l i t y t o p r e d i c t c o m p l e t i o n d a t e s , t h a t 

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

c a u s e s more p r o b l e m s than m i s s i n g t h e due d a t e i t s e l f . F i n a l l y , t h e 

a v e r a g e j o b t a r d i n e s s was s e l e c t e d b e c a u s e i t i s t h e s t a t i s t i c mos t com­

monly a c c e p t e d t o m e a s u r e due d a t e p e r f o r m a n c e . 

2 . 2 L i t e r a t u r e Review 

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

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

c o r d i n g t o m e t h o d o l o g y , shop s t r u c t u r e , and m e a s u r e of p e r f o r m a n c e u s e d . 
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The number of a r t i c l e s i n t h e g e n e r a l a r e a of shop s c h e d u l i n g i s 

e x t r e m e l y l a r g e . T h i s r e s e a r c h l i s t s c l o s e t o 200 , Conway (1967) g i v e s 

202 , Buffa and T a u b e r t (1972) l i s t 6 1 , Day and H o t t e n s t e i n (1970) i n c l u d e 

162 , and a l t h o u g h t h e r e i s some d u p l i c a t i o n i n t h e s e s o u r c e s , t h e r e a r e 

many o t h e r s o u r c e s . Most of t h e s e a r t i c l e s d e a l w i t h q u e u i n g p r o b l e m s , 

t h e p r o b l e m of s e q u e n c i n g j o b s i n a s t a t i c f low shop o r t h e y a r e c o n ­

c e r n e d w i t h s i m u l a t i o n s t u d i e s of a dynamic j o b shop u s i n g a j o b r e l a t e d 

m e a s u r e of p e r f o r m a n c e . 

Very good and c o m p r e h e n s i v e r e v i e w s i n t h e s e q u e n c i n g and s c h e d u l i n g 

a r e a a r e p r o v i d e d i n t h e book by Conway (1967) and t h e p a p e r by Day and 

H o t t e n s t e i n ( 1 9 7 0 ) . O t h e r r e v i e w s g i v e n by E lmaghraby ( 1 9 6 8 ) , M e l l o r 

( 1 9 6 6 ) , and S i s s o n (1959) a r e a l s o a v a i l a b l e . The l i t e r a t u r e r e v i e w p r e ­

s e n t e d h e r e w i l l n o t a t t e m p t t o d u p l i c a t e t h e s e r e v i e w s . An a t t e m p t , how­

e v e r , i s made t o h i g h l i g h t t h o s e a r t i c l e s from t h e l i t e r a t u r e which a r e 

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

b r e a d t h of shop s c h e d u l i n g l i t e r a t u r e . 

2 . 2 . 1 A n a l y t i c a l A p p r o a c h e s (Flow S h o p s , R e s t r i c t e d P r o b l e m s ) 

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

g e r p rog ramming , dynamic p rog ramming , e n u m e r a t i v e , b r a n c h and bound and 

g r a p h t h e o r e t i c . The i n i t i a l ones were p r i m a r i l y a l g e b r a i c and t h e ma­

j o r i t y of t h e mos t r e c e n t ones h a v e u s e d b r a n c h and b o u n d . 

J o h n s o n (1954) c o n s i d e r e d t h e p r o b l e m of m i n i m i z i n g maximum f low 

t i m e i n a two mach ine f low s h o p . I n t h i s f r e q u e n t l y c i t e d p a p e r he d e ­

v e l o p e d a r u l e t o m i n i m i z e t h e maximum f low t i m e . 

Smi th (1956) d i d e x t e n s i v e work on t h e one mach ine j o b p r o b l e m . 

Among o t h e r r e s u l t s he showed t h a t t h e mean f low t ime i s m in imized by 



14 

s e q u e n c i n g t h e j o b s i n o r d e r of n o n - d e c r e a s i n g p r o c e s s i n g t i m e . I t i s 

a l s o t r u e i n t h i s c a s e t h a t SPT s e q u e n c i n g min imized mean l a t e n e s s and 

mean number of j o b s i n t h e s h o p . 

Smith and Dudek (1967) d e v e l o p e d an a l g o r i t h m f o r makespan m i n i m i ­

z a t i o n i n a f low shop w i t h n o p a s s i n g . 

I g n a l l and S c h r a g e (1965) and Lomnicki (1965) a r e g e n e r a l l y c r e d i t e d 

w i t h f i r s t u s i n g t h e b r a n c h and bound a p p r o a c h t o t h e s o l u t i o n of f low 

shop p r o b l e m s . The b a s i c i d e a i n t h i s a p p r o a c h i s t o p a r t i t i o n t h e s e t 

of p o s s i b l e s o l u t i o n s i n t o s u b s e t s and t o u s e a lower bound of t h e s c h e d ­

u l e t i m e i n a s o l u t i o n s u b s e t t o e l i m i n a t e some of t h e s u b s e t s . Back­

t r a c k i n g , of c o u r s e , i s r e q u i r e d t o g u a r a n t e e o p t i m a l i t y . B u r t o n and 

McMahon (1967) expanded t h e p r e v i o u s work by I g n a l l and S c h r a g e (1965) by 

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

Ashour (1969) a p p l i e s a g r a p h t h e o r e t i c a p p r o a c h t o t h e f l o w shop 

p r o b l e m . T h i s a p p r o a c h g e n e r a t e s a s e q u e n c e of " j " j o b s i n " j " i t e r a t i o n s 

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

I n a n o t h e r a r t i c l e , Ashour (1970) p r e s e n t s a c o m p a r a t i v e e v a l u a t i o n 

of f low shop s c h e d u l i n g t e c h n i q u e s and c o n c l u d e s t h a t b r a n c h and bound 

t e c h n i q u e s w i t h o u t b a c k t r a c k i n g g i v e t h e b e s t r e s u l t s a t p r e s e n t when 

compu te r t ime i s c o n s i d e r e d . 

2 . 2 . 2 A n a l y t i c a l Approaches ( G e n e r a l or Job Shops) 

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

p r o b l e m i n t e rms of a m a t h e m a t i c a l programming m o d e l . P r o b a b l y t h e most 

compact one i s t h e one by Manne ( 1 9 6 0 ) . The f o r m u l a t i o n by Manne can 

h a n d l e s e v e r a l o b j e c t i v e f u n c t i o n s i n c l u d i n g m i n i m i z a t i o n of mean flow 

t i m e , maximum f low t i m e , or mean t a r d i n e s s . T h i s a p p r o a c h , h o w e v e r , i s 
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of t h e o r e t i c a l i n t e r e s t o n l y s i n c e i t becomes c o m p u t a t i o n a l l y p r o h i b i t i v e 

f o r even v e r y s m a l l p r o b l e m s . 

Brooks and Whi te (1965) u s e t h e b r a n c h and bound a p p r o a c h t o s o l v e 

t h e M m a c h i n e , N j o b , j o b shop p r o b l e m . S e v e r a l m e a s u r e s of p e r f o r m a n c e 

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

c o m p l e t i o n (makespan) and m i n i m i z i n g a v e r a g e l a t e n e s s . 

G r e e n b e r g (1968) p r e s e n t s an a p p r o a c h f o r m i n i m i z i n g makespan o r 

i d l e t i m e i n t h e M mach ine j o b s h o p . The a p p r o a c h f o r m u l a t e s t h e shop 

a s an i n t e g e r programming p r o b l e m and t h e n u s e s b r a n c h and bound t o s o l v e 

i t by t r a n s f o r m i n g t h e i n t e g e r programming p r o b l e m i n t o a s e r i e s of 

l i n e a r p rog rams t o be s o l v e d a t e v e r y b r a n c h . C h a r l t o n and Dea th (1970) 

h a v e d e v e l o p e d a b r a n c h and bound a p p r o a c h t h a t can be a p p l i e d t o a w ide 

v a r i e t y of mach ine s c h e d u l i n g p r o b l e m s and t h e y show how t h e a l g o r i t h m 

r e d u c e s t o me thods p r e v i o u s l y p u b l i s h e d u n d e r s p e c i a l c o n d i t i o n s . 

T h e r e h a v e b e e n some a n a l y t i c a l p a p e r s t h a t a p p r o a c h a j o b shop 

a s a n e t w o r k of q u e u e s . The most s i g n i f i c a n t r e s u l t i n t h e s e p a p e r s h a s 

b e e n t o d e v e l o p s u f f i c i e n t c o n d i t i o n s u n d e r which a n e t w o r k of queues can 

b e t r e a t e d a s an a g g r e g a t i o n of i n d e p e n d e n t q u e u e s , J a c k s o n ( 1 9 6 3 ) . Burke 

(1972) p r e s e n t s a summary of t h e r e s u l t s o b t a i n e d i n t h i s a r e a . 

2 . 2 . 3 Computer S i m u l a t i o n A p p r o a c h e s 

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

s t u d y t h e dynamic j o b shop p r o b l e m . 

The e a r l i e r work i n t h i s a r e a was done by J a c k s o n ( 1 9 5 7 ) , and Le 

Grande ( 1 9 6 3 ) , Baker and D z i e l i n s k i ( 1 9 6 0 ) , Nanot ( 1 9 6 3 ) , B u l k i n , C o l l e y , 

and S t e i n h o f f ( 1 9 6 6 ) , and o t h e r s . The g e n e r a l o b j e c t i v e i n mos t of t h e s e 

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

Good r e v i e w s have been p r o v i d e d b y S i s s o n (1959) and Moore and 

W i l s o n ( 1 9 6 7 ) . Buffa and T a u b e r t (1972) p r o v i d e a good summary of 

s e v e r a l of t h e above a r t i c l e s . 

Conway, Maxwel l , and M i l l e r (1967) r e p o r t e d a s i g n i f i c a n t amount 

of new work done a t C o r n e l l U n i v e r s i t y a s w e l l a s an e x c e l l e n t g e n e r a l 

d i s c u s s i o n of s i m u l a t i o n a p p r o a c h e s t o t h e shop s c h e d u l i n g p r o b l e m . The 

g e n e r a l c o n c l u s i o n of t h e s i m u l a t i o n work done i s t h a t t h e s h o r t e s t p r o ­

c e s s i n g t i m e r u l e m i n i m i z e s t h e mean f low t i m e , mean number of j o b s i n 

t h e s h o p , and t h e mean l a t e n e s s . Most of t h e r u l e s c o n s i d e r e d , howeve r , 

were l o c a l d i s p a t c h i n g r u l e s , t h a t i s , r u l e s t h a t d i d n o t c o n s i d e r shop 

c o n d i t i o n s e x c e p t a t t h e i n d i v i d u a l queue where t h e d i s p a t c h i n g d e c i s i o n 

t o o k p l a c e . 

Emery (1969) i n t r o d u c e s a j o b shop s i m u l a t i o n p r o g r a m i n which v a r 

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

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

p r o d u c e d by any of t h e i n d i v i d u a l r u l e s a r e o b t a i n e d . However , some of 

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

a r e v e r y l i m i t e d . 

2 . 2 . 4 A r t i c l e s of M i s c e l l a n e o u s I n t e r e s t 

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

i f i e d i n any of t he p r e v i o u s s e c t i o n s w i l l be p r e s e n t e d n e x t . 

H a r d i n g , G e n t r y , and P a r k e r (1969) p r o p o s e d a h e u r i s t i c s e q u e n c i n g 

r u l e b a s e d on j o b due d a t e , p r o c e s s i n g t i m e , and s t a t u s of t h e work c e n t e 

where t h e j o b w i l l go n e x t . They r e p o r t e d improvements i n t h e p e r c e n t a g e 

of j o b s m e e t i n g t h e i r s c h e d u l e d d a t e s i n an a c t u a l s h o p , b u t no c o n t r o l l e 
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e x p e r i m e n t was p r o v i d e d t o a l l o w an e v a l u a t i o n of r e s u l t s . 

E b e r t (1972) a n a l y z e s t h e p e r f o r m a n c e of i n t u i t i v e d e c i s i o n making 

when compared w i t h a m a t h e m a t i c a l m o d e l . A c o n t r o l l e d e x p e r i m e n t was used 

and i t was c o n c l u d e d t h a t i n t h i s c a s e ( a g g r e g a t e p r o d u c t i o n s c h e d u l i n g ) 

t h e model d e c i s i o n s were s u p e r i o r to t h e i n t u i t i v e d e c i s i o n s and t h a t 

f u r t h e r m o r e t h e s u p e r i o r i t y i n c r e a s e s as t h e t i m e - h o r i z o n c o m p l e x i t y i n ­

c r e a s e s . No r i g o r o u s s t u d y of t h i s t y p e compar ing m a t h e m a t i c a l mode l s t o 

an i n t u i t i v e d i s p a t c h e r was found in a j o b shop e n v i r o n m e n t . 

Von L a n z e n a u e r (1970) p r e s e n t s a model t o a t t a c k t h e s c h e d u l i n g as 

w e l l a s t h e s e q u e n c i n g p r o b l e m . By s c h e d u l i n g he means how much and when 

t o p r o d u c e . The model i s a 0 - 1 i n t e g e r programming f o r m u l a t i o n w i t h t h e 

o b j e c t i v e o f m i n i m i z i n g t o t a l c o s t s . The t e r m s i n t h e o b j e c t i v e f u n c t i o n 

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

a t i n t e g r a t i n g t h e s e two p r o b l e m s , h o w e v e r , t h e model i n i t s p r e s e n t form 

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

E i l o n and C h r i s t o f i d e s (1971) a n a l y z e a p a r t i c u l a r t y p e of l o a d i n g 

p r o b l e m . T h i s p rob lem c o n s i s t s of a l l o c a t i n g n o b j e c t s o r i t e m s of mag­

n i t u d e t o b o x e s , e ach box h a v i n g a c a p a c i t y C, i n such a way t h a t t h e 

c a p a c i t y c o n s t r a i n t s a r e n o t v i o l a t e d and t h e number of boxes r e q u i r e d i s 

a minimum. They p r e s e n t e d a z e r o - o n e programming s o l u t i o n and a h e u r i s ­

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

s o l u t i o n a l m o s t a l l t h e t i m e . G r e e n b e r g (1972) u s e s t h i s l o a d i n g a l g o r ­

i t h m t o a l l o c a t e w o r k l o a d s o v e r a number of i d e n t i c a l s t a t i o n s o r w o r k e r s 

u n d e r s t a t i c j o b c o n d i t i o n s such t h a t t h e r e s u l t i n g w o r k l o a d s a r e n e a r l y 

e q u a l l y b a l a n c e d . 
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G h a r e , G i v e n s , and T o r g e n s e n (1969) p r e s e n t e d a p a p e r , "A Machine 

R e l e a s e Scheme f o r t h e Job S h o p , ' 5 which c o n s i d e r e d s e v e r a l m a c h i n e s a t 

e ach work s t a t i o n and t h e e f f e c t of o p e r a t o r l e a r n i n g on t he p e r f o r m a n c e 

of t h e s h o p . The j o b shop was v iewed a s a ne tw or k of q u e u e s , w i t h a l l 

t h e r e q u i r e d r e s t r i c t i v e a s s u m p t i o n s . A scheme was d e v e l o p e d t o r e l e a s e 

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

r e l a t i v e l y c o n s t a n t l e v e l of mach ine u t i l i z a t i o n . T h i s i s a v e r y i n t e r ­

e s t i n g p a p e r , b u t n o t d i r e c t l y a p p l i c a b l e t o t h e work i n t h i s t h e s i s . 

The t i t l e of t h e a r t i c l e i s so c l o s e l y r e l a t e d t o t h i s r e s e a r c h , h o w e v e r , 

t h a t a d i s c u s s i o n of t h e a r t i c l e was deemed n e c e s s a r y . 

F r a n k l i n (1969) p r o p o s e s a framework f o r j o b shop r e s e a r c h . He 

s t a t e s t h a t t h e v a l u e of a s h o p ' s o u t p u t depends upon b o t h t h e t e c h n i q u e 

o r r u l e employed f o r s c h e d u l i n g and t h e p r o d u c t mix o r a g g r e g a t i o n of j o b s 

upon wh ich t h e t e c h n i q u e o p e r a t e s . F r a n k l i n a l s o c l a i m s t h a t t h e r e a r e 

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

t h e j o b shop p r o b l e m . These a r e : 

a ) t h e model of t h e p r o c e s s 

b ) t h e s c h e d u l i n g t e c h n i q u e 

c ) t h e p r o d u c t m ix , t h e p a r t i c u l a r p rob l em u n d e r a n a l y s i s 

d ) t h e o b j e c t i v e f u n c t i o n . 

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

and t h a t t h e o t h e r s , e x c e p t f o r t h e o b j e c t i v e f u n c t i o n , can be e x p r e s s e d 

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

a t t e m p t a t p r o v i d i n g a f ramework, b u t s h o u l d h a v e been complemented w i t h 

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

s t r u c t u r e p r o p o s e d . 
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Day and H o t t e n s t e i n (1970) p r e s e n t a c o m p r e h e n s i v e r e v i e w of s e ­

q u e n c i n g r e s e a r c h i n which a c l a s s i f i c a t i o n scheme i s p r o v i d e d . The 

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

1 . Numbers of component p a r t s c o m p r i s i n g a j o b 

a ) S i n g l e component j o b s 

b ) M u l t i - c o m p o n e n t j o b s which r e q u i r e a s s e m b l y o p e r a t i o n s 

2 . P r o d u c t i o n f a c t o r s p o s s e s s e d by t h e shop 

a ) Machines 

b ) L a b o r s and m a c h i n e s 

3 . J o b s a v a i l a b l e f o r p r o c e s s i n g 

a ) N j o b s t o b e s e q u e n c e d where N i s f i n i t e ( s t a t i c p r o b l e m ) 

b ) An u n d e t e r m i n e d number of j o b s a r r i v e c o n t i n u o u s l y , b u t 

r andomly a t t h e shop f o r s e r v i c e . 

Most of t h e a r t i c l e s i n t h e l i t e r a t u r e a r e of t h e ( l a - 2 a - 3 a ) and 

( l a - 2 a - 3 b ) v a r i e t y and t h i s r e s e a r c h f i t s i n t h e ( l a - 2 a - 3 b ) g r o u p . An 

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

p r o v i d e d i n t h e a r t i c l e . T h i s i s done by c o n s i d e r i n g one mach ine and 

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

s h o p s , j o b s h o p s ) . The a r t i c l e t h e n p r o c e e d s t o examine t h e a c c o m p l i s h ­

ments and t h e me thods u s e d t o s o l v e p r o b l e m s i n each one of t h e c a s e s 

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

b e e n u s e d i n t h e l i t e r a t u r e r e l a t e d t o t h e dynamic j o b shop p r o b l e m , 

which i s of s p e c i a l i n t e r e s t t o t h i s r e s e a r c h , a r e c o v e r e d i n d e t a i l by 

Day and H o t t e n s t e i n on p a g e s 1 7 - 2 6 . These c o n d i t i o n s d e a l w i t h j o b a r ­

r i v a l s , p r o c e s s i n g t i m e s , shop s i z e , j o b r o u t i n g , a s s i g n m e n t of due d a t e s , 

t y p e s of p r i o r i t y r u l e s u s e d , i n i t i a l i z a t i o n of j o b shop s i m u l a t i o n s , and 



20 

s t a t i s t i c a l me thods u s e d i n t h e s t u d y of j o b s h o p s . 

2 . 2 . 5 A r t i c l e s of D i r e c t I n t e r e s t 

Ackerman ( 1 9 6 3 , 1964) p r e s e n t e d t h e i d e a t h a t a j o b s p e n d s mos t of 

i t s t i m e w a i t i n g i n queues r a t h e r t h a n b e i n g p r o c e s s e d and t h a t j o b f low 

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

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

s c h e d u l i n g p r o c e d u r e which h e c a l l e d "Even Flow" b a s e d on s c h e d u l i n g a 

j o b by a l l o c a t i n g one t ime p e r i o d f o r e ach j o b o p e r a t i o n s t a r t i n g b a c k ­

w a r d s from t h e j o b due d a t e . Ackerman a l s o p r e s e n t e d some s i m u l a t i o n r e ­

s u l t s which b a c k e d h i s c l a i m o f r e d u c e d l a t e n e s s when compared t o Random, 

FIFO, and SPT d i s p a t c h i n g r u l e s . However , t h e c o m p a r i s o n s a r e n o t 

s t r i c t l y v a l i d s i n c e t h e Even Flow s y s t e m a l l o w e d m a c h i n e o v e r t i m e i n 

some c a s e s . 

S c h u s s e l (1968) p r e s e n t s an a l g o r i t h m d i r e c t e d a t work b a l a n c e and 

i n - p r o c e s s i n v e n t o r y m i n i m i z a t i o n b a s e d on a m a t r i x c o n c e p t w i t h m a c h i n e s 

and d a y s . The a l g o r i t h m s t a r t s from t h e due d a t e of a n y j o b b a c k , t r y i n g 

t o f i l l i n s l o t s of p r o d u c t i o n t i m e . The o b j e c t i v e f u n c t i o n u s e d i s q u i t e 

complex and c o u l d p r o b a b l y be s i m p l i f i e d w h i l e r e t a i n i n g t h e main i d e a s 

i n t h e a r t i c l e . No a p p l i c a t i o n r e s u l t s of t h i s a l g o r i t h m w e r e p r e s e n t e d . 

The work by Deane (1972) and t h e r e s u l t i n g a r t i c l e by Deane and 

Moodie (1972) b e a r t h e c l o s e s t r e l a t i o n s h i p t o t h i s r e s e a r c h . Deane 

d e v e l o p e s a B a l a n c e Index t o b e u s e d a s t h e p r i m a r y measu re of p e r f o r m a n c e . 

T h i s m a c h i n e work b a l a n c e i n d e x (MWB) m e a s u r e s t h e d e v i a t i o n of mach ine 

u t i l i z a t i o n from i t s a v e r a g e e v e r y p e r i o d . Deane t h e n d e v e l o p s what he 

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

p e r i o d i c s e a r c h p r o c e d u r e which d i r e c t l y a t t e m p t s t o g u i d e work t o u n d e r -
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l o a d e d m a c h i n e s , t h a t i s , j o b s t h a t can make l a r g e c o n t r i b u t i o n s i n t h e i r 

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

p r e s e n t o p e r a t i o n s . The s e a r c h p r o c e d u r e i s a dynamic one i n t h a t any 

j o b g i v e n a h i g h p r i o r i t y h a s an e f f e c t i n t h e s e l e c t i o n of a l l f u t u r e 

j o b s . 

An a d d i t i o n a l b a l a n c e i n d e x was d e v e l o p e d by D e a n e . T h i s was t h e 

shop Workload B a l a n c e I n d e x (SWB) which i s b a s e d on v a r i a t i o n s i n t h e 

u t i l i z a t i o n of t h e shop a s a w h o l e . The s e a r c h d i s p a t c h i n g r u l e s o f f e r e d 

s i g n i f i c a n t improvements i n t h e m a c h i n e w o r k l o a d b a l a n c e i n d e x , b u t n o t 

on t h e shop w o r k l o a d b a l a n c e i n d e x . D e a n e , h o w e v e r , a l l o w e d a l l t h e j o b s 

t o g e t i n t h e shop a s soon a s t h e y became a v a i l a b l e and d i d n o t r e c o g n i z e 

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

b i l i t y i n t h e o p e r a t i o n of t h e s h o p . 
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CHAPTER I I I 

WORKLOAD BALANCE MEASURES 

3 . 1 G e n e r a l 

The two mos t i m p o r t a n t c o n s i d e r a t i o n s r e g a r d i n g t h e o b j e c t i v e of 

b a l a n c i n g a j o b shop a r e t h e method s e l e c t e d t o measu re b a l a n c e and t h e 

d e t e r m i n a t i o n of t h e e f f e c t of " b a l a n c i n g " t h e s h o p , i f a n y , on o t h e r 

m e a s u r e s of shop p e r f o r m a n c e . The e x p l o r a t i o n of t h e f i r s t p o i n t i s t h e 

p r i m a r y o b j e c t i v e of t h i s c h a p t e r , w h i l e t h e s e c o n d one w i l l be b r i e f l y 

d i s c u s s e d b e l o w and i n a more q u a n t i t a t i v e b a s i s i n C h a p t e r s IV and V I I I . 

The e f f e c t of b a l a n c e on o t h e r m e a s u r e s of p e r f o r m a n c e m u s t b e 

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

m i n i m i z a t i o n o f c o s t s o r m a x i m i z a t i o n of p r o f i t s . I t i s d i f f i c u l t , how­

e v e r , t o c o n s t r u c t mode l s e x p l i c i t l y i n t e r m s of t h o s e o b j e c t i v e s b e c a u s e 

many s u b j e c t i v e e v a l u a t i o n s a r e r e q u i r e d . For t h i s r e a s o n , i n d i r e c t mea­

s u r e s of p e r f o r m a n c e a r e u s e d . 

I t would b e p o s s i b l e , of c o u r s e , t o a s s i g n w e i g h t s and c o n v e r s i o n 

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

c o u l d be o b t a i n e d , b u t t h e r e s u l t s would depend h e a v i l y on t h e w e i g h t s 

and c o n v e r s i o n f a c t o r s u s e d . 

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

s h i p b e t w e e n t h e i n d i r e c t measu re and t h e f i n a l o b j e c t i v e ( c o s t m i n i m i z a ­

t i o n o r p r o f i t m a x i m i z a t i o n ) and t h e n p r o c e e d t o d e v i s e methods t o im­

p r o v e o r o p t i m i z e t h e i n d i r e c t measu re of p e r f o r m a n c e d i r e c t l y . T h i s 
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method h a s b e e n f o l l o w e d i n t h i s r e s e a r c h . 

Fo r e x a m p l e , t h e a b i l i t y t o mee t due d a t e s i s among t h e mos t common 

m e a s u r e s of p e r f o r m a n c e u s e d i n a j o b s h o p . T h i s i s j u s t i f i e d b e c a u s e 

of t h e l a r g e p e n a l t y c o s t o r o p p o r t u n i t y c o s t r e s u l t i n g from t h e p r o b a b l e 

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

p r o a c h i s t h e same one t h a t i s u s e d i n j u s t i f y i n g t h e i m p o r t a n c e of shop 

b a l a n c i n g . The r e l a t i o n s h i p be tween b a l a n c i n g and t h e f i n a l o b j e c t i v e s 

h a v e b e e n b r i e f l y d i s c u s s e d i n C h a p t e r I and w i l l be f u r t h e r c o n s i d e r e d 

i n C h a p t e r IV. 

B a l a n c i n g mus t b e machine o r i e n t e d o r t i m e p e r i o d o r i e n t e d . Ma­

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

w i t h a c e r t a i n p r o d u c t mix i n mind and o p e r a t e mos t e f f i c i e n t l y u n d e r 

t h o s e c o n d i t i o n s . These m e a s u r e s do n o t a l l o w an u n d e r l o a d e d mach ine t o 

c a n c e l t h e e f f e c t s of a n o v e r l o a d e d m a c h i n e and t h e y a l s o d e t e c t t h e 

c h a n g e s of a m a c h i n e l o a d o v e r t i m e , even when t h e s e c h a n g e s a r e due t o 

an o v e r a l l shop c o n d i t i o n . Time p e r i o d o r i e n t e d b a l a n c e m e a s u r e s p l a c e 

p r i m a r y a t t e n t i o n t o t h e e f f i c i e n c y improvemen t s t h a t can b e a c h i e v e d 

when shop p r o d u c t i v i t y a n d / o r l o a d i n g i s p r e d i c t a b l e o v e r t i m e . These 

m e a s u r e s do n o t a l l o w t h e i n d e x t o be. i n f l u e n c e d by o v e r a l l shop changes 

from p e r i o d t o p e r i o d . 

I t i s i m p o r t a n t t o n o t e t h a t t h e c o n c e p t of w o r k l o a d b a l a n c i n g 

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

p e r i o d s . T h i s , of c o u r s e , i s a v e r y r e a l i s t i c a s s u m p t i o n . Most shops 

work w i t h i n a d e f i n i t e s c h e d u l i n g p e r i o d such a s a s h i f t , d a y , week , e t c . 

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

pond t o t h e " p e r i o d of a c c o u n t a b i l i t y " imposed upon t h e shop by manage-
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merit . Management w i l l u s u a l l y r e q u i r e e f f i c i e n c y o r c o s t s t a t i s t i c s f o r 

t h i s p e r i o d . 

The l e n g t h of t h e t i m e p e r i o d t o be u t i l i z e d mus t be g i v e n c a r e f u l 

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

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

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

p r e s e n t e d i n t h i s r e s e a r c h . T h i s t ime p e r i o d was s e l e c t e d a s b e i n g r e a ­

s o n a b l e w i t h r e s p e c t t o t h e o t h e r shop p a r a m e t e r s t h a t were employed . A 

l o n g e r t i m e p e r i o d w i l l r e q u i r e t h a t more j o b s be l o a d e d i n t h e shop 

e v e r y p e r i o d s o t h a t t h e amount of work r e l e a s e d t o t h e shop p e r u n i t 

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

fo rd l e s s o p p o r t u n i t i e s t o c o r r e c t o u t of b a l a n c e c o n d i t i o n s e x i s t i n g i n 

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

i t w i l l r e q u i r e more compute r t i m e . 

The f o l l o w i n g n o t a t i o n w i l l be u s e d i n d e v e l o p i n g t h e b a l a n c e mea 

s u r e s which a r e p r e s e n t e d i n t h e r e s t of t h i s c h a p t e r . 

3 . 2 N o t a t i o n 

P number of s c h e d u l i n g p e r i o d s i n t h e s c h e d u l i n g h o r i z o n 

m number of m a c h i n e s o r mach ine c e n t e r s 

u . work done by machine i i n p e r i o d j 

u . 1 a v e r a g e work done by mach ine i o v e r a l l p e r i o d s j 

u . J 
a v e r a g e work done i n p e r i o d j o v e r a l l m a c h i n e s i 

m 
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a v e r a g e queue s i z e i n number of j o b s f o r mach ine i i n p e r i o d j 

a v e r a g e queue s i z e i n number of j o b s fo r mach ine i o v e r a l l p e r i o d s 

£ V 
j v . = ) — ^ 

i L P 
j = l 

a v e r a g e queue s i z e i n number of j o b s i n p e r i o d j o v e r a l l mach ines 

a v e r a g e queue s i z e ( p l u s work r e m a i n i n g on j o b b e i n g p r o c e s s e d ) i n 

number of h o u r s of work f o r mach ine i i n p e r i o d j . T h i s i s t h e 

a v e r a g e work i n p r o c e s s (work t o be done ) f o r m a c h i n e i i n p e r i o d 

j . 

a v e r a g e queue s i z e i n h o u r s of work f o r mach ine i o v e r a l l p e r i o d s 

j . 

a v e r a g e queue s i z e i n h o u r s of work i n p e r i o d j o v e r a l l m a c h i n e s 

i . 

a g g r e g a t e l o a d f o r mach ine i , i n h o u r s , i n c l u d i n g j o b s t h a t have 

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

j . 

a v e r a g e a g g r e g a t e l o a d ( i n a l l queues and m a c h i n e s ) i n h o u r s of work 

f o r mach ine i o v e r a l l p e r i o d s j . 

a v e r a g e a g g r e g a t e l o a d o r work i n p r o c e s s i n p e r i o d j o v e r a l l 

m a c h i n e s i . 

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

n o t o n l y t h e l o a d g i v e n by t h e queue i n f r o n t of mach ine i , b u t 

a l s o t h e f u t u r e l o a d f o r mach ine i g i v e n by j o b s i n o t h e r q u e u e s . 
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maximum queue s i z e i n number of j o b s f o r mach ine i i n p e r i o d j . 

r_^ d e s i r e d queue s i z e i n number of j o b s f o r mach ine i . 

0 „ work o u t p u t by machine i , i n h o u r s , p e r f o r m e d on j o b s l e a v i n g t h e 

mach ine d u r i n g p e r i o d j . The d i f f e r e n c e be tween t h i s v a r i a b l e and 

u ^ i s due t o work done on a j o b d u r i n g a p e r i o d i n which t h e j o b 

was n o t c o m p l e t e d by mach ine i . 

C\ a v e r a g e o u t p u t of mach ine i o v e r a l l p e r i o d s j . As t h e number of 

p e r i o d s i n c r e a s e s t h e p e r c e n t a g e d i f f e r e n c e b e t w e e n and u^ becomes 

v e r y s m a l l , 

whe re 

, . u . - 0 . 
l r m i i < 

— ^ € 
p - » 0 0 o± 

x o . . 
o . = y 

i Li p 

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

m 0, 
- J J . 

m 
i = l 

A amount of work i n h o u r s a r r i v i n g t o m a c h i n e i i n p e r i o d j . 

A^ a v e r a g e work i n h o u r s a r r i v i n g t o mach ine i o v e r a l l p e r i o d s j . 

Aj a v e r a g e work i n h o u r s a r r i v i n g i n p e r i o d j f o r a l l m a c h i n e s . 

3 . 3 D e f i n i t i o n s of Shop B a l a n c e Measures 

B a l a n c e i n a job shop can b e measu red i n many d i f f e r e n t w a y s . A 

l a r g e number of b a l a n c e m e a s u r e s w i l l be d e f i n e d i n t h i s s e c t i o n , b u t t h e 

ones d i s c u s s e d h e r e a r e n o t t h e o n l y o n e s . 

T h e r e i s n o t one b e s t m e a s u r e of shop b a l a n c e , b u t r a t h e r e ach one 

of t h e m e a s u r e s g i v e n a p p l i e s b e s t t o a s p e c i f i c t y p e of s h o p , p r o d u c t , o r 
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management s t r u c t u r e . O t h e r c o n d i t i o n s w i l l c e r t a i n l y be i d e n t i f i e d i n t h e 

f u t u r e t h a t can be m e a s u r e d b e s t i n t e rms of b a l a n c e s t a t i s t i c s n o t i n c l u d e d 

i n t h i s g r o u p . 

These b a l a n c e m e a s u r e s a r e b a s e d on work done ( o r e q u i v a l e n t l y , 

mach ine o r shop u t i l i z a t i o n ) , work o u t p u t , queue s i z e , o r work a r r i v a l . The 

b a l a n c e m e a s u r e s p r e s e n t e d i n p a r a g r a p h s 3 . 3 . 1 and 3 . 3 . 2 a r e due t o Deane 

(1972) and t h e r e s t of them a r e p r e s e n t e d h e r e f o r t h e f i r s t t i m e . T a b l e 1 

p r e s e n t s a b r i e f summary of a l l t h e b a l a n c e m e a s u r e s c o n s i d e r e d . 

3 . 3 . 1 Machine Work B a l a n c e I n d e x (MWB) 

The v a r i a n c e i n t h e work done by each mach ine o v e r a l l t i m e p e r i o d s 

i s c a l c u l a t e d . The word " v a r i a n c e " i s u s e d h e r e t o i n d i c a t e t h e form of 

t h e fo rmu la employed and does n o t i m p l y any s t a t i s t i c a l m e a n i n g . 

An o v e r a l l i n d e x i s t h e n o b t a i n e d b y a v e r a g i n g o v e r a l l m a c h i n e s . 

L e t B. b e t h e mach ine i n d e x f o r mach ine i . l 

( u . , - u . ) 

p 
m 

B 
j = l m 

MWB = - 1 

m 

O b j e c t i v e : Minimize MWB 

T h i s i n d e x can be used when i t i s i m p o r t a n t t o c o n s i d e r t h e u t i l i z a ­

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

T h a t i s , t h i s i n d e x w i l l d e t e c t t h e v a r i a t i o n s of a mach ine p r o d u c t i o n 

o v e r t i m e and w i l l n o t a l l o w the o v e r p r o d u c t i o n of one mach ine i n a 

t ime p e r i o d t o c o m p e n s a t e t h e u n d o . r u t i l i z a t i o n of a n o t h e r mach ine i n t h e 



Table 1. Measures of Shop Balance 

Paragraph 
No. 

Index 
Symbol Unit 

Symbol 
Characteristics, 

Definition Comments 

3.3.1 

3.3.2 

Midline Work 
Ilalnncc Index 
Shop Work 
Balance Index 

MWB 

SWB 

Variance of work done per 
period by each machine 

Variance of the utilization 
or work done by the shop 
as a whole 

It considers the work done by individual 
work centers. 

It measures variability of vurk done by 
entire shop; but does not detect vari­
ations in individual [..achliics. 

3.3.3 

3.3.4 

3.3.5 

3.3.6 

3.3.7 

Period Work 
Balance Index 

Machine Output 
Balnnco Index 

Shop Output 
Balance Index 
Period Output 
Balance Index 

Machine Queue 
Balnr.ce index 

PWB 

MOB 

SOB 

POB 

QWB 

BP. 

BO, 

PO. 

Variance of the work done by 
all machines for each lime 
period 

Variance of output per period 
of ouch machine 

Variance of the output by the 
shop as a whole over time 

Variance of the output by all 
machines for each time 
period 

Variance of queue size in 
number of Jobs per period 
for each machine 

It measures chaiijjos ir. uork done by 
machines within a portod, t.i;t ignores 
differences from pcrluJ to period. 

Similar to 3.3.1 but outjiiit rather thau 
work done is used. Could bo uaeful 
when output variability is undesirable 

Similar to 3.3.2 but output rather than 
work done is employed. 

Similar to 3.3.3 but output rather than 
work done is employed. 

Used when it is desired to keep track 
of WIP stability at the machine level. 

3.3.8 

3.3.9 

Shop Queue 
Balance Index 

Period Queue 
Balance Index 

SQB 

PQWB 

Variance of the number of 
jobs in the 6hop over tl.ua 

Variance of the queue size 
over all machines for each 
time period 

Used when it is desired to keep track 
of the WIP stability lor the bhop as 
a whole. 

Used in a manner similar to 3.3.7, but 
Ignores WIP variations over time. 
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Tnblo 1. (Continued) 

Paragraph 
No. Name Index 

Symbol 
Unit 

Symbol 
Characteristics, 

Definition 
Comments 

3.3.10 

3.3.11 

3.3.12 

Measures Related 
to Hour.- of Work 
In Queue 

Mi chine Work In 
Process 

Shop Work in 
Process 
Ualnnco [ndex 

AMWP 

SWIP 

MWIP, 

These neasurcs arc similar to 
3.3.7, 3.3.8, 3.3.9, but 
hours of work Instead of num­
ber of Jobs are used 

V/triance of the aggregate WIP 
hours per period for each 
Luchine 

Variance of the aggregate WIP 
in the whole shop over time 

The difference with measure 3.3.7 is 
that the toral work In the shop for i 
Machine rather than work In that ma­
chine queue only is considered. 

Similar to 3.3.8. 

3.3.13 

3.3.14 

3.3.15 

3.3.16 

Period Work in 
Process 
Balance Index 

Desired Loading 
Pleasure 

Maximum Queue 
deviation Index 

Period Idle 
Time 

APWP PWIP 

QO 

PIT IDT. 

Variance of the aggregate WIP 
over nil machines for each 
time period 

Deviation of aggregate shop 
load for each machine from 
management target 

Minimum excess In queue size 
over the desired amount set 
up by management 

Vaxlinuni idle t lme for any 
machine in a period 

Consideration of variations in the ag­
gregate load could be important as a 
means of looking beyond Immediate 
period. 

Useful as an objective function In 
trying to improve other balance and 
6hop measures. 

Could be used in shops where a penalty 
must be paid if queue lengths exceed 
some amount. 

Useful when there is no oper.it or flex­
ibility and operator idleness in a 
period should not be extensive. 

http://oper.it


Table 1. (Concluded) 

Paragraph 
No. 

Name Index 
Symbol 

Unit 
Symbol Characteristics, 

Definition 
Comments 

3.3.17 Machine Idle 
Time MIT IDT, Maximum idle time for A ma­

chine over all periods 
Useful If machines require adjustments 

when left unused over a certain length 
of time. 

3.3.18 

3.3.19 

3.3.20 

Machine Arrival 
Balance Index 

Shop Arrival 
Balance Index 

Period Arrival 
Balance Index 

MAB 

SAB 

PAB DA. 

Variance of the work arrived 
per period to each machine 

Variance of the work arrival 
to the shop as a whole over 
time 

Deflation between actual ar­
rivals to a machine in a 
period and the machine 
average 

This index Is a function of the work 
arrival pattern, loading mechanism, 
and dispatching mechanism. 

Similar to 3.3.2 but work arrival rather 
than work done is employed. 

Useful in a situation where relief could 
be provided to one overloaded machine 
per period. 
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same p e r i o d . A c h a r a c t e r i s t i c o£ t h o s e shops whe re t h i s m e a s u r e i s im­

p o r t a n t i s t h e e x i s t e n c e of s e v e r a l mach ines i n a m a c h i n e g r o u p so t h a t 

no l a b o r i s w a s t e d by t h e p a r t i a l u t i l i z a t i o n of a mach ine g r o u p , o r t h e 

p o s s i b i l i t y of a s s i g n i n g s e v e r a l t a s k s or m a c h i n e s t o a n e m p l o y e e . 

3 . 3 . 2 Shop Work B a l a n c e I n d e x 

T h i s i s t h e v a r i a n c e of t h e u t i l i z a t i o n of t h e shop a s a whole 

t a k e n o v e r t i m e . 

SWB = 
m m 

( I - n - I * * ) 
i = l i = l j = l i = l 

The fo rmu la f o r SWB can be s i m p l i f i e d c o n s i d e r a b l y by u s i n g t h e 

d e f i n i t i o n of u\ g i v e n i n t h e n o t a t i o n and by d e f i n i n g t h e a v e r a g e work 

p e r p e r i o d f o r t h e whole shop a s f o l l o w s : 

m 
U = I U i 

i = l 

Then , 
P 

SWB = - V (m u . - u ) 2 

j = l 

The o b j e c t i v e i s : Minimize SWB 

T h i s measu re i s i m p o r t a n t i n t h o s e shops where t h e r e i s f l e x i ­

b i l i t y i n t h e t y p e of work t h a t e a c h w o r k e r c a n d o . I n shops w i t h t h i s 

f l e x i b i l i t y , a g i v e n j o b can be moved from one mach ine o r o p e r a t o r t o 

a n o t h e r w i t h o u t i n c u r r i n g a s i g n i f i c a n t p e n a l t y . T h e r e f o r e i t i s of 

p r i m a r y i m p o r t a n c e t h a t t h e t o t a l work t o be done by t h e shop be f a i r l y 
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c o n s t a n t o v e r t i m e so t h a t shop e x p a n s i o n and c o n t r a c t i o n be r e d u c e d , b u t 

i t i s n o t so i m p o r t a n t t h a t t h e work a v a i l a b l e be d i s t r i b u t e d e x a c t l y 

a c c o r d i n g t o t h e n o m i n a l mach ine or o p e r a t o r ' s c a p a c i t y . 

3 . 3 . 3 P e r i o d Work B a l a n c e I n d e x 

T h i s b a l a n c e i n d e x i s b a s e d on t h e v a r i a n c e of t h e work done ove r 

a l l m a c h i n e s f o r e ach t i m e p e r i o d . An i n d e x can be c a l c u l a t e d t h e n by 

a v e r a g i n g t h e v a r i a n c e o b t a i n e d i n e a c h t i m e p e r i o d . L e t BP., be t h e i n ­

dex f o r p e r i o d j . 

m m 

BP. - I V ( « . . - u . ) « . . ) - u . 2 

l - l 1=1 

PWB = 

O b j e c t i v e : Min imize PWB 

T h i s m e a s u r e i s s i m i l a r t o #1 i n t h a t i t does n o t r e c o g n i z e any 

c a n c e l l i n g e f f e c t s b e t w e e n m a c h i n e s , b u t i n t h i s c a s e i t a c c e p t s t h e f a c t 

t h a t shop w o r k l o a d s w i l l v a r y from p e r i o d t o p e r i o d and l o o k s o n l y a t t h e 

work b a l a n c e a c h i e v e d g i v e n t h e e x i s t i n g work l o a d . 

The u s e of t h i s m e a s u r e i n s t e a d of # 1 i m p l i e s g r e a t f l e x i b i l i t y i n 

e x p a n d i n g o r r e d u c i n g t h e work f o r c e s i n c e no p e n a l t i e s a r e a s s i g n e d f o r 

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

3 . 3 . 4 Machine Outpu t B a l a n c e I n d e x 

T h i s m e a s u r e and the two t h a t f o l l o w a r e v e r y s i m i l a r t o m e a s u r e s 

# 1 - 3 . The o n l y d i f f e r e n c e i s t h a t work o u t p u t r a t h e r t h a n work done or 

u t i l i z a t i o n i s u s e d . 
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The d i f f e r e n c e i s b e t t e r i l l u s t r a t e d by an e x a m p l e . I f m a c h i n e i 

i n p e r i o d j f i n i s h e d j o b # 1 and i t s p e n t two h o u r s d u r i n g t h e p r e v i o u s 

p e r i o d and one h o u r i n p e r i o d j work ing on j o b # 1 , f i n i s h e d j o b #2 

which t o o k t h r e e h o u r s , and s p e n t t h r e e h o u r s on j o b #3 b u t c o u l d n ' t 

f i n i s h i t , t h e n t h e u t i l i z a t i o n of mach ine i i n p e r i o d j was s e v e n 

h o u r s w h i l e i t s work o u t p u t was s i x h o u r s . The example i s r e p r e s e n t e d by 

F i g u r e 1 . 

I n t h e c a s e of t h e m a c h i n e m e a s u r e s ( 3 . 3 . 4 and 3 . 3 . 6 ) , t h i s i s a 

r e a s o n a b l e a p p r o a c h when t h e j o b movements a r e h e a v i l y d e p e n d e n t on t ime 

p e r i o d s a s would b e t h e c a s e when t h e mach ine g r o u p s a r e l o c a t e d i n d i f ­

f e r e n t b u i l d i n g s and t r i p s w i t h v e h i c l e s of f i x e d l i m i t e d c a p a c i t y can 

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

BO. i f ( 0 . . - u . ) 2 

p L i j i ' 
j = l 

m 
BO. 

l i = l 

O b j e c t i v e : Min imize MOB 

3 . 3 . 5 Shop O u t p u t B a l a n c e I n d e x 

(mO, -

j = l 

O b j e c t i v e : Minimize SOB 



h o u r s 

5 6 7 
p e r i o d j - 1 

1 2 3 4 5 6 
p e r i o d j 

1 2 3 
p e r i o d j + 1 

t i m e 

!|i l l l l l l l l l 
H H 

II! I 
1 M 1 < 1 

Machine i u t i l i z a t i o n i n p e r i o d j = 1+3+3 = 7 h o u r s 

Machine i o u t p u t i n p e r i o d j = 3+3 = 6 h o u r s 

F i g u r e 1 . I l l u s t r a t i o n of Machine Ou tpu t and U t i l i z a t i o n 
i n a P e r i o d 
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3 . 3 . 6 P e r i o d Output: B a l a n c e I n d e x 

m 

BPO. = ~ ) ( 0 . . - 0 . ) 
j m i j j 

i = l 

POB = - > BPO. 
P L, J 

j = l 

O b j e c t i v e : Minimize POB 

3 . 3 . 7 Machine Queue B a l a n c e I n d e x 

T h i s i s t h e v a r i a n c e of queue s i z e i n number of j o b s f o r e a c h 

mach ine o v e r t i m e . Then an o v e r a l l i n d e x i s o b t a i n e d by a v e r a g i n g over 

a l l m a c h i n e s . Let b e t h e machine queue i n d e x f o r mach ine i . 

P 
I V 1 - 2 

Q. = ~ > ( V . . - V . ) 
i p L, i j i 

j = l 

m 

QWB = - ) Q . 
m L i 

i = l 

O b j e c t i v e : Min imize QWB 

T h i s measu re i s i m p o r t a n t when t h e r e i s n o t much f l e x i b i l i t y i n 

t h e mach ine a s s i g n m e n t f o r j o b o p e r a t i o n s and when f u r t h e r m o r e i t i s 

d e s i r a b l e t o keep t h e work i n p r o c e s s as s t a b l e as p o s s i b l e d u r i n g t h e 

s c h e d u l i n g h o r i z o n . 

3 . 3 . 8 Shop Queue B a l a n c e I n d e x 

T h i s i s t h e v a r i a n c e of t h e number of j o b s i n t h e whole shop 

t a k e n o v e r t i n e . T h i s i s a measure of work i n p r o c e s s v a r i a b i l i t y . 
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p m m o 

j = l i = l i = l 

The e q u a t i o n f o r SQB can be s i m p l i f i e d by u s i n g t h e d e f i n i t i o n of 

V\ g i v e n i n t h e n o t a t i o n and by d e f i n i n g t h e a v e r a g e number of queues i n 

t h e shop a s f o l l o w s : 

m 

i = l 

f 
Then , SQB = - ) (mV. - V ) 2 

P L-t J 
j = l 

O b j e c t i v e : Minimize SQB 

3 . 3 . 9 P e r i o d Queue B a l a n c e I n d e x 

T h i s i s t h e v a r i a n c e of queue s i z e ove r a l l m a c h i n e s f o r e a c h t i m e 

p e r i o d . An i n d e x i s t h e n c a l c u l a t e d by a v e r a g i n g t h e v a r i a n c e o b t a i n e d 

i n e a c h t i m e p e r i o d . L e t PQ^ be t h e p e r i o d queue i n d e x f o r p e r i o d j . 

m 

PQ. = ~ Y ( V . . - V . ) 2 

i m Li i j i 
i = l 

P 

PQWB - \ \ P Q j 

j = l 

O b j e c t i v e : Minimize PQWB 

t i o n s 

T h i s measu re i s s i m i l a r 

f o r t h e e n t i r e shop o v e r 

t o # 7 , b u t i t r e c o g n i z e s t h a t l o a d v a r i a -

t h e s c h e d u l i n g h o r i z o n a r e u n a v o i d a b l e and 
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a t t e m p t s t o r e d u c e t h e i n f l u e n c e of t h a t k i n d of v a r i a t i o n on t h e m e a s u r e 

of p e r f o r m a n c e . 

3 . 3 . 1 0 Measures R e l a t e d t o Hours of Work i n t h e Queue 

I n d i c e s # 7 , 8 , and 9 measu re t h e v a r i a b i l i t y of work i n p r o c e s s 

u s i n g t h e number of j o b s i n t h e queue o r t h e shop a s t h e b a s i s . I t i s 

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

of work i n t h e queue f o r t h e c o r r e s p o n d i n g m a c h i n e s . 

3 . 3 . 1 1 Machine Work i n P r o c e s s B a l a n c e I n d e x 

Measures # 1 1 - 1 3 d i f f e r from m e a s u r e g r o u p #10 i n t h a t b e f o r e , t h e 

h o u r s of work i n p r o c e s s a t a g i v e n queue t o be worked by t h a t mach ine 

were c o n s i d e r e d . T h i s t i m e t h e a g g r e g a t e work i n p r o c e s s f o r a m a c h i n e , 

r e g a r d l e s s of t h e queue where i t p r e s e n t l y r e s i d e s , i s of i n t e r e s t . L e t 

MWIP. b e t h e work i n p r o c e s s i n d e x f o r mach ine i . 

P 
MWIP 

j = l 

m 
AMWP = - V MWIP. 

m L l 
i = l 

O b j e c t i v e : Minimize AMWP 

3 . 3 . 1 2 Shop Work i n P r o c e s s B a l a n c e I n d e x 
m m _ 

SWIP = 

j = l 

L e t t h e a v e r a g e work i n p r o c e s s i n t h e shop b e g i v e n a s f o l l o w s : 
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m 

P = 
i = l 

Then SWIP can be s i m p l i f i e d a s shown below: 

SWIP = - ) (mP. - P ) 2 

P J 
j = l 

O b j e c t i v e : Min imize SWIP 

3 . 3 . 1 3 P e r i o d Work in P r o c e s s B a l a n c e I n d e x 

Le t PWIPj be t h e work i n p r o c e s s i n d e x f o r p e r i o d j 

m 

P W T P . = - y ( p . . - p . ) 

1=1 

£ PWTP 
APWP - I 

J . 

O b j e c t i v e : Min imize APWP 

3 . 3 . 1 4 D e s i r e d Load ing Measure 

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

e a c h mach ine (each p e r i o d ) from a s p e c i f i e d t a r g e t s e t up by management . 

The q u a n t i t y o b t a i n e d f o r each mach ine i s t h e n a v e r a g e d o v e r a l l p e r i o d s , 

Let D be t h e d e v i a t i o n of t h e a g g r e g a t e load fo r mach ine i i n p e r i o d 

j from t h e d e s i r e d amount . 

D. . = P. . - C. 

( c o n t i n u e d ) 



39 

P 

i = l 

O b j e c t i v e : Minimize D 

T h i s m e a s u r e i s i m p o r t a n t b e c a u s e of i t s r e l a t i o n s h i p t o o t h e r 

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

t h a t i t a t t e m p t s t o l o o k beyond t h e i m m e d i a t e c o n d i t i o n s a t one queue o r 

mach ine ( b u t w i t h o u t t r y i n g t o p r e d i c t o r c o n s i d e r t h e i n t e r a c t i o n s t h a t 

o c c u r i n a j o b shop a s one j o b moves from one mach ine t o t h e n e x t ) . 

3 . 3 . 1 5 Maximum Queue D e v i a t i o n I n d e x 

T h i s measu re g i v e s f o r e a c h m a c h i n e t h e maximum e x c e s s i n queue 

s i z e o v e r t h e d e s i r e d queue s i z e ( o r a v e r a g e ) s e t up by management . The 

m e a s u r e can a l s o be used i n t e r m s of a b s o l u t e maximum queue s i z e w i t h o u t 

r e f e r r i n g t o a n y d e s i r e d q u a n t i t y . 

QD. = max I q . . - r . I 
1 j 1 J 1 

QD = max QD. 
i i 

m 

o r 

O b j e c t i v e : Min imize QD 
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A p o s s i b l e v a r i a t i o n i s t o c o n s i d e r o n l y p o s i t i v e d e v i a t i o n s , t h a t i s , 

QD. = max ( q . . - r . ) 
1 j i j 1 

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

b e p a i d when queue l e n g t h s a t mach ine i e x c e e d i n g r^ c a u s e a l a r g e 

p e n a l t y c o s t . 

3 . 3 . 1 6 P e r i o d I d l e Time 

T h i s m e a s u r e o b t a i n s t h e maximum i d l e t i m e f o r any m a c h i n e i n a 

p e r i o d . 

Then t h e a v e r a g e of a l l such maximum p e r i o d i d l e t i m e s i s c a l c u ­

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

L e t PLEN b e t h e p e r i o d l e n g t h . 

IDT^j i s i d l e t i m e f o r mach ine i , p e r i o d j 

I D T . . = PLEN - u . . 

IDT. = max I D T . . 
J i 1 J 

P 
PIT = - ) IDT. 

P L, j 
j = l 

= - ) max (PLEN - u . . ) 
P L j 1.T 

j = l 

O b j e c t i v e : Minimize PIT 
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3 . 3 . 1 7 Machine I d l e Time 

T h i s measu re l o o k s a t t h e i d l e t ime f o r a mach ine o v e r a l l p e r i o d s 

Then e i t h e r t h e maximum, a v e r a g e , o r v a r i a n c e of t h i s i d l e t i m e i s c a l c u ­

l a t e d and t h e i n d e x i s o b t a i n e d b y a v e r a g i n g o v e r a l l m a c h i n e s . 

IDT. . = PLEN - u . . 

IDT. = max IDT. 
j 

o r IDT. = - ) IDT. . 
P A X J J = l 

r p L, 

o r IDT. = - ) (IDT. - - V I D T . . Y 

m 
MIT = - y IDT. 

i = l 

O b j e c t i v e : Minimize MIT 

The b a l a n c e i n d e x b a s e d on t h e maximum i d l e t ime f o r a m a c h i n e 

o v e r a l l p e r i o d s can be u s e d when t h e r e i s a mach ine t h a t c o u l d be 

" s p o i l e d " o r r e q u i r e a d j u s t m e n t s i f i t i s l e f t unused o v e r a c e r t a i n 

l e n g t h of t i m e . The i n d e x b a s e d on t h e a v e r a g e i d l e t i m e c a n b e employed 

when i t i s n e c e s s a r y t o m e a s u r e t h e a v e r a g e mach ine u t i l i z a t i o n and f i n ­

a l l y t h e i n d e x b a s e d on t h e v a r i a n c e of t h e mach ine i d l e t i m e c o u l d b e 

u s e f u l i n t h o s e c a s e s i n which a machine s h o u l d be u s e d a t a s t e a d y r a t e 

from p e r i o d t o p e r i o d . 
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3 . 3 . 1 8 Machine A r r i v a l B a l a n c e I n d e x 

The v a r i a n c e i n t h e work a r r i v e d t o each mach ine o v e r a l l t i m e 

p e r i o d s i s c a l c u l a t e d . Then an i n d e x i s o b t a i n e d by a v e r a g i n g o v e r a l l 

m a c h i n e s . L e t A. be t h e mach ine i n d e x f o r mach ine i 1 

P 

A. = - y ( a . . - I . ) 2 

j = l 

m 

MAB = - ) A. 
m Li l 

i = l 

O b j e c t i v e : Min imize MAB 

T h i s i n d e x i s a f u n c t i o n of t h e work a r r i v a l p a t t e r n , t h e l o a d i n g mech­

a n i s m , and t h e d i s p a t c h i n g mechan i sm. 

3 . 3 . 1 9 Shop A r r i v a l B a l a n c e I n d e x 

T h i s m e a s u r e i s s i m i l a r t o t h e mach ine a r r i v a l b a l a n c e i n d e x , b u t 

t h e shop a s a who le i s c o n s i d e r e d . 

p m m 2 

j = l i = l i = l 

P 

3 . 3 . 2 0 P e r i o d A r r i v a l B a l a n c e I n d e x 

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

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



The i n d e x t h e n c o n s i s t s of t h e a v e r a g e o v e r a l l p e r i o d s 

DA. . = a . . - a . 

DA. = max DA.. = max ( a . . - a . ) 
3 i i j i i j 1 

P 
PAB = - ) DA. 

P L 3 
j = l 

O b j e c t i v e : Minimize PAB 
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CHAPTER IV 

METHODOLOGY FOR LOADING AND BALANCING THE SHOP 

4 . 1 Shop B a l a n c i n g , Job P o o l C o n c e p t , D i s c r e t e J o b S e l e c t i o n 

and Load ing from t h e P o o l 

I n g e n e r a l , i n d u s t r i a l j o b shops a r e d e s i g n e d t o o p e r a t e o p t i m a l l y 

a t c e r t a i n l o a d l e v e l s and o u t p u t s f o r e a c h mach ine t y p e . Load f l u c t u a ­

t i o n s from p e r i o d t o p e r i o d f o r a g i v e n mach ine o r f o r t h e s h o p , o r even 

d e v i a t i o n s from mach ine t o mach ine w i t h i n a p e r i o d , r e s u l t i n c o s t s of 

i d l e m a c h i n e r y and l a b o r o r o v e r t i m e p remiums . 

The need f o r b a l a n c i n g w o r k l o a d s i s b e g i n n i n g t o be r e c o g n i z e d by 

some shops and t h e a u t h o r i s p e r s o n a l l y aware of two a p p a r e l s t y l e shops 

where k e e p i n g t h e shop w o r k l o a d b a l a n c e d i s a p r i m a r y o b j e c t i v e . 

The f a c t r e m a i n s , h o w e v e r , t h a t mos t j o b shop manage r s do n o t 

e x p l i c i t l y m e n t i o n shop b a l a n c i n g a s t h e i r p r i m a r y g o a l . T h i s h a s b e e n 

r e p o r t e d by P a n w a l k a r , Dudek, and Smi th ( 1 9 7 2 ) . Th i s r e s u l t i s n o t s u r ­

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

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

d o e s . B e s i d e s , mos t shops t e n d t o m a i n t a i n an e x c e s s i v e amount of work 

i n p r o c e s s t h e r e f o r e h i d i n g t h e e f f e c t s of p o o r b a l a n c i n g . A n o t h e r way 

i n which j o b shop manager s h i d e t h e e f f e c t of p o o r b a l a n c e c o n d i t i o n s i s 

by h a v i n g some j o b o p e r a t i o n s p e r f o r m e d a t o t h e r t h a n t h e i r n o r m a l ma­

c h i n e s . T h i s , of c o u r s e , r e s u l t s i n i n c r e a s e d c o s t s due t o p o o r mach ine 

u s e a n d / o r e x p e n s i v e o p e r a t o r t r a n s f e r s . 
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Job shops n e e d a c e r t a i n l e v e l of work i n p r o c e s s t o o p e r a t e a t a 

g i v e n shop u t i l i z a t i o n p e r c e n t a g e . I f t h e work i n p r o c e s s i s e v e n l y 

s p r e a d o v e r a l l m a c h i n e s , t h e n a s m a l l e r amount of work i n p r o c e s s i n t h e 

shop i s n e e d e d t o m a i n t a i n t h e r e q u i r e d shop u t i l i z a t i o n t h a n i f t h e work 

i n p r o c e s s i s c o n c e n t r a t e d i n a few m a c h i n e s and n o t enough work e x i s t s 

f o r o t h e r m a c h i n e s . 

The r e l a t i o n s h i p b e t w e e n shop o p e r a t i n g c o s t s , work i n p r o c e s s 

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

t h e p r e c e d i n g p a r a g r a p h s , b u t a d i r e c t i o n of c a u s a l i t y h a s n o t b e e n 

d e f i n i t e l y e s t a b l i s h e d . I t w i l l b e shown d u r i n g t h i s r e s e a r c h , h o w e v e r , 

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

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

s u r e , t h e n t h e o t h e r b a l a n c e m e a s u r e s and work i n p r o c e s s m e a s u r e s c a l ­

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

improved i n some c a s e s . I t i s t h e r e f o r e a n t i c i p a t e d t h a t when shop b a l ­

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

I n t r a d i t i o n a l j o b shop s t u d i e s , a l l j o b s a r e s c h e d u l e d and s e n t 

t o t h e i r f i r s t o p e r a t i o n mach ine a s soon a s t h e y a r r i v e i n t h e s h o p . 

T h i s c a u s e s l o n g queues and h i g h work i n p r o c e s s a s w e l l a s shop i m b a l a n c e 

a c c o r d i n g t o mos t b a l a n c e m e a s u r e s . 

Most of t h e e x i s t i n g d i s p a t c h i n g r u l e s a r e l o c a l r u l e s i n which 

o n l y t h e queue i n f o r m a t i o n i s u s e d . Expec t ed Work i n Next Queue (EWIQ) 

I s t h e o n l y one of t h e more common r u l e s m e n t i o n e d by Conway and o t h e r s 

(1967) wh ich i s n o t a l o c a l r u l e o r a j o b d i s p a t c h i n g r u l e s i n c e i n f o r m a ­

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

Deane (1972) c o n s i d e r e d t h e u s e of a shop d i s p a t c h i n g m e t h o d o l o g y t o 
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improve mach ine w o r k l o a d b a l a n c i n g , b u t i n h i s s t u d y a l l j o b s we re r e l e a s e d 

t o t h e shop a s soon as t h e y became a v a i l a b l e . 

A n a l y z i n g t h e methods f o l l o w e d i n a c t u a l shops i n s e v e r a l i n d u s t r i e s , 

i t c a n be s e e n t h a t t h e shop i s n o t l o a d e d w i t h e v e r y j o b t h a t becomes 

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

t h e o r e t i c a l l y p o s s i b l e t o do s o . R a t h e r t h e y a r e r e t a i n e d i n a " s u s p e n s e 

f i l e " ; t h i s b e i n g n o t h i n g more t h a n a n o t a t i o n i n a s c h e d u l i n g book o r a t 

mos t an open p u r c h a s e o r d e r o r some unused raw m a t e r i a l . 

I t i s w i s e t o keep b a c k l o g s o f f t h e f a c t o r y f l o o r . T h i s r e d u c e s 

t h e work i n p r o c e s s and a l l o w s a f a s t e r f low o f j o b s t h r o u g h t h e a c t u a l 

s h o p , even though t h e t o t a l f low t i m e from t h e moment a j o b becomes 

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

p e r i o d of t i m e t h e t o t a l work a r r i v i n g a t t h e shop c a n n o t b e o v e r 100% of 

shop c a p a c i t y . I n f a c t , a s 1007o u t i l i z a t i o n i s a p p r o a c h e d , t h e queue 

s i z e s b e g i n t o move t owards i n f i n i t y . However , o v e r s h o r t p e r i o d s of 

t ime t h e work c o n t e n t of i ncoming j o b s may exceed shop c a p a c i t y . In 

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

w i l l c o n s i s t n o t o n l y of j o b s t h a t h a v e n o t b e e n s t a r t e d y e t , b u t a l s o of 

an e x c e s s i v e q u a n t i t y of p a r t i a l l y c o m p l e t e d j o b s . 

A u s e f u l t o o l t o remedy t h i s s i t u a t i o n i s t o l e t t h e shop work 

b e h i n d a p o o l of j o b s n o t y e t r e l e a s e d to t h e shop f l o o r . A d d i t i o n a l 

b e n e f i t s can be o b t a i n e d from t h e j o b p o o l i f t he j o b due d a t e s a r e n o t 

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

Under t h e j o b p o o l c o n c e p t t h e shop c o n s i s t s of a p o o l of j o b s n o t 

y e t r e l e a s e d t o t h e f l o o r and d i s t i n c t machine c e n t e r s w i t h a queue of 

j o b s i n f r o n t of e a c h . 
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Load ing c o n s i s t s of t h e r e l e a s e i n t o t h e shop of a s u b s e t of t h e 

poo l e v e r y s c h e d u l i n g p e r i o d . The s c h e d u l i n g p e r i o d can be a s h i f t , a 

d a y , a week, e t c . I f t h e s c h e d u l i n g p e r i o d i s a d a y , t h e n new j o b s would 

come i n t o t h e p o o l a t v a r i o u s t i m e s d u r i n g t h e d a y , b u t a s u b s e t of t h e 

j o b s w i l l be r e l e a s e d from t h e p o o l t o t h e shop once e v e r y d a y . 

The key t o t h e s u c c e s s f u l u s e o f t h e j o b p o o l i s t h e a v a i l a b i l i t y 

o f a good mechanism t o s e l e c t t h o s e j o b s from t h e p o o l t h a t s h o u l d be 

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

i n g a l g o r i t h m . 

The u s e of t h e j o b p o o l and t h e l o a d i n g a l g o r i t h m p r o v i d e a n o t h e r 

u s e f u l b y - p r o d u c t . T h i s i s t h e c o n c e p t of " d i s c r e t e " d e c i s i o n mak ing 

which i s used i n p r a c t i c e i n many j o b s h o p s . By t h i s i t i s meant t h a t d e ­

c i s i o n s i n many shops a r e n o t made i n a c o n t i n u o u s f a s h i o n , b u t r a t h e r 

t h e y a r e made p e r i o d i c a l l y by shop s u p e r v i s o r s . 

4 . 2 The Load ing A l g o r i t h m 

The l o a d i n g a l g o r i t h m , t o g e t h e r w i t h t h e j o b p o o l and t h e d i s c r e t e 

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

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

same a s t h o s e of t h e c o m p l e t e m e t h o d o l o g y , t h a t i s , t h e improvement of 

shop b a l a n c e and work i n p r o c e s s m e a s u r e s w h i l e s t i l l o p e r a t i n g u n d e r due 

d a t e c o n s t r a i n t s . The s p e c i f i c o b j e c t i v e f u n c t i o n , h o w e v e r , employed by 

t h e l o a d i n g a l g o r i t h m i s t h e m i n i m i z a t i o n of t h e d e v i a t i o n from a g g r e g a t e 

b a l a n c e f o r each mach ine c e n t e r i n t h e s h o p . 

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

be tween a d e s i r e d t o t a l o r a g g r e g a t e l o a d ahead of a mach ine and t h e a c t u a l 
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l o a d f o r e ach m a c h i n e . The d e s i r e d l o a d i s s e t by management and p r o v i d e s 

c o n t r o l o v e r t h e shop o p e r a t i o n . 

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

t h e one u s e d c o n c e n t r a t e s on a g g r e g a t e s c h e d u l i n g and r e l e a s i n g , a s o p ­

posed t o d e t a i l e d d i s p a t c h i n g , which i s i n l i n e w i t h t h e o b j e c t i v e s of 

t h e r e s e a r c h . 

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

w i t h e q u a l i t y c o n s t r a i n t s b a s e d on t h e c u r r e n t w o r k l o a d a s s i g n m e n t s a t 

e a c h m a c h i n e c e n t e r . The c o n s t r a i n t s become e q u a l i t i e s by t h e u s e of 

p o s i t i v e and n e g a t i v e s l a c k v a r i a b l e s g i v i n g t h e e x c e s s o r l a c k o f work 

(when compared t o d e s i r e d l o a d ) a t e a c h mach ine c e n t e r . The o b j e c t i v e of 

t h e p rog ram c o n s i s t s t h e n of m i n i m i z i n g t h e sum of t h e s e s l a c k v a r i a b l e s , 

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

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

o b j e c t i v e f u n c t i o n t o make j o b s i n t h e p o o l i n c r e a s i n g l y a t t r a c t i v e t o be 

l o a d e d i n t h e shop a s t h e i r due d a t e a p p r o a c h e s . The w e i g h t a s s i g n e d t o 

t h i s t e r m can be e a s i l y c o n t r o l l e d by t h e p r o d u c t i o n p l a n n e r . 

The d e c i s i o n v a r i a b l e i n t h e a l g o r i t h m (X^) i s a " 0 , 1 " v a r i a b l e . 

The re i s one such v a r i a b l e f o r e a c h j o b i n t h e p o o l . A v a l u e of " l ' 1 f o r 

t h e v a r i a b l e X^ i m p l i e s t h a t j o b i w i l l be l o a d e d i n t h e s h o p . 

The n o t a t i o n used i s e x p l a i n e d b e l o w : 

i = 1 , 2 , . . . , n n i s t h e number of j o b s i n t h e p o o l 

j = 1 , 2 , . . . ,m m i s t h e number o f mach ine g r o u p s 

X^ = 0 d e c i s i o n v a r i a b l e , j o b n o t l o a d e d 

X •= 1 d e c i s i o n v a r i a b l e , j o b l oaded 
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W amount of work, ( s t a n d a r d h o u r s ) c o n t r i b u t e d by j o b i 
i j 

t o mach ine c e n t e r j 

P p r e s e n t load in t he shop ahead of mach ine j . I f 

P . £ C . , t hen P . = C. s h o u l d be u s e d . 
J J J J 

C. d e s i r e d a g g r e g a t e l oad f o r mach ine j 

S . ^ amount of work by which t h e s e t of j o b s l o a d e d p l u s 

any e x i s t i n g work i n t h e shop t h a t n e e d s t o be done by 

m a c h i n e j f a l l s s h o r t of t h e d e s i r e d l o a d f o r t h a t 

mach ine c e n t e r j 

S amount of work by which t h e s e t of j o b s l o a d e d p l u s 

e x i s t i n g work e x c e e d t h e d e s i r e d l o a d f o r mach ine 

c e n t e r j 

a T , a „ w e i g h t s u s e d t o i n d i c a t e t h e s e r i o u s n e s s o f o u t of 
j L jH 

b a l a n c e c o n d i t i o n s i n one mach ine c e n t e r r e l a t i v e t o 

o t h e r s . Also used t o i n d i c a t e t h e d i f f e r e n t e f f e c t of 

h a v i n g a mach ine c e n t e r u n d e r l o a d e d a s opposed to h a v ­

i n g i t o v e r l o a d e d . 

f ( d i ) a f u n c t i o n which i n c r e a s e s a s t h e due d a t e d^ of j o b 

" i " g e t s c l o s e r . T h i s f u n c t i o n i s a c o n s t a n t , f o r j o b s 

h a v i n g t h e same due d a t e , i n any s c h e d u l i n g p e r i o d . 

The f u n c t i o n used w a s : 

f ( d i ) - £ , 

[ .1 + ( d i - d ) ] 

where ( d i - d ) i s t h e number of p e r i o d s away from t h e 

due d a t e . 
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B. l i m i t d e s i r e d , i f a n y , on t h e work l o a d e d f o r m a c h i n e 
J 

j 

F^ ± L u p p e r and lower l i m i t s d e s i r e d on t o t a l amount l o a d e d 

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

Min imize 

m m n 

D = I a j L S j L + I a j H S j H " I f < d i > X i 
j = l j = l i = l 

s u b j e c t t o : 

X. = 0 , 1 1 

V s 0 

S J H * ° 
n 

) W. . X. + P . + S._ - S. = C. j = 1 , 2 , . . , , n 
1=1 

The f i r s t t e rm i n t h e o b j e c t i v e f u n c t i o n i s a m e a s u r e of t h e sum of t h e 

u n d e r l o a d c o n d i t i o n s i n h o u r s f o r each mach ine t y p e . The second t e rm 

r e p r e s e n t s t h e h o u r s of work i n e x c e s s of t h e amount d e s i r e d f o r t h o s e 

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

a g g r e g a t e w o r k l o a d s i n t h e shop and n o t l o a d s a t t h e i n d i v i d u a l mach ine 

c e n t e r q u e u e s . The t h i r d t e rm i s t h e due d a t e a d j u s t m e n t t e r m a s g i v e n 

a b o v e . 

The f i r s t t e rm i n t h e c o n s t r a i n t f u n c t i o n i s t h e work l o a d e d i n 

t h e shop fo r one mach ine by t h e j o b s s e l e c t e d f o r r e l e a s e by t h e a l g o r i t h m . 

The second t e r m , P ^ , i s t h e e x i s t i n g a g g r e g a t e shop l o a d f o r mach ine j 
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p r i o r t o t h e r e l e a s e of t h e new j o b s . The t o t a l l o a d f o r m a c h i n e j 

g i v e n by t h e s e two t e r m s f a l l s s h o r t o r e x c e e d s t h e d e s i r e d amount by 

t h e v a l u e of t h e s l a c k v a r i a b l e S . T o r S . T T , r e s p e c t i v e l y . 
j L jH 

A d d i t i o n a l c o n s t r a i n t s can be imposed t o a l l o w o n l y a r a n g e on t h e 

t o t a l work h o u r s l o a d e d i n t h e shop i n one s c h e d u l i n g p e r i o d . Tha t i s , 

t h e y w i l l r e q u i r e t h a t t h e t o t a l work h o u r s moved t o t h e shop e v e r y 

s c h e d u l i n g p e r i o d w i l l be o v e r (F c ~L) and be low ( F c + U ) . These c o n s t r a i n t s 

a r e : 
n m 

I ( I w i j ) x i * V L 

i = i J = I 

n m 

y ( y w , ) x . <; F +u 
LJ \ L-> i j / 1 c 

i - 1 j = l 

F i n a l l y , t h e amount o f work l o a d e d i n one p e r i o d f o r one work c e n t e r 

o r g r o u p o f work c e n t e r s can be r e s t r i c t e d . T h i s t y p e o f c o n s t r a i n t i s 

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

such a s c u t t i n g i n an a p p a r e l s h o p , t h r o u g h which j o b s h a v e t o p a s s b e f o r e 

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

t h e a g g r e g a t e work l o a d e d i n one p e r i o d f o r mach ine c e n t e r j i s n o t t o 

e x c e e d B . . 
J 

n 

W.. X. ^ B. f o r any j o r g roup of j ' s 
i j l 1 

i = l J 

T h i s a l g o r i t h m o f f e r s a d e g r e e of c o n t r o l on t h e o p e r a t i o n of t h e shop by 

t h e u s e of d i f f e r e n t v a l u e s f o r t h e c o n s t a n t s K and C . The s p e c i f i c 
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e f f e c t of c h a n g e s i n t h e w i l l be d i s c u s s e d i n C h a p t e r V I I . 

4 . 3 The L i n e a r A p p r o x i m a t i o n to t h e Mixed I n t e g e r 

Programming Load ing A l g o r i t h m 

The above m a t h e m a t i c a l f o r m u l a t i o n makes u s e of a mixed i n t e g e r 

p r o g r a m . The s i m u l a t i o n program f o r t h e j o b shop u s e s a l i n e a r a p p r o x i m a ­

t i o n w i t h bounded v a r i a b l e s . The d e c i s i o n t o do t h i s was b a s e d on t h e 

f o l l o w i n g c o n s i d e r a t i o n s . 

a ) Based on t e s t s made w i t h t h e m a t h e m a t i c a l programming package 

OPHELIE from C o n t r o l Da ta C o r p o r a t i o n , t h e t ime r e q u i r e d t o o b t a i n an 

i n t e g e r s o l u t i o n was from 5 t o 50 t i m e s t h e l i n e a r s o l u t i o n t i m e r e q u i r e ­

m e n t s . T h i s e x c e s s i v e t ime r e q u i r e m e n t , even w i t h a f a s t c o m m e r c i a l c o d e , 

e l i m i n a t e d t h e p o s s i b i l i t y of u s i n g t h e mixed i n t e g e r model i n t h e s i m u l a ­

t i o n w h e r e t h e l o a d i n g a l g o r i t h m had t o be u s e d i n 500 p e r i o d s f o r e a c h 

run t y p e and r e p l i c a t i o n . 

b) Bounded v a r i a b l e t h e o r y shows t h a t t h e number of n o n - i n t e g e r 

v a r i a b l e s i n t h e b a s i s of t h e LP when a s o l u t i o n i s o b t a i n e d i s l i m i t e d . 

I n a bounded v a r i a b l e p rob lem w i t h m e q u a l i t y c o n s t r a i n t s and n s t r u c t u r a l 

bounded v a r i a b l e s t h e number o f s t r u c t u r a l v a r i a b l e s t h a t i s between z e r o 

and t h e u p p e r bound i s e q u a l t o t h e number of c o n s t r a i n t s . T h i s i s demon­

s t r a t e d by Chung (1963) u s i n g t h e f o l l o w i n g a r g u m e n t : 

I f t h e r e a r e r s t r u c t u r a l v a r i a b l e s r e a c h i n g t h e i r r e s p e c t i v e u p p e r 
bounds and s v a r i a b l e s e q u a l t o z e r o , t h e n t h e number of s t r u c t u r a l 
v a r i a b l e s which a r e p o s i t i v e b u t be low t h e i r u p p e r bounds mus t be 
n - ( r + s ) . I n o r d e r t o s a t i s f y t h e u p p e r - b o u n d c o n s t r a i n t s , t h i s means 
t h a t t h e r e must be f s + n - ( r + s ) ] s l a c k v a r i a b l e s i n t h e b a s i s . By 
a s s u m p t i o n we know t h a t t h e r e a r e [ r + n - ( r + s ) ] s t r u c t u r a l v a r i a b l e s in 
t h e b a s i s ; t h e r e f o r e t h e t o t a l i s [ r + n - ( r + s ) j + [ s + n - ( r + s ) ] = 2n -
( r + s ) . But in a bounded v a r i a b l e p rob lem of t h i s t y p e , t h e number of 
b a s i s v e c t o r s i s m+n. T h e r e f o r e , we have 2 n - ( r - f s ) = m+n, which y i e l d s 
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n - ( r + s ) = m 

i n d i c a t i n g t h a t t h e number of s t r u c t u r a l v a r i a b l e s whose v a l u e s a r e 
be tween 0 and t h e u p p e r bound i s m. 

The above a rgumen t needs o n l y s l i g h t m o d i f i c a t i o n t o f i t t h e b a s i c 

e q u a t i o n s i n t h e a l g o r i t h m d e s c r i b e d i n s e c t i o n 4 . 2 . I n t h i s c a s e t h e 

number of e q u a t i o n s i s a l s o m, b u t t h e number of s t r u c t u r a l v a r i a b l e s 

w i t h an u p p e r bound i s k and t h e r e a r e 2m s t r u c t u r a l v a r i a b l e s w i t h o u t 

an u p p e r bound . The t o t a l number of s t r u c t u r a l v a r i a b l e s i s a g a i n n 

whe re n = k+2m. I t i s e a s y t o s e e from t h e s t r u c t u r e of t h e p rob lem t h a t 

a t l e a s t h a l f of t h e non bounded s t r u c t u r a l v a r i a b l e s ( d e s i g n a t e d a s S 

and S i n t h e a l g o r i t h m f o r m u l a t i o n ) w i l l be e q u a l t o 0 b e c a u s e f o r any 

mach ine c e n t e r t h e r e w i l l be an o v e r l o a d o r u n d e r l o a d c o n d i t i o n b u t n o t 

b o t h . 

Us ing t h e same a rgument employed by Chung, t h e number o f s t r u c t u r a l 

bounded v a r i a b l e s , X^, and t h e i r s l a c k s i n t h e b a s i s i s 2 k - ( r + s ) . The 

t o t a l number of v a r i a b l e s in t h e b a s i s i s m+k. Now l e t t be t h e number 

o f non bounded s t r u c t u r a l v a r i a b l e s i n t h e b a s i s . 

Then 

2 k - ( r + s ) + t = m+k 

k - ( r + s ) = m- t 

b u t 0 <, t <• m 

t h e r e f o r e 0 ^ k - ( r + s ) ^ m 

T h i s i n d i c a t e s t h a t t he number of s t r u c t u r a l 

v a r i a b l e s f o r j o b s t o be l o a d e d i n t h e shop) 

bounded v a r i a b l e s ( d e c i s i o n 

whose v a l u e s a r e l a r g e r t han 



z e r o b u t l e s s t han one i s l e s s t han t h e number of e q u a t i o n s , t h a t i s , l e s 

t han t h e number of mach ines i n t h e s h o p . 

I n a c t u a l p r a c t i c a l p r o b l e m s t h e number of f r a c t i o n a l v a r i a b l e s i s 

c o n s i d e r a b l y s m a l l e r t han t h e t h e o r e t i c a l l i m i t . F o r e x a m p l e , i n an a c ­

t u a l p rob lem w i t h 10 m a c h i n e s and 29 j o b s i n t h e j o b p o o l , t h e number of 

j o b s w i t h a f r a c t i o n a l X^ v a l u e was f o u r w h i l e , of c o u r s e , t h e t h e o r e t i ­

c a l l i m i t was 10 . Four p rob l ems w i t h 10 m a c h i n e s and be tween 20 and 30 

j o b s i n t h e j o b p o o l were o b s e r v e d and t h e number of n o n - i n t e g e r j o b d e ­

c i s i o n v a r i a b l e s i n t h e o u t p u t was be tween t h r e e and f i v e i n e a c h c a s e . 

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

of t h e l o a d i n g a l g o r i t h m were s i g n i f i c a n t l y b e t t e r t h a n t h o s e o b t a i n e d 

i n an " u n c o n t r o l l e d " s h o p . The u s e of t h e mixed i n t e g e r v e r s i o n c o u l d 

o n l y improve t h e r e s u l t s f u r t h e r . T h i s p o t e n t i a l i m p r o v e m e n t , h o w e v e r , 

i s f a i r l y l i m i t e d b e c a u s e l e s s t h a n a . 1 % d i f f e r e n c e h a s been o b s e r v e d 

be tween t h e v a l u e s of t h e o b j e c t i v e f u n c t i o n s when f r a c t i o n a l d e c i s i o n 

v a r i a b l e s a r e a l l o w e d and when t h e n o n - i n t e g e r d e c i s i o n v a r i a b l e s a r e 

r o u n d e d t o 0 o r 1 . 

d) T h e r e i s no g u a r a n t e e t h a t t h e optimum w i l l c o n s i s t o f a c o n ­

v e r s i o n of t h e n o n - i n t e g e r v a r i a b l e s i n t h e s o l u t i o n t o 0 - 1 v a r i a b l e s , i n 

f a c t , most of t h e t ime t h i s w i l l n o t be s o . However , t h e t e s t s pe r fo rmed 

w i t h t h e OPHELIE LP s y s t e m i n d i c a t e d t h a t a l t h o u g h a few of t h e v a r i a b l e s 

c h a n g e d , t h e o b j e c t i v e v a l u e of t h e rounded s o l u t i o n was o n l y s l i g h t l y 

wor se t h a n t h e one g i v e n by t h e mixed i n t e g e r s o l u t i o n . 

e ) When t h e model i s u sed t o l oad an a c t u a l s h o p , t h e a l g o r i t h m 

w i l l be used o n l y once o r t w i c e p e r day w h i l e on t h i s r e s e a r c h due t o t h e 

t ime s i m u l a t e d , t h e number of r e p l i c a t i o n s and t h e d i f f e r e n t c o n d i t i o n s 
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t e s t e d , i t was employed o v e r 2 0 , 0 0 0 t i m e s . I t can be s e e n t h a t t h e a d d i ­

t i o n a l compute r t i m e r e q u i r e d t o u s e t h e mixed i n t e g e r v e r s i o n i n an a c ­

t u a l s i t u a t i o n w i l l be f a i r l y i n s i g n i f i c a n t and t h e r e f o r e i n t h a t c a s e a 

d e t a i l e d s t u d y s h o u l d be made r e g a r d i n g t h e t r a d e o f f i n v o l v e d in u s i n g 

t h e l i n e a r a p p r o x i m a t i o n . 

4 . 4 Load ing H e u r i s t i c s 

The c o n c e p t s of u s i n g a j o b p o o l and l o a d i n g t h e shop a t d i s c r e t e 

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

l o a d i n g method a s w e l l a s t h e m a t h e m a t i c a l programming l o a d i n g a l g o r i t h m . 

T h i s d o e s n o t imp ly t h a t t h e l o a d i n g a l g o r i t h m i s o p t i m a l i n a g e n e r a l 

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

f u n c t i o n . 

The h e u r i s t i c c o n s i s t e d of l o a d i n g a j o b i n t h e shop i f t h e f i r s t 

j o b o p e r a t i o n made a c o n t r i b u t i o n t o t h e queue of a mach ine t h a t was u n d e r ­

l o a d e d . F o r a g i v e n m a c h i n e , t h e j o b s were s e l e c t e d one a t a t i m e w i t h 

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

l e v e l f o r t h a t m a c h i n e queue was r e a c h e d o r u n t i l t h e j o b l i s t was e x ­

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

I n a d d i t i o n , an o p t i o n a l f e a t u r e p r o v i d e d f o r t h e l o a d i n g of a d d i ­

t i o n a l j o b s i n t h e shop i f t h e management d e s i r e d l o a d f o r t h e shop i n 

t o t a l had n o t been r e a c h e d w i t h j o b s l o a d e d i n t h e f i r s t p a r t of t h e a l ­

g o r i t h m . Again j o b s w i t h t h e e a r l i e r due d a t e s were s e l e c t e d f i r s t . 

In e f f e c t , t h e r e a r e two main " f a c t o r s " i n t h e l o a d i n g and b a l a n c ­

i n g m e t h o d o l o g y t h a t may i n f l u e n c e t h e p e r f o r m a n c e c r i t e r i a . One of t h e s e 

f a c t o r s i s t h e c o n c e p t of t h e j o b pool i t s e l f w h i l e t h e o t h e r f a c t o r i s 
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t h e r e l e a s i n g ( o r l o a d i n g ) m e t h o d o l o g y employed . The r e s u l t s o b t a i n e d 

w i t h t h e h e u r i s t i c r e l e a s i n g method have been employed t o t r y t o i s o l a t e 

t h e e f f e c t s of t h e two " f a c t o r s . " 
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CHAPTER V 

DESCRIPTION OF THE TESTING VEHICLE 

5 . 1 The J o b Shop 

The g e n e r a l t y p e of shop w i t h wh ich t h i s r e s e a r c h i s c o n c e r n e d was 

p r e s e n t e d i n C h a p t e r I I and i t s s p e c i f i c c h a r a c t e r i s t i c s a r e n e x t d e s c r i b e d . 

No s p e c i a l e f f o r t was made to model a s p e c i f i c s h o p , howeve r , most 

of t h e p a r a m e t e r s employed a r e w i t h i n common r a n g e s f o r j o b shops i n t h e 

a p p a r e l " s t y l e " and o t h e r i n d u s t r i e s . An e x c e p t i o n to t h i s was t h e s e l e c ­

t i o n of t e n m a c h i n e s , b u t t h i s c h o i c e was p r e v i o u s l y e x p l a i n e d a s a com­

p r o m i s e due t o c o m p u t e r t ime r e q u i r e m e n t s . The p r a c t i c e of employ ing 

r e a s o n a b l e p a r a m e t e r v a l u e s , b u t n o t v a l u e s from a s p e c i f i c s h o p , has been 

commonly employed i n j o b shop r e s e a r c h . 

The i n t e r a r r i v a l t i m e s a r e s amples o f an e x p o n e n t i a l d i s t r i b u t i o n 

w i t h a mean of 1.88 h o u r s and t r u n c a t e d a t 40 h o u r s ( t h e t r u e mean i s 

t h e r e f o r e s l i g h t l y l e s s t h a n 1.88 h o u r s ) . T h i s a r r i v a l r a t e , t o g e t h e r 

w i t h t h e o t h e r shop p a r a m e t e r s u s e d , r e s u l t e d i n a shop u t i l i z a t i o n b e ­

tween 8170 and 83.57 Q . The shop u t i l i z a t i o n was d e t e r m i n e d from s t a t i s t i c s 

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

The j o b s a r r i v i n g to t h e shop were a s s i g n e d an e q u a l p r o b a b i l i t y 

of h a v i n g t h e i r f i r s t o p e r a t i o n pe r fo rmed by any of t h e m a c h i n e s i n t h e 

s h o p . The mach ine f o r s u b s e q u e n t o p e r a t i o n s was t h e n o b t a i n e d by employing 

a t r a n s i t i o n p r o b a b i l i t y m a t r i x . The t r a n s i t i o n p r o b a b i l i t y m a t r i x used 

i n most of t h i s r e s e a r c h was such t h a t a j o b was a s s i g n e d an e q u a l 
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p r o b a b i l i t y of moving to any mach ine i n t h e shop f o r t h e i r n e x t o p e r a t i o n 

r e g a r d l e s s of t h e mach ine i n which t h e c u r r e n t o p e r a t i o n was p e r f o r m e d . 

The e x p e r i m e n t a l model was t h u s c h a r a c t e r i s t i c of a p u r e j o b s h o p . Some 

e x p e r i m e n t a l i n v e s t i g a t i o n s were a l s o pe r fo rmed u t i l i z i n g a shop w i t h 

" f low s t r u c t u r e " . 

The p r o c e s s i n g t ime p e r o p e r a t i o n was g e n e r a t e d u s i n g an e x p o n e n t i a l 

d i s t r i b u t i o n w i t h a mean of 2 . 4 8 h o u r s , b u t w i t h no o p e r a t i o n s l a s t i n g 

l e s s t h a n one hour o r o v e r n i n e h o u r s . 

The number of o p e r a t i o n s of an incoming j o b was g e n e r a t e d when t h e 

j o b a r r i v e d a t t he shop u s i n g a symmet r i c un imoda l d i s t r i b u t i o n wh ich i s 

shown in T a b l e 2 . 

A j o b due d a t e was a s s i g n e d to each j o b a s i t e n t e r e d t h e shop 

u s i n g one of two m e t h o d s . The f i r s t method which was u s e d a l m o s t e x c l u s ­

i v e l y c o n s i s t e d of a s s i g n i n g a due d a t e e q u a l t o t h e c u r r e n t t ime p l u s 

t h e work c o n t e n t of t h e j o b p l u s a sample from t h e u n i f o r m d i s t r i b u t i o n 

be tween 0 and 150. The second method was s l i g h t l y more complex and i t 

c o n s i s t e d of a s s i g n i n g to 107o of t h e j o b s a due d a t e s u c h t h a t t h e j o b 

had t h r e e t i m e s i t s work c o n t e n t i n h o u r s t o go t h r o u g h t h e s h o p . The 

r e m a i n i n g 90% of t h e j o b s had t h e i r work c o n t e n t i n h o u r s p l u s t h e p r o d u c t 

of 300 h o u r s t i m e s a random number be tween . 1 and 1 to c o m p l e t e a l l o p e r ­

a t i o n s . Th i s method i s i l l u s t r a t e d in F i g u r e 2 . I t s p u r p o s e i s t o e l i m ­

i n a t e t he e x i s t e n c e of j o b s w i t h v e r y t i g h t due d a t e s . Only one of t h e 

two methods d e s c r i b e d was used in any g i v e n r u n . 

5 .2 D i s p a t c h i n g Rules 

Four d i s p a t c h i n g r u l e s were s t u d i e d in d e t a i l . These r u l e s were 
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T a b l e 2 . P r o b a b i l i t y D i s t r i b u t i o n f o r t h e Number of O p e r a t i o n s 
o f an Incoming Job 

Number of O p e r a t i o n s P r o b a b i l i t y o f O c c u r r e n c e 

G e n e r a l Shop 

4 0 . 1 5 

5 0 . 2 0 

6 0 . 3 0 

7 0 . 2 0 

8 0 . 1 5 

Shop w i t h Few I n t e r a c t i o n s 

1 

2 

3 

0 . 2 0 

0 . 6 0 

0 . 2 0 



START 
, — 

OBTAIN RANDOM NO. 
BETWEEN 0 AND 1 

RI 

YES 

& 

DUE DATE = CURRENT TIME 
+ 3 * (JOB WORK CONTENT) 

& 
DUE DATE = CURRENT TIME 
+ JOB WORK CONTENT 
+ RI * 300 

F i g u r e 2 . Method No. 2 of A s s i g n i n g a Due Date t o a J o b 
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u s e d w i t h b o t h an u n c o n t r o l l e d shop model and t h e c o n t r o l l e d l o a d i n g model 

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

a ) DSOP, Dynamic S l a c k p e r O p e r a t i o n . 

The job p r i o r i t y e q u a l s t h e r a t i o of t h e s l a c k r e m a i n i n g t o t h e 

number of o p e r a t i o n s r e m a i n i n g . The j o b s a r e s e l e c t e d i n a l l c a s e s such 

t h a t t h o s e w i t h t h e s m a l l e s t a l g e b r a i c p r i o r i t y measu re v a l u e a r e s e l e c t e d 

f i r s t from t h e q u e u e . 

DSOP was s e l e c t e d b e c a u s e p r i o r s t u d i e s (Le Grande ( 1 9 6 3 ) , Gere 

( 1 9 6 6 ) , and Conway and o t h e r s ( 1 9 6 7 ) ) have shown t h a t t h i s r u l e p e r f o r m s 

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

b ) EWIQ, E x p e c t e d Work i n Next Queue . 

The j o b p r i o r i t y e q u a l s t h e sum of t h e imminent o p e r a t i o n p r o c e s s i n g 

t imes of o t h e r j o b s i n t h e queue t o which t h e c a n d i d a t e w i l l e n t e r a f t e r 

i t s c u r r e n t o p e r a t i o n . The queue l o a d b e i n g added i s c o n s i d e r e d t o i n ­

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

c o n s i d e r e d , i f i t i s s e l e c t e d f o r immedia te o p e r a t i o n . 

T h i e r u l e was s e l e c t e d b e c a u s e of i t s " l o o k ahead f e a t u r e " t h a t i s , 

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

c ) SPT, S h o r t e s t P r o c e s s i n g Time. 

The j o b p r i o r i t y e q u a l s t h e p r o c e s s i n g t ime o f t h e imminen t o p e r a ­

t i o n . T h i s r u l e had t o be s e l e c t e d . P r a c t i c a l l y a l l o f t h e s i m u l a t i o n 

s t u d i e s t h a t have been m e n t i o n e d show t h a t i t i s a v e r y good r u l e w i t h 

r e s p e c t t o many m e a s u r e s of p e r f o r m a n c e and a t l e a s t a c c e p t a b l e w i t h r e ­

s p e c t t o t h e r e m a i n i n g m e a s u r e s . S e e , f o r e x a m p l e , Conway and o t h e r s 

(1967) . 
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d ) FIFO, F i r s t I n , F i r s t O u t . 

The j o b p r i o r i t y e q u a l s t h e t ime t he j o b e n t e r s t h e p a r t i c u l a r 

q u e u e . T h i s r u l e was s e l e c t e d due t o i t s i m p l i c i t f a i r n e s s and a l s o due 

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

5 . 3 The S i m u l a t i o n Model 

In o r d e r to t e s t t h e e f f e c t s of t h e l o a d i n g and b a l a n c i n g m e t h o d ­

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

a s i m u l a t i o n a p p r o a c h had t o be s e l e c t e d f o r t h i s p u r p o s e due t o t he l a c k 

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

The job shop s i m u l a t o r p rogram i n t h i s r e s e a r c h was w r i t t e n u s i n g 

t h e GASP I I l a n g u a g e d e s c r i b e d by P r i t s k e r and K i v i a t ( 1 9 6 9 ) . GASP I I i s 

a c o l l e c t i o n of F o r t r a n IV s u b r o u t i n e s o r g a n i z e d t o a s s i s t i n p e r f o r m i n g 

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

u l a t i o n t a s k s t h a t a r e i n d e p e n d e n t of p a r t i c u l a r p r o b l e m s . The t a s k s 

h a n d l e d by GASP I I a r e t h e m a i n t e n a n c e of t h e s i m u l a t i o n c l o c k , t h e h a n d l i n g 

o f i n d e p e n d e n t f i l e s and t h e r a n k i n g of e l e m e n t s i n t h o s e f i l e s , t h e p l a c ­

i n g and r e m o v a l of e l e m e n t s from t h e f i l e s , t h e random v a r i a b l e g e n e r a t i o n 

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

a p p r o p r i a t e s u m m a r i e s . 

The u s e r s u b r o u t i n e s complement t h e GASP I I p rogram and mus t be 

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

a s w e l l a s flow c h a r t s a r e g i v e n i n Append ix A. 

F i g u r e 3 d e p i c t s t h e o p e r a t i o n of t h e j o b shop s i m u l a t o r . The 

Main program r e a d s t h e u s e r s u b r o u t i n e p a r a m e t e r s and s t a r t s t h e s i m u l a ­

t i o n by t r a n s f e r r i n g c o n t r o l t o t h e GASP p r o g r a m s . The s i m u l a t i o n p r o c e e d s 
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BEGIN 

READ PARAMETERS, 
START SIMULATION 
(MAIN) 

1 
READ ADDIT: 

(GASP, DATJ 

[ONAL DATA 

\N) 

TRANSFER CONTROL TO 
EVENT SCHEDULED TO OCCUR 
(EVNTS) 

PRELOAD THE JOB SHOP 
(START) 

I F PRELOADING! 

1L 

OBTAIN SHOP AND JOB STA­
TISTICS, MOVE JOBS WHEN 
END OF SERVICE OCCURS 
(ENDSV) 

GENERATE TIME FOR NEXT JOB 
ARRIVAL AND OBTAIN JOB 
ATTRIBUTES (ARIVL) 

^ YES ^ " F I N I S H 
IN < ^ PRELOAD 

± 
COLLECT END OF PERIOD 
STATISTICS 
(COLL) 

F i g u r e 3 . J o b Shop S i m u l a t o r 
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NO 

CLEAR SHOP STATISTICS 
AFTER RUN IN 
(CLEAR) 

9 
NO 

NO 

YES 

PUT SHOP AND JOB PARAM­
ETERS IN FORM REQUIRED 
BY ALGORITHM (GENMAT) 

± 
JOB LOADING ALGORITHM 

( L P I , JOBDEC) 

YES 

\ t 

CALCULATE STATISTICS AT 
THE END OF THE SIMULATION 
(ENSIM) 

F i g u r e 3 . Conc luded 
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by c a u s i n g d i s c r e t e e v e n t s to o c c u r and c a l l i n g t he r i g h t e v e n t a t t h e 

r i g h t t ime i s t h e f u n c t i o n of EVNTS. The f o u r e v e n t s i n t h i s s i m u l a t i o n 

a r e : p r e l o a d i n g t h e shop a t t ime z e r o (START), o b t a i n i n g j o b a t t r i b u t e s 

f o r new a r r i v a l s (ARIVL), moving j o b s when a mach ine o p e r a t i o n i s f i n i s h e d 

(ENDSV) and c o l l e c t i n g end of p e r i o d s t a t i s t i c s (COLL). The s u b r o u t i n e s 

r e l a t e d t o t h e j o b l o a d i n g a l g o r i t h m a r e GENMAT, LPI and JOBDEC. F i n a l l y , 

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

a t t h e end of t h e s i m u l a t i o n and p r i n t r e s u l t s . 

The F o r t r a n IV l i s t i n g of t h e u s e r p rograms a r e p r o v i d e d i n Appen­

d i x B. A p p e n d i x D c o n t a i n s t h e d e s c r i p t i o n of a l l a t t r i b u t e s , e v e n t s and 

o p t i o n a l v a r i a b l e s i n t h e GASP p r o g r a m s . The non-GASP v a r i a b l e s a r e d e ­

s c r i b e d i n Append ix E. A v a r i a t i o n of t h e s u b r o u t i n e s ENDSV, PTJOB and 

GENMAT needed f o r t h e a l t e r n a t i v e mach ine o p e r a t i o n f e a t u r e i s g i v e n i n 

Append ix K. A sample i n p u t s e t f o r t h e s i m u l a t i o n p rog ram i s shown i n 

Append ix F . 

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

a r e u s e d t o change s i g n i f i c a n t l y t h e c h a r a c t e r of a s i m u l a t i o n r u n . The 

mos t i m p o r t a n t ones a r e t h e f o l l o w i n g : 

NRULE I n d i c a t e s t h e d i s p a t c h i n g r u l e t o be employed i n t h e s i m u l a t i o n 

r u n . 

NLDR S p e c i f i e s w h e t h e r a j o b p o o l i s to be u s e d o r n o t . I f a j o b p o o l 

i s t o be u s e d , i t d e t e r m i n e s which l o a d i n g method s h o u l d be employed . 

IDUE S p e c i f i e s which one of two methods of g e n e r a t i n g due d a t e s i s t o be 

u s e d . 

NARR I n d i c a t e s w h e t h e r t h e a r r i v a l p r o c e s s i s s t r i c t l y P o i s s o n , o r 

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

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

t i m e . 

MSW S p e c i f i e s wh ich s p e c i a l l o a d i n g m o d i f i c a t i o n , i f a n y , w i l l be u s e d . 

DESLF S p e c i f i e s t h e d e s i r e d shop l o a d l e v e l o r management l o a d f a c t o r 

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

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

shop c o n d i t i o n s w e r e i n v e s t i g a t e d . 
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CHAPTER VI 

DESIGN OF THE EXPERIMENT AND VALIDATION 

The a p p r o a c h e s toward v a l i d a t i o n and e x p e r i m e n t a l d e s i g n of t h e 

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

below a r e b a s e d on t h e books by N a y l o r , B a l i n t f y , B u r d i c k and Chu ( 1 9 6 6 ) , 

Schmidt and T a y l o r ( 1 9 7 0 ) , and Tocher ( 1 9 6 3 ) ; t h e d i s s e r t a t i o n by Deane 

(1972) and t h e p a p e r s by N a y l o r , B u r d i c k and S a s s e r ( 1 9 6 9 ) , Van Horn (1971) 

and Conway ( 1 9 6 3 ) . 

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

N a y l o r , B a l i n t f y , B u r d i c k and Chu a r e t h e f o l l o w i n g : 

1 . F o r m u l a t i o n s o f t h e p r o b l e m 

2 . C o l l e c t i o n and p r o c e s s i n g of r e a l w o r l d d a t a 

3 . F o r m u l a t i o n s of t h e m a t h e m a t i c a l model 

4 . E s t i m a t i o n of p a r a m e t e r s of o p e r a t i n g c h a r a c t e r i s t i c s from r e a l w o r l d 

d a t a 

5 . E v a l u a t i o n of t h e model and p a r a m e t e r e s t i m a t e s 

6. F o r m u l a t i o n s of a compu te r program 

7 . V a l i d a t i o n 

8 . Des ign of t h e S i m u l a t i o n E x p e r i m e n t 

9 . A n a l y s i s of S i m u l a t i o n Data 

I t ems 1-6 have a l r e a d y been d i s c u s s e d and i t em 9 w i l l be c o v e r e d i n a 

s u b s e q u e n t c h a p t e r . The p u r p o s e of t h i s c h a p t e r i s to d i s c u s s i t e m s 7 

and 8 . I t ems 7 a s l i s t e d h e r e i n c l u d e s t h e s t e p s of v e r i f i c a t i o n and 
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v a l i d a t i o n g i v e n by F ishman and K i v i a t ( 1 9 6 7 ) . V e r i f i c a t i o n i n s u r e s t h a t 

a s i m u l a t i o n model b e h a v e s a s an e x p e r i m e n t e r i n t e n d s . V a l i d a t i o n t e s t s 

t h e a g r e e m e n t be tween t h e b e h a v i o r of t he s i m u l a t i o n model and a r e a l 

sys te rn . 

6 . 1 The E x p e r i m e n t 

The d e s i g n of s i m u l a t i o n e x p e r i m e n t s mus t i n c l u d e a random number 

g e n e r a t o r wh ich i s t r u l y random, and c o n s i d e r a t i o n s of s t a r t up c o n d i t i o n s , 

r u n l e n g t h s , r e p l i c a t i o n s and f i n a l l y , have t h e r e s u l t s p a s s a d e q u a t e t e s t s 

of s t a t i s t i c a l s i g n i f i c a n c e . These i t e m s w i l l be examined n e x t . 

6 . 1 . 1 Random Number G e n e r a t o r 

The p seudo random number g e n e r a t o r u s e d employs a 17 b i t m u l t i p l i ­

c a t i v e c o n g r u e n t i a l m e t h o d . The g e n e r a l f o rmu la u s e d i s : 

N. = AN. (mod m) l + l l 

w h e r e A = 5^ and m = 2 ^ . 

The maximum a t t a i n a b l e p e r i o d w i t h t h i s g e n e r a t o r i s 3 2 , 7 6 8 and t h e q u a n t i t y 

of random numbers u s e d by a r u n i n t h i s r e s e a r c h i s c l o s e t o 3 0 , 0 0 0 . 

The random number was t e s t e d w i t h a g roup of s e e d s some of w h i c h 

were u s e d f o r t h e e x p e r i m e n t a l r u n s . The t e s t s u sed and t h e p u r p o s e were 

t h e f o l l o w i n g : 

a . Goodness of f i t , Chi Squa re t e s t . 

The numbers g e n e r a t e d were g rouped i n i n t e r v a l s of . 1 from 0 t o 1 

2 
and a X t e s t was u sed t o check f i t n e s s to a u n i f o r m d i s t r i b u t i o n . 
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b . Goodness of f i t , Kolmogcrow - Smirnov t e s t . 

Same p u r p o s e a s t h e f i r s t t e s t . 

c . S e r i a l t e s t , Chi S q u a r e . 

The p u r p o s e of t h i s t e s t was t o d e t e c t any f i r s t o r d e r s e r i a l c o r ­

r e l a t i o n . The numbers w e r e t r u n c a t e d so t h a t o n l y t h e f i r s t d i g i t was 

used and e v e r y number was p l a c e d i n one c e l l of a t e n by t e n a r r a y as 

g i v e n by t h e f i r s t d i g i t w i t h t h e columns i n d i c a t i n g t h e p r e v i o u s number 

o b t a i n e d and t h e rows g i v i n g t h e c u r r e n t number . A Chi S q u a r e t e s t was 

t h e n u s e d t o t e s t t h e u n i f o r m d i s t r i b u t i o n of t h e random numbers o v e r t h e 

100 c e l l s . 

d. T o t a l Runs , Normal S t a t i s t i c . 

The e x p e c t e d t o t a l number of runs was c a l c u l a t e d . For s ample s 

g r e a t e r t h a n 2 0 , t h e d i s t r i b u t i o n of t h e t o t a l number of r u n s can be a p ­

p r o x i m a t e d by t h e n o r m a l d i s t r i b u t i o n . T h i s f a c t was u sed i n c o n s t r u c t i n g 

a t w o - t a i l e d normal t e s t f o r c h e c k i n g t h e number of r u n s g e n e r a t e d . 

e . Number of Runs f o r each Run L e n g t h , Chi S q u a r e . 

A Chi S q u a r e t e s t was u s e d to compare t h e o b s e r v e d vs e x p e c t e d number 

of r u n s of run l e n g t h 1 , 2 , 3 , 4 and g r e a t e r t h a n 4 . 

The r e s u l t s of t h e t e s t s and c r i t i c a l v a l u e s a t t h e a — . 05 l e v e l 

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

of 10 ,000 numbers a r e g i v e n on T a b l e 3 . 

6 . 1 . 2 S t a r t i n g ; C o n d i t i o n s 

S t a r t i n g c o n d i t i o n s a r e one p a r t of t h e more g e n e r a l q u e s t i o n of 

e q u i l i b r i u m . A c c o r d i n g to Tocher ( 1 9 6 3 ) , t h e a c c e p t e d t e c h n i q u e h a s been 

to i n v e n t s t a r t i n g c o n d i t i o n s and t o a l l o w the s i m u l a t i o n t o p r o c e e d f o r 
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T a b l e 3 . R e s u l t s of T e s t s on Random Number G e n e r a t o r 

Goodness 
of F i t 

9 
X*" 

Goodness 
of F i t 

KOLM-Srnirnov 

S e r i a l 
C o r r e l a t i o n 

9 

T o t a l 
Number 
of Runs 

Normal 

Number 
of Runs 
of Each 
Leng th 

C r i t i c a l 
Va lue s 

1 6 . 9 2 .0136 123 .2 1 .96 9 . 4 9 

T e s t R e s u l t s 

Seeds 

1 . 100933 7 . 5 9 

2 . 411719 8 .12 

3 . 297449 9 . 1 1 

4 . 349387 6 . 8 5 

5 . 281923 7 . 2 2 

6 . 154231 4 . 4 1 

7 . 329963 7 . 3 3 

8 . 900131 7 . 6 1 

9 . 392819 2 . 5 5 

10 . 214753 2 . 4 7 

1 1 . 200933 6 . 1 5 

1 2 . 117341 5 .87 

.0040 

.0050 

.0080 

.0050 

.0040 

.0060 

.0060 

.0080 

.0060 

.0050 

.0050 

.0050 

6 4 . 7 

6 4 . 7 

8 3 . 9 

6 1 . 9 

6 4 . 9 

6 4 . 3 

8 0 . 2 

8 1 . 8 

6 1 . 1 

6 1 . 2 

54 .4 

5 5 . 8 

. 34 

. 0 2 

. 0 2 

. 0 7 

. 4 3 

1 .11 

. 8 5 

. 2 4 

. 1 9 

.17 

. 0 1 

. 00 

5 .36 

1.32 

3 . 8 6 

3 . 0 7 

1.18 

5 . 3 0 

1 .61 

4 . 4 3 

.48 

. 3 5 

2 . 5 2 

2 . 8 6 
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some t ime and t a k e t h e f i n a l c o n d i t i o n s a s t he i n i t i a l c o n d i t i o n s of t he 

g e n u i n e r u n . A c c o r d i n g to Conway ( 1 9 6 3 ) , t he l e n g t h of t ime r e q u i r e d t o 

r e n d e r t he s t a t e p r o b a b i l i t y d i s t r i b u t i o n i n d e p e n d e n t of t h e s t a r t i n g c o n ­

d i t i o n s must c e r t a i n l y depend upon t h e s t a r t i n g c o n d i t i o n s u s e d . The a p ­

p r o a c h s e l e c t e d i n t h i s r e s e a r c h was t o p r e l o a d the shop w i t h a number of 

j o b s t h a t would g i v e a p p r o x i m a t e l y t h e same number of h o u r s of work i n 

p r o c e s s i n t h e shop a s t h e h o u r s of work i n p r o c e s s t h a t w e r e o b s e r v e d a t 

t h e end of s e v e r a l t r i a l r u n s . 

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

s i n c e a l l t h a t must be done i s t o s e l e c t a r e a s o n a b l e s t a r t i n g c o n d i t i o n . 

" R e a s o n a b l e n e s s " a c c o r d i n g t o Conway (1963) s h o u l d s i m p l y be a s s o c i a t e d 

w i t h c o n d i t i o n s t h a t p o s s e s s n o n - z e r o p r o b a b i l i t y i n t h e e q u i l i b r i u m s t a t e 

p r o b a b i l i t y d i s t r i b u t i o n . 

6 . 1 . 3 Run i n P e r i o d 

The r u n i n p e r i o d i n a s i m u l a t i o n s t u d y i s t h e t ime d u r i n g which 

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

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

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

i s n o t any g e n e r a l method t h a t can be used to d e t e r m i n e t h e l e n g t h o f 

r u n - i n p e r i o d . Toche r (1963) f l a t l y s t a t e s t h i s and Conway (1963) s a y s 

" t h e r e i s no s i n g l e p o i n t i n the e x e c u t i o n of a s i m u l a t i o n e x p e r i m e n t 

beyond wh ich t he s y s t e m i s i n e q u i l i b r i u m , , " 

R e g a r d l e s s of how "good" t h e i n i t i a l c o n d i t i o n s s e l e c t e d a r e , t h e r e 

i s g e n e r a l a c c e p t a n c e of t he idea t h a t a r u n - i n p e r i o d i s n e e d e d . Deane 

(1972) p r e s e n t s a v e r y c o n v i n c i n g a rgumen t fo r t h i s . In e f f e c t , he a r g u e s 
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t h a t i f no r u n - i n p e r i o d i s c o n s i d e r e d , t h e f i r s t j o b s l e a v i n g t h e s y s t e m 

w i l l have b i a s e d s t a t i s t i c s f o r t i m e s p e n t i n t h e s y s t e m and due d a t e 

m e a s u r e s . A l s o , t h e i n i t i a l s t a t i s t i c s f o r work in p r o c e s s p e r f o r m e d i n 

t h e shop w i l l a l s o be b i a s e d . 

The r u n - i n p e r i o d s e l e c t e d f o r t h i s r e s e a r c h was 400 h o u r s d u r i n g 

which a b o u t 175 j o b s l e f t t h e shop and a round 1200 o p e r a t i o n s we re p e r ­

formed. 

The s e l e c t i o n of 400 h o u r s a s t h e r u n - i n p e r i o d was made a f t e r d e ­

t a i l e d p r i n t o u t s we re o b t a i n e d showing c o n d i t i o n s a t t h e end of e v e r y 

8 - h o u r p e r i o d . A f t e r e x a m i n i n g t h e s e r e s u l t s , i t was c l e a r t h a t t h e r e 

we re no e a s i l y s p o t t a b l e abnorma l c o n d i t i o n s i n t h e s t a t i s t i c s c o l l e c t e d 

a f t e r 30 o r 40 p e r i o d s . However , 50 p e r i o d s we re u s e d i n o r d e r t o s t a y i n 

t h e s a f e s i d e . For e x a m p l e , F i g u r e 4 shows t h e work i n p r o c e s s i n o p e r a ­

t i o n s done f o r j o b s i n t h e shop p l o t t e d a g a i n s t t ime p e r i o d s f o r p e r i o d s 

1 t h r o u g h 50 i n one of t h e t r i a l r u n s made. I t can be s e e n t h a t a f t e r 

t h e f i r s t 25 o r 30 p e r i o d s t h e i n i t i a l a l m o s t u n i n t e r r u p t e d i n c r e a s e i n 

t h e v a l u e of t h e v a r i a b l e h a s c e a s e d and a more n o r m a l f l u c t u a t i o n i s 

o b s e r v e d . The r u n - i n p e r i o d s e l e c t e d c e r t a i n l y s a t i s f i e s t h e r u l e of 

thumb g i v e n by Toche r (1963) t h a t t h e l o n g e s t c y c l e i n t h e s i m u l a t i o n s h o u l d 

have been e x e c u t e d t h r e e o r f o u r t imes b e f o r e abno rma l b e h a v i o r c a u s e d by 

s t a r t i n g c o n d i t i o n s can be e x p e c t e d t o have d i e d away. A l t h o u g h t h e r e a r e 

many c y c l e s in a j o b s h o p , i t was f e l t t h a t t h e l o n g e s t c y c l e of i n t e r e s t 

i n t h i s r e s e a r c h i s t h e t ime a j o b spends i n t h e s y s t e m . T h i s t i m e was 

from 70-100 h o u r s i n t h e e x p e r i m e n t a l r u n s , d e p e n d i n g on t h e c o n d i t i o n s 

u s e d . 
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F i g u r e 4 . Work i n P r o c e s s i n O p e r a t i o n s Done f o r J o b s i n t h e Shop 
Dur ing t h e Run I n P e r i o d 
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A n o t h e r r u l e of thumb t h a t was c o n s i d e r e d i s t h e f o l l o w i n g one 

p r o p o s e d by Conway ( 1 9 6 3 ) : "From p i l o t r u n s , t r u n c a t e a. s e r i e s of mea­

s u r e m e n t s u n t i l t h e f i r s t of t h e r e m a i n i n g s e r i e s i s n e i t h e r t h e maximum 

n o r t h e minimum of t h e r e m a i n i n g s e t , " Conway c a u t i o n s a g a i n s t e x a m i n i n g 

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

i n g of t oo much d a t a . However, i f t h e y a r e u s e d , t h e e r r o r would be on 

t h e c o n s e r v a t i v e s i d e , I f an a v e r a g e based on a c u m u l a t i v e s t a t i s t i c we re 

u s e d , t h e l a s t measu remen t of t h e t r u n c a t e d s e r i e s i n s t e a d of t h e f i r s t of 

t h e r e m a i n i n g one mus t be u s e d . The r u n - i n p e r i o d u s e d i n t h i s r e s e a r c h 

a l s o m e e t s t h i s r u l e of thumb f o r t h e s t a t i s t i c s t h a t we re p r i n t e d i n d e ­

t a i l , w h e t h e r they a r e p r e s e n t e d on a c u m u l a t i v e b a s i s o r n o t . 

6 . 1 . 4 Run L e n g t h 

The v a r i a b i l i t y a s s o c i a t e d w i t h the measu remen t s of even v e r y s i m p l e 

s i m u l a t i o n mode l s i s d i s c o u r a g i n g l y l a r g e a c c o r d i n g t o Toche r ( 1 9 6 3 ) . How­

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

i s t h e c o m p a r i s o n of a l t e r n a t i v e s so t h a t r e l a t i v e r e s u l t s a r e more im­

p o r t a n t t h a n a b s o l u t e o n e s . 

A n o t h e r p r o p e r t y of s i m u l a t i o n e x p e r i m e n t s t h a t h e l p s keep run 

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

s e q u e n c e s . T h i s p r o c e d u r e i n s u r e s t h a t any r e l a t i v e d i f f e r e n c e s o b s e r v e d 

can be a t t r i b u t a b l e to t h e a l t e r n a t i v e s and no t to random v a r i a t i o n . 

A t r a d e o f f in run l e n g t h s t i l l e x i s t s s i n c e i t would be d e s i r a b l e 

t o have v e r y l a r g e s a m p l e s t o r e d u c e v a r i a b i l i t y as much as p o s s i b l e , 

w h i l e a t t h e same t i m e run l e n g t h s must be k e p t a t r e a s o n a b l e l e v e l s to 

economize c o m p u t e r t i m e . 
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The t ime s e l e c t e d f o r each r e p l i c a t i o n i n t h i s s i m u l a t i o n e x p e r i m e n t 

was 4000 h o u r s ( 5 0 0 , 8 - h o u r p e r i o d s ) . In t h i s t ime a b o u t 2 , 1 2 0 j o b s l e f t 

t h e shop and a b o u t 12 ,720 o p e r a t i o n s were p e r f o r m e d . 

I n i t i a l l y , s e v e r a l r e p l i c a t i o n s w e r e o b t a i n e d by u s i n g 100 p e r i o d s 

a f t e r r u n - i n b u t t h e v a r i a n c e on t h e m e a s u r e s of p e r f o r m a n c e was t o o h i g h . 

O t h e r run l e n g t h s ( T a b l e s 4 and 5) were t r i e d u n t i l i t was d e c i d e d t h a t 

500 p e r i o d s ( 4 , 0 0 0 h o u r s ) r e d u c e d the v a r i a n c e c o n s i d e r a b l y and t h a t a d d i ­

t i o n a l u s e of compu te r t i m e would n o t be j u s t i f i e d . The s t a t i s t i c a l v e r i ­

f i c a t i o n of t h i s r u n l e n g t h was made by t a k i n g s i x 4000 h o u r s r u n s w i t h 

d i f f e r e n t s e e d s and compar ing t h e s e r e s u l t s w i t h t h o s e of a s e c o n d s e t 

w i t h d i f f e r e n t s e e d s ( T a b l e 5 ) . A s t a n d a r d t - t e s t was t h e n p e r f o r m e d t o 

t e s t f o r e q u a l i t y of means a s s u g g e s t e d by Deane ( 1 9 7 2 ) . The r e s u l t s on 

t h e Shop B a l a n c e Measure (SWB) and Average WIP ( h o u r s of work i n t h e s h o p ) 

f o r e ach s e t o f r u n s a r e shown i n T a b l e 5 . 

The ^ 9 7 5 (10 ) v a l u e o b t a i n e d from t h e t a b l e s i s 2 . 2 2 8 w h i l e t h e 

c a l c u l a t e d v a l u e s we re t „ T T T 1 = .38 and t , ^ ^ = 1 .39 . T h e r e f o r e , t h e r e a r e 
SWB WIP 

no g rounds t o r e j e c t t h e h y p o t h e s i s of e q u a l i t y of means i n e i t h e r c a s e . 

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

s e l e c t e d , b u t i t p r o v i d e s a d d i t i o n a l a s s u r a n c e . 

6 . 1 . 5 R e p l i c a t i o n s 

One of t h e f i r s t q u e s t i o n s f aced when d e c i d i n g t h e number of r u n s 

to be made i s w h e t h e r s u c c e s s i v e r u n s s h a l l c o n s i s t of w h o l l y i n d e p e n d e n t 

r u n s s t a r t e d w i t h new random number s e e d s o r w h e t h e r t h e y s h o u l d be s t a r t e d 

u s i n g the f i n a l c a l c u l a t i o n of one run a s t h e b e g i n n i n g of t h e n e x t o n e . 

The a d v a n t a g e of u s i n g t h e f i r s t a p p r o a c h i s t h a t t h e r e i s l e s s 
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T a b l e 4 . Runs i n an " U n c o n t r o l l e d " Shop. DSOP D i s p a t c h i n g R u l e . 
R e s u l t s w i t h Run Leng ths of 800 and 3200 Hours 

100 P e r i o d s (800 Hours ) 400 P e r i o d s (3200 Hours ) 

SWB WIP (Hours ) SWB WIP (Hours) 

.467 854 . 7 2 1 670 

.867 616 .597 665 

1.443 505 1.074 642 

. 973 559 .997 613 

1.290 565 .953 616 

.586 724 .675 617 

Avg. .938 637 .836 637 

V a r . .1456 17013 .0388 918 

S t d . Dev. .382 1 3 0 . 5 .197 3 0 . 3 
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T a b l e 5 . Two S e t s of Runs i n an " U n c o n t r o l l e d " Shop. DSOP D i s p a t c h i n g 
R u l e . R e s u l t s Used to T e s t t h e Adequacy of 4000 Hours 
Run L e n g t h 

SWB 

S e t 1 

WIP (Hour s ) SWB 

S e t 2 

WIP (Hour s ) 

. 753 

.715 

1.036 

.954 

.892 

.646 

670 

626 

625 

619 

623 

635 

1 .071 

.966 

.992 

. 945 

.683 

.652 

620 

598 

621 

616 

625 

638 

Avg. 0 . 8 3 3 

Var . .0229 

S t d . Dev. . 1 5 1 

633 

352 

1 8 . 8 

0 . 8 6 8 

.0287 

.170 

620 

170 

1 3 . 1 

SWB = .0258 

WIP = 261 

'SWB 
= .38 

I P 
= 1.39 



78 

r i s k of r u n n i n g i n t o a u t o c o r r e l a t i o n p r o b l e m s . The second a p p r o a c h i n s u r e s 

t h a t s a t i s f a c t o r y i n i t i a l c o n d i t i o n s a r e used in a l l r e p l i c a t i o n s a f t e r 

t h e f i r s t one and a l s o e l i m i n a t e s the need fo r a r u n - i n p e r i o d in t h e 

second and s u c c e s s i v e r e p l i c a t i o n s . 

The f i r s t a p p r o a c h has been used i n t h i s t h e s i s . 

The a c t u a l number of r e p l i c a t i o n s u sed i s a f u n c t i o n o f t h e p r e ­

c i s i o n d e s i r e d i n t h e r e s u l t s and t h e compute r t ime a v a i l a b l e . I n a c a s e 

l i k e t h i s one i n which i t i s d e s i r e d t o o b t a i n and compare t h e v a l u e s of 

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

s t a r t from t h e p r e c i s i o n r e q u i r e d and a r r i v e a t t h e number of r u n s n e e d e d . 

I n s t e a d , t h e a p p r o a c h f o l l o w e d was t o s e l e c t t h e q u a n t i t y of f i v e r e p l i c a ­

t i o n s a s an a c c e p t a b l e number from b o t h p o i n t s of v i e w . 

6 . 1 . 6 S t a t i s t i c a l D e s i g n of t he S i m u l a t i o n E x p e r i m e n t 

The s e l e c t i o n of f a c t o r l e v e l s and c o m b i n a t i o n s of l e v e l s and t h e 

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

p e r i m e n t s . The number of r u n s , even w i t h i n c o m p l e t e e x p e r i m e n t a l d e s i g n s , 

t h a t m i g h t b e needed t o c o v e r an a c c e p t a b l e r a n g e of the f a c t o r s o f t e n g e t s 

o u t of h a n d . A f a c t o r i a l t r e a t m e n t a r r a n g e m e n t was n o t employed b e c a u s e 

t h i s a r r a n g e m e n t was n o t n e c e s s a r y t o answer t h e mos t i m p o r t a n t q u e s t i o n 

b e i n g i n v e s t i g a t e d . 

The p r i m a r y p u r p o s e of t h i s s t u d y i s t o e x p l o r e t h e e f f e c t s of 

l o a d i n g j o b s i n t o a shop from a p o o l , and to compare the v a l u e s of some 

m e a s u r e s of pe r fo rmance u s i n g t h i s a p p r o a c h a g a i n s t l e t t i n g t h e j o b s a r ­

r i v e t o t h e shop d i r e c t l y . I t was d e s i r e d to do t h i s f o r f ou r d i f f e r e n t 

d i s p a t c h i n g r u l e s . A p a i r e d o b s e r v a t i o n t - t e s l : was used to t e s t f o r 
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s i g n i f i c a n c e i n t h e d i f f e r e n c e s o b s e r v e d be tween t h e two l o a d i n g m e t h o d s . 

A t o t a l o f 40 r u n s were r e q u i r e d f o r t h e main p o r t i o n of t he e x p e r i m e n t . 

T h e r e were two l o a d i n g r u l e s t o t e s t ( an " u n c o n t r o l l e d " shop and shop w i t h 

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

u s e d w i t h each l o a d i n g me thod . Each one of t h e s e e i g h t c o n d i t i o n s was 

r e p l i c a t e d f i v e t i m e s . 

An ANOVA has been pe r fo rmed on t h e f o u r runs w i t h f i v e r e p l i c a t i o n s 

e a c h t h a t do n o t u s e t h e j o b p o o l , t h a t i s , t he c o n v e n t i o n a l u n c o n t r o l l e d 

l o a d i n g a p p r o a c h t o t e s t f o r any d i f f e r e n c e s in t h e means of t h e m e a s u r e s 

o f p e r f o r m a n c e . A n o t h e r ANOVA h a s been u s e d i n a s i m i l a r way f o r t h e 20 

r u n s (4 x 5) u s i n g t h e j o b p o o l . S t a t i s t i c a l t e s t s were a l s o p e r f o r m e d 

t o d e t e r m i n e t h e e f f e c t of t h e j o b p o o l and l o a d i n g a l g o r i t h m on t h e d i f ­

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

S e v e r a l a d d i t i o n a l i t e m s have been e x p l o r e d u t i l i z i n g t h e r u n s men­

t i o n e d b e f o r e , b u t a l s o r e q u i r i n g some a d d i t i o n a l r u n s . These r u n s w e r e 

made u n d e r o n l y one d i s p a t c h i n g d e c i s i o n r u l e , DSOP. 

Dynamic S l a c k p e r O p e r a t i o n (DSOP) was s e l e c t e d b e c a u s e t h i s i s a 

d e c i s i o n r u l e which has been shown to g i v e good r e s u l t s w i t h r e s p e c t t o 

due d a t e m e a s u r e s w i t h o u t showing an e x t r a o r d i n a r y a d v e r s e e f f e c t on o t h e r 

m e a s u r e s . A t - t e s t has been used t o t e s t f o r t h e s i g n i f i c a n c e o f any d i f ­

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

The a d d i t i o n a l shop c o n d i t i o n s t h a t have, been t e s t e d a r e 

a . E f f e c t of a v a r i a b l e j o b a r r i v a l r a t e . The e f f e c t of a v a r i a b l e 

j o b a r r i v a l r a t e , t h a t i s , an a r r i v a l d i s t r i b u t i o n w i t h a dynamic 

mean which has been used t h r o u g h o u t in t h i s r e s e a r c h i s i l l u s t r a t e d 
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by compar ing r e s u l t s p r e v i o u s l y o b t a i n e d a g a i n s t t h e r e s u l t s of 

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

t u a t i n g a r r i v a l r a t e was o b t a i n e d by h a v i n g t h e i n t e r a r r i v a l t ime 

g e n e r a t i o n p r o c e s s s u p e r i m p o s e d on a s i n e c u r v e such t h a t t h e mean 

i n t e r a r r i v a l t ime changed from 50% to 1507o of i t s normal v a l u e w i t h 

a p e r i o d of 16 h o u r s . 

b . E f f e c t of t h e j o b p o o l and t h e l o a d i n g a l g o r i t h m when used i n a 

shop w i t h l e s s i n t e r a c t i o n s . Th i s i s i l l u s t r a t e d w i t h a shop of 

f i v e mach ines and an a v e r a g e of two o p e r a t i o n s / j o b . Ten a d d i t i o n a l 

r u n s were r e q u i r e d h e r e c o n s i s t i n g of f i v e r e p l i c a t i o n s f o r each 

l o a d i n g c o n d i t i o n . 

c . E f f e c t o f u s i n g a h e u r i s t i c t o l o a d t he shop from t h e p o o l . The 

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

r i t h m o v e r a r e a s o n a b l e h e u r i s t i c wh ich a l s o u t i l i z e s t h e j o b p o o l 

c o n c e p t . 

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

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

f a c t o r s . The v a r i a t i o n s c o n s i s t e d of changes i n t h e j o b r e l e a s i n g 

mechan i sm. The r e s u l t s o b t a i n e d , however , d i d n o t j u s t i f y making 

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

e . E f f e c t s of a n o n - s y m m e t r i e t r a n s i t i o n m a t r i x when t he mach ine 

u t i l i z a t i o n s r ema in t h e same. This e x p e r i m e n t r e q u i r e s a d d i t i o n a l 

r e p l i c a t i o n s ( o n l y w i t h DSOP) u n d e r l o a d i n g and no l o a d i n g c o n d i t i o n s . 

I t i s d e s i r e d to i n v e s t i g a t e t h e e f f e c t of a n o n - s y m m e t r i c t r a n s i ­

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

t o check i f t h e improvements p roduced by t h e c o n t r o l l e d l o a d i n g m e t h o d o l o g y 
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a r e more s i g n i f i c a n t when t h e i m b a l a n c e c o n d i t i o n e x i s t s . A t - t e s t h a s 

been u s e d . 

The n o n - s y m m e t r i c t r a n s i t i o n m a t r i x i s c h a r a c t e r i s t i c of a shop in 

wh ich s p e c i a l work flow p a t t e r n s can be i d e n t i f i e d , t h a t i s , when a p u r e 

j o b shop does n o t e x i s t . The a v e r a g e u t i l i z a t i o n f o r each mach ine and 

t h e p r o b a b i l i t y of i n i t i a l j o b a r r i v a l a t e a c h mach ine was m a i n t a i n e d 

e q u a l b e t w e e n a l l m a c h i n e s , b u t t h e work f low s t r u c t u r e u sed was such t h a t 

some p a t h s we re much more l i k e l y t h a n o t h e r s . 

Comple te r e s u l t s of a l l s i m u l a t i o n runs a r e p r e s e n t e d i n Append ix 

I . R e s u l t s a r e a n a l y z e d and summarized i n C h a p t e r V I I . 

6 . 2 Program V a l i d a t i o n 

The c o n d i t i o n s n o r m a l l y recommended ( N a y l o r , Chu & o t h e r s ; 1966) 

t o i n s u r e a s a t i s f a c t o r y program v a l i d a t i o n a r e : 

a . To v e r i f y how w e l l t h e s i m u l a t e d v a l u e s of t h e endogenous v a r i a b l e s 

compare w i t h known h i s t o r i c a l d a t a . 

b . To v e r i f y how a c c u r a t e a r e t h e s i m u l a t i o n m o d e l s ' p r e d i c t i o n s of 

t h e b e h a v i o r of t h e r e a l s y s t e m in f u t u r e t ime p e r i o d s . 

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

b e c a u s e t h e r e i s no shop d a t a a v a i l a b l e of t h e t ype r e q u i r e d t o make t he 

c o m p a r i s o n s . 

F o r t u n a t e l y , howeve r , t h e r e have been p r e v i o u s j o b shop s i m u l a t i o n 

mode l s r e p o r t e d i n t h e l i t e r a t u r e , some of which have been v e r i f i e d . The 

v e r i f i c a t i o n and v a l i d a t i o n i n t h i s c a s e w i l l c o n s i s t of compar ing r e s u l t s 

i n t h i s r e s e a r c h to r e s u l t s r e p o r t e d by Conway (1963) and Deane ( 1 9 7 2 ) . 
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The m e a s u r e s of p e r f o r m a n c e of p r i m a r y i n t e r e s t i n t h i s r e s e a r c h 

a r e t h e Shop Ba lance Measure (SWB) and o t h e r measu re s of b a l a n c e , t h e 

l e v e l of work in p r o c e s s c a l c u l a t e d in two d i f f e r e n t ways and a measu re 

of t h e a b i l i t y of j o b s t o meet due d a t e s . 

Many of t h e s e m e a s u r e s a r e n o t a v a i l a b l e in p u b l i s h e d r e s e a r c h t h a t 

has been v a l i d a t e d a n d , t h e r e f o r e , i t i s n o t p o s s i b l e t o u s e t h e mos t i n ­

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

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

a r e t h e a v e r a g e f low t i m e , t h e l e v e l of i n p r o c e s s i n v e n t o r y and t h e s t a n d ­

a r d d e v i a t i o n of t h e l a t e n e s s d i s t r i b u t i o n . These m e a s u r e s we re s e l e c t e d 

b e c a u s e of t h e i r r e l a t i v e i n t e r e s t t o t h i s t h e s i s and t h e i r a v a i l a b i l i t y 

i n p u b l i s h e d r e s e a r c h . The c o m p a r i s o n s a r e shown i n T a b l e s 6 - 8 . 

The r e s u l t s shown f o r t h i s t h e s i s a r e b a s e d on a v e r a g e v a l u e s f o r 

t h e a p p l i c a b l e r u n s ( f i v e r e p l i c a t i o n s ) r e p o r t e d e l s e w h e r e on t h i s t h e s i s . 

The r e s u l t s r e p o r t e d by Deane a r e b a s e d on t h r e e r u n s of a b o u t 2100 j o b s 

e a c h and t h e r e s u l t s of Conway a r e b a s e d on one run of 8700 j o b s . 

The a b s o l u t e v a l u e of t h e r e s u l t s r e p o r t e d i s n o t v e r y i m p o r t a n t 

due t o t h e d i f f e r e n c e in p a r a m e t e r v a l u e s u s e d . The i m p o r t a n t c o n s i d e r a ­

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

c o u r s e , d i f f e r e n c e s a r e t o be e x p e c t e d even i n t h e r e l a t i v e v a l u e s shown 

in t h e T a b l e s . These d i f f e r e n c e s a r e c aused by " s t r u c t u r a l " v a r i a t i o n s 

i n t he shops u s e d . For e x a m p l e , t h e shop used by Conway had n i n e mach ines 

w h i l e D e a n e ' s and t h i s one had t e n m a c h i n e s . A l s o , t h e due d a t e g e n e r a ­

t i o n p r o c e s s u s e d in t h i s t h e s i s i s d i f f e r e n t t h a n t h e one employed by 

Deane and t he one used by Conway i s unknown. 
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T a b l e 6 . Compar i son w i t h Conway's R e s u l t s on Mean Flow Time 

Rule Conway's R e s u l t s (p 232) T h e s i s R e s u l t s 

A c t u a l P e r c e n t A c t u a l P e r c e n t 

DSOP 7 4 . 0 2 1 8 . 7 4 . 6 154 . 

SPT 3 4 . 0 100 . 4 8 . 4 100 . 
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T a b l e 7 . Compar i son w i t h Conway's and D e a n e ' s R e s u l t s 
on S t a n d a r d D e v i a t i o n o f t h e L a t e n e s s D i s t r i b u t i o n 

Rule Conway's R e s u l t s D e a n e ' s R e s u l t s T h e s i s R e s u l t s 
(P 232) (P 41) 

A c t u a l P e r c e n t A c t u a l P e r c e n t A c t u a l P e r c e n t 

DSOP 4 . 1 5 100 . 2 6 . 9 100 . 2 8 . 100 

SPT 6 6 . 5 1 6 0 . 5 3 . 3 1 9 9 . 5 9 . 5 2 1 3 . 
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T a b l e 8 . Compar i son w i t h Conway's and D e a n e ' s R e s u l t s 
on W o r k - i n - P r o c e s s L e v e l s (Hours ) 

Rule Conway's R e s u l t s D e a n e ' s R e s u l t s T h e s i s R e s u l t s 
(P 224) (P 42) 

A c t u a l P e r c e n t A c t u a l P e r c e n t A c t u a l P e r c e n t 

SPT 545 100 . 661 100 . 472 100. 

EWIQ 709 130 . 720 109 . 553 117, 

FCFS 1078 198 . 815 1 2 3 . 657 139 
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The r e s u l t s shown in T a b l e s 6-8 i n d i c a t e n o t i c e a b l e d i f f e r e n c e s 

i n t h e a b s o l u t e v a l u e of t h e m e a s u r e s o f p e r f o r m a n c e f o r the v a r i o u s s h o p s . 

The r e l a t i v e d i f f e r e n c e s a r e s m a l l e r , b u t s t i l l s i g n i f i c a n t . The d i r e c ­

t i o n s of movement f o r a l l t he m e a s u r e s shown, however , from one d i s p a t c h ­

i n g r u l e t o a n o t h e r i s t h e same f o r C o n w a y ' s , D e a n e ' s and t h i s t h e s i s . 

I t i s f e l t t h a t t h e s e r e s u l t s i n d i c a t e t he r e a s o n a b l e n e s s of t h e shop model 

used a n d , t h e r e f o r e , t h e p rogram can be c o n s i d e r e d v a l i d a t e d . 
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CHAPTER VII 

ANALYSIS OF RESULTS OF THE SIMULATION RUNS 

The r e s u l t s of t h e compu te r s i m u l a t i o n r u n s a r e d i s c u s s e d i n t h i s 

c h a p t e r . The r e s u l t s of a l l r u n s a r e g i v e n i n D e t a i l i n A p p e n d i c e s I and 

H. I n t h i s c h a p t e r , t h e more s i g n i f i c a n t r e s u l t s have been summarized and 

p r e s e n t e d in t a b u l a r form. The c h a p t e r i s d i v i d e d i n t h r e e s e c t i o n s . The 

f i r s t s e c t i o n c o n c e n t r a t e s on t h e e f f e c t s of t h e management o r d e s i r e d 

l o a d f a c t o r (DESLF) of t h e j o b l o a d i n g a l g o r i t h m f o r t h e c o n t r o l of v a r ­

i o u s m e a s u r e s of p e r f o r m a n c e . 

The second s e c t i o n a n a l y z e s t h e e f f e c t s o f t h e j o b p o o l and t h e 

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

men t s o b t a i n e d i n t h i s a r e a w e r e t h e main o b j e c t i v e of t h e r e s e a r c h . The 

t h i r d s e c t i o n a n a l y z e s t h e r e s u l t s o b t a i n e d u n d e r v a r i o u s s p e c i a l shop 

c o n d i t i o n s . The r e s u l t s on t h e s e l a s t two s e c t i o n s a r e b a s e d on t t e s t s 

( T a b l e 5 3 ) , ANOVA ( T a b l e 54) and Duncan Ranking T e s t s ( T a b l e 5 5 ) . 

7 . 1 E f f e c t o f Changes i n t h e Management Load F a c t o r (DESLF) 

The e f f e c t of c h a n g i n g "DESLF" i s e q u i v a l e n t t o c h a n g i n g t h e v a l u e 

of t h e C . ' s i n t h e m a t h e m a t i c a l f o r m u l a t i o n of C h a p t e r IV. The r e s u l t s 
J 

a r e shown i n T a b l e 43 f o r t h e DSOP d i s p a t c h i n g r u l e and T a b l e 44 f o r t h e 

SPT d i s p a t c h i n g r u l e . T a b l e 44 i l l u s t r a t e s t he e f f e c t s o b t a i n e d . A r e ­

d u c t i o n i n t h e DESLF p a r a m e t e r c a u s e s a r e d u c t i o n i n t he d e s i r e d l o a d u s e d 

i n t h e a l g o r i t h m s i n c e t h e r e l a t i o n be tween the two i s t h e f o l l o w i n g : 

D e s i r e d Load = (DESLF) X ( S c h e d u l i n g P e r i o d ) 
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I n t h i s r e s e a r c h t h e s c h e d u l i n g p e r i o d i s e i g h t h o u r s , t h e r e f o r e , f o r a 

DESLF of 4 . 2 5 , t h e management d e s i r e d load used i s 34 h o u r s . The manage­

ment d e s i r e d l o a d i s t h e a g g r e g a t e shop load t h a t t h e a l g o r i t h m a t t e m p t s 

t o m a i n t a i n in t h e shop e v e r y s c h e d u l i n g p e r i o d . As t h e DESLF d e c r e a s e s , 

t h e a l g o r i t h m a t t e m p t s t o m a i n t a i n a lower amount of work i n t h e s h o p , b u t 

a t t h e same t ime a t t e m p t s to m i n i m i z e t h e a b s o l u t e d e v i a t i o n from d e s i r e d 

b a l a n c e w h i l e l o a d i n g j o b s w i t h c l o s e due d a t e s . S t a r t i n g from a r e l a ­

t i v e l y h i g h management load f a c t o r (DESLF), t h e f o l l o w i n g b a s i c e f f e c t s 

a r e o b s e r v e d a s t h e DESLF v a l u e i s r e d u c e d (up to a p o i n t ) : 

Ave rage t ime s p e n t i n t he s y s t e m by a j o b i n c r e a s e s . 

A v e r a g e t ime s p e n t i n t h e shop by a j o b d e c r e a s e s . 

A l l b a l a n c e m e a s u r e s i m p r o v e . 

Ave rage number of j o b s i n t h e p o o l b e f o r e and a f t e r l o a d i n g 

i n c r e a s e s . 

Ave rage h o u r s of work i n p r o c e s s i n t h e shop d e c r e a s e . 

Ave rage h o u r s of work done fo r j o b s i n t h e shop d e c r e a s e . 

V a r i a n c e of t h e L a t e n e s s D i s t r i b u t i o n d e c r e a s e . 

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

The n e t e f f e c t of r e d u c i n g t h e management load f a c t o r (DESLF) i s t o 

keep o f f t h e f a c t o r y f l o o r e x t r a j o b s t h a t c o u l d n ' t be worked on anyway. 

Th i s c o n d i t i o n i s i l l u s t r a t e d by the p r o g r e s s i v e l y s h o r t e r shop f low t ime 

shown by the j o b s as t h e management load f a c t o r (DESLF) d e c r e a s e s . I t i s 

f a i r l y o b v i o u s t h a t t he t o t a l h o u r s of work in p r o c e s s i n t h e shop s h o u l d 

be r e d u c e d a s t h e DESLF i s r e d u c e d and more j o b s a r e k e p t i n t h e j o b p o o l . 

I t i s more i n t e r e s t i n g , h r w o v c r , to n o t e t h a t the h o u r s of work done f o r 
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j o b s i n t h e shop a l s o goes down. When the shop i s o v e r l o a d e d w i t h j o b s , 

t h e r e a r e many j o b s fo r which one o r two o p e r a t i o n s have been p e r f o r m e d , 

b u t t h e j o b s s t i l l s t a y in t h e shop w a i t i n g to have t he f i n a l o p e r a t i o n s 

d o n e . 

The number of j o b s i n t h e p o o l i n c r e a s e s b e c a u s e t h e a l g o r i t h m has 

a s m a l l e r r e q u i r e m e n t from t h e shop a n d , t h e r e f o r e , t e n d s t o be more s e ­

l e c t i v e i n l o a d i n g j o b s from t h e p o o l . The b a l a n c e m e a s u r e s improve f o r 

t h e same r e a s o n , t h a t i s , t h e r e a r e more j o b s i n t h e j o b p o o l t o c h o o s e 

from. 

The v a r i a n c e of t h e l a t e n e s s d i s t r i b u t i o n i s d e c r e a s e d , when t h e 

d i s p a t c h i n g r u l e i s S h o r t e s t P r o c e s s i n g Time (SPT) , as t h e Management Load 

F a c t o r (DESLF) i s r e d u c e d b e c a u s e t h i s d i s p a t c h i n g r u l e does n o t e x p l i c i t l y 

c o n s i d e r due d a t e . Under t h i s c o n d i t i o n , t h e improved shop b a l a n c e o b ­

t a i n e d w i t h t h e s m a l l e r DESLF p a r a m e t e r and t h e due d a t e t e r m i n t h e o b ­

j e c t i v e f u n c t i o n of t h e l o a d i n g a l g o r i t h m p r o d u c e a smoo the r j o b f low 

t h r o u g h t h e s h o p . Th i s more t h a n o f f s e t s t h e f a c t t h a t j o b s a r e p l a c e d 

i n t h e shop a t a l a t e r t i m e , A due d a t e o r i e n t e d d i s p a t c h i n g r u l e s u c h 

a s Dynamic S l a c k p e r O p e r a t i o n (DSOP) does n o t c a u s e t h e c o n d i t i o n s d e ­

s c r i b e d i n the p a r a g r a p h above t o o c c u r . 

The r e s u l t s o b t a i n e d when t h e management load f a c t o r (DESLF) i s r e ­

duced do n o t of c o u r s e , c o n t i n u e i n d e f i n i t e l y . The re i s a r a n g e of v a l u e s 

f o r DESLF where many of the m e a s u r e s of pe r fo rmance s t a r t t o move in an 

o p p o s i t e d i r e c t i o n o r where t h e v a l u e s s t a y b a s i c a l l y c o n s t a n t . 

7 .2 The Job Pool and t h e Loading A l g o r i t h m w i t h Var ious D i s p a t c h i n g Rules 

The program employ ing t h e shop c o n t r o l m e t h o d o l o g y , t h a t i s , w i t h 
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t h e j o b p o o l and t h e l o a d i n g a l g o r i t h m was r e p l i c a t e d f i v e t i m e s w i t h 

d i f f e r e n t random number s e e d s . I t was d e s i r a b l e t o t e s t t h e e f f e c t s of 

t h e l o a d i n g a l g o r i t h m when compared to an " u n c o n t r o l l e d " l o a d i n g scheme 

whereby a l l j o b s a r e r e l e a s e d t c t h e shop f l o o r as they a r e c o n s i g n e d . 

T h u s , f i v e r u n s were made w i t h t h e same random s e e d s f o r t h e u n c o n t r o l l e d 

shop m o d e l . The r e s u l t s f o r t h e DSOP d i s p a t c h i n g r u l e a r e shown i n T a b l e 

9 . These r e s u l t s show t h e a v e r a g e v a l u e o b t a i n e d i n t h e f i v e r e p l i c a t i o n s . 

S i m i l a r r e s u l t s f o r o t h e r d i s p a t c h i n g r u l e s a r e shown i n T a b l e s 10 t o 12 . 

The d e t a i l e d d i s c u s s i o n and i n t e r p r e t a t i o n of r e s u l t s t h a t f o l l o w 

w i l l g e n e r a l l y show t h a t v e r y s i g n i f i c a n t improvements we re o b t a i n e d i n 

mos t b a l a n c e i n d i c e s , e x c e p t t h e Machine Work B a l a n c e I n d e x (MWB) where 

t h e r e s u l t s o b t a i n e d v a r i e d d e p e n d i n g on t h e d i s p a t c h i n g r u l e . The Work 

i n P r o c e s s m e a s u r e s showed c o n s i s t e n t improvements and t h e r e s u l t s w i t h 

r e s p e c t t o due d a t e m e a s u r e s w e r e m i x e d . 

I t c a n be s e e n i n T a b l e 9 t h a t , when t h e d i s p a t c h i n g r u l e i s DSOP, 

t h e r e i s v i r t u a l l y no d i f f e r e n c e i n MWB b u t t h e r e i s a 36% improvement i n 

t h e SWB i n d e x . O t h e r b a l a n c e measu re i n d i c e s showing v e r y s i g n i f i c a n t 

improvements a r e QWB w i t h a 397, r e d u c t i o n ( improvement ) and PQB w i t h a 

65% improvemen t . 

The work i n p r o c e s s m e a s u r e s w e r e a l s o s i g n i f i c a n t l y improved w i t h 

t h e j o b p o o l and t h e l o a d i n g a l g o r i t h m . The t o t a l hou r s of work i n t h e 

shop were r e d u c e d by 16.57, and t h e h o u r s of work done f o r j o b s i n t h e 

shop we re r e d u c e d by 31 .6%. The v a r i a n c e of t h e l a t e n e s s d i s t r i b u t i o n s 

on t h e o t h e r h a n d , was i n c r e a s e d by 62% and t h e a v e r a g e t a r d i n e s s changed 

from 2 . 0 1 h o u r s t o 2 4 . 7 h o u r s . A r e d u c t i o n i n t h e s e l a s t two m e a s u r e s , 
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T a b l e 9 . Compar ison of R e s u l t s O b t a i n e d by Us ing a Job Poo l 
and t h e Load ing A l g o r i t h m A g a i n s t an " U n c o n t r o l l e d " 
Shop. Ten M a c h i n e s . D i s p a t c h i n g Rule i s DSOP. 

Measures of P e r f o r m a n c e U n c o n t r o l l e d Shop 
(From T a b l e 35) 

Job P o o l , 
Load ing A l g o r i t h m 

(From T a b l e 47 ) 

A g g r e g a t e D e v i a t i o n s from B a l a n c e 157 . 120 . 

B a l a n c e I n d e x , MWB 4 . 9 7 5 . 1 1 

B a l a n c e I n d e x , SWB .893 . 5 7 1 

B a l a n c e I n d e x , QWB 14 .4 8 . 8 4 

B a l a n c e I n d e x , PWB 4 . 1 2 4 . 5 8 

B a l a n c e I n d e x , PQB 7 3 . 1 2 5 . 6 

Work i n P r o c e s s , h o u r s 634 529 

Work done f o r j o b s i n shop 231 158 

V a r i a n c e of t h e l a t e n e s s d i s t , 784 1276 

Average T a r d i n e s s 2 . 0 1 h o u r s 2 4 . 7 h o u r s 
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T a b l e 10 . Compar ison of R e s u l t s O b t a i n e d by Us ing a J o b P o o l 
and t h e Loading A l g o r i t h m A g a i n s t One " U n c o n t r o l l e d " 
Shop . Ten M a c h i n e s . D i s p a t c h i n g Rule i s EWIQ. 

Measures of P e r f o r m a n c e U n c o n t r o l l e d Shop 
(From T a b l e 36) 

J o b P o o l , 
Load ing A l g o r i t h m 

(From T a b l e 40) 

A g g r e g a t e D e v i a t i o n from Ba lance 153 1 3 1 . 

B a l a n c e I n d e x , MWB 5 .19 5 .24 

B a l a n c e I n d e x , SWB 1.291 1.220 

B a l a n c e I n d e x , QWB 9 . 0 3 6 . 4 7 

B a l a n c e I n d e x , PWB 3 . 9 4 4 . 0 6 

B a l a n c e I n d e x , PQB 6 1 . 9 4 7 . 6 

Work i n P r o c e s s , h o u r s 553 495 

Work done f o r j o b s i n shop 258 228 

V a r i a n c e of the l a t e n e s s d i s t . 4296 3629 

Average T a r d i n e s s 13 .4 1 2 . 1 
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T a b l e 1 1 . Compar i son of R e s u l t s O b t a i n e d by Us ing a J o b Poo l 
and t h e Load ing A l g o r i t h m A g a i n s t an " U n c o n t r o l l e d " 
Shop . Ten M a c h i n e s . D i s p a t c h i n g Rule i s SPT. 

Measu res of Pe r fo rmance U n c o n t r o l l e d Shop 
(From T a b l e 45) 

Job P o o l , 
Load ing A l g o r i t h m 

(From Tab le 46) 

A g g r e g a t e D e v i a t i o n from B a l a n c e 156 . 8 4 . 4 

B a l a n c e I n d e x , MWB 5 . 1 5 4 . 6 9 

B a l a n c e I n d e x , SWB 1.16 .442 

B a l a n c e I n d e x , QWB 3 . 6 5 2 . 0 7 

B a l a n c e I n d e x , PWB 4 . 0 4 4 . 2 8 

B a l a n c e I n d e x , PQB 1 7 . 3 4 . 8 5 

Work i n P r o c e s s , h o u r s 4 7 1 366 

Work done f o r j o b s i n shop 150 120 

V a r i a n c e o f t h e l a t e n e s s d i s t 3218 2217 

A v e r a g e T a r d i n e s s 6 . 8 9 1 3 . 1 
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T a b l e 12 . Compar i son of R e s u l t s O b t a i n e d by Us ing a J o b P o o l 
and t h e Loading A l g o r i t h m A g a i n s t an " U n c o n t r o l l e d " 
Shop . Ten M a c h i n e s . D i s p a t c h i n g Rule i s FCFS. 

Measure o f P e r f o r m a n c e U n c o n t r o l l e d Shop Job P o o l , 
(From T a b l e 38) Load ing A l g o r i t h m 

(From T a b l e 42) 

A g g r e g a t e D e v i a t i o n from B a l a n c e 1 5 3 , 9 4 . 8 

B a l a n c e I n d e x , MWB 5 . 0 0 4 . 9 9 

B a l a n c e I n d e x , SWB . 7 8 1 .684 

B a l a n c e I n d e x , QWB 1 5 . 3 8 . 6 7 

B a l a n c e I n d e x , PWB 4 . 2 6 4 . 3 4 

B a l a n c e I n d e x , PQB 1 3 0 . 4 0 . 

Work i n P r o c e s s , h o u r s 657 540 

Work done f o r j o b s i n shop 249 201 

V a r i a n c e of t h e l a t e n e s s d i s t . 2967 2670 

Average T a r d i n e s s 14 .9 16 .4 
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u s u a l l y i n v o l v i n g some t r a d e o f f w i t h t h e b a l a n c e and WTP m e a s u r e s c o u l d 

be a c c o m p l i s h e d by c h a n g i n g t h e w e i g h t i n g f a c t o r i n t h e due d a t e t e r m of 

t h e l o a d i n g a l g o r i t h m o r by f o r c i n g t h e j o b s from t h e p o o l t o t h e shop 

s o o n e r . T h i s second a p p r o a c h i s i l l u s t r a t e d i n T a b l e 5 0 . Also T a b l e s 

51 and 52 i l l u s t r a t e t h e i n s i g n i f i c a n c e of t h e t a r d i n e s s measu re i n e i t h e r 

c a s e when t h e j o b s have l o o s e r due d a t e s . 

A t t e s t f o r p a i r e d o b s e r v a t i o n s ( O s t l e , 1963) h a s been used t o 

t e s t f o r t h e e q u a l i t y of p a i r s of m e a n s . R e s u l t s of t h e s e t e s t s a r e 

g i v e n i n T a b l e 5 3 . 

A computed t v a l u e of 1 0 . 9 f o r SWB i s g r e a t e r t h a n t h e t Q (4) 
* yy 

t a b l e v a l u e of 3 . 7 4 7 . The j o b p o o l and l o a d i n g a l g o r i t h m have t h u s im­

p roved s i g n i f i c a n t l y t h e SWB i n d e x . O t h e r s t a t i s t i c a l l y s i g n i f i c a n t im­

p rovemen t s i n m e a s u r e s of p e r f o r m a n c e c o n s i s t e d of t h e QWB b a l a n c e i n d e x 

and t h e h o u r s of work done f o r j o b s in t h e s h o p . 

Even more d r a m a t i c improvements a r e o b s e r v e d when t h e SPT d i s p a t c h ­

i n g r u l e i s employed . 

I n t h i s c a s e t h e improvement i n t h e MWB i n d e x i s a r e s p e c t a b l e 9% 

w h i l e t h e SWB i n d e x i s r e d u c e d by 62%. The P e r i o d Queue B a l a n c e I n d e x i s 

r e d u c e d from 1 7 . 3 t o 4 . 8 5 , an improvement of 727Q, 

The work i n p r o c e s s m e a s u r e s , t o t a l h o u r s of work i n t h e shop and 

h o u r s of work done f o r j o b s i n t h e s h o p , a r e r e d u c e d by 22 .3% and 20%, 

r e s p e c t i v e l y . 

F i n a l l y , t h e a v e r a g e t a r d i n e s s i s i n c r e a s e d from 6 .9 h o u r s t o 1 3 . 1 

h o u r s , bu t t h e r e i s a r e d u c t i o n in t h i s c a s e ( a s opposed to t h e i n c r e a s e 

w i t h DSOP) on t h e v a r i a n c e of t h e l a c e n e s s d i s t r i b u t i o n from 3218 t o 2217 

f o r a 34 .1% improvemen t . The r e s u l t s o b t a i n e d i n t h e SWB and QWB i n d i c e s 

and in t he Work iu P r o c e s s m e a s u r e s a r e s i g n i f i c a n t a t t h e 99% l e v e l , 



96 

w h i l e t h e improvements i n the MWB i n d e x find t he v a r i a n c e of t h e l a t e n e s s 

d i s t r i b u t i o n a r e s i g n i f i c a n t a t t h e 99% l e v e l . The i n c r e a s e i n a v e r a g e 

t a r d i n e s s i s a l s o s i g n i f i c a n t a t t h e 99% l e v e l . 

The r e s u l t s o b t a i n e d w i t h d i s p a t c h i n g r u l e s EWIQ and FCFS a r e of 

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

no e x p e r i m e n t a l s e a r c h was made f o r t h e b e s t r a n g e f o r DESLF. These r e ­

s u l t s a r e g i v e n i n T a b l e s 10 and 1 2 . 

An a n a l y s i s of v a r i a n c e was pe r fo rmed u t i l i z i n g t h e r e s u l t s of 

T a b l e s 35 t o 38 t o t e s t t he d i f f e r e n c e s in t h e e f f e c t s of t h e f o u r d i s ­

p a t c h i n g r u l e s . The c a l c u l a t e d F v a l u e s a r e g i v e n on T a b l e 54. I t can 

be s e e n t h a t t h e MWB i n d e x does n o t change s i g n i f i c a n t l y f o r t h e v a r i o u s 

d i s p a t c h i n g r u l e s . However , SWB, QWB, PWB, t h e work, i n p r o c e s s m e a s u r e s 

and t h e t i m e l i n e s s m e a s u r e s show s i g n i f i c a n t d i f f e r e n c e s when t h e f o u r 

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

a g e h o u r s of work i n p r o c e s s i s 7 5 . 1 5 wh ich g r e a t l y e x c e e d s t h e F ^ ( 3 , 

16) v a l u e of 5 . 2 9 . T h i s i s n o t a new r e s u l t s i n c e i t h a s been r e p o r t e d 

b e f o r e by Conway and o t h e r s (1967) and a l s o in many o t h e r w o r k s . 

A n o t h e r a n a l y s i s of v a r i a n c e was pe r fo rmed u s i n g t h e r e s u l t s of 

T a b l e s 4 0 , 4 2 , 46 and 47 t o d e t e r m i n e t h e e f f e c t , i f a n y , of v a r i o u s d i s ­

p a t c h i n g r u l e s on t h e m e a s u r e s of p e r f o r m a n c e s t u d i e d when a j o b p o o l and 

t h e l o a d i n g a l g o r i t h m were u s e d . The c a l c u l a t e d ANOVA v a l u e s a r e g i v e n 

on T a b l e 54. The r e s u l t s a r e b a s i c a l l y t h e same as i n t h e ANOVA d e s c r i b e d 

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

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

t a r d i n e s s can n o t be r e a c h e d t h i s t i m e . In a d d i t i o n t o t h e ANOVA, Duncan 
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R a n k i n g T e s t s a s d e s c r i b e d by K icks (1964) were a l s o p e r f o r m e d t o i d e n t i f y 

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

f o r m a n c e . These r e s u l t s a r e p r e s e n t e d i n T a b l e 5 5 . 

7 . 3 Othe r R e s u l t s O b t a i n e d 

7 . 3 . 1 V a r i a t i o n s i n Shop A r r i v a l P a t t c r n g 

One of t h e a r r i v a l p a t t e r n s used assumed P o i s s o n a r r i v a l s , w h i l e 

t h e o t h e r a r r i v a l p a t t e r n a s was e x p l a i n e d i n C h a p t e r VI was o b t a i n e d by 

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

c r e a t e d a f l u c t u a t i n g o r dynamic mean i n t e r a r r i v a l t i m e . The r e s u l t s f o r 

e a c h c o n d i t i o n a r e shown i n T a b l e 1 3 . The Shop B a l a n c e I n d e x i n c r e a s e s 

by 507o when f l u c t u a t i n g a r r i v a l s a r e i n t r o d u c e d . The r e a s o n f o r t h i s i s 

t h a t some of t h e v a r i a b i l i t y of t h e a r r i v a l r a t e f i l t e r s t h r o u g h t h e shop 

and i s s een a l s o in t h e d e p a r t u r e r a t e . The o t h e r m e a s u r e s where s i g n i f ­

i c a n t d i f f e r e n c e s a t t h e 99% l e v e l a r e d e t e c t e d a r e WIP ( h o u r s ) , PWB and 

PQB. The d i f f e r e n c e f o r t h e WIP ( h o u r s ) was o n l y a 4 . 1 % i n c r e a s e i n t h e 

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

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

The c o n c l u s i o n i n t h i s c a s e i s t h a t a f l u c t u a t i n g a r r i v a l r a t e of t h e 

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

f a v o r a b l e v a l u e t h a n when a f l a t a r r i v a l r a t e ( p u r e P o i s s o n a r r i v a l s ) i s 

e m p l o y e d . The v a r i a n c e of t h e l a t e n e s s d i s t r i b u t i o n i s t h e n o t a b l e e x ­

c e p t i o n , b u t t h e r e s u l t s i n t h i s c a s e a r e n o t s i g n i f i c a n t a t t h e 99% 

l e v e l . 
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T a b l e 13 . Compar ison of R e s u l t s in an " U n c o n t r o l l e d " Shop O b t a i n e d 
when A r r i v a l s Are G e n e r a t e d by a D i s t r i b u t i o n w i t h a S t a t i c 
Mean vs R e s u l t s when a Dynamic Mean Was Employed. D i s p a t c h ­
ing Rule i s DSOP. 

Measures of Pe r fo rmance F l a t A r r i v a l s 
(From T a b l e 29) 

F l u c t u a t i n g A r r i v a l s 
(From T a b l e 35) 

A g g r e g a t e D e v i a t i o n from B a l a n c e 138 157 

Machine B a l a n c e , MWB 4 . 8 3 4 . 9 7 

Shop B a l a n c e , SWB . 5 9 5 .893 

Queve Workload B a l a n c e , QWB 

P e r i o d Workload B a l a n c e , PWB 

1 3 . 5 

4 . 2 7 

1 4 . 4 

4 . 1 2 

P e r i o d Queue B a l a n c e , PQB 109 7 3 . 1 

Work i n P r o c e s s , h o u r s 609 634 

Work done f o r j o b s i n shop 227 231 

V a r i a n c e of L a t e n e s s D i s t . 894 784 

Ave rage T a r d i n e s s 2 . 0 5 2 . 0 1 

N o t e : The r e s u l t s shown a r e t h e a v e r a g e of 5 r u n s 
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7 . 3 . 2 Shop w i t h Few I n t e r a c t i o n s 

The e f f e c t s p roduced by t h e j o b shop c o n t r o l me thodo logy i n a shop 

w i t h few i n t e r a c t i o n s a r e i l l u s t r a t e d by s i m u l a t i o n s pe r fo rmed i n a shop 

w i t h f i v e m a c h i n e s and where t h e a v e r a g e number of o p e r a t i o n s p e r j o b i s 

o n l y two. The c o m p a r i s o n o f t h e s e r e s u l t s w i t h r e s u l t s o b t a i n e d i n t h e 

same shop w h i l e o p e r a t i n g u n d e r " c o n t r o l l e d " c o n d i t i o n s a r e shown i n 

T a b l e 14 . They a r e of t h e same t y p e a s t h o s e o b t a i n e d f o r t h e l a r g e r shop 

when t h e same d i s p a t c h i n g r u l e (DSOP) was u s e d , e x c e p t t h a t t h e p e r c e n t a g e 

improvements o b t a i n e d by t h e j o b p o o l and t he l o a d i n g a l g o r i t h m a r e even 

more d r a m a t i c h e r e . The b a l a n c e i n d i c e s a r e r e d u c e d as f o l l o w s : 

MWB - 167o 

SWB - 46% 

OWB - 42% 

PWB - .5% 

POB - 83% 

The work i n p r o c e s s m e a s u r e s a r e r e d u c e d by 43% ( t o t a l h o u r s in t h e shop) 

and 65%, f o r h o u r s of work done f o r j o b s i n t h e s h o p . The v a r i a n c e of the 

l a t e n e s s d i s t r i b u t i o n shows a 12.57 0 i n c r e a s e and t h e a v e r a g e t a r d i n e s s 

i n c r e a s e d from .2 t o 6 . 5 h o u r s . The r e s u l t s where t he improvement was 

s t a t i s t i c a l l y s i g n i f i c a n t a t t h e .99 l e v e l were t h e d e v i a t i o n from b a l ­

a n c e , t h e MWB, SWB, QWB i n d i c e s , and t h e work i n p r o c e s s m e a s u r e s . 

The o t h e r m e a s u r e s were n o t shown to be s t a t i s t i c a l l y s i g n i f i c a n t 

u s i n g t h e p a i r e d o b s e r v a t i o n t t e s t due to t he l a r g e v a r i a n c e in the o b ­

s e r v e d s a m p l e s . The re i s no q u e s t i o n , however , t h a t t h e p e r c e n t a g e im­

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



100 

T a b l e 14 . Compar i son of R e s u l t s O b t a i n e d by Using a J o b P o o l 
and t he Load ing A l g o r i t h m A g a i n s t an ' T J n c o n t r o l l e d " 
Shop . Smal l Shop (5 Mach ines ) w i t h Few I n t e r a c t i o n s 
D i s p a t c h i n g Rule i s DSOP. 

Measu res of P e r f o r m a n c e U n c o n t r o l l e d Shop Job P o o l , 
(From T a b l e 31) L o a d i n g A l g o r i t h m 

(From T a b l e 32) 

A g g r e g a t e D e v i a t i o n from B a l a n c e 4 1 . 6 2 6 . 5 

Machine Workload B a l a n c e , MWB 5 .67 4 . 7 6 

Shop Workload B a l a n c e , SWB 1.54 . 8 3 1 

Queue Workload B a l a n c e , QWB 2 8 . 5 1 6 . 3 

P e r i o d Workload B a l a n c e , PWB 4 . 1 9 3 .99 

P e r i o d Queue B a l a n c e , PQB 166 2 7 . 5 

Work i n P r o c e s s , h o u r s 161 9 1 . 7 

Work done f o r j o b s in shop 3 8 . 5 1 3 . 6 

V a r i a n c e of t h e L a t e n e s s D i s t . 1158 1303 

Average T a r d i n e s s . 2 1 6 . 5 0 
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The r e a s o n why t h e j o b p o o l and the l o a d i n g a l g o r i t h m c a u s e an even 

g r e a t e r improvement in t h i s c a s e i s b e c a u s e t he b a l a n c i n g f e a t u r e s of t h e 

model have a g r e a t e r e f f e c t on the j o b s s i n c e they r ema in in t h e shop f o r 

an a v e r a g e of two o p e r a t i o n s o n l y . In t h i s form, t h e shop i n t e r a c t i o n s 

have a much s m a l l e r c h a n c e of d i s r u p t i n g t h e work done a t l o a d i n g t i m e . 

7 . 3 . 3 S p e c i a l Load ing M o d i f i c a t i o n s 

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

t h e r e l e a s i n g of j o b s p r o v i d e d by t h e l o a d i n g a l g o r i t h m . 

The l o a d i n g p r o v i d e d by t h e a l g o r i t h m i s done n o r m a l l y once e v e r y 

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

s h o u l d be f l e x i b l e enough to e x p e d i t e j o b s t o i d l e m a c h i n e s i f t h e need 

a r i s e s . I t was d e s i r a b l e t o t e s t t h i s f e a t u r e as a m o d i f i c a t i o n o r e x t e n ­

s i o n of t h e b a s i c l o a d i n g a l g o r i t h m . 

M o d i f i c a t i o n 1 

T h i s c o n d i t i o n c o n s i s t s of p u t t i n g a j o b d i r e c t l y i n t h e s h o p , 

w i t h o u t p a s s i n g t h r o u g h t h e p o o l , i f t h e mach ine wh ich i s t o p e r f o r m t h e 

j o b ' s f i r s t o p e r a t i o n i s i d l e a t t h e t i m e t h e j o b a r r i v e s i n t h e s h o p . 

M o d i f i c a t i o n 2 

T h i s o p t i o n i s p u t i n t o u se when a j o b i s f i n i s h e d by a mach ine 

and t h a t mach ine queue i s empty . Under t h i s c o n d i t i o n , t h e p o o l i s t h e n 

s e a r c h e d t o s e e i f any j o b from the poo l u s e s t he mach ine in q u e s t i o n f o r 

i t s f i r s t o p e r a t i o n . 

M o d i f i c a t i o n 3 

T h i s o p t i o n p r o v i d e s a m o d i f i c a t i o n of c o n d i t i o n s 1 and 2 . I t 

a l l o w s c o n d i t i o n s 1 and 2 t o t a k e p l a c e o n l y i f t h e machine i n q u e s t i o n 
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h a s n o t y e t pe r fo rmed i t s a v e r a g e amount of work i n t he s c h e d u l i n g p e r i o d . 

M o d i f i c a t i o n 4 

Th i s o p t i o n o p e r a t e s as f o l l o w s : a f t e r l o a d i n g from t h e poo l u s i n g 

t h e l o a d i n g a l g o r i t h m , a check i s made to s e e i f a match i s found be tween 

an i d l e mach ine and t h e f i r s t o p e r a t i o n number of a j o b i n t h e p o o l . I f 

t h i s ma tch i s f o u n d , the j o b i s l o a d e d i m m e d i a t e l y . C o n d i t i o n 4 can be 

u s e d by i t s e l f o r w i t h o p t i o n s 1 , 2 , and 3 . I t s h o u l d n o t be u s e d w i t h 

o p t i o n s 1 and 2 a l o n e b e c a u s e i t would be r e d u n d a n t i n t h a t c a s e . 

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

shown i n T a b l e s 26 t o 2 8 . These s p e c i a l l o a d i n g m o d i f i c a t i o n s were i n ­

v e s t i g a t e d t o t e s t t h e shop c o n t r o l me thodo logy u n d e r v a r i o u s shop c o n d i ­

t i o n s . I t was o b s e r v e d t h a t t h e improvements o b t a i n e d f o r mos t b a l a n c e 

m e a s u r e s and f o r work i n p r o c e s s l e v e l s were m a i n t a i n e d . No s i g n i f i c a n t 

improvement was o b t a i n e d i n t h e MWB i n d e x , h o w e v e r , and i t m u s t , t h e r e ­

f o r e , be c o n c l u d e d t h a t t o o b t a i n changes i n t h i s i n d e x , i t i s n e c e s s a r y 

t o g e t i n t o t h e shop and " d i r e c t t r a f f i c " from mach ine t o m a c h i n e . 

7 . 3 . 4 R e s u l t s O b t a i n e d w i t h a Load ing H e u r i s t i c 

The l o a d i n g h e u r i s t i c u t i l i z e d was e x p l a i n e d i n C h a p t e r IV and 

b r i e f l y c o n s i s t e d of l o a d i n g a j o b i n t h e shop i f t h e f i r s t j o b o p e r a t i o n 

made a c o n t r i b u t i o n to t he queue of a mach ine t h a t was u n d e r l o a d e d a t t h e 

t i m e . The c o m p l e t e l i s t of j o b s in t he p o o l was examined e v e r y p e r i o d 

b u t no a t t e n t i o n was p a i d to the c o n t r i b u t i o n of t h e second and s u c c e e d i n g 

o p e r a t i o n s . The r e s u l t s o b t a i n e d w i t h t h i s h e u r i s t i c method a r e compared 

to t h o s e o b t a i n e d w i t h the l o a d i n g a l g o r i t h m ( b o t h u s i n g the j o b p o o l ) 

and t hey a r e shown in T a b i c 15 . 
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T a b l e 15 . Compar i son of R e s u l t s O b t a i n e d by Using t h e Job Load ing 
A l g o r i t h m and a Load ing H e u r i s t i c . Job Poo l i s Used. 
D i s p a t c h i n g Rule i s DSOP. 

Measures of P e r f o r m a n c e Job L o a d i n g 
A l g o r i t h m 

(From T a b l e 39) 

Load ing H e u r i s t i c 
(From T a b l e 30) 

A g g r e g a t e D e v i a t i o n from B a l a n c e 9 5 . 7 130 h o u r s 

Machine Workload B a l a n c e , MWB 5 . 0 4 5 . 0 9 

Shop Workload B a l a n c e , SWB .674 .830 

Queue Workload B a l a n c e , QWB 9 . 5 1 1 1 . 4 

P e r i o d Workload B a l a n c e , PWB 4 . 4 0 4 . 3 0 

P e r i o d Queue B a l a n c e , PQB 3 2 . 8 4 3 . 6 

Work i n P r o c e s s , h o u r s 550 h o u r s 588 h o u r s 

Work done f o r j o b s in shop 181 h o u r s 210 h o u r s 

V a r i a n c e of L a t e n e s s D i s t 1029 854 

Average T a r d i n e s s 14 .6 h o u r s 5 . 4 4 h o u r s 
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The r e s u l t s o b t a i n e d w i t h t h e l o a d i n g a l g o r i t h m a r e b e t t e r i n most 

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

t a r d i n e s s . The improvements a r e s i g n i f i c a n t a t the 99% l e v e l i n t h e c a s e s 

of t h e SWB and QWB i n d i c e s as w e l l a s w i t h t h e work i n p r o c e s s m e a s u r e s . 

Some improvement i s o b t a i n e d , however , by t h e l o a d i n g h e u r i s t i c i n some 

o f t h e m e a s u r e s when r e s u l t s are. compared t o t h o s e o b t a i n e d when t h e shop 

o p e r a t e s u n d e r " u n c o n t r o l l e d " l o a d i n g c o n d i t i o n s . I t mus t be c o n c l u d e d , 

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

been p r o d u c e d j o i n t l y by t h e u s e of t h e j o b p o o l c o n c e p t and t h e l o a d i n g 

a l g o r i t h m . 

7 . 3 . 5 Shop w i t h a Non-Symmetr ic T r a n s i t i o n M a t r i x 

A shop w i t h a non-s3Tr.metrie t r a n s i t i o n m a t r i x i s one i n which s p e ­

c i a l work f low p a t t e r n s can be i d e n t i f i e d . The m a t r i x u s e d i s shown in 

F i g u r e 5 . The c o m p a r i s o n of r e s u l t s o b t a i n e d i n a shop w i t h s p e c i f i c j o b 

f low s t r u c t u r e when t h e shop c o n t r o l me thodo logy i s u sed and t h o s e o b ­

t a i n e d f o r t h e same s h o p u n d e r " u n c o n t r o l l e d " shop l o a d i n g c o n d i t i o n s a r e 

i l l u s t r a t e d in T a b l e 1 6 . 

I t can be s e e n t h a t s i z a b l e improvements were o b t a i n e d f o r SWB, 

QWB, and PQB as w e l l a s t h e work i n p r o c e s s m e a s u r e s . These a r e t h e same 

type of r e s u l t s o b t a i n e d f o r t h e p u r e j o b shop when t h e same d i s p a t c h i n g 

r u l e u s e d h e r e , Dynamic S l a c k p e r O p e r a t i o n , i s employed . 

7 . 3 . 6 Shops w i t h A l t e r n a t e S e l e c t i o n s of Machines i n a Machine P a i r 

Th i s f e a t u r e a l l o w s f o r some a l t e r n a t i v e r o u t i n g c h a r a c t e r i s t i c s i n 

t h e s h o p . S p e c i f i c a l l y , t he shop i s t r e a t e d as i f i t c o n s i s t e d of p a i r s 

of machine g r o u p s w i t h t h e odd numbered machine g roup and t he even num­

b e r e d g roup i m m e d i a t e l y f o l l o w i n g i t making up a p a i r . Tims each machine 
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t o 
mach ine 1 2 3 4 5 6 7 8 9 10 

from 
mach ine 

1 0 .16 . 0 1 .20 . 0 1 . 0 1 .30 . 0 1 . 1 0 .20 

2 .26 0 . 0 1 . 0 1 .30 .10 .20 .10 . 0 1 . 0 1 

3 .20 . 0 1 0 . 01 .09 .26 . 0 1 .40 . 0 1 . 0 1 

4 .01 . 10 .36 0 . 0 1 . 0 1 . 0 1 . 0 1 . 20 .29 

5 . 0 1 . 20 .30 . 01 0 .10 .07 .10 . 2 0 . 0 1 

6 .10 . 0 1 . 0 1 .35 . 0 1 0 . 1 1 . 0 1 . 20 .20 

7 .20 . 0 1 . 0 1 .20 .27 . 10 0 .10 . 0 1 .10 

8 .02 . 3 0 .10 .20 . 0 1 .10 .10 0 . 1 0 .07 

9 .10 . 2 0 .10 . 0 1 . 1 0 .02 .10 .26 0 . 1 1 

10 .10 . 0 1 .10 . 0 1 . 20 .30 .10 . 0 1 .17 0 

Example of a l i k e l y 6 o p e r a t i o n p a t h - 1 , 7 , 5 , 3 , 8 , 2 

Example of an u n l i k e l y 6 o p e r a t i o n p a t h - 1 , 3 , 2 , 4 , 7 , 9 

F i g u r e 5 . Non-Symmetr ic T r a n s i t i o n M a t r i x 
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T a b l e 16 . Compar ison of R e s u l t s O b t a i n e d by Us ing a Job P o o l 
and t h e Loading A l g o r i t h m A g a i n s t an " U n c o n t r o l l e d " 
Shop . Shop w i t h a Non-Symmetr ic T r a n s i t i o n M a t r i x . 
D i s p a t c h i n g Rule i s DSOP. 

Measu re s of P e r f o r m a n c e U n c o n t r o l l e d Shop 
(From T a b l e 33) 

Job P o o l , 
Load ing A l g o r i t h m 

(From T a b l e 34) 

A g g r e g a t e D e v i a t i o n from B a l a n c e 164 8 6 . 2 

Machine Workload B a l a n c e , MWB 5 . 0 3 5 . 1 1 

Shop Workload B a l a n c e , SWB .806 .546 

Queue Workload B a l a n c e , QWB 1 4 . 0 9 .09 

P e r i o d Workload B a l a n c e , PWB 4 . 2 5 4 . 5 9 

P e r i o d Queue B a l a n c e , PQB 4 0 . 9 1 8 . 5 

Work i n P r o c e s s , h o u r s 647 545 

Work done f o r j o b s i n shop 230 185 

V a r i a n c e of t h e L a t e n e s s D i s t 727 934 

Ave rage T a r d i n e s s 2 . 0 6 1 1 . 3 
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i n t h e shop has a companion m a c h i n e . Both mach ines do t he same t y p e of 

work such t h a t j o b s can be i n t e r c h a n g e d on t h e two m a c h i n e s . The shop 

o p e r a t e s i n i t s no rma l way e x c e p t t h a t when a g i v e n mach ine becomes i d l e , 

t he queue of i t s companion mach ine i s checked t o s e e i f t h e r e a r e any j o b s 

i n i t so t h a t i t can be t r a n s f e r r e d t o t h e i d l e m a c h i n e . A l s o when a j o b 

i s f i r s t p l a c e d i n a mach ine q u e u e , t h e s t a t u s of t h e companion mach ine 

i s checked t o v e r i f y t h a t i t i s n o t i d l e . The p u r p o s e s i n u s i n g t h i s f e a ­

t u r e were t o i n v e s t i g a t e the e f f e c t on shop b a l a n c e m e a s u r e s i n g e n e r a l 

of h a v i n g a shop w i t h t h i s a d d i t i o n a l f l e x i b i l i t y and a l s o t o c h e c k on 

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

c o n d i t i o n s . 

A g r o u p of s i m u l a t i o n r u n s f o r shops i n which t h e a l t e r n a t e s e l e c ­

t i o n of mach ines i n a mach ine p a i r was a l l o w e d w e r e p e r f o r m e d . The DSOP 

d i s p a t c h i n g r u l e was u s e d in a l l c a s e s . 

T a b l e 17 compares t h e r e s u l t s i n a t r a d i t i o n a l shop w i t h t h o s e i n 

which t h e a l t e r n a t e r o u t i n g f e a t u r e was a l l o w e d . These r u n s d i d n o t u t i ­

l i z e t h e l o a d i n g a l g o r i t h m . The h o u r s of work i n p r o c e s s we re r e d u c e d by 

t h e u s e of t h e a l t e r n a t e mach ine f e a t u r e by 32.37 0 and t h e h o u r s of work 

done f o r j o b s i n t h e shop were r e d u c e d by 25.6%. The c a l c u l a t e d t s t a t i s ­

t i c f o r t h e s e m e a s u r e s were 5 0 . 4 and 2 1 . 7 r e s p e c t i v e l y , w h i l e t h e t a b u l a t e d 

v a l u e f o r t - g g (4 ) i s 3 . 7 4 7 . I t c a n , t h e r e f o r e , be s a i d t h a t t h e work i n 

p r o c e s s m e a s u r e s a r e improved by t h e u s e of the a l t e r n a t e mach ine f e a t u r e . 

Th i s r e s u l t i s n o t s u r p r i s i n g s i n c e improvements i n work i n p r o c e s s mea­

s u r e s and mean f low t i m e s ( t h e improvement in a v e r a g e t ime i n t h e shop 

i n t h i s r e s e a r c h was c l o s e t o 40%) when some s o r t of a l t e r n a t e machine 
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T a b l e 17 . Compar i son of R e s u l t s i n a T r a d i t i o n a l Shop w i t h a Shop 
Where A l t e r n a t e R o u t i n g i s A l l o w e d . Shop i s " U n c o n t r o l l e d " , 
D i s p a t c h i n g Rule i s DSOP. 

Measures of P e r f o r m a n c e T r a d i t i o n a l Shop A l t e r n a t e R o u t i n g 
(From T a b l e 35) (From T a b l e 4 8 ) 

A g g r e g a t e D e v i a t i o n from B a l a n c e 157 2 8 0 . 

Machine Workload B a l a n c e , MWB 4 . 9 7 4 . 6 1 

Shop Workload B a l a n c e , SWB .893 1.58 

Queue Workload B a l a n c e , QWB 1 4 . 4 7 .04 

P e r i o d Workload B a l a n c e , PWB 4 . 1 2 3 . 0 5 

P e r i o d Queue B a l a n c e , PQB 7 3 . 1 4 9 . 7 

Work i n P r o c e s s , h o u r s 634 h o u r s 429 h o u r s 

Work done f o r j o b s i n shop 231 172 

V a r i a n c e of t h e L a t e n e s s D i s t . 784 1288 

Average T a r d i n e s s 2 . 0 1 .46 
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scheme i s u s e d has a l r e a d y been r e p o r t e d by Conway and o t h e r s ( 1 9 6 7 ) . 

The main p u r p o s e , howeve r , of i n v e s t i g a t i n g t h e a l t e r n a t e machine 

f e a t u r e i n t h i s r e s e a r c h was i n r e l a t i o n t o i t s e f f e c t on shop b a l a n c e 

m e a s u r e s . The MWB, QWB, PWB and PQB i n d i c e s show improvements of 7.27», 

51%, 26%, and 32% r e s p e c t i v e l y w i t h t h e improvements i n the MWB, and PWB 

shown to be s i g n i f i c a n t a t t h e 997, l e v e l by t h e p a i r e d o b s e r v a t i o n t t e s t . 

The s u r p r i s i n g r e s u l t i s t h a t t h e SWB index and t h e v a r i a n c e of 

t h e l a t e n e s s d i s t r i b u t i o n show a s i g n i f i c a n t i n c r e a s e when t h e a l t e r n a t e 

mach ine f e a t u r e i s u s e d . The c a l c u l a t e d t v a l u e s a r e 9 .07 and 16 .4 w h i l e 

t . 9 9 (4 ) i s 3 . 7 4 7 . 

A p o s s i b l e e x p l a n a t i o n f o r t h i s shop b e h a v i o r i s t h a t t h e a l t e r n a t e 

mach ine f e a t u r e c a u s e s g r e a t e r f l u c t u a t i o n in shop o u t p u t by p u s h i n g o u t 

a l o t of work i n some p e r i o d s wh ich can n o t be m a i n t a i n e d o v e r t h e l ong 

r u n . T a b l e 18 i l l u s t r a t e s t h e same t y p e of compar i son a s T a b l e 17 , b u t 

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

The d i r e c t i o n of t h e improvements o b s e r v e d i n t h i s c a s e a r e s i m i l a r 

t o t h e o n e s o b s e r v e d when t h e j o b p o o l was n o t u s e d e x c e p t t h a t t h e magn i ­

t u d e of t h e improvements o b t a i n e d by t h e u se of t h e a l t e r n a t e machine f e a ­

t u r e a r e somewhat l a r g e r t h i s t i m e . The SWB index shows a g a i n an i n c r e a s e , 

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

n i f i c a n t c h a n g e t h i s t i m e . 

F i n a l l y T a b l e 19 d e a l s w i t h a shop i n which t h e a l t e r n a t e r o u t i n g 

f e a t u r e i s u s e d and t h e d i s p a t c h i n g r u l e i s DSOP. The T a b l e shows a com­

p a r i s o n of a shop w i t h a j o b p o o l and t h e l o a d i n g a l g o r i t h m a g a i n s t one 

o p e r a t i n g u n d e r " u n c o n t r o l l e d " l o a d i n g c o n d i t i o n s . Very s i g n i f i c a n t 
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T a b l e 18 . Compar i son of R e s u l t s i n a T r a d i t i o n a l Shop w i t h a Shop 
Where A l t e r n a t e Rou t ing i s A l l o w e d . D i s p a t c h i n g Rule i s 
DSOP; a J o b P o o l and t h e Load ing A l g o r i t h m Are Used . 

Measu re s of P e r f o r m a n c e T r a d i t i o n a l Shop A l t e r n a t e R o u t i n g 
(From Tab le 47) (From T a b l e 49) 

A g g r e g a t e D e v i a t i o n from Ba lance 120 . 2 6 0 . 

Machine Workload B a l a n c e , MWB 5 . 1 1 4 . 2 4 

Shop Workload B a l a n c e , SWB . 5 7 1 .767 

Queue Workload B a l a n c e , QWB 8 .84 2 . 8 1 

P e r i o d Workload B a l a n c e , PWB 4 . 5 8 3 . 4 8 

P e r i o d Queue B a l a n c e , PQB 2 5 . 6 3 . 8 4 

Work i n P r o c e s s , h o u r s 529 311 

Work done f o r j o b s i n shop 158 9 7 . 8 

V a r i a n c e of t h e L a t e n e s s D i s t . 1276 1199 

Average T a r d i n e s s 2 4 . 7 9 . 3 6 
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T a b l e 19. Compar ison of R e s u l t s O b t a i n e d by Us ing a Job Poo l 
and t he Load ing A l g o r i t h m A g a i n s t an " U n c o n t r o l l e d " 
Shop. Shop w i t h 10 Machines and Where A l t e r n a t e 
R o u t i n g i s A l l o w e d . D i s p a t c h i n g Rule i s DSOP. 

Measures of P e r f o r m a n c e U n c o n t r o l l e d Shop 
(From T a b l e 48 ) 

Job P o o l , 
Load ing A l g o r i t h m 

(From T a b l e 49 ) 

A g g r e g a t e D e v i a t i o n from B a l a n c e 280 . 2 6 0 . 

Machine Workload B a l a n c e , MWB 4 . 6 1 4 . 2 4 

Shop Workload B a l a n c e , SWB 1.58 .767 

Queue Workload B a l a n c e , QWB 7 . 0 4 2 . 8 1 

P e r i o d Workload B a l a n c e , PWB 3 . 0 5 3 . 4 8 

P e r i o d Queue B a l a n c e , PQB 4 9 . 7 3 . 8 4 

Work i n P r o c e s s , h o u r s 429 311 

Work done f o r j o b s i n shop 172 9 7 . 8 

V a r i a n c e of t h e L a t e n e s s D i s t , 1288 1199 

Average T a r d i n e s s . 46 9 .36 
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improvements a r e a l s o o b t a i n e d t h i s t i m e . For e x a m p l e , t h e SWB and QWB 

i n d i c e s a r e r e d u c e d by 517o and 60%. The h o u r s of work i n p r o c e s s a r e 

r e d u c e d by 27.57, and t h e h o u r s of work done f o r j o b s in the shop by 437,. 

A l l f o u r of t h e s e m e a s u r e s showed a s i g n i f i c a n t improvement a t t h e 997> 

l e v e l . The a v e r a g e t a r d i n e s s had an i n c r e a s e from .46 t o 9 . 3 6 h o u r s and 

t h e v a r i a n c e of t h e l a t e n e s s d i s t r i b u t i o n showed a s m a l l , b u t non ­

s i g n i f i c a n t improvement when t h e j o b p o o l was u s e d . T h i s i s somewhat 

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

t h e shop c o n t r o l me thodo logy was employed u n d e r t h e DSOP d i s p a t c h i n g 

r u l e and t h e a l t e r n a t e machine f e a t u r e was n o t u s e d ( s e e T a b l e 9 ) . 
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CHAPTER V I I I 

EXTENSIONS OF THE BASIC LOADING METHODOLOGY 

The e x t e n s i o n s t h a t f o l l o w were d e v e l o p e d d u r i n g t h e c o u r s e of t h e 

r e s e a r c h f o r t h i s d i s s e r t a t i o n . They a r e n o t a n e c e s s a r y p a r t of t h e 

c e n t r a l r e s e a r c h theme and t h e r e f o r e h a v e n o t b e e n u s e d . They a r e p r e ­

s e n t e d h e r e , h o w e v e r , so t h a t t h e y can s e r v e a s p o s s i b l e s t a r t i n g p o i n t s 

f o r f u t u r e r e s e a r c h . 

The b a s i c i d e a of l o a d i n g and of t h e l o a d i n g a l g o r i t h m a r e e x ­

t e n d e d b e l o w t o t h e a r e a of d i s p a t c h i n g and t h e n a model i s p r o p o s e d t o 

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

l e c t e d from t h e p o o l . F i n a l l y t h e d e s i r a b i l i t y of combin ing t h e r e s e a r c h 

p r e s e n t e d h e r e and t h e work of Deane (1972) i n t o a s i n g l e m e t h o d o l o g y 

i s d i s c u s s e d . 

8 . 1 A D i s p a t c h i n g Model Us ing t h e Same C o n c e p t s Employed 

by t h e L o a d i n g Model 

The c o n c e p t p r e s e n t e d h e r e c o n s i s t s of t r e a t i n g each m a c h i n e queue 

a s a " j o b p o o l " and g i v i n g p r i o r i t y a t t h a t mach ine t o t h a t s u b s e t of 

j o b s which m i n i m i z e s t h e d e v i a t i o n from b a l a n c e f o r t h e r e s t of t h e shop 

a s a w h o l e . C o n v e n t i o n a l d i s p a t c h i n g r u l e s (SPT, DSOP, FCFS, e t c . ) can 

t h e n be u s e d t o r a n k t h e s u b s e t s e l e c t e d . 

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

l o o k s a t t h e d i s p a t c h i n g p r o b l e m i n a way s i m i l a r t o t h a t u s e d by Deane 

( 1 9 7 2 ) . 



114 

The d i f f e r e n c e s a r e t h a t Deane used an e l i m i n a t i o n scheme t o a r r i v e 

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

a c t u a l j o b s t o be worked o n . Here t h e l o a d i n g i d e a i s added and a m a t h e ­

m a t i c a l programming a p p r o a c h i s used t o s e l e c t t h e s u b s e t of e l i g i b l e 

j o b s . 

The o b j e c t i v e f u n c t i o n m i n i m i z e s t h e d e v i a t i o n b e t w e e n a c t u a l and 

d e s i r e d (management g o a l s ) a g g r e g a t e l o a d s f o r e ach m a c h i n e . D e v i a t i o n 

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

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

i n C h a p t e r IV i s a l s o u s e d h e r e . 

A m o d i f i c a t i o n of t h e o b j e c t i v e f u n c t i o n i s a l s o n e e d e d t o a s s i g n 

some w e i g h t t o t h o s e j o b s w i t h l a r g e i n p r o c e s s i n v e n t o r y v a l u e . I t i s 

assumed t h a t t h i s can b e d e t e r m i n e d from t h e number of work h o u r s a l r e a d y 

2 

s p e n t on t h e j o b . The f o r m u l a t i o n r e q u i r e s m c o n s t r a i n t s where m i s t h e 

number of m a c h i n e s . 

N o t a t i o n 

i ( o ) j o b i n d e x f o r j o b s i n t h e p o o l 

j mach ine i n d e x (m m a c h i n e s ) 

No number of j o b s i n t h e p o o l 

i ( j ) j o b i n d e x f o r j o b s i n t h e queue a t machine j ( a l s o i n c l u d i n g 

t h e j o b b e i n g worked on) 
X . , » = 0 j o b p o o l d e c i s i o n v a r i a b l e - - iob n o t s e l e c t e d i ( o ) J 

X . , x = 1 j o b p o o l d e c i s i o n v a r i a b l e - - iob s e l e c t e d i ( o ) J 

X . , . x = 0 j o b queue d e c i s i o n v a r i a b l e - - j o b n o t s e l e c t e d 

X . , . „ = 1 j o b queue d e c i s i o n v a r i a b l e - - j o b s e l e c t e d 

W„ amount of work c o n t r i b u t e d by j o b i t o machine c e n t e r j 
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(work n o t y e t p e r f o r m e d on j o b i ) 

V . . same a s W . . , b u t t h i s t i m e r e f e r r i n g t o work a l r e a d y p e r f o r m e d 

on j o b i 

P j p r e s e n t l o a d i n t h e shop ( n o t i n t h e p o o l ) a h e a d of mach ine j 

m k 

p j - I I w i ( k ) j 
k = l i ( k ) = 0 

B . g p r e s e n t l o a d i n t h e shop ( n o t i n t h e p o o l ) a h e a d of mach ine j , 

b u t n o t i n c l u d i n g t h e work i n t h e queue of mach ine Ji 

m nk. 

B. = V > W . , , . . 3 Lx Lt i ( k ) j 
k = l i ( k ) = 0 

p r e s e n t l o a d i n t h e shop f o r mach ine j l o a d e d i n t h e queue a t 

mach ine j 

n . 
J 

Q . = y W . , . . . 
J L. I ( J ) J 

i ( j ) = l 

P Q j p r e s e n t l o a d i n t h e p o o l f o r mach ine j 

n 
o 

p . - ) 
OJ Z_! 

i ( o ) = l 

C d e s i r e d load in t h e shop f o r mach ine j 

F . d e s i r e d l oad in t h e queue fo r mach ine i 
J 

S ,S d e v i a t i o n from d e s i r e d a g g r e g a t e l o a d i n t h e shop ( e x c e p t 
JL J h 

queue of machine k) f o r mach ine j a f t e r l o a d i n g j o b s f o r 

mach ine k 
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The f o r m u l a t i o n t h e n c o n s i s t s of t h e f o l l o w i n g : 

P o o l L o a d i n g C o n s t r a i n t f o r Machine j : 

n 
o 

) W., N . X . , . + P . + S._ - S . „ = C. j = l , 2 , . . . , n L i ( o ) j 1 ( 0 ) J j L jH j ' 
i ( o ) = l 

T h e s e c o n s t r a i n t s i n d i c a t e t h a t t h e c o n t r i b u t i o n of j o b s s e l e c t e d from 

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

g r e g a t e l o a d i n t h e shop f o r mach ine j p l u s (minus ) any s h o r t a g e l o a d 

( any e x c e s s i v e l o a d ) r e l e a s e d mus t e q u a l t h e t o t a l d e s i r e d a g g r e g a t e l o a d 

i n t h e shop e s t a b l i s h e d by management . 

Queue L o a d i n g C o n s t r a i n t f o r Machine j when Load ing J o b s a t 

Machine k : 

\ 

1 W i ( k ) j X i ( k ) + B j k + q j k L " q j k H = I T C j 
1 = 1 

f o r j = l , 2 , . . . , k - l , k + l , . . . ,m 

k = l , 2 , . . . , m 

The queue l o a d i n g c o n s t r a i n t f o r mach ine j when l o a d i n g j o b s a t mach ine k 

c o n s i d e r s t h e shop a s i f t h e j o b s a t m a c h i n e k were i n a j o b p o o l o u t s i d e 

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

f o r m a c h i n e j c o n t r i b u t e d by t h o s e j o b s g i v e n p r i o r i t y a t mach ine k p l u s 

t h e p r e s e n t l o a d i n t h e shop ( n o t i n t h e p o o l ) a h e a d of mach ine j w i t h o u t 

i n c l u d i n g t h e j o b s i n t h e queue of machine k p l u s o r minus any d e f i c i e n c y 

o r e x c e s s of work e q u a l s t h e amount d e s i r e d by management . I t must be 

n o t e d t h a t , due t o t h e c o n s t r a i n t s t r u c t u r e , a t l e a s t one of t h e two 

s l a c k v a r i a b l e s i n t h e e q u a t i o n w i l l be e q u a l t o z e r o . 
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Non N e g a t i v i t y and I n t e g e r C o n s t r a i n t s : 

O b j e c t i v e F u n c t i o n Al l X ' s = 0 , 1 

m m m ni 

J = l J = l 1=1 k= l 
l A 

n . n. 
m j m j 

- 5 ! I f < d i > x i ( j ) - K 2 I 1 v i ( j )

 x i ( j ) 

j=o i = l j = l i = l 

The o b j e c t i v e f u n c t i o n m i n i m i z e s t h e sum of t h e d e v i a t i o n s from d e s i r e d 

l o a d i n g from t h e j o b poo l and t h e i n d i v i d u a l machine c e n t e r s . I t a l s o i n ­

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

t h e i r due d a t e a p p r o a c h e s and a s t h e i n v e s t m e n t on a j o b , g i v e n by t h e 

work a l r e a d y pe r fo rmed on i t , i n c r e a s e s . 

8 . 2 The A g g r e g a t e Load ing Prob lem Us ing M u l t i p l e O p e r a t i o n s 

i n t h e H o r i z o n 

I n a g g r e g a t e s c h e d u l i n g p r o b l e m s , t h e number of t i m e p e r i o d s t o be 

p l a n n e d i s c a l l e d t h e p l a n n i n g h o r i z o n . G e n e r a l l y , t h e l e n g t h of t h e p l a n ­

n i n g h o r i z o n s h o u l d be such t h a t t h e a d d i t i o n of one more p e r i o d t o t h e 

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

i n t h e e a r l y p e r i o d s . 

For e x a m p l e , a c c o r d i n g t o H o l t , M o d i g l i a n i , Muth, and Simon ( 1 9 6 0 ) , 

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

a p p r e c i a b l e l e n g t h o f t i m e , t h i s c o s t f u n c t i o n must span s u f f i c i e n t t i m e 

t o i n c l u d e v i r t u a l l y a l l of t h e c o s t i m p l i c a t i o n s of t h e d e c i s i o n . 
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The f o r m u l a t i o n t h a t f o l l o w s does n o t employ t i m e p e r i o d s o r 

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

p e r i o d ) . The f o r m u l a t i o n u s e s ' o p e r a t i o n i n a m a c h i n e " a s t h e p l a n n i n g 

p e r i o d . T h i s i s b a s e d on the a rgument t h a t t h e c r i t i c a l t ime e l e m e n t in 

a j o b shop i s t h e number of o p e r a t i o n s t o be a c c o m p l i s h e d , Ackerman (1963) 

Along t h e l i n e o f t h e HMS a r g u m e n t , t h e p e n a l t y f u n c t i o n w i l l have t o 

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

t h e shop b a l a n c i n g i m p l i c a t i o n s of t h e d e c i s i o n . 

N o t a t i o n (n j o b s , m m a c h i n e s ) 

W. . amount of work c o n t r i b u t e d by j o b i t o mach ine c e n t e r j on 
i j t 

t h 

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

Z W.. = W.. amount of work c o n t r i b u t e d by iob i t o mach ine c e n t e r i 

P j t p r e s e n t l o a d i n t h e shop f o r mach ine j , t o p e r a t i o n s away 

from m a c h i n e j 
P . l o a d i n t h e queue f o r mach ine i 

j o 
P j t = P j 9 p r e s e n t l o a d i n t h e shop ahead of mach ine j 

t 

C d e s i r e d l oad i n t h e shop f o r mach ine j , t o p e r a t i o n s away 

from mach ine j 

C. d e s i r e d l oad i n t h e queue f o r mach ine j 
j o 

V C. = C. d e s i r e d l oad f o r mach ine j i n t h e shop 
J t J -

t 

The f o l l o w i n g s h o u l d h o l d among t h e C ^ ' s a r | d make t h e j o b of d e v e l o p i n g 

them e a s i e r 

I f k . C . ^ = k 0 C - k.C = . . . = k C 
1 10 2 20 3 30 m mo 

Then k . C . - k 0 C 0 = k . C ^ = . . . = k C f o r t - 1 , 2 , 3 , . . . 
1 l t 2 2 t 3 J t m rat 
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Of c o u r s e t h i s i n no way i m p l i e s t h a t 

C. = C f o r any t j o j t 

s i n c e t h e a b s o l u t e v a l u e s of t h e C . ' s w i t h r e s p e c t t o t h e C. must r e c o g -

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

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

a f c w e i g h t i n g f a c t o r s t o be used in t h e o b j e c t i v e f u n c t i o n t o 

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

r i g h t now a t t h e q u e u e , i n t h e e n t i r e s h o p , 1 o p e r a t i o n 

away, e t c . 

F o r m u l a t i o n 

m t m 

Min D = a . £ ( S J L . + S . R . ) + £ a f c [ £ ( S J L t + S ) ] 
j = l t = l j = l 

s u b j e c t t o : 

X. = 0 , 1 
I 

S j L - * °> V * ° 

S j U * °> S j H t * 0 

n 

) W. . X. + P . + S._ - S . „ = C. j = 1 , 2 , . . . ,m 
1=1 

n 
y W. .„ X. + P . , . + S._ - S . u # . = C.,. j = 1 , 2 , . . . ,m 
/ i j t I j t j L t jHt j t J ' 
1=1 t = 0 , 1 , 2 , . . , , t * 

•k 
where t i s t h e o p e r a t i o n s h o r i z o n 
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The o b j e c t i v e f u n c t i o n i s t h e d e v i a t i o n i n work h o u r s from a d e ­

s i r a b l e and p r e - e s t a b l i s h e d shop c o n d i t i o n . The c o n s t r a i n t s c o n t a i n p o s i ­

t i v e and n e g a t i v e s l a c k v a r i a b l e s t o i n d i c a t e t h e e x c e s s i v e o r d e f i c i e n t 

work l o a d e d fo r a mach ine g r o u p . One of t h e two s l a c k v a r i a b l e s w i l l be 

z e r o i n e a c h c o n s t r a i n t , and t h e o t h e r i s u sed i n t h e o b j e c t i v e f u n c t i o n . 

T h e r e i s a c o n s t r a i n t f o r t h e a g g r e g a t e shop l o a d f o r e a c h machine c e n t e r 

and a l s o c o n s t r a i n t s f o r t h e work 1 , 2 , 3 , e t c . o p e r a t i o n s removed from 

e a c h m a c h i n e c e n t e r . 

I f t h e f u t u r e p e r i o d s a r e h a n d l e d on a " t i m e " b a s i s r a t h e r t h a n an 

" o p e r a t i o n " b a s i s , t h e n i t i s no t p o s s i b l e t o p r e s e n t a " l o a d i n g o n l y " 

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

t h e f u t u r e a r e g o i n g t o depend a l s o on t h e d i s p a t c h i n g d e c i s i o n s made 

d u r i n g t h a t t i m e . Such a l o a d i n g and d i s p a t c h i n g model w i t h a p l a n n i n g 

h o r i z o n s h o u l d n o t be t oo d i f f i c u l t a l t h o u g h t h e n o t a t i o n r e q u i r e d w i l l be 

cumbersome. 

8 . 3 Combina t ion of D i s p a t c h i n g and Load ing A l g o r i t h m s 

The model i n t h e f i r s t s e c t i o n of t h i s c h a p t e r a t t a c k e d t h e p r o b ­

lems of d i s p a t c h i n g and l o a d i n g on an i n t e g r a l b a s i s by l o o k i n g a t t h e 

d i s p a t c h i n g p rob lem a s i f i t were a l o a d i n g p r o b l e m . However , i t was o b ­

s e r v e d t h a t t h e number of r e s u l t i n g c o n s t r a i n t s i s l a r g e and t h e model i s 

r a t h e r awkward. 

On t h e o t h e r h a n d , i t h a s been shown by t h i s r e s e a r c h t h a t t h e 

l o a d i n g me thodo logy p r e s e n t e d h e r e improves t h e shop work load b a l a n c e 

m e a s u r e (SWB) and o t h e r b a l a n c e m e a s u r e s a s w e l l a s work i n p r o c e s s mea­

s u r e s c o n s i d e r a b l y . However, t h e r e s u l t s o b t a i n e d w i t h t h e mach ine work-
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l o a d b a l a n c e m e a s u r e (MWB) have been m i x e d . Modest improvement s w e r e 

o b t a i n e d w i t h some d i s p a t c h i n g r u l e s (SPT) and no improvement a t a l l v/ i th 

some o t h e r s (DSOP). The r e a s o n f o r t h i s i s t h a t t h e j o b goes t h r o u g h too 

many o p e r a t i o n s i n t h e shop w i t h o u t any ' b a l a n c e " c o n t r o l a f t e r b e i n g 

l o a d e d from t h e p o o l . The r e s u l t s o b t a i n e d by Deane (1972) w i t h h i s d i s ­

p a t c h i n g method g i v e p r a c t i c a l l y t h e o p p o s i t e r e s u l t s and j o b c o n t r o l i s 

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

i n g me thodo logy p r e s e n t e d i n t h i s r e s e a r c h and t h e d i s p a t c h i n g a p p r o a c h 

i n t r o d u c e d by Deane i s , t h e r e f o r e , a l o g i c a l s t e p which s h o u l d be i n v e s ­

t i g a t e d by f u t u r e r e s e a r c h e r s . 
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CHAPTER IX 

CONCLUSIONS AND RECOMMENDATIONS 

The o b j e c t i v e of t h i s r e s e a r c h h a s been t o d e v e l o p a l o a d i n g and 

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

c o m p l i s h e d by t h e i n t r o d u c t i o n of t h e j o b p o o l c o n c e p t and t h e d e v e l o p ­

ment of t h e j o b l o a d i n g a l g o r i t h m t o s e l e c t j o b s from t h e p o o l . 

In a d d i t i o n , a l a r g e number o f shop b a l a n c e m e a s u r e s h a v e been 

i d e n t i f i e d and t h e i r a p p l i c a b i l i t y t o d i f f e r e n t k i n d s of s h o p s h a s been 

d i s c u s s e d . The v a l i d i t y and r e l e v a n c e of t h e shop b a l a n c e c o n c e p t a s a 

m e a s u r e of p e r f o r m a n c e h a s been p r e s e n t e d . 

S i g n i f i c a n t improvemen t s were o b t a i n e d t h r o u g h t h e u s e of t h e j o b 

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

i n work i n p r o c e s s m e a s u r e s r e l a t e d t o b o t h t o t a l work i n t h e shop and 

t o work pe r fo rmed f o r j o b s i n t h e s h o p . The r e s u l t s d e a l i n g w i t h b a l a n c e 

m e a s u r e s and work i n p r o c e s s l e v e l s a r e c l o s e l y r e l a t e d . 

I n f a c t , i t can be a r g u e d t h a t t h e r e d u c t i o n of work i n p r o c e s s 

l e v e l s i s a c o n s e q u e n c e of t h e b e t t e r " b a l a n c e d " shop b e c a u s e u n d e r t h e 

improved b a l a n c e c o n d i t i o n t h e r e i s l e s s i n t e r f e r e n c e in t h e shop a n d , 

t h e r e f o r e , a lower i n p r o c e s s l e v e l i s needed t o m a i n t a i n a c e r t a i n work 

t h r o u g h p u t l e v e l . 

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

The u s e of t h e l o a d i n g and b a l a n c i n g me thodo logy r e s u l t e d i n i n c r e a s e s i n 

t h e a v e r a g e j o b t a r d i n e s s and t h e v a r i a n c e of t h e l a t e n e s s d i s t r i b u t i o n 
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t h e d i s p a t c h i n g r u l e was Dynamic S l a c k p e r O p e r a t i o n . On t h e o t h e r h a n d , 

t h e v a r i a n c e of t h e l a t e n e s s d i s t r i b u t i o n was r e d u c e d by t h e u se of t h e 

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

I t h a s a l s o been o b s e r v e d t h a t t h e r e s u l t s o b t a i n e d w i t h t h e j o b p o o l and 

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

(management l o a d f a c t o r ) used i n t h e a l g o r i t h m . T h i s p a r a m e t e r g r e a t l y 

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

m e t h o d o l o g y n e e d s a r e a s o n a b l e number of j o b s i n t h e p o o l so t h a t i t can 

have f l e x i b i l i t y i n s e l e c t i n g t h e j o b s t o be l o a d e d i n t h e s h o p . 

The work pe r fo rmed i n t h i s d i s s e r t a t i o n can r e s u l t i n s i g n i f i c a n t 

p r a c t i c a l a p p l i c a t i o n s and i t a l s o p r o v i d e s a good s t a r t i n g p o i n t f o r 

a d d i t i o n a l r e s e a r c h . Among t h e i m p o r t a n t a r e a s where a d d i t i o n a l r e s e a r c h 

c o u l d be done a r e : 

a ) T e s t i n g t h e r e s u l t s o b t a i n e d by i n c o r p o r a t i n g i n t o a s i n g l e 

model t h e d i s p a t c h i n g a p p r o a c h i n t r o d u c e d by Deane (1972) and t h e l o a d i n g 

i d e a s d e v e l o p e d i n t h i s r e s e a r c h . The c o m b i n a t i o n of t h e s e two a p p r o a c h e s 

was d i s c u s s e d i n C h a p t e r V I I I . T h i s combined model s h o u l d o f f e r t h e b e n e ­

f i t s of a shop w i t h b e t t e r o v e r a l l b a l a n c e p r o v i d e d by t h e shop c o n t r o l 

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

t h a t d e v e l o p on t h e shop f l o o r a s p r o v i d e d by t h e " s e a r c h " d i s p a t c h i n g 

a p p r o a c h . 

b) E x t e n d i n g and t e s t i n g t h e a l g o r i t h m s p r e s e n t e d i n C h a p t e r V I I I . 

The f i r s t one c o n s i s t s of a d i s p a t c h i n g model which u t i l i z e s t h e same c o n ­

c e p t s employed by t h e l o a d i n g m o d e l . The second one i s a l o a d i n g model 

which c o n s i d e r s t h e shop load n o t o n l y in an a g g r e g a t e b a s i s bu t a l s o t a k e s 
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i n t o a c c o u n t t h e " t i m i n g ' 1 of work a v a i l a b i l i t y t o t h e v a r i o u s m a c h i n e s . 

The t e s t i n g r e q u i r e d w i l l c o n s i s t of programming t h e a l g o r i t h m s and em­

p l o y i n g them i n a j o b shop s i m u l a t o r t o i n v e s t i g a t e t h e i r e f f e c t on v a r i ­

ous m e a s u r e s of shop p e r f o r m a n c e . 

c ) P e r f o r m i n g s e n s i t i v i t y a n a l y s i s on t h e l o a d i n g a l g o r i t h m w i t h 

r e s p e c t t o b o t h t h e management l o a d f a c t o r and t h e due d a t e f u n c t i o n . 

The p e r f o r m a n c e of t h e a l g o r i t h m i s d e p e n d e n t on t h e d e s i r e d a g g r e g a t e 

l o a d i n t h e shop and a l s o on t h e w e i g h t a s s i g n e d t o t h e due d a t e t e rm i n 

t h e o b j e c t i v e f u n c t i o n . As t h e management l o a d f a c t o r i s i n c r e a s e d , t h e 

a g g r e g a t e l o a d i n t h e shop i n c r e a s e s and t h e a v e r a g e j o b p o o l s i z e d e ­

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

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

An i n c r e a s e i n t h e w e i g h t a s s i g n e d t o t h e due d a t e t e r m f o r c e s j o b s 

i n t o t h e shop e a r l i e r , a t t h e e x p e n s e o f b a l a n c e and work i n p r o c e s s mea­

s u r e s . The e f f e c t of c h a n g e s i n v a l u e s of t h e s e two p a r a m e t e r s i s h i g h l y 

i n t e r r e l a t e d and t h e p e r f o r m a n c e of d e t a i l e d s e n s i t i v i t y a n a l y s i s on them 

w i l l add new u n d e r s t a n d i n g t o t h e j o b shop b e h a v i o r . 

d) I n v e s t i g a t i n g t h e s e n s i t i v i t y of t h e r e s u l t s o b t a i n e d w i t h r e ­

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

t h a t s h o u l d be used i s c l o s e l y r e l a t e d t o t h e s c h e d u l i n g p e r i o d employed 

b e c a u s e a s t h e s c h e d u l i n g p e r i o d g e t s l o n g e r , more work h o u r s s h o u l d be 

l o a d e d i n t h e shop e v e r y p e r i o d . The r e a s o n f o r t h i s i s t h a t t h e t i m e s 

be tween j o b r e l e a s e s t o t h e shop w i l l be l o n g e r . 

e ) I n v e s t i g a t i n g " l o a d i n g " a l g o r i t h m s t h a t c o n t r o l t h e j o b poo l 

s i z e i n a more d i r e c t way than t h e a l g o r i t h m p r e s e n t e d i n t h i s r e s e a r c h . 
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The l o a d i n g a l g o r i t h m e x e r c i s e s an i n d i r e c t e f f e c t in t h e s i z e of t h e j o b 

p o o l t h r o u g h t h e management l o a d f a c t o r and t h e w e i g h t o f t h e due d a t e 

t e r m . The r e s u l t s of t h e s i m u l a t i o n have shown a h i g h c o r r e l a t i o n be tween 

t h e s i z e of t h e j o b p o o l and t h e v a l u e of most of t h e m e a s u r e s o f p e r f o r m ­

a n c e r e l a t e d t o shop b a l a n c e . A new a l g o r i t h m t h a t r e c o g n i z e s t h i s f a c t 

and makes u s e o f i t e x p l i c i t l y c o u l d p o s s i b l y r e s u l t i n a d d i t i o n a l s i g ­

n i f i c a n t improvemen t s f o r s e v e r a l shop m e a s u r e s of p e r f o r m a n c e . 



APPENDIX A 

DESCRIPTION AND FLOW DIAGRAM 

OF SIMULATION PROGRAMS 
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T a b l e 2 0 . D e s c r i p t i o n of S i m u l a t i o n S u b r o u t i n e s 

MAIN. T h i s i s t h e main program and i t s f u n c t i o n s a r e t o r e a d i n t h e 

p a r a m e t e r s d e s c r i b i n g t h e s i m u l a t i o n , i n i t i a l i z e t h e non-GASP 

v a r i a b l e s , and t o c a l l s u b r o u t i n e GASP which t u r n s o v e r c o n t r o l 

t o t h e GASP I I l a n g u a g e . 

EVNTS. T h i s s u b r o u t i n e c a l l s one of t h e f o u r e v e n t s u b r o u t i n e s (ENDSV, 

ARIVL, COLL, START). 

START. I t s e t s t h e s i m u l a t i o n c l o c k t o z e r o and g e n e r a t e s new a r r i v a l s 

t o p r e l o a d t h e s h o p . The new a r r i v a l s a r e p l a c e d i n t h e j o b 

poo l i f a p o o l i s b e i n g u s e d and i f t h e i n i t i a l number o f j o b s 

d e s i r e d i n t h e p o o l h a s n o t been r e a c h e d y e t . O t h e r w i s e t h e 

new j o b s a r e p l a c e d d i r e c t l y i n t h e p r o p e r mach ine q u e u e s . New 

a r r i v a l s c o n t i n u e t o be g e n e r a t e d u n t i l t h e t o t a l number of j o b s 

t o be p r e l o a d e d i s r e a c h e d . 

ARIVL. The s u b r o u t i n e ARIVL g e n e r a t e s t h e s i m u l a t i o n c l o c k t ime f o r t h e 

n e x t j o b a r r i v a l t o t h e shop and t h i s t ime i s s e t up a s an a r ­

r i v a l e v e n t i n t h e GASP e v e n t f i l e . I t t h e n g e n e r a t e s t h e j o b 

a t t r i b u t e s fo r t h e j o b t h a t j u s t came i n , s t a r t i n g w i t h t h e num­

b e r of o p e r a t i o n s , and t hen t h e mach ine number and t i m e f o r t h e 

f i r s t o p e r a t i o n , o t h e r mach ine numbers from t h e j o b t r a n s i t i o n 

m a t r i x and t h e i r t i m e s , and f i n a l l y t h e j o b due d a t e . The s u b ­

r o u t i n e t h e n a s s i g n s a f i l e l o c a t i o n t o t h e j o b and moves i t t o 

t h e j o b p o o l o r s h o p . I t a l s o c o n t a i n s o p t i o n s to h a n d l e t h e 

s p e c i a l l o a d i n g c o n d i t i o n s # 1 , 3 d e s c r i b e d i n C h a p t e r V I I . 
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T a b l e 2 0 . ( C o n t i n u e d ) 

ENDSV. T h i s s u b r o u t i n e i s u s e d e v e r y t ime a j o b f i n i s h e s an o p e r a t i o n 

a t a m a c h i n e . I t must t h e n c o l l e c t shop s t a t i s t i c s and d e p e n d ­

i n g on w h e t h e r t h e j o b i s l e a v i n g t h e shop a t t h i s t i m e o r n o t 

i t must c o l l e c t t h e t e r m i n a l j o b s t a t i s t i c o r u p d a t e t h e j o b a t ­

t r i b u t e s and p l a c e i t i n t h e n e x t q u e u e . 

The n e x t t a s k f o r t h i s s u b r o u t i n e i s t o s e l e c t from t h e queue 

o f t h e m a c h i n e t h a t j u s t f i n i s h e d an o p e r a t i o n t h e n e x t j o b t o 

be p r o c e s s e d . I f t h e queue c o n t a i n s one o r more j o b s , s t a t i s ­

t i c s on j o b w a i t i n g t i m e s a s w e l l a s shop w o r k l o a d must be c a l ­

c u l a t e d . On t h e o t h e r hand i f t h e queue i s e m p t y , m a c h i n e 

u t i l i z a t i o n s t a t i s t i c s mus t be u p d a t e d . T h i s s u b r o u t i n e a l s o 

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

# 2 , 3 g i v e n i n C h a p t e r VTI . 

COLL. COLL i s a s u b r o u t i n e c a l l e d o n l y a t t h e end of e v e r y s c h e d u l i n g 

p e r i o d . I t s main f u n c t i o n s a r e t o c a l c u l a t e and u p d a t e s t a t i s ­

t i c s wh ich a r e k e p t on a s c h e d u l i n g p e r i o d b a s i s a n d , i f a p o o l 

i s u sed , t o c a l l t h e m a t r i x g e n e r a t o r s u b p r o g r a m . I n a d d i t i o n , 

t h i s s u b r o u t i n e t e s t s f o r t h e end of r u n - i n p e r i o d and end of 

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

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

CLEAR. T h i s s u b r o u t i n e i s u sed o n l y a t t h e end of t h e run i n p e r i o d t o 

c l e a r and r e s e t t h e a r r a y s which keep t h e a c c u m u l a t e d s t a t i s t i c s 

The shop s t a t u s , of c o u r s e , i s l e f t u n d i s t u r b e d . 
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T a b l e 2 0 . ( C o n t i n u e d ) 

PTJOB. S u b r o u t i n e PTJOB i s r e s p o n s i b l e f o r p l a c i n g a j o b i n t h e j o b 

p o o l o r i n a mach ine queue o r i n t h e m a c h i n e i t s e l f . Which one 

o f t h e s e a c t i o n s i s t a k e n depends on w h e t h e r t h e shop i s s t i l l 

b e i n g p r e l o a d e d , on w h e t h e r t h e j o b i s a new a r r i v a l o r n o t , 

w h e t h e r a j o b p o o l i s b e i n g u s e d , and on t h e s t a t u s of t h e ma­

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

on i n t e r a r r i v a l t i m e s t o t h e p o o l and each m a c h i n e . Once i t h a s 

been d e c i d e d t o p u t a j o b i n a m a c h i n e , t h e w o r k l o a d i n t h e ma­

c h i n e s t a t u s i s changed and t h e t i m e f o r t h e c o m p l e t i o n e v e n t i s 

s e t i f t h e mach ine was i d l e . 

GENMAT. S u b r o u t i n e GENMAT g e n e r a t e s t h e m a t r i x r e q u i r e d by t h e l o a d i n g 

a l g o r i t h m t o s e l e c t t h o s e j o b s t h a t w i l l be moved from t h e j o b 

p o o l t o t h e s h o p . The m a t r i x i s g e n e r a t e d by u s i n g j o b a t t r i b u t e s 

c o n t a i n e d i n t h e j o b p o o l f i l e . 

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

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

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

t h e j o b p o o l i s b e i n g u s e d . 

L P I . LPI i s b a s i c a l l y a s i m p l e l i n e a r programming code w i t h t h e bounded 

v a r i a b l e f e a t u r e . I t t h e n c a l l s JOBDEC and t r a n s m i t s t h e v a l u e s 

of t h e j o b d e c i s i o n v a r i a b l e s t o i t . 

JOBDEC. The f u n c t i o n of JOBDEC i s t o d e c i d e which j o b s w i l l be moved 

from t h e j o b p o o l t o t h e mach ine q u e u e s ba sed on t h e v a l u e o f 

t h e j o b d e c i s i o n v a r i a b l e s g i v e n by L P I . 
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T a b l e 2 0 . (Conc luded) 

ENSIH. T h i s s u b r o u t i n e i s c a l l e d a t t h e end of t h e s i m u l a t i o n t o p r i n t 

s i m u l a t i o n r e s u l t s . In a d d i t i o n i t h a s an o p t i o n t o s t a r t o t h e r 

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

o p t i o n i s u s e d , ENSIM must r e i n i t i a l i z e t h e non-GASP v a r i a b l e s 

and c a l l GASP t o b e g i n t h e new r u n . 

P00LHE. T h i s i s t h e l o a d i n g h e u r i s t i c s u b r o u t i n e and was a l r e a d y e x ­

p l a i n e d i n C h a p t e r I V . 
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F i g u r e 6 . J o b Shop S i m u l a t o r 
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CORDING TO JOB TRANSITION MATRIX 

± 

DETERMINE JOB DUE DATE AND ASSIGN 
JOB ATTRIBUTES 

NT-
ASSIGN THE NEW JOB A NUMBER AND 
MARK ITS LOCATION. PROGRAM LOOKS 
FOR FIRST JOB NUMBER WITHOUT A 

COLUMN LOCATION 

F i g u r e 7 . S u b r o u t i n e ARIVL 



CLEAR AND RESET THE GASP 
ARRAYS SUMA, SSUMA, AND 

JCELS 

> f 

RESET NON-GASP VARIABLES 

\ 

SET INDICATOR NRST TO 
INDICATE NO RESET DESIRED 

IN THE FUTURE 

> f 

Q R E T U R N J 

F i g u r e 8 . S u b r o u t i n e CLEAR 



START 

SCHEDULE NEXT DATA COL­
LECTION AT THE END OF THEl 
NEXT SCHEDULING PERIOD 

± 
UPDATE TIME INTEGRATED 
STATISTICS ON FACILITY 

UTILIZATION 

F i g u r e 9 . S u b r o u t i n e COLL 
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ADJUST AGGREGATE SHOP LOAD 
FOR EACH MACHINE AND QUEUE 
LOAD FOR PARTIALLY COM­
PLETED JOBS (QUEUE LOADS & 
AGGREGATE SHOP LOADS ARE 
REDUCED IN ENDSV AND PTJOB 

|AS SOON AS A JOB STARTS TO 
BE WORKED ON BY A MACHINE) 

CALCULATE 
FROM 

DEVIATIONS 
BALANCE 

NO 

C 

NO 

RETURN 

YES 

CALL 
CLEAR 

YES 

CALL 
ENSIM 

0 

CALL GENMAT 
CALL LPI 
CALL JOBDEC 
CALL PTJOB 

k —|MSW(4) ? 

NO ARE \ . POOL WITH 
THERE ANY ^ > FIRST 

FOBS IN ^/OPERATION 
FOR AN IDLE 

MACH? 
YES 

LOAD THESE JOBS IN THE 
SHOP BY CALLING PTJOB 
(3,NSET) 

F i g u r e 9 . Conc luded 
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( S I A R I ) 

> f 
COLLEC 
DYNAMI 
TMST 1 

r AND UPDATE 
C SHOP STATISTICS 
3 ,14 

I S 
JOB LEAVINC 

SHOP? 

YES 

10 

NO 60 

> 

UPDATE JOB ATTRIBUTES 

CALL PTJOB (2,NSET) 

COLLECT TERMINAL STATISTICS; 
ON THE JOB, INCLUDING TIME 
SPENT IN SYSTEM, POOL, AND 

-^fSHOP 

UPDATE DYNAMIC AND STATIC 
SHOP STATISTICS 
COLLECT STATIC SHOP STA­
TISTICS (WORK AND OPERA­
TIONS IN SHOP) 

F i g u r e 1 0 . S u b r o u t i n e ENDSV 
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O 0 

MSW(2)? 

YES - 1 

NO 

1 
i 

> ^ RETURN ^ 

7r\ 

V 
YES 

REMOVE THE JOB FROM QUEUE 
WITH THE HIGHEST PRIORITY 
ACCORDING TO THE RULE 
BEING USED 

CHECK NEXT JOB IN POOL TO 
SEE I F FIRST OPERATION 
I S FOR EMPTY MACHINE 

± 
COLLECT STATISTICS ON TIME 
SPENT IN QUEUE BY JOB. 
DECREASE WORKLOAD IN MA­
CHINE QUEUE & AGGREGATE 
SHOP WORKLOAD FOR THE 
MACHINE 

INITIALIZE PROCESSING 
JOB IN MACHINE 

^ RETURN ^ 

YES 

CALL PTJOB (3,NSET) 
REMOVE JOB FROM POOL 

F i g u r e 10 . Con t i n u e d 



^ START PRINT SIMULATION 
RESULTS 

INCREASE NRULE BY ONE 

± 

SET GASP RANKING 
INDICATORS FOR NEW RULE 

f 

REINITIALIZE NON-GASP 
VARIABLES 

Q RETURN ^<r 

SET INDICATOR FOR GASP 

SUMMARY REPORT 

F i g u r e 1 1 . S u b r o u t i n e ENSIM 



F i g u r e 1 2 . S u b r o u t i n e EVNTS 
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^ START ^ 

\ f 
OBTAIN NUMBER 
THE POOL AND I 

MATRI 

OF JOBS IN 
NITIALIZE 
CES 

QUEUE (GGREGATI 
OR NEXT QUE! 

LOADING 
JSED?. 

AGGREG 

. i 
FOR EACH JOB IN THE POOL 
OBTAIN THE HOURS OF WORK 
REQUIRED AT THE FIRST MA­
CHINE AND FORM MATRIX 
WFOP(MACHINE, JOB #) 

± 
FOR EACH JOB IN THE POOL 
OBTAIN THE HOURS OF WORK 
REQUIRED AT EACH MACHINE 
AND FORM MATRIX 
A(MACHINE, JOB #) 

\ t 

OBTAIN DUE DATE FACTORS 
FOR EACH JOB 

5 

F i g u r e 1 3 . S u b r o u t i n e GENMAT 
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O 

SET UP QUEUE 
MATRIX 

QUEUE^GGREGA] 
k£ <^0R NEXT QUE! 

AGGREG 

.LOADING. 
LEI 

SET UP 
AGGREGATE 
MATRIX 

NO YES CHANGE ALL SIGNS FOR 
THAT ROW AND REASSIGN 
BASIC VARIABLE 

OBTAIN OTHER INFORMATION 
^ REQUIRED BY LOADING ALGOR­

ITHM AND PUT I T IN FORM 
REQUIRED BY ALGORITHM 

CALL 
POOLHE NO JUNDED 

,P LOADING AL" 
30RITHM 

;EDJ 

RETURN 

YES CALL LPI 

F i g u r e 1 3 . Concluded 



OBTAIN JOB DECISION 
VARIABLES FROM LPI OR 
POOLHE OUTPUT MATRICES 

IN OBTAINING VALUE FOR 
XJOB CONSIDER WHETHER 
VALUE IS GIVEN BY UPPER 
BOUND, BASIC VARIABLE, OR 
UPPER BOUND MINUS BASIC 
VARIABLE 

OBTAIN JOB DECISION 
VARIABLES FROM LPI OR 
POOLHE OUTPUT MATRICES 

IN OBTAINING VALUE FOR 
XJOB CONSIDER WHETHER 
VALUE IS GIVEN BY UPPER 
BOUND, BASIC VARIABLE, OR 
UPPER BOUND MINUS BASIC 
VARIABLE 

IN OBTAINING VALUE FOR 
XJOB CONSIDER WHETHER 
VALUE IS GIVEN BY UPPER 
BOUND, BASIC VARIABLE, OR 
UPPER BOUND MINUS BASIC 
VARIABLE 

SEARCH JOB POOL FOR JOBS 
WITH DECISION VARIABLE 

£ . 75 

a 
REMOVE THOSE JOBS FROM 
POOL PILE (CALL RMOVE) 
MOVE THOSE JOBS INTO THE 
PROPER MACHINE (CALL 
PTJOB) 
UPDATE SHOP LOAD 

F i g u r e 1 4 . S u b r o u t i n e JOBDEC 



0 0 

& 
GET FROM JOB POOL FILE 
NEXT JOB WITH DECISION 
VARIABLE BETWEEN . 3 AND 
. 7 5 

1 
NO MORE JOBS WITH DEC. 
VARIABLE BETWEEN 
. 3 AND .75 

YES 

REMOVE JOB FROM POOL FILE) 
CALL PTJOB TO PUT JOB IN 
THE SHOP 
UPDATE SHOP LOAD 

C 
RETURN 

F i g u r e 1 4 . C o n t i n u e d 



0 -

INCREASE 
NO. OF 
ITERATIONS 
BY 1 

Y2QQ 

^START ^ 

SET PARAM­
ETERS AND 
INITIALIZE 

YES 

900 

^ ^ A N T 
^FAVORABLE^ 
^vPRICE COEF-

CALL 
JOBDEC 

4 . 
YES ^ RETURN ^ 

COLUMN COMING TO THE BASIS 
HAS BEEN SELECTED 
PICK ROW TO PIVOT ON 
USE ISUB TO DENOTE THE 
FOLLOWING: 
0 STANDARD PIVOT 
1 PIVOT AND UPPER SUBSTI­

TUTE 
2 UPPER SUBSTITUTE 

0 

F i g u r e 1 5 . S u b r o u t i n e LPI 
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YES 
301 

NO 

UPDATE MATRIX, C VECTOR,| 

AND KBV 

YES 

NO 

UNBOUNDED 
SOLUTION 

SOLUTION 
INFEASIBLE 

CHANGE C(INCOL) SIGN 
ADJUST VALUE OF RHS COLUMN 
TO ACCOUNT FOR VARIABLES 
AT UPPER BOUND 
CHANGE UPPER BOUND SWITCH 
FOR THIS COLUMN 

F i g u r e 1 5 . Conc luded 
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Q START ^ 

/ 

READ IN PARAMETERS 
DESCRIBING SIMULATION 

\ 
INITIALIZE NON-GASP 

VARIABLES 

\ > 

CALL GASP 

f 

( E N D ) 

F i g u r e 1 6 . MAIN Program 
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^ START ^ ) 

i . 

SET TO ZERO 
A(NOROW+2,J) 
TEMPAG 

PUT JOBS IN QUEUE UNTIL QUEUE QUANTITIES 
ADD UP TO DESIRED AMOUNTS. THEN DEPEND­
ING ON FEATURE SELECTED, PUT MORE JOBS 
IN THE SHOP UNTIL THE TOTAL DESIRED LOAD 
FOR THE SHOP I S REACHED. 

k -

START WORKING WITH 
MACHINE TEMPOL = 0 . 

A 
0 

5 
> 

5 
> / 

NTEST = MBEST = 0 

0 

\ t 

INITIALIZ 
ACTLD, TE 

E TOTLD, 
MPTL 

F i g u r e 17 . S u b r o u t i n e POOLHE 



YES 

RESET 
A(N0R0W+2,J) = - 1 . 0 FOR 
SELECTED JOB J . 
ALSO INCREASE QUEUE LOAD 
AND AGGREGATE LOAD. 

F i g u r e 17. C o n t i n u e d 
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F i g u r e 1 7 . Conc luded 
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NO 

SET TIME JOB ARRIVED IN 
THE SHOP AND NO. OF JOBS 

ENTERING 

NO 
= 0 

NO 

ATRIB(33) = TNOW 
UPDATE STATUS OF WORK IN 
SHOP AND COLLECT STATISTICS 
UPDATE AGGREGATE LOAD IN 
SHOP FOR EACH MACHINE 

5+20 

= 0 (NORMAL) 

PRELOADING SHOP 

F i g u r e 1 8 . S u b r o u t i n e PTJOB 
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COLLECT STATISTICS ON 
INTERARRIVAL TIME TO THE 

POOL 

3 

MSW(l) ? 

PUT JOB IN SHOP BY 
GOING TO STATEMENT 

20 

NO 

YES 
HAS^filSL^MACHINE 

RE ENOUGlKiORK 
JCHIS PERIOD 

j RE AD'S 

MSW(3) ? t 
70 

RESET LOADING SWITCH 
TO NORMAL 

^ RETURN ^ 

0 

F i g u r e 1 3 . C o n t i n u e d 



COLLECT STATISTICS ON 
INTERARRIVAL TIMES TO 
THE CURRENT MACHINE 

50 

CHANGE MACHINE STATUS. 
UPDATE STAT. ON MACH. 
UTILIZATION.REDUCE AGGRE­
GATE LOAD IN SHOP FOR THIS 

MACHINE 

PUT JOB IN MACHINE 
QUEUE 

INITIALIZE PROCESSING 
OF THE JOB BY MACHINE. 
SET TIME FOR COMPLETION 
EVENT TO OCCUR 

INCREASE WORKLOAD IN 
MACHINE QUEUE 

F i g u r e I S . Concluded 



c 
START SET PRESENT TIME TO 0 

AND POOL SWITCH (NSTSW) 
TO 0 (USE POOL) 

GENERATE A NEW ARRIVAL 
(CALL ARVL) TO PRELOAD 
THE SHOP 

NO 

SET NSTSW TO 1 
(BYPASS POOL) 

YES 

( RETURN J 

NO 

F i g u r e 1 9 . S u b r o u t i n e START 



APPENDIX B 

FORTRAN IV LISTING OF SIMULATION PROGRAMS 
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- F G P , i s O P L : : A D I G O . AK I VL 
S U ci P 0 U T I MF Ai-? I VL ( MSET ) 

S O J K G L ' T I ME CALLLG) h t M 
I A TO THL SHOP 

MLV. ARRIVAL r C " L S 

; ) I ' - " L \ S I OM .\st- T < 3 5 » n 
c o - -GOG I o , I , i i T , J L v - ' T , J i T , , GS i• r- " • " < . v v c 

1 GH 1 ST »GOO * GOOP T OT » ' PP'-'S , , , ' $ , G AT T , : " T , 
2 161'- i » I G 0 \ 9 T c I. G » T P I » " X X » ', P P 1 T 9 1 C P \ P • ' r ; • ' . ' ' :". ( 2 5 
3KUF ,<Lc_ , \ O L 9ATGI0 ( 33 ) , L G J ( 2 5 ) » IV, A 2b ) , J C L L S ( ? : , 
4»;.\AVv ( 2 5 } , J C L P »"AX'. >M 2 5 ) » E ( 2 5 ) » "LC ( 2!> > »"'Lt: ( 25 
5 MC L L S ( ) 9 GO ( 2 3 ) » P V-v " (A . , A) , OT I 't ( 25 ) » S S : : " M ? 
6 » Sv^'' A ( 7 5 » 5 ) > 'A A• ( 6 ) » MP?<G J 9'' > » '.p< A Y »'; *' ^ 

Co;-". -'.OM PLF ' » NT PDS » " ' T ^ T P u , GO, X I SY r- *X-.< r v • I : T « 
I I I YPc » - ;MCXT » . \LG»ML\/»GhLH;» "ci ( 1 0 ) 9 G. ' ( 1 ) , X ( ] . , 1 
2 oUS ( 1 ) J .MKSLT 9GOULE ."GOV »' . - : ; . ! , G L - G , S , .V) 
3 \ ( 1 , ) , S b L J » A R / J if , L G C ( 2 v , ) »G A X » A P ( 1 1 ) 

GO,-, '0,4 . , P L : L » G P 0 L P 9 \[)L SL » G J, 'L 9 C AP' ( 1 „ ) , ^GSL ( I 2 ) 
l u ^ L ( i , ) , J i S L F , J G L h , 0 L 0 A 0 ( G G ,XCPSG> s S t T I ' - ' E F f 10 
2 G O T G A » GLOG »'GAP'? , S iOPLG ( 1 - ) 

. C L C - , 

12 ) 

) » 
» G G L » 

9 
} 9 

X "A" "/J 
•K 7T 7C 

GLGLRATf T PM_ T IGF FOP THE • •' G X T A ' ^ I V ' L 
TO OCCUX 

i\ - 0 PA GG ( ^ . w ) 
A 7 k I ci ( 1 ) = 0 G -'• G V ( G ) +T\C •. 
/A 1 X I ..J ( 2 ) - 2 • 
C/vL L F i L L : ( 1 9 ,-,OL T ) 

SPECIAL t GTPY POIGT FOP JCc-S 

GFPY APVL (GSET) 

0 L G h r A T L 
J O ^ T : iAT 

The: 
JUST 

LP. Or 
L I G 

OF 

,...2-=' OP F< ) 
/ \ 11\ i )̂ ( ^ ) — G' ̂  P 
.-A IG\ I ^ ( i . ) = G 0 rJ 

;<=,-.<AGO- ( - • . ) 
• G A i ! 7 i ) - ^ « 

TP I -5 ( 5 2 ) = . • . 

* « * C ; 1 - J 0 L T ; 
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oO lw j = l , r o ; 
x J = J 
IF ( R . G T . X J / F L O - K O-i ) ) GO TO 10 
R = DRAi'\iD ( 0 • c ) 
v, = J 
A T R I D ( 11 )=,'-' 
A 1 = T T ' E ( R ) 
CALL COLCT ( A 1 »6 5 ».' 15 F T ) 
ATR I 0 ( 12 ) =A1*T I r-ltif- ( y ' ) 
.-.î T I ••'; = AT R I 6 ( 1 2 ) * ( d . /CAFV, (.V) ) 
/«L,(v j ^ A ' . j C - n + A T R l D t 12 ) 
GO TO 

1 -J C0,'iT I ii0L 
C 
C * * * PICK EACH SUCCEEDING OPcRAT IC N 0 M THE ROUTE 
C * * * ACCORDING TO THE JOG TRANSITION 'ATRIX 
C 

2 0 DO 6v. I = 2 • N O P 
3 0 R = D R A N D ( o . 0 ) 

DO 4 0 11 = 1 ,NX 
I F ( R . G T . X ( ' A 9 I I ) ) GO T O 4 0 
N;AC= 11 
I F (MAC.EQ.M) GO TO 3u 
GO TO 5 0 

4 0 CONTINUE 
5 0 M=>*,AC 

R = DRAND ( 0 . ) 
A T R I u ( 2 * I + 9 ) = M A C 
A1 = T I ME(R) 
CALL COLCT {A 1 , 6 5 . N O E T ) 
ATR I o ( 2 * 1 + 1 ; : ) =A1*T I'-niF ( ,\'AC ) 
.VfU I '-I = A K T I X + A1 * T I MEF ( v AC ) * ( 8 • I /C APV ( V. AC ) ) 

6 0 A ' D C - ' A C ) = i \ ' B ( K A C > + A T R I o ( 2 * I + 1 0 ) 
C 
C * * * SET UP CJTi-iER ATTRIBUTE VALUES 
C 

A T R I B ( 3 2 ) = u . u 
XiiNEX T = AT R I b ( U ) + . ^ u o o l 
A T R I o ( 9 ) = u . 0 
N N N = I U + 2 * K O P 
DO 7 0 I = 1 2 » N N N . 2 

7 0 A T R I b ( 9 ) = A T R I B ( 9 ) + A T R I b ( I ) 
ATRI 3 ( 3 ) =TM0V 
.•.'OR.< = ATRIB ( 9 ) 
ATR I o ( 4 ) = DUEL ( WKT I v » I UP. ) + TNCW 
ATR 1 5 ( 6 ) = A T R I .> ( 4 ) -,v.<T I '•• 
IF ( N R U L E . L F . 3 ) AT R I ;i ( 6 ) = AT R I b ( 9 ) 
A TR I o ( 7 ) = A T R I b ( 6 ) / A T R I u ( b ) 
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C * * * GIVE THE NEW JOB A NUMBER AND ''ARK ITS LOACTI 
C * * * PROG LOCKS FOR F I R S T JOB NO. A ' H H NO COLUMN L(«C. 
C 

0 0 8 0 1 = 1 , 2 0 0 
L = LCC( I ) 
I F ( L . E O . G ) GO TO 9o 

ti- CONTINUE 
CALL ERROR ( 2 o l , N S E T ) 

'jj A T R I 0 ( 3 - ) = I 
1 r ( I • G T • A X ) M>AX=1 

C 
C * * * v.OVE THE JOB INTO THE SHOP 
C 

CALE P T J O o ( 1 , N S E T ) 
RE TORN 
END 

- F O R , I S SHOPLOAD I NG. CLEAR 
SUBROUTINE CLEAR ( N S E T ) 

C 
C * * * CLEAR THE S T A T I S T I C A L STORAGE AREAS 
C * * * AFTER NRSET PERIODS 
C 

DIMENSION N S E T ( 3 5 , 1 ) 
COV'•'ON I D , I N , I N I T , J t V N T , JMN I T , '-'F A , '-'STOP , MX ,^-X.C , NCLCT , 

1MH I ST , NOQ.NCRP T ,M0T , NPR'-'S , NRUN ,NkGNS , NST AT ,OUT,SCALE , 
2 I S E E D , TNOO,TBEG,TFIN,MXX ,NPRNT . N C ^ D ^ , N E P , V r i G ( 25 ) , 
3 K O F , < L E , <OL »ATRIB( 3 3 ) » E NO ( 2 5 ) , I N M ( 2 5 ) , UC EL S ( 2 0 , 3 2 ) » 
4KRANK ( ^ 5 ) ,UCLR ,MAXN0 ( 2 5 ) ,MFE ( 2b ) > MLC ( 2 5 ) »MLL ( 2 5 ) , 
5 N C L L S ( 2 ^ ) , NO ( 2 3 ) » PMRAM ( 4 0 , 4 ) , GT I • u ( 2 b ) , G5UMA ( 2 0 , b ) 
6*SUMiA( 75 , 5 ) » NAME { 6 ) » N P R G U ,M ON » H D A Y »N Y N 

COMMON PLEN»NTPDS» NTGTPD,NM»Xl SYS ,X . .K$Y, I DOE, 
11 T Y P t , : - : N E X T , N E N , N L V » N H E L D , O B ( 1 u ) , ( l - ) , x ( l ^ » 1 1 ) , 
2 BUS I 10 ) ,NRSET , M R U L fc »"NO v » . ' R S T , N'L NDS , NhC L , ' '• L , 
3/..:>: l I D ) , SEED ,ARAT E , LOC ( 2 ^ 0 ) , " A X , A ^ ( 11 ) 

CO""ON N?R t L , M n R E P » N D E S L » N D " L » C A ^ " {1 . ) , D E 0 L ( 1 " ) , 
l ^OL (I J) >DESLJ , D M L r »OL T AO ( 1 „ ) , X 0 P 5 , X - ' \S»T I LF ( 10 ) , 
2NST 3 . . , NL0R »N A R N , On0PLu { 1 0 ) 

IF (NCLCI ) 4 ^ , 4 G , 1 
I u DO J O I = 1 , NCLoT 

DO 2 w/ 0 - 1 , 3 
2 o bui',M( 1 > = 

S 0, -'A ( 1 , ''t ) = 1 • w E 2 o 
3 ^ S J"'* A < i , 5 ) = - 1 • E 2 o 
4 IF (NOT AT) 3 « , 8 J » I > V 
fju Ovj 7^ I = 1 , NST A T 
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S S U G A ( I , D = T riow 
DO 6<J J = 2 , 3 

6U SSUMAt I , J ) = 0 . 0 
SSUMAt I » 4 ) = l . v > f c 2 0 

lo SSUPiA ( I » 5 ) = - 1 . U E 2 J 
6 0 IF ( N r i l S T ) l l ^ , l l o , 9 „ 
9C 0 0 loo K = l , U h I S T 

DO lou L = I , : : X C 
1 0 0 J C E L 5 ( . < » L ) = 0 
n o D O 1 2 0 i = ] , r ;v 

W b < I ) = 0 . 0 
vi'* vi ( I ) = u • n 

12 CJ /ASlAi I ) = u • o 
DO 1 3 0 K=1»NG3 
V N 0 ( .< ) = u • 0 
E N 0 I .0 ) = u • 0 

1 3 u PiAXNG ( < ) = NG ( K ) 
NRST = 9 9 9 9 9 
TtiEb=TNOW 
NEN = u 
NLV = J 
RETURN 
END 

- F O R , I S S M O P L G A D I N G . C O L L 
SUbROUT I MF COLL ( N S E T ) 

C 
C * * * EVENT SUoRCUTINE TO COLLECT S T A T I S T I C S AT 
C ' * * * THE END CF EVERY SCHEDULING PERIOD AND TO 
C * * * CALL THE LOADING ROUTINE 
C 

DIMENSION NSET ( 3 5 . 1 ) , S C P L D 2 ( 1< ) , r :LCAD2( lo) 
COM.' '.ON I D , I , I N I T » ULVNT , J ON I T 9 r'F A , P S TCP » v X * '•'» X C , NCLC 7 , 

lNr i l ST » NO 0 » \ G R P T »N 0 T , N P R " S » N P 0 N , N P ̂  • OS 9 N G T A T ,OUT,SCAl_w, 
2 I GELD, TNO;. » T o E G » T F 1 N , 0 X X » N P P N T , N'CPD'' , N'EP > VNN ( 25 ) , 
3 < 0 F , <L E » <0L »A T R I b ( 3 3 ) , E N ( 2 5 ) » I 0 0 ( 2 5 ) * UC EL S ( 2 'U 3 2 ) , 
4KRA.,,< ( 2 5 ) , J C L R »,-1AXiN J { 2 5 ) * OFE ( 2 5 ) ». EC ( 25 ) ,OLE ( 25 ) * 
5 U L L L S ( 2 o ) , IN«OJ ( 2 5 ) » P A,\ A ' ( A _ , A ) » ^ T I •' t_ ( 2 5 ) » o O JO A ( 2 2 * 5 } 
6 s oU'-'A ( J 5 » 5 ) , NAP.L ( o ) » NP.->GU ,.' ON • ND^Y > NY 0 

Co,- w ;N P L E , N T PDo » A T T P ^ > 0 •', X I 0 v 0 » X ' N S Y , I u Jt_ , 
I I I YP L > "• NEXT , NEN ,NL V* N H L L J * ..o ( L ) , . t / ' ( 1 w ) ,X ( 1 - »1 "7 > * 
2 b 0 S ( 1 ) »N R 0 E !" » N P 2 L E • N .5 - , ' P S T » N E N J S • N n 0 L • ' " L , 
3»\ ;* r. I 1 J ) » 5 L L J ) A R M I L , LOC(2 ^ ) » " A X » M ; - ! 1 1 J 

CO': 'ON NPr< EL 9 r.PREP •'•ODCSL • N^"L 9 C A ^ " ( 1 ) ,DE5L ( 1 C ) , 
1 D G H 1 J ) 9 J E S L r , u " L F , 'OL 0 Au ( 1« ) . X C " S , X , . \5»T T ' E F l IJ) , 
2 N S T o,. 9 N L D P , N A ;\ R » 0 i 10 P L b ( 1 ) 



COMMON A { 2 5 . L o ) .KbV ( 15 ) .C ( K Cl ) .FACDUD 
COMMON ICOUNT . NCOUN T • S I NPE R .MS*( 1 - ) .AVGLD9 

* * * SCHEDUL b THE NEXT DATA COLLECTION POINT 

A T R I b ( 2 ) = 3 . 0 
A T R I b ( 1 ) = T N O K + P L E N 
C A L L F I L E ; : U . N S L T ) 
N T P D S = N T P D S + 1 
I S C A L E = S C A L E + . C O O G o l 
N T P = N T P D S - 1 
T S = U • 0 
TOT = u , u 

* * * UPDATE TIME INTEGRATED S T M T I S T I C S ON MACHIN 
* * * AND COMPUTE S T A T I S T I C S ON F A C I L I T Y UTILIZAT 
* * * DURIN THE PERIOD 

A P = U . ^ 
b P = 0 . 0 
DO l u 1=1,MM 
CALL TM3T ( BUS ( I ) .TNOO . I .NSET ) 
UT = SSUMA ( 1 . 3 ) / P L E N * 1 CO • C« 
Ab( I ) = *r> ( I ) / P L E N * l U J . O 
T S = T S + S o o " A ( 1 , 3 ) 
.vbM ( I ) = o M ( I ) +SGDMA ( 1 . 3 ) *SSUMA ( 1 . 3 ) 
TOT = T O T + A,L>( 1 ) 
;>'WW ( I ) = „ ' ( I ) + A U ( I ) 
CALL COLCT ( U T . l . N S E T ) 
A P = A P + S S U M A ( 1 . 3 ) 
bP = BP + SSUVA{ I , 3 ) * S S U M A ( 1 . 3 ) 

b ( I ) = 0 • ^ 
SSUMA( I , 3 ) = „ • 0 
A P = A P / F L O A T ( NM ) 
bP = b P / F L O A I ( iNM ) 
riP = a P - A P * * 7 
CALL C O L C T ' ( O P » 7 - - » N S L T ) 
CP = u 
DP = 0 
NM 1 = NM+1 
DO 12 I = 2 » N - ' l 
1 1 = 1 - 1 
X N 0 = N O ( I ) 
XC= I EN -> ( 1 ) +XN0 * ( TNO.v'-GT i ME ( I ) ) ) 
IF ( T N 0 / • L E . c • J 1 ) x A VL ( I 1 ) = . . 0 
AVG = ( X C - X A V L ( I I ) ) / P L u N 
CP=CP+AVO 
0 P = O i 1 + / A VN. * ^ 2 
A M V L I 11 ) = XC 
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C P = C P / F L O A T ( V ) 
DP = OP/FLOAT ( ) 
D P = L > P - C P * *2 
CALL COLCT ( D P , 71 ,;MSET ) 
A T S = T S / F LOA T ( P •".) 
A TO T = TO T / FLOAT ( MM) 
CALL COLCT ( A T 5 » 1 A , M 3 E T ) 
CALL Hi 3 TO ( A T 0 > J • 5 » „ • 5 , 3 , N 3 E T ) 
A T = A T 0 T 
CALL N l S T O ( A T , O . J , 6 . ^ , 4 , \ S E T ) 

C 
C * * * C H L C : < IF A JOL3 POOL I S bElMG OSEL^ 
c 

P 6 6 = iOO ( 12 ) 
CALL COLCT ( r ? 6 6 , 6 6 , 0 S E T ) 
I r (MLDP • EG • ^ ) 0 0 TO 39 

C 
C * * * POOL I S 6 E I N u U S 2 u . CALL SUBROUTINES TO LOAL. TM-
C * * * SHOP 
C 

I F ( M 0 ( 1 2 ) . E G . 0 ) 0 0 TO 3 9 
CALL GL.NMAT (NSLT) 

C 
C * * * ADJUST AGGREGATE SHOP LOAD FOP EACH GACHIPE A' 0 
C * * * OUEUE LOAD FOR PARTIALLY COMPLETED J G s S 
C 

39 R 6 7 = M 0 ( 1 2 ) 
CALL COLCT ( R 6 7 , 6 7 ,MSET) 
I F (MSO (4 ) • E0 • 0 ) uO TO 4 0 
I F (MO( 1 2 ) . L T . 1 ) oO TO 4 0 
J = u 
f U = M F E < 1 2 ) 

l b J = U + 1 
ME I RST=FLOAT ( M S E T ( 11 »N 1 ) ) / SC A L E + • vG; 0 1 
IP ( b U S ( M F 1 R S T ) ) 2 5 » 2 5 , 2 0 

2 0 M 1 = MSET(MX»N 1) 
IF ( N l . M E . 7 7 7 7 ) GO TO 15 
GO TO 4 . 

25 G2 = ''!3E T C X ) 
CALL R -:0VE (,01 » 12 » OS L T ) 
CALL COLCT I 1 . j , 6 9 »N0E1 ) 
MM EX T = A I R 1 :J ( 1 1 ) + 0 . J J ^ 1 
CALL P T J O B ( 3 , G S E T ) 
, \1 = ,N2 
IF ( M l . G L . 7 7 7 7 ) GO Tu 15 

' tu N1 = M F E ( 1 ) 
4 5 IF (FLOAT(GSET ( 2 » G 1 ) ) / S C A L E . O T . 1 . ^ ) GO TO 6 0 

T I L LF T = ( MSLT ( 1 , r j ) ) / o C AL t - TMO .-. 
• * 1 = F LOAT ( POET ( 1 1 , P'1 ) ) / S O » L E + . " ' 1 
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S C P L U 2 ( " 1 ) = S H C P L u ( " 1 ) + ( T I L L F T * C A P '{ ' l ) ) / B . O 
VJ. L 0 AD 2 ( • 1 ) = C L 0 A D C , 1 J + ( T I LEF T * C AP-" ( 1 ) ) / 3 • 0 

6v M = . \ S L T ( ''X »N1 ) 
IF ( H . N E . / 7 7 7 ) GO TO 4 5 

C 
C *** CALCULATE U E V I A T I P N . 5 FRO'-' BALANCE 
C 

D o A L T = u « o 
DO 7^ J = l , v " 
DLJAL = D E S L ( 0 ) - S G P L D 2 ( D ) 
0 3 o = J + 3 v 
D 3 0 = D b A L 
CALL COLCT ( D3 J * N3 » NSE T ) 
D 3 ̂  A L) = A o S ( O 3 ) 

7u DdALT=DJALT+D3JAb 
CALL COLCT (DOALT » 4 1 » N S E T ) 

L 
C **x CALCULATE ADDITIONAL DEVIATIONS FROM BALANCE*IF 
C * * * R E 0 U I R E 0 » D E P E \ J I N G CM LOADING RULE USED. 
C 

DO 7 5 J = l , . \ ' ' ' 
D D A L C =DOL(U ) - 0 L O A D 2 ( 0 ) 
."o3 = J + 5 3 
D53=DoALO 
CALL COLCT ( D 5 3 »N 5 3 » N S E T> 
DL>3 Ar> = AbS ( 0 5 3 ) 

75 DbALG'T = D O A L O T + D 5 3 M D 
CALL COLCT ( D D A L O T » 6 4 j N S E T ) 

6w IF ( N T P D S . G E . N R 5 T } CALL CLEAR (NSET) 
I r ( N T P D S . L T . N T O T P u ) RETURN 
CALL E NSIM (NSET) 
RETURN 
END 

-FOR > I 5 Sn'MO "MU< I Nu• JOXLV 
r 0 N C I I 0N D 0 h DC'. OR •< • I D t ) 

C 
C - > M O S I G R S A L)WL U M T L r OR A ' , I : Cr 
C 

IE ( i L/. L • L 0 • 2 ) GO TO 1 . 
D ^ c J z .? . -< + L> " A N \j ( j • . ) -> 1 ^ • . 
G 0 t ' Zv 

I J Ml =D R A'. 0 ( ' . ) 
IF ( <l .L ;T . • 1 ) G ^ T^ 1 I 
J ^ L 0 = ' ? « -M'M-:^ 

I G J J D 
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GO TO 2-. 
15 D U E D =,-, 0 P .< + R 1 * 3 J J • 
2 u RETURN 

END 

-FOR 9 I S SHOP LOAD I NG . D Y<MAi-i 
SUBROUTINE DYNAM ( MdEST , NSE T ) 

C 
C * * * SUBROUTINE USED -.'ITH DYi,A,.,IC S_AC„ 
C * * * DISPATCHING KULES 
C 

DIMENSION N S E T ( 3 5 » 1 ) 
COMMON ID , I " » I N I T » J E V ' T »J U\t I T ».*;F A . i - iSTur »»-i X *C » .MCLC T , 

1NH1 S T ? N C 0 » N0R P T » N 0 T » P P Rf-' S 9OKU M 9r-' K0 IN S * S T A T , u ' J T *. SC Au E . 
2lSLL'Ot TNOP » T D E G »TF I N O 'XX, N K K N T 9/NCKDK 9i^Er , VJMU ( 25 ) > 
3 K 0 F • KL E 9 G L 9 AT P 1 o ( 3 3 ) , E NO { 2 5 ) , 1 fPN ( 2 5 ) . JC EL S ( 2 0 , 3 2 ) » 
4 M R A N , < ( 25 ) , JCLP ,PAXNQ ( 2 5 ) 9 V F E { 2 5 ) ,PLC ( 25 ) , . M L E ( 25 ) 9 
5 N C E L S ( 2 ! J ) *NC(25> 9 PAR A*-'( 4 , 4 ) 9 w T I , . , E ( 2 5 ) 9 SSU, .A ( 2 ° 9 5 ) 
6 » SU'-'A ( 7 5 9 5 ) 9 NAl-'E ( 6 ) » NPKU J 9;".Ui\ 9 i\DAY 9INYi\ 

CO " " O N P LE 0 9 NT PDS 9 NTOTPD 9fP 1 9X I SYS 9 X'-.'K SY 9 I D P E 9 
1 I TYPE 9 MNEXT 9 PEN 9OLV9 .MHELD 9 Pd ( 1 0 ) 9 \W ( 1 o ) 9 X ( 1 G 9 10 ) , 
2 bUS ( 1 J ) 9NRSET 9 NKULE 9 '.PC1'.-.' 9 NRS T 9 NE POS 9 N M P L 9" ~ L * 
3 A ; , A I D »SELD»ARATE »LOC ) 9 MAX »A« ( 1 1 ) 

COMMON NPRLL » ".PPEP 9 NDL SL 9 b • L 9 C A K ( 1 w ) 9 b E S L ( 1 0 ) 9 
IDOL ( L ) » DESLF ,D -'LF 9 OL 0 AD ( 1 , ) ,XOPS »X \K>S • T I ' "EF ( 10 ) 9 
2 N S T S /. » N L D P 9 N AP w »S H u P L D ( 1 w ) 

XX= 1 • v.E + 20 
PNl="- ;NOW + l 
M b E S T = 0 
'•'NX T = " F E ( '-'iM ) 
I F (PNXT) K. , 1 . , 2 : 

1 ^ CALL ERR 0 Q ( 2 0 1 . N S E T ) 
2 J U I F ^ N S L T ( 4 9 : NXT ) -NSET ( 6 9.-;.N*XT ) 

U S = L>I F / S C A L E - T 
iySCP = i / S / (FLOAT ( N o t T ( 5 9i-mXT ) ) / 3 C A _ E ) 
POET ( 7 9 XT )=DS ) P * 5 C M L E + . ,->\ , O 1 
IF (NRULE • LG • 2 ) GO TO 3 . 
1F ( u S . L T . X X ) " D L 3 T = -- "JXT 
IF ( D S . L T . X X ) XX = 0 3 
o c r o 4 . 

3 J IF ( D 3 0 P . L T . X X ) .':bE0 T = m J T 
IF ( D S O P . L T . X X ) XY^bGwr 

4 j "NX t = 0 0 L T ( ' 'X 9 .••' \XT ) 
IF ( M' > X T - 7 7 7 7 ) 2 - 9 6 - , ^ . 

5 . RETURN 
LND 
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-FOR » I S Sri0PL0A[) I NG . END3V 
SUBROUTINE ENDSV ( N 3 F T ) 

C 
C * * * EVENT SUBROUTINE CALLED .VMFN AN OF SERVIC-
C * * * H A S OCCURRED FOR A JOB OPERATION 
C 

DIMENSION N S E T ( 3 3 . 1 ) 
COMMON I D , IM, INIT . JEVNT . J M N I T . '•' F A . -'STOP.MX . v y C . N C L C T , 

1NHI ST » NOO . NORP T .NOT , N P R v S . NR J N . NRDNS » NST A T ,DM T . Q C L 0 . 
2 I S E E D , TNOv; . TBEO, TI I N . M X X . NPRNT , NCR DR , NEP , V*i 3 ( 2 5 ) . 
3KOF .,<LE , KCL , ATR IB ( 3 3 ) ,ENO ( 2 5 ) , I N N ( 2 b ) , JC EL S ( 2 n , 3 ? ) , 
4KRANi< ( 2 5 ) , JCLK ,MAXNO( 2 5 ) , -"'Ft ( 2 5 ) , ' LC ( 2 5 ) . " L t ( 2b ) , 
5 NCELS ( 2U ) .NO ( 2 5 ) » P A R A '•' ( 4 U . 4 ) , U T I M E ( 2 5 ) , SSi 'MA {2" . 5 ) 
6 , S 0 M A ( 7 5 , 5 ) , N A M E ( 6 ) ,NPROU ,MON,NDAY,NYR 

COMMON PLEN » NTPUO » N T0 TPD,NM,X I 3Y3 »X. \ 3 Y , I DUE , 
1 I TYPE,MNE X T,NEN ,NLV,NHELD , M B ( l u ) ,OOM( 1 0 ) » X ( 1 v »1 0 ) » 
2 BUS ( L N ,,NRSET , NRO'LE ,MNO:- , ! A<S T , '..El'.OS , NHOL , 1 . R L , 
3 W W «V ( 1 J ) ,SEED,ARATE ,LOC ( 2 u - ) »'-'AX , AR ( 1 1 ) 

COMMON N P R E L , NPREP , NDESL , ND'L , CAP" ( 1 0 ) , DESL ( 1 C ) , 
IDOL ( 1 0 ) , D E S L F , D M L F , 0 L 0 A D ( 1 >; ) , X OP S , X v < S , T I ;-' E F ( 1 0 ) , 
2NST SW , NLDR , N A R R , S n Q P L U ( 1 0 ) 

COMMON A ( 2 b , 1 0 0 ) , K D V ( 1 5 ) . C ( 1 0 0 ) , F AC DUD 
COMMON I COUNT ,NCOUNT, S I N P E R , MS',-. ( 1 )) , AVGLD9 
I'INO A = A T R I B ( 11 ) + 0 • 0 J u 0 1 
MNEXT = AT R I u ( 1 3 ) + J . j ^ u l 
CALL TMST ( XOPS , TOO A', 1 3 , NSET ) 
XGPS = XGPS+1 • <J 
C A L L T M S T ( X , \ < S , T N O O , 1 4 , N S E T ) 
X ' / ; K S = X O K S + A T R I B ( 1 2 ) 
A T R I B ( 3 2 ) = A T R I B ( 3 2 ) + A T R I O ( 1 2 ) 
A T R I b ( 5 ) = A T R I B ( 5 ) - 1 • >~ 
IF ( A T R I u ( 5 ) ) 1 o , 1 0 , 6 v, 

C 
C * * * COLLECT S T A T I S T I C S ON THE JOB LEAVING THE S Y 5 T E " 
C 

1 - T I S Y S = T N O , ' - A T R I O ( 3 ) 
CALL COLCT (T I S Y J , 1 1 , NSLT ) 
N0P = A T R I o ( 1 0 ) + u « j J ^ J l 
N P 2 3 = N O P + 2 2 
CALL COLCT ( I I S Y O , N P 2 3 , N O E T ) 
CALL TMST ( X I SY3 , T ,',0.• , 1 2 , NSET ) 
X I S Y 3 = X I S Y S - 1 • u 
CALL T 1ST (X. .K3Y, TOO • , 1 1 ,NSET ) 
X.-.KSY = X..i<SY-A IR lu ( ') ) 
UDD = ABS(T N0 0-A T RI 3 ( 4 ) ) 
CALL COLCT ( D D D , 1 b , N O E T ) 
T LATE = T NO..-ATR I L> U ) 
CALL CuLCT ( T L A T c » 1 2 > N 3 L T ) 
CALL H 1 S T 0 ( TLATL , - 1 „ . , 2 . J , 1 ,NOET ) 



T ARbY = TLATE 
JF < T L A T E . L T . O . ~ ) TARDY=U.o 
C A L L C O L C T ( T A R D Y » 1 3 , N S E T ) 
T S Y R P L = T ; , O . V - A T R I D ( 3 3 ) 
C A L L C O L C T ( T S Y N P L » 4 2 • N S E T ) 
N P 4 0 = N 0 P + 3 9 
CALL COLCT ( T 5 Y N P L , N P 4 0 , N S E T ) 
TIPOOL = A T R l b ( 3 3 ) - A T R I b ( 3 ) 
CALL COLCT ( T I P O O L » 4 8 , N S E T ) 
P L R P G L = T I P 0 C L / P L E N + U . 5 
NPEPOL=PERPOL 
CALL HISTO ( N P E P O L » l . ~ » l . 0 * 1 6 , N S E T ) 
N P 4 6 = N 0 P + 4 5 
CALL COLCT ( T I P O O L , N P 4 6 *NSET) 
D = F L O A T ( N T P C S - 1 )*PLEN 
oDUE = A T R I b ( 4 ) 
I F ( d D U E • L T . b ) GO TO 3 J 
I F { L J D J E . L T . T N O A ' ) GO TO 2J 
LP= ( T N C W - o D U E / P L E N ) - . 9 9 9 9 9 9 9 
GO TO 4 ^ 
LP = 0 
GO TO 4 u 
L P = ( o - b b U E ) / P L E N + . 9 9 9 99 9 
XP = LP 
CALL HISTO ( X P » - 1 J • 3 » 1 • • 2 »N S E T ) 
X0PS = X 0 P S - A T R I t 3 ( l b ) 
XtoKS = Xr\'KS-ATRIt3 (9 ) 
NLV=NLV+1 
J O b = A T R l b ( 3 u ) + . J O l 
L O C ( J O o ) = 0 
I F ( J 0 i 3 . N E . P A x ) GO TO 8 0 
P A X = P A X - 1 
J0<3 = J O b - 1 
IF ( L O C ( J O b ) . L E . O ) GO TO 5 b 
GO TO 8 o 

* * * THE J O b I S NOT LEAVING THE SYSTEM 
* * * UPDATE THE JOO ATTRIBUTES 

I F ( N R U L E . L L . 3 ) A T R I J { 6 ) = A T R I 0 ( 6 ) - A T R I 
LKP. = A T R I o ( b ) + • 0 01 
LP = 2 * L K V + 9 
DO 7^ I = 1 1 »L«v » 2 
A T R I o ( I ) = A T R I b ( I + 2 ) 
A T i\ I o ( I + 1 ) = A T R I b ( I + 3 ) 
AT* I a ( LP+ 2 ) = • u 
ATR I -j> ( L P + 3 ) =^ . -
CALL P T J O b ( 2 * NSE T ) 

http://J0i3.NE.PAx
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C * * * CHECK MACHINE QUEUE fCR ANY JOGS 
C * * * AVAIABLE FOR PROCESSING 
C 

8 0 I F (NO (MNO/. + l ) ) 9 J * 9 U * 1 V ; 0 
C 
C * * * THERE ARE NO J O E S IN THE QUEUE 
C 

9u CALL TM3T ( b U S (VINOA' ) • T NOW • MNO»\ .NSET ) 
BUS(MNOO ) = J . O 
IF (MS.. ( 2 ) . E G . U ) GO TO 9 3 
I F ( N L D R . E C . G ) GO TO 9 3 
CALL C O L C T ( 1 • 0 , 6 8 » N S E T) 
IF ( N O ( 1 2 ) . L T . l ) GO TO 9 3 
IF {AS/1 ( 3 ) . E G . U ) GO TO 8 8 
IF ( SSUMA ( M N G A ' , 3 ) . G E . A V G L D 9 ) GO TO 9 3 

C 
C * * * TRY TO MOVE JOB FROM POOL TO E' 'PTY MACHINE 
C 

6 8 J = u 
N 1 = M F E ( 1 2 ) 

9 1 J = J + 1 
N F I R S T = F L O A T ( N S E T ( 1 1 , N l ) > / S C A L E + . 0 0 0 1 
IF ( N F I R S T . E O . M N O O ) GO TO 92 
N 1 = N S E T ( M X * N 1 ) 
IF ( / a . N E . 7 7 7 7 ) GO TO 91 

C 
C * * * NO JOB WAS FOUND THAT COULD HELP IDLE MACHINE 
C 

GO TO 9 3 
C 
C * * * PUT J G b > R O M POOL IN IDLE MACHINE 
C 

9 2 CALL R « P D V E ( N 1 , 1 2 , N S E T ) 
CALL COLCT ( 1 . 0 , 6 9 , N S E T ) 
MNE X T = A T R I o ( 1 1 ) + . 0 0 w o1 
CALL P T J O b ( 3 , N S E T ) 

9 3 RETURN 
C 
C * * * MORE THAN ONE J O b IS A V A I A r L C • CC'-'PUTE 
C * * * P R I O R I T I E S ANO BRING IN THL JOb 0 ' ITn THE 
L * * * n l G n E S T PRIORITY F R O - THL QUEUE. 
C 

l ^ o ,-iNl ='-.NO.\' +1 
IF (NO (-ONI ) .EO . 1 ) GO TO 12 * 
IF ( NROLE. - . 0 . w . OR. NRJLL . OT . 3 ) 0 0 TC 1 2 0 
IF ( N R U L E . G T . 2 ) GO TO 1 1 . 
CALL b YN A"-' ( v L l EST , NO E T ) 
CALL R -OVE ('-.BEST • MR 1 ,NSE T ) 
GO TO 1 3 0 
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i 10 CALL A » K I N 0 (MB EST » NSET ) 
IE ( M o t . 3 T . E G . J ) GO TO 1 2 0 
CALL RMOVE (MBLoi »MN1 ».NSET ) 
GO TO 1 3 o 

1 2 0 CALL RMOVE (MFE ( MN 1 ) »'!N 1 , N S E T ) 
C 
C **% COMPUTE THE WAITING TIME FOR THE JOB AND 
C * * * DECREASE THE WORKLOAD IN THE MACHINE QUEUE. 
C 

13 J T = T NO A'-ATR I B ( 8 ) 
M N 1 C J = M N 0 , V ' + 1 5 
CALL COLCT ( „ T » MN13,NSET ) 
OLOAD ( MNOA' ) =OLOAD ( MNOO ) -ATR 1 0 ( 1 2 ) 
SHOPLD ( MNOA ) =SHOPLD ( MNOO ) -ATR 1 ^ ( 1 2 ) 
TIMEVT =ATRIB( 1 2 ) * ( 8 . - / C A P /(MNOW ) ) 
ATR1 B ( 1 ) =T NO'.'.' + T l.SEVT 
A T R I B ( 2 ) = l . u 
J O B = A T R I B ( 3 0 ) + . 0 0 1 
L O C ( J O B ) = M F A 
CALL F I L E M ( 1 * NSCT) 
RETURN 
END 

-FOR » I S SH0PL0AD1NG.ENSIM 
SUBROUTINE ENSIM ( N S E T ) 

C 
C * * * SUBROUTINE USED TO PRINT SIMULATION RESULTS 
C 

DIMENSION N S E T ( 3 3 , 1 ) 
COMMON I D , I ,M , I N I T , JE VN T , JON I T , MF A , MS T OP , M X , X C , NCLC T , 

1NHI ST , NOG »NGRPT ,NOT • NPRMS ,NRGN ,NRGNS »NSTA I , OUT , SCALE , 
2 ISE ED >T NOA» T BEG » T FIN,MXX , NPRNT,NCRDR,NEP , V N O ( 2 5 ) , 
3K0F » KLE » KOL > A T R I o ( 3 3 ) » E N O ( 2 5 ) » I N N ( 2 5 ) » J C E L S ( 2 0 » 3 2 ) » 
^Kl</\:^ ( 2 5 ) • JCLR »MAX NO ( 2 5 ) » M F E (2b) »"LC (2b) » M L E ( 2b) » 
5 NC E L S ( 2 -J ) , NO I 2 b ) • P AR AM ( 4 u , 4 ) » 0 T L '. E ( 2 b ) » S 0 DMA ( 2 0 , b ) 
6»S0MA( 7 5 , 5 ) ,/NAME(6) »NPR0J »MON »NDAY >NYR 

CO.M.MON PL EN » OTP OS » NT 0 TPD , NM, X I GYG » A A ' K S Y • I DOE , 
1 I TYPE » MNEXT » NEN *NLV » NHLLD , :\\', ( 10 ) , AC/.' ( 1 o J , X ( 1 0 , 1 0 ) » 
2 BUS( 10 ) ,NRSLT , NRULE , MNCW•NRST ,NENOS»NHOL »N.-.L» 
3 A A A' ( 1 0 ) • SEED , AR A I E » LOC ( 2 u J ) »MAX » AR ( 1 1 ) 

COMMON NPRLL» NPREP »NDESL » NO' !L » C A P " ( 1 0 ) > 0 E S L ( 1 0 ) , 
l uOL ( 1 J ) » DESL E ,0ML1 , OLOAD ( 10 ) , XOP? , V- KS * T I'-'EF ( 10 ) * 
2NST S A' • NLDR ,NARR ,Si IOPL D ( 1 - ) 

COMMON A ( 2 5 »1o u ) » K G V ( 1 5 ) • C ( 1 ^ 0 ) , FACDUD 
COMMON lCOUNT,iNCOUNr,SlNPER»M.SV ( U- ) » AVGLD9 
PR 1 NT 1 6 0 , NLDR »NRULE 

http://Mot.3T.EG
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CALL T MST ( XV.KSY • T NO 0 ' . 1 1 , N5ET ) 
CALL TMST ( X l S Y 3 . T N O W . 1 2 , N S E T ) 
CALL TMST ( XOPS » TNO •/, 1 3 , NSET ) 
CALL TMST (XW<S.TNOW,14 , NSET ) 
OO 10 I = 1 , N M 

10 CALL TMST ( bUS ( I ) » T NO 0 , I » NSET ) 
N T P D S = N T P D S - N R S L T 
NNTP=NTOTPD-NRSET 
A R I T E ( 6 , 1 7 b ) NM »NRS E T » NN T P • PL EN' 
.v R I T E ( 6 . 1 7 1 ) ( MS/v ( J ) . J = l . 1 0 ) 
IF MSW( 5 ) • G T • J ) GO TO 1 3 
WRITE ( 6 . 1 7 2 ) 
XN=NTPDS 
DO 12 I = 1 , N M 
J 3 C = 3 3 + I 
XM1 = SUMA(J 30 »1 ) / F L O A T ( N T P D S ) 
J 5 3 = 5 3 + I 
XM2 = S U M A ( J 5 3 . 1 ) /FLOAT (NTPDS) 

12 / .RITE ( 6 . 1 7 3 ) I . X M 1 . X M 2 
13 C O N T U S E 

XM3 = S U M A ( 4 1 . 1 ) 
XM4 = S U M A ( 6 4 . 1 ) 
XN3 = SUMA(41 , 3 ) 
X N 4 = S U M A ( 6 4 , 3 ) 
X S 3 = S U M A ( 4 1 , 2 ) 
X S 4 = S U M A ( 6 4 , 2 ) 
AVG3=XM3/XN3 
AVG4=XM4 /XN4 
VAR3=( ( ( XN3*XS3 ) - ( X M3*XM3 ) ) / ( X N 3 * ( X N 3 - 1 . 0 ) ) ) 
VAR4= ( ( ( XN4*XS'; ) - ( XiM4*XM4 ) ) / ( XN4* ( X N 4 - 1 - 0 ) ) ) 
"»•. R I T E ( 6 , 1 7 4 ) 
WRITE ( 6 , 1 7 b ) AVG3 »VAR3 
v.RITE ( 6 . 1 7 6 ) 
. .RITE ( 6 . 1 7 5 ) AVG4,VAR4 
J = l 1 
DO 16 1 = 1 , 3 
XM5 = SUMA ( J , 1 ) 
XS5=SUMA ( J . 2 ) 
XN5 = SUM.A( J , 3 ) 
AVG5=XM5/XN5 
V^R5= ( ( ( XN5*XS5 ) - ( XM5*X""5 ) ) / ( XN5* ( X N 5 - 1 . J ) ) ) 
I i- ( I • 0T • 1 ) GO TO 14 
.-.RITE ( 6 . 1 7 7 ) 
J = 4 8 
GO TO 16 

14 I r ( i . G T . 2 ) GO TO 15 
I T E ( 6 »1 ic ) 

J = 4 2 
GO TO 16 

http://XlSY3.TNOW.12
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15 WRITE ( 6 . 1 7 9 ) 
16 w R I T t ( 6 . 1 7 5 ) AVb5.VA.x5 

XM7 = 5U-''A( 66 . 1 ) 
XN7 = oUPiA ( 6 6 . 3 ) 
XS7 = SUMA(66 , 2 ) 
AVG7 = X*-!7/XN7 
VAR7=( ( ( XN7*XS7 ) - ( XV!7*Xr-*7 ) ) / ( X n 7 « (X. ,7 1 . 0 ) ) ) 
S T D = 5 Q R T ( A B S ( V A K 7 ) ) 
WRITE ( 6 . 1 8 5 ) AVG7,STO 
XO0/ = SU".A ( 6 7 , 1 ) 
XN7 = S U - G A ( 6 7 , 3 ) 
XS7=SU 'IA ( 6 7 , 2 ) 
A V G 7 = X - 7 / X N 7 
VAR7= ( ( ( XN7*XS7 ) - ( XN7*X;-G7 ) ) / ( X I N 7 * ( Xn7 1 . 0 ) ) ) 
S T D = S O R T ( A Q S ( V A R 7 ) ) 
WRITE ( 6 . 1 8 6 ) AVG7,STD 
IF MSW(5 ) . G T . u ) Gu Tu 17 
'WRITE ( 6 . 1 8 . ) 

17 CONTINUE 
XN=NTPDS 
0 0 2 0 I=1,N>< 
AB= S U R A ( 1 , 1 ) / F L O A T ( N T P b S ) 
WWW ( I ) = ' • ' , ( I ) /FLOAT ( N T K U S ) 
WBG ( I ) = ( WBiN ( I ) *XN-SSU<-0\ ( I , 2 ) * * 2 ) / ( X.* - ( X. , - 1 • 0 ) ) 
I F M b »\ ( 5 ) • G T • 0 ) GO TO 2 L 
WRI TE ( 6 . 1 9 . ) I , A j , O B n ( I ) 

2 0 CONTINUE 
T w D = ^ • o 
DO 3 5 I = l , N v 

3 b T ,GB = T \' 0 + .GOM ( I ) / F LuA T ( IMPI ) 
So'A= ( SU'^A ( 14 , 2 ) KXN-SU'-'A ( 1 4 , 1 ) ~ ~ 2 ) / ( X IN * ( X.M- 1 • 0 ) ) 
WRIT E ( 6 , 2 ; ; ) T W b , S D M . NEN,NLV 
DO 4 0 1 = 1 2 . 1 4 
XS=GUGA( 1 , 1 ) 
XSS = SU''A ( 1 . 2 ) 
X N = S U O A ( 1 , 3 ) 
AVGo=XS/XN 
VAR= ( ( ( XN*XSS ) - ( XS-XS ) ) / ( X.. ( X . 1 . 0 ) ) ) 
IF ( I . E G . 1 2 ) PRINT 2 1 . , A V G G . V A K 
IF I I . L 0 . 1 3 ) PRINT 2 2 . . . A VuG . VMK 
I r ( I . E N . 1 4 ) AVGO = A V O G / H L E I > I * 1 • • 
IE ( I •E 0 • 1 4 ) PRINT 2 1 - . A V OG 

4 J C' ON T I NO t: 
bO 5 J 1 = 1 1 , 1 4 
XT = 0 0 0 ' ' A ( 1 . 1 ) - T u c G 
XS=SSO'*A ( 1 , 2 ) 
X S S - 0 S 0'•'• A ( I , 3 ) 
A V b u = X o / X T 
STD = ( X 0 •' / X T - A V O u * / \ V o ) 

http://AVb5.VA.x5


170 

STD = S I GN ( SORT < AiiS ( STD ) ) ,STD> 
IF ( l . E Q . l l ) PRINT 2 4 0 , AVGG,STD 
IF ( I . E 0 . 1 2 ) PRINT 2 5 o , AVGG»S TD 
IF ( I . C O . 1 3 ) PRINT 2 5 2 , AVGG,STD 
I F ( I . E Q . 1 4 ) PRINT 2 5 4 , AVGG,S TD 

50 CONTINUE 
T I ME = FLOAT ( NTHDS ) ^ L E H 
PRINT 2 6 0 , NTPDS,TI;viE 
I F MSW(5 ) .GT . 0 ) GO TO 51 
PRINT 2 7 0 , ( I ,WWW(I ) , I = 1 , N M ) 

5 1 CONTINUE 
WRITE ( 6 , 3 6 1 ) 
WRITE ( 6 , 3 6 2 ) 
WRITE ( 6 , 3 6 3 ) 
OWB = 0 
MAX0=0 
XX = 0 
NM1=NM+1 
DO 5 3 I = 2 , N M 1 
X N Q = N Q ( I ) 
XE=(ENQ< I )+XNQ*(TNOW-QTIME( I ) ) ) / ( T N O W - T B E G ) 
VARE=( (VNQ( I )+XNQ*XNQ*(TNOW-QTI ME(I ) ) ) / ( T N O W - T B E G ) - X F * X E ) 
I F (MAXNQ( I ) •GT•MAXQ) MAXQ=MAXNQ( I ) 
I F MSW(5 ) . G T . O ) GO TO 52 
1 1 = 1 - 1 
WRITE ( 6 , 3 6 4 ) I 1 , XE,VARE,MAXNO( I ) 

52 CONTINUE 
XX=XX+XE 

5 3 QW3=QWB+VARE 
XX=XX/FLOAT(NM) 
QWB=QWB/FLOAT(NM) 
WRITE ( 6 , 3 6 5 ) XX,QWB,MAXQ 
P W B = S U M A ( 7 0 , 1 ) / S O M A ( 7 u , 3 ) 
WRITE ( 6 , 3 6 7 ) PWO 
PQB = S U M A ( 7 1 , 1 ) /SUMA( 7 1 , 3 ) 
WRITE ( 6 , 3 6 8 ) PQB 
IF ( NRUN . G T . 1) GO TO 6 9 
IF M S W ( 5 ) . G T . O ) GO TO 6 9 
PRINT 2 8 0 
DO 6 0 1=1 ,NM 

6 J WRITE ( 6 , 2 9 0 ) (X( I , J ) , J = 1 , N v ) 
WRITE ( 6 , 3 0 0 ) 
WRI TE ( 6 , 3 1 0 ) IDOL, I T Y P E , 5 f E E , I S - E D »NLDR 
R R A T E = 1 . G / A K A T E 
WRITE ( 6 , 3 2 0 ) ARATE 
WRITE ( 6 , 3 2 1 ) RRATE 
XM6 = GUM A ( 6 5 , 1 ) 
XN6=SUMA(6 5 , 3 ) 
AVG6=XM6/XN6 
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* R I T E (6 , 3 2 2 ) AVG 6 
AR l i t ( 6 , 3 3 0 ) NPREL » N P R E P , N D E S L , D E S L F 
.-RITE ( 6 , 3 3 5 ) NDML,D"LF , NARR 
. .RITE ( 6 , 3 3 6 ) FACDUD,SINPER 
/. RITE ( 6 , 3 4 0 ) 
.-. R I T E ( 6 , 2 9 0 ) ( T I M E F ( J ) , J = 1 , N M ) 
.'.RITE ( 6 ,3^-5 ) 
.-.RITE ( 6 , 2 9 - ) (CAPou j ) , J = I , N : . . ) 
.-.RITE ( 6 , 3 5 0 ) 
. .RITE ( 6 , 2 9 - ) ( DZSL ( J ) , J = l ,NO) 
/ .RITE ( 6 , 3 5 5 ) 
.-.RITE ( 6 , 2 9 0 ) ( DQL ( J ) , J = l , \ ' : . ' ) 

C * * * SET UP FOR NEXT RUN. CHANGE DI SPATCM ING RULE 
C * * * I N I T I A L I Z E STATUS V A R I A B L E S . 
C 

6 9 NRULE = NR'OLE +1 
C * * * IT I S DESIRED TO S K I P ROLE 5 (DUE DATE) 

I F ( N R U L E . E G . 5 ) NRULE = 6 
IF ( N R U L E . L E . A ) GO TO 1 2 0 
I F ( N R U L E . u T . 5 ) GO TO 8 o 
DO 7o 1 = 2 , 1 1 

7 J K R A N K ( I ) = A 
GO TO 1 2 -

C J IF ( N R 0 L E . G T . 6 ) GO TO 1 5 0 
DO 9 J 1 = 2 , 1 1 

9 - K R A N K ( I ) = 8 
GO TO 1 2 -

1 2 - CONTINGE 
DO 13 0 I = 1 , N M 
A K ( I ) = 0 • 0 
.'. D ( 1 ) = 0 . -
.1 Lii I ( I ) = — . — 
o o / : ( I ) = - . o 
b O S 1 1 ) = ~ . o 
ShOPLD( I ) = 0 . -

13 0 v.LCAD( I ) = 0 . C 
: : A X = J 

1 H „ L^O ( I ) = . 
AR ( 1 i )='-•• 0 
A — r o — ~ . ~ 
A.. K o = - . -
A i U l O = ~ . -
X.. K 0 Y - ~ • -

i. L 7 = -
N P D - L ^ = -
OPOOLA=-
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( \ I I L L 0 - O 
N TP JS = 0 
XXSu = DRA.NL) ( I SLL') ) 
MRS T =G.i\3E T 

15o MS TCP = - 1 
RET 

lbo FORMAT ( l H l . 36riVARIOOS APPROACHES FOR JOu S~QP LC'O 
1 . 3 7 H I N G USING DIFFER FN T DISPATCH IPG R O L F S , / 2 u X , 3 - 1 LP 
2 >21HADING APPROACH OU <"L>ER » I 5 , / 2 : X , 1 5 PO I SP A TCP I NG P; E 
3 » 9 H E NO.-oER » I 4 / / / ) 

1 7 2 FOR •' AT ( 1H / / / / bX , 7HM ACH I NL , 1 3X »16HPEVI A TI O.N F R 0 v ' ... 
1 ,6HALANCE , / 2 l X » 14HAGGREGATE L0AD»14X>1 TiOUE'jE LOAO) 

17 3 rOixMAT ( bX • I 6 , 1 J X » F 1 2 . 3 , AX » F 12 . 3 ) 
1 7 4 rORMAT ( / 5 / , 3 7 n D E V I n T I ON FROM o A L M\C E > A G G R E 0 ^ T E LO' , ) 
1 7 5 r w.x.MAT ( 1H , 5X » 7 H A V E R A G E »2X >F 1 o . 3 >EHVArt I \'iCl > 5X »F1 : . ~ ) 
1 7 6 FORMAT ( / 5X > 33ri0GV I A T I GN FROM r^AL A,NC t »00 E 0 E LOAD) 
1 7 7 FORMAT ( / / / 5 X , 24HTI ME SPENT IN THE SYSTEM) 
1 7 b FORMAT ( / 5 X . 2 6 H T I M E SPENT IN THE JOB POOL) 
1 7 9 FORMAT ( / 5 X • 3 8 H T I ME SPENT IN THE SYSTEv ..; /0 POOL T I " r ) 
2 5 2 FORMAT ( I P X , 37H* . I • P . ( AVERAGE OPERATIONS PERFOP'-'rO D 

l2onLR J O b IN THE S H O P ) • / 1 5 X * 5 HAVG = , F l o . 3 , 6 H S T D = , F ^ : 
2 5 4 P O R - . M T ( 1 v.X • 3 9 H I . P . (AVERAGE HOURS OF OCRrC DONE FOR J 

1 1 7 U U IJ S IN THE SHOP) • / 1 5 X > 5 f l A V G = » F T 0 . 3 » 6 H S T D = , F ] G . T 
1 7 0 FOR, 1AT (5X» 37H NUMBER OF MACHINES IN THE SIMULATED 

l b h S n O P » I 6 / 5 X , 2 6 H NUMBER OF RUN IN PERIODS , I 8 / 5 X , 
2 4 6 H NUMBER UF T IMc PERIODS SIMULATE1!) AFTER RUiN I \ , 
3 I 6 / 5 X * 2 EH LENGTH OF IACH TI'-'E PC-vICD > F 3 . 2 ) 

1 7 1 F O R M A T ( i n , 5 x » I B H S P E G I A L F E A T U R E S . 4 X . I O U ) 
1 8 0 FORMAT ( 1 H 1 / / / / 3 X . 7FFN4CHINE* I £ H U T I L I Z A T I O N oAL 

1 »12 U A N C L M E A S U R E ) 
1 8 5 FORMAT ( / / 1 H , 3 7 H J 3 o S IN THE POOL cEFOTE LOADING Ay-

1F 7 . 2 » 6 H STD , F 7 . 2 ) 
1 6 6 FOR ".AT ( / / 1 H , 37HUOOS IN THE POOL AFTER LOADING AVO 

1F 7 . 2 » 6 H STD , F 7 . 2 ) 
1 9 J F OR -i A T ( 5 X , I 6 , F 12 . 3 » FT 4 . 3 ) 
2 u u r OR 'A T ( / / / 1 „ X » 25r J ,vACHlNE BALANCE MEASURE = , F 1 2 . ? / 

UoX* 22HSHGP BALANCE MEASURE = , F 1 2 . 3 / L X , 
2 3 INU.'-OJE R OF U O O O ENTERING SHOP = * T 7 / l o X » 
3 2 jn No NoER Of JOuiG LE A V I NG SHOP = > 17 5 

2 1 u r uiv 'O'J ( 1 OA > 2 3 H M V L . < " O C J O o L A T E O L S S = , F T 0 . 2 / l G X » 
1 2 O . T A V E R A G 2 L \ T L N I _ S S V M P I - ' - N C ^ = - E 1 0 . 2 5 

22 v r OR' - AT ( L A » 2 3 U A V E R A 01. 0 0 0 TARO IN-. So = » F 1 2 . 3 / 1 ' J X . 
J 2 o H A v ERA 0 E TARO INI 0 5 VARIANCE = » : T 2 . ? ) 

2 3 o FOR.-AT ( 1 u X , 2 6HAVE RAOE SHOP U T I L I Z A T I O N = , F 1 ? . ? ) 
2 4 J FOR M A T ( 1 X > 3 4 rsA V t R *« C E G . I • P . ( I 0 0 0 ^ P S o F ORG) = » 

1 F 12 . J > i X » F 14 . 3 ) 
2 5 0 FORMAT ( F X , 340AVERAGE NU'-'-EP OF J0_-$ IN THE G " 0 : T 

1 2 M = » r 1 2 . 3 » F 1 2 . 3 ) 
2 6 o FORMAT ( 1 , A • 29MLFNGTH OF SIMULATION' RUN OAS » / ] C X , 

file:///iilL
http://features.4x.iou
file:///
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1 1 5 , 15H TIME PERIODS » 1 H ( , F 1 G . 1 , 9H HOURS ) ) 
2 7 u FORMAT C / / / / / 1 5X » 7HMAC. i I ML , 3X » 13HAVG I N P U T / P D . / 

1 ( 1 5 X , 1 4 , 8 X » F 7 . 2 ) ) 
2 8 0 FORMAT ( 1 H 1 / / 9 X , 32H THE JOB SHOP PROBABILITY TRANSIT 

1 , 1 OH I ON M A T R I X , / / / / ) 
2 9 0 FORMAT ( 3 X . 1 - F 6 . 3 ) 
3 0 0 FORMAT ( / / / / / , 34H IDUE 0 0 0 ITYPE 

1 , 2 3 H SLED I SEED NLDR) 
3 1 J FORMAT ( / 5 X , I 4 ,4X , 7x , 3X , I 5 , 2 x , F l j . 4 , 3X , 1 3 , 14 ) 
3 2 u FORMAT ( / 5 X , 26HMEAN INPUT ARRIVAL RATE = , F 7 . 4 , 

1 16H ARRIVALS/HOUR ) 
3 2 1 FORMAT ( 5X»2 9HMEAN TIME BETWEEN ARRIVALS = , F 7 . 4 , 

18H HOURS) 
3 2 2 i ORMAT ( 5 X , 3 6 H A C T U A L MEAN TIME PER OPERATION 

1 F 7 . 4 , 7 H HOURS) 
3 3 0 FORMAT ( IH / / 3 X , 7 H N P R E L = , I b , 3X , 7HNPREP= , I 5 , 3X , 3HND r 

14HSL= , I 5 , 3 X , 7 H D E S L F = , F 1 D . 3 ) 
3 3 5 FORMAT ( I N ,3X,6HNDML= , I b , 3X , 6H DM.LF = , F 1 J . 3 , 3X , 3HNAP 

13HR= , 1 5 ) 
3 3 6 FORMAT ( IH , 3 X » 8 Jl F A C D U D = , E 8 . 2 , 3X , 8HS I NPE R= , F 8 . 2 ) 
3 4 u FORMAT ( IH / / / 5 X , 3 3 H J O B OPERATION TIME FACTORS FOR E^ 

l l u H C H MACHINE) 
3 4 5 FORMAT ( I H / / / 1 J \ , 3 2 M M A C H I N £ CENTER C A P A C I T I E S PER 

1 4 H R I 0 D ) 
3 5 0 FORMAT ( I H / / / 1 - X , 3 4 i IDES I RED AGGREGATE LOAD PER "ACH!Mr ; 
3 5 5 FORMAT ( I H / / 1 O X , 3 J H D E S I RED QUEUE LOAD PER MACHINE) 
3 6 1 FORM.AT ( / / / 5 X , 221 lOT HER BALANCE MEASURES/) 
3 6 2 FORMAT ( / 5 X , 27HMACHINE QUEUE BALANCE INDEX ) 
3 6 3 FORMAT {3X,7.HMACH NO , 7X , 7i IA VF R AG E , 1 2 X , 3HGv.'B , 8 X , 7 r" 'A X I " , '3 
3 6 4 FORMAT ( 5X , I 4 , 2 F 1 b . 3 , 1 - X , I b ) 
3 6 5 FORMAT ( / 5 X , 4 H A L L , 2 F 1 5 . 3 , 1 C X , I 5 ) 
3 6 7 FORMAT ( / 5X , 2 5HPER I OD WORK BALANCE I NDFX , 4X , 61 iP.-.'o = , F ^ . " ) 
3 6 8 FORMAT ( / 5X , 2 6HPE R IOD OUEUE BALANCE I NDE X , 4X , 6HP G.> = , r ^ . ? ) 

END 

- F O R , I S SHOPLOAD ING« EVNTS 
SUBROUTINE EVNTS ( I X , N S E T ) 

C 
C * * * DIRECTS THE PROGRAM. TO THE 
C * * * PROPER EVENT SUoROUT 
C 

DIMENSION N S E 1 ( 3 5 , 1 ) 
COMMON I D , IM, INIT , JEVNT ,JM.NIT , "F A , M.S TOP , MX , MXC , NCLC T , 

1 N H I S T » N G G , N G R P T , N O T , NPRMS , NRO N , N R J N S , N S T A T , 0 0 T , S O L E , 
2 I SEED , TNO'.. » ToEG » T f- I N » MXX » NPRN T , NCROR ,NEP • VO; ( 25 ) , 
3 K 0 F , K L E , K 0 L , A I R I ^ ( 3 3 ) , EN,. ( 2 5 ) , 11. N ( 2 b ) , OC E L S ( 2 0 , 3 2 ) , 
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4KRANK ( 2 5 ) , JCLR ,"AXMQ ( 2 5 ) , M F E ( 2 5 ) , "'LC ( 25 ) , " L E ( 25 ) , 
5 ; . C E L S ( 2 J ) , N G ( 2 5 ) » PARA,\ ( 4 0 , 4 ) , 0 T I M E ( 2 5 ) , S S U M A < 2 0 . 5 ) 
6*SOMA( 7 5 , 5 ) , N.AME(6) , NPRC J , /ON » NDA Y * 'J YK 

COMMON PLEN,NTPOS»NTGTPD,NP. ,X ISYS»X.\-<SY» I O M E , 
1 I TYPE »MNEXT , PEN »NLV » NME LD » :E ( l o ) , 'EM ( 1 o ) , X ( 1 0 , 1 0 ) , 
2 BUS( 1 , ) »N K 5 E T » N K U L E »N'NG'.\' • OPS T , NFNDS » NHOL »\- 'L , 
3ri.-.rt ( l u ) » SEED » ARAT E ,LOC ( 2 ^ ) , M A X » A R ( 1 1 ) 

COMMON NPREL•NPREP» N D E S L * N O M L * C A P M ( l o ) , D E 5 L ( 1 0 ) , 
11>0L ( 1 J ) • 0ESL F , DML F » 0L 0 A0 ( K- ) , XOPS ,X •'•<5 » T I '•' E F ( 1 0 ) » 
2 N O T S A , N L D R » NARR , 5 ; iOPLD ( 1 o ) 

GO TO ( L , 2 ^ * 3 0 , 4 J ) , IX 
15 CALL ENDSV (NSET) 

RETURN 
2 0 CALL ARIVL (NSET) 

RETURN 
3 0 CALL COLL (NSET ) 

RETURN 
4 0 CALL START (NSET) 

Kc T URN 
END 

- F O R , I S SNOPLOADI No.GENMAT 
SUBROUTINE GENMAT (NSET ) 

C 
C * * * T i l l S SUBROUTINE PLACES THE PMRA -METERS FOR THE J ^ B S 
C * * * IN THE JOB POOL IN THE FOR'-' REQUIRED BY LP 
C 

b l M c N S I G N i * S E T ( 3 5 »1 ) , 0 U D F T ( 5 J ) » P F 0 P ( 1 J > 7 ^ ) , N A U X ( 5 ) 
COMMON I D , IP.» INI r > J c V.N T >JMN I T » MF A , MS T GP »MX , -GXC ,NCLCT , 

1NHI ST •NOO,NCRP T • NOT > NPR: -S > NRUN > NR JtlS > NST AT , 0 J T , SCALE", 
2 1 GE c D » T N 0 » T o LG » T F I N , XX, NPRN T , NCRDR , NEP ,VPO { 25 ) , 
3 KGF » K L E , K 0 L » A T R I o ( 3 3 ) , ENQ ( 2 5 ) , INN ( 2 5 ) , UC EL S ( 2 Z , 3 2 ) » 
4 , < R A N N ( 2 5 ) , JCLP ,MAXNO( 2 5 ) , M F E ( 2 5 ) >MLC(25) , " L E < 2 5 ) * 
5 NCELS ( 2 - ) »,N0 ( 2 5 ) »PA 3 A " ( 4 J , 4 ) ,GT T*E ( 2 5 ) » S S E V A ( 2 0 , 5 ) 
6 > S o M A ( 7 5 , 3 ) , NAME(6) ,NPROJ»MO-U NDAY,NYR 

c o " - ON P L E . 1 , N T P , ; S » N T O T P D , N , , , X I O Y S , X - : K : Y » i o " E , 
1 I TYPE » '.NEXT 9 NLN »NLV • NhELD • b ( l o ) • NO '. ( 1 _» ) »X ( 1 » 1 0 ) • 
2 cUO ( 1 - ) • NRGE T »NRULE • • N0 .,' • G.< S T » NE N 0 S » NHCL » N 0 L » 
3 .\.. .i ( 1 ) • Sc_ L 0 , M[</*T L_ , L0C ( 2 o ) * '•'/->X , Ah ( 11 ) 

CGM",ON NPRLL • NPREP > NoE SL >N0 L >C AP ' ( 1 ^ ) > D E c L < 1 0 ) , 
i L / u L l i ^ ) »OEOLF ,0.' 'LF ,OLOAD ( l o ) , XOPO , X v.'vS»T I -'EF ( l o ) » 
2 N0 T o .'. » NL uP , N A R R , bH 0'P L ^ ( 1 u ) 

Cw .-'oN A { 2 5 , 1 u J ) , KB V ( 1 5 ) , C ( 1 0 0 ) » F A C 0 U b 
C 
G * - * OBTAIN NG.CF J J o S IN POOL ANb I N I T I A L I Z E MATRICES 
C 



NPCGL=NJ ( 12 ) 
M R O A = 2 5 
M C 0 L = d 0 
N G R O A ' = NM 
N 0 C 0 L = N P C 0 L + 2 * N M 
I w o t x = J 
OO 3 1 = 1 , 5 
K A U X ( I ) = 0 
Ot>JIN = 0 . 0 
o o i 1 = 1 »NP; 
DO 1 J = 1 , N P 0 0 L 
WFOP( I » J ) = 0 • 0 
CONTINGE 
DO 2 1 = 1 , NM 
uG 2 J = l » N O C O L 
A ( 1 , J ) = u • o 
J = -
N 1 = M F E ( 1 2 ) 

* * * OBTAIN LP MATRIX ENTRIES FOR EACH J 0 3 

J = J + 1 
A < T 1 M = 0 . D 
NO 1 = F L0A T ( N S E T ( 1 0 , N 1 ) ) / S C A L E + . 0 0 0 0 0 1 
DO 3 5 I - i , N O I 
N O N 1 = 9 + 2 * 1 
NON 2 = F LCA T ( N S E T ( N u N l , N I ) ) /SCAL E + . - 0 0 0 0 1 
NON3=NON1+1 
*OL=FLOAT(NSE T ( N O N 3 , N 1 ) ) /SCALE 
A ( N 0 N 2 , J ) = A '0L 
A'KT 11' = AN. T I M + WOL* ( 3 . 0 /CAP: ; (NCN2 ) ) 
I F ( N L D R . N E . 2 . O R . N L D R . N E . 3 ) GO TO 35 
I F ( N 0 N 1 . N E . 1 1 ) GO TO 3 5 
w F O P ( N 0 N 2 , J ) = W O L 
CONTI NOE 
TIMDOE = F L C A T ( N S E I ( 4 , 0 1 ) J / S C A L E + . u O O J O I 
' A R K D O E =FLOAT ( NSET ( 9 , NI ) ) / SC \LE + . - 0 0 O 0 1 
DODSLK= T I M D U E - T N O . . - A ' . < T IM 
I F (DJDSLK . L E . ^ . o ) OUDSLK = 0 . 0 
DODF T ( J ) = F A A C D O D / ( DJDoL.<+ • J 1 ) 

* * * OBTAIN NEXT J 0 ~ IN THE POOL, IF THERE I 

N 1 = ; . S E T (. ;X , N 1 ) 
IF ( N 1 . N E . 7 7 7 7 ) GO TO 3o 

* * * SET OP MATRICES REOUIRED BY LP I 
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0 0 5 1 I=1,NGRGW 
DO 52 J = 1 , N 0 C 0 L 
IF ( J . E G . ( N P G G L + I ) ) A ( I , J ) = 1 . 
IF ( J . EO . ( NPOOL+NM+ I ) ) A ( i , j ) = - l . 

52 CONTINUE 
A ( I , N O C O L + 1 ) = DESL( I ) - S H O P L D ( I ) 
A A = A( 1 ,NOCOL+1 ) 
O B J I N = 0 " J I N + A r 5 S ( \ ^ ) 
K B V ( I ) = N P 0 0 L + I 
I F ( A A . G E . G . G ) GO TO 3 1 
A ( I , N O C O L + 1 ) = -AA 
K B V ( I ) = NPuOL+NM+I 
DO 54 J = 1 , N 0 C 0 L 

54 A ( I , J ) = -A ( I > J ) 
5 1 CONTINUE 

GO TO 7 1 
C 
C * * * MATRIX PREPARATION WHEN NEXT QUEUE RULE I S USE 
C 

6 J DO 6 1 I = 1 , N C R 0 W 
DO 62 J = 1 , N 0 C 0 L 
IF ( J . L E . N P C O L ) A ( I , J ) = o r O P U , J ) 
IF' ( J . E G . ( NPGOL+I ) ) A ( I » J ) = 1 . 
IF ( J • E O • ( N P G O L + N M + I ) ) A ( I , J ) = - 1 . 

6 2 CONTINUE 
A ( I •NOCOL+1 ) = DGL( I ) - Q L O A D ( 1 ) 
A A = A ( I ,NOCOL+1) 
O B J I N = O B J I N + A B S ( A A ) 
KBV(1 ) =NPOOL+I 
IF ( A A . G E . O . C ) GO TO 6 1 
A ( I , NOCOL + 1 ) = -AA 
K B V ( I ) = NPCCL+NM+I 
DO 6 4 J = l ,NOCOL 

6 4 A ( I « J ) = - A ( I » J ) 
6 1 CONTINUE 
7 1 CONTINUE 

DO 7 6 J = 1 , N 0 C 0 L 
C ( J ) = J . 0 
IF ( J . G T . N P O C L ) GO TO 7 7 
C ( J ) = - D U D F T ( J ) 
A(NOROW+1 , J ) = 1 . o 
A ( N O R 0 0 + 2 « 0 ) = 1•0 
GO TO 76 

77 C ( J ) = 1 . E 
A(NOROW+1, J ) = - 1 . 0 
A(NOROW+2 » J ) = 1 • o 

76 CONTINUE 
C ( N O C O L + 1 ) = - O B J I N 
A (NORO,v +1 »NOCOL+-1 )-- G . u 
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A(MGR0'W + 2 , N 0 C 0 L + 1 ) = 0 . 0 
DO 6 8 l = l , N O R O W 
DO 8 8 J = l , / \OCOL 
C ( J ) = C ( J ) - A ( I » J ) 

fa8 CONTINUE 
I F I N L D R . G E . 4 ) 0 0 TO 9 1 
CALL LP I ( NSET • NO ROW » NOCCL » PRO;. ,.'-'COL • INDEX »< A U X ) 
GO TO 92 

9 1 CALL POOLHE (NSET•NOR0W »NOC0L) 
9 2 RETURN 

END 

- F G K , I S SHOPLOAD ING.GNARV 
FUNCTION GNARV(RNUM) 

C * * * COMPUTES TIME FOR THE NEXT J O b ARRIVAL 
COMMON I D , I P » I N I T , J E V N T • J M N I T » MF A , P S T OP » MX »MXC » NCLC T , 

1NHIST »NGQ,NCRPT,NOT >NPRMS ,NRUN >NRUNS >NSTAT ,OUT • SCALE , 
2 I S E E D » T N O W S T b ; E G , T F I N . M X X . N P R N T , N C R D R , N E P , V N O ( 2 5 ) » 
3K0F ,.<LE ,KOL , AT R I u ( 3 3 ) , E NO ( 2 5 ) , I NN ( 2 5 ) • JC ELS ( 2 0 , 3 2 ) » 
4 N K A N , < ( 2 5 ) , JCLR , MAX NO ( 2 5 ) , M F E ( 2 5 ) , . - . L C ( 2 5 ) , ' ^ L E ( 2 5 ) , 
5 N C E L S ( 2 0 ) , N C ( 2 5 ) » P A R A M ( 4 0 , 4 ) , O T I - ' E ( 2 5 ) , SSU-'A ( 2 0 » 5 ) 
6 , S U M A ( 7 5 , 5 ) , N A M E ( 6 ) ,NPROU,MON,NOAY,NYR 

C 0 MM ON PLEN , NTPDS » N T 0 T P D , N , X I SYS > X WKSY »I DUE, 
1 I TYPE > MNEXT» N E N,N L V » N H E L D , W B ( 1 0 ) , O B M ( 1 J ) , X ( 1 0 , 1 0 ) , 
2 BUS ( 10 ) »NRSET , NRU LE ,MNO,•. » NRS T »N E N B S » NHGL » NR L , 
3 .'. -.\ /.'( 1 J ) , S E E D * A RATE, LOC ( 2 0 0 ) ,M AX , AR ( 1 1 ) 

COMMON N P R E L , N P R E P , N D E S L » N D M L , C A P M ( l u ) , D E S L ( 1 0 ) , 
l u O L ( 1 J ) »DESLF » DMLF,OL OAD(1o ) ,XCPS »XWKS» TIMEF( 1 0 ) , 
2NSTSW »NLDR .NARR ,SiiOPLD ( 10 ) 

COMMON A ( 2 5 , 1 - 0 ) , ,<BV ( 1 5 ) , C ( 1 u J ) , FACDUD 
COMMON I COUNT , N C C U N T , S I N P E R 
IF ( N A R R . G T . l ) GO TO IE 
G.NARV = - T • 0 / A R A T E* AL0G(Rf IUM) 
I F ( G N A R V . G T . 4 J • ) G N A R V = 4 0 • 0 
GO TO 2 0 

l o IF- ( I COUNT . L E . 5 ) GO TO 15 
I C 0 U N T = o 
NCOUNT=NCOUNT+l 

15 xLOoNT=ICOUNT+1 
A l = - i . U / „ . ^ T L * A L O G ( RNE •' ) 

= ( 6 . 2 o * N C G U N T ) / b . , r ' E R 
I F ( A1 • 0 T • A o . ) A 1 = 4 J • o 
S = S I N ( M 2 ) 
GNARV = A1*( 1.v + J . 5 * 3 ) 

2 0 RcTUPN 
END 
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-FOR » I S SHOP LOAD I NO.JOBDEC 
SUBROOTINF J C L O L C ( NSET , NORO'-', NOCOL ) 

C 
C **-* T H I S SUBROOIINE OSES THE LP RESULTS TO VA<E T-E 
C * * * FINAL SELECTION REGRADING THE JOBS THAT SHOOLO 
C BE LOADED IN THE SHOP 
C 

DIMENSION N S E T ( 3 b , 1 ) , X U O B ( l G o ) 
COMMON I D , IM, INIT , J E V N T , J ' ' N I T , " F A , M S T OP , "•' X , V X C , NCLC T• 

1N Fi I ST , NOO , NORP T , NOT , NP R V S , NRUN , MRGNS , NST A T , O l ' T , S C - L E , 
2 I SEED , TNO W > TbEG , TF I N , S'XX , NPRNT , NCRDR , NEP ,VNO ( 25 ) , 
3 K O F , K L E , KCL , ATR I B ( 3 3 ) , E N Q ( 2 5 ) , I N N ( 2 5 ) , J C E L S ( 2 0 , 3 2 ) , 
4KRAN,<(25 ) , OCLR , MAXNQ ( 2 5 ) , M F E ( 2 5 ) , " L C ( 2 5 ) » V L E ( 2 5 ) » 
5 iNCELS ( 2 0 ) ( 2 5 ) , P A R A v ( 4 u , 4 ) , 0 T IME ( 2 5 ) , SSUMA ( 2 0 , 5 ) 
6 ,SUMA( / 5 » 5 ) ,NAME(6) ,NPROJ ,NON,NDAY,NYR 

COMMON PL EN » NTPDS , NTOTPD , NM , X I SYS ,XW<SY , ID'.'E , 
1 I TYPE , M.N EXT , NEN , NLV , NHELD , -'B ( l u ) , '.'BM ( 1 0 ) , X ( 1 0 , 1 0 ) , 
2 B U S ( 1 - ) ,NRSET , N R U L E , M N O V , N R S T , N E N D S , N H O L , N R L , 
3 Ww W ( l u ) , SEED ,ARATE , LOC ( 2 0 0 ) , M A X , A R ( 1 1 ) 

COMMON N P R E L , N P R E P , N D E 5 L , N D M L , C A P M ( 1 0 ) , D E S L ( 1 0 ) , 
1DGL ( 1 0 ) , DESLF , DMLF ,QLO AD ( 1 3 ) , XCPS , X'-.'KS , T IM EF ( 1 0 ) , 
2NSTSW » NLDR ,NARR ,SFI0PLD ( 1'J ) 

COMMON A ( 2 5 , 1 0 0 ) , K B V ( 1 5 ) , C ( I O C ) , FACDUD 
N P O O L = N O ( 1 2 ) 
DO 1 U = 1 , N P C 0 L 
X J O b ( J ) = o . -
A A1 = A ( N 0 R 0 A + 2 , J ) - . u ' J o l 
I A= 1 F I X ( A A 1 ) 

1 IE ( I A . E O . - l ) X J 0 B ( J ) = 1 . 0 
IF ( N L D R . G E . 4 ) GO TO 2 0 
DO 2 1=1 ,NM 
J J = ,<BV( I ) 
X J O B ( J J ) = A( I ,NOCOL+ 1 ) 

C 
C * * * VARIABLES IN B A S I S AND WITH OPPER BOUND I N D I C A T ^ -
C * * * ON, NEED TO BE CALCULATED DIFFERENTLY 
C 

AA1 =A (NORO.'. +2 , J J ) - • v»0 1 
I /\= I r 1 X ( ,wU ) 
IF ( I A . N E . - l ) GO TO 2 
XUOB(00 ) = A ( N o R O ' W + 1 , J J ) - A ( I , NOCOL + 1) 

2 CONTINUc 
C 
C * * * SEARCH JOB POOL F I L E AND LOAD IN THE SHOP T iOSE 
C * * * J O n S W i l l i DECISION VARIABLE • G E • . 7 3 
C 

2 0 J = u 
N1 = M F E( 12 ) 
w K S H P 1 = ^ . 0 
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T D E S l = U . O 
DO 2 5 1 = 1,,MM 
TDES1=TDES1+DFSL( I ) 

2 5 W K S H P 1 = W N S H P 1 + S H O P L D ( I ) 
3 0 J = J + 1 

XJBM = X J O B ( J ) 
I F ( X J B N . L T . 0 . 7 5 ) GO TO 4 0 
N2 = NSET (MX »N1 ) 
CALL RMOVE ( N 1 . 1 2 . N S E T ) 
WKSHP1=W<SHP1+ATRIB(9 ) 
M N E X T = A T K I B ( 1 1 ) + . 0 o 0 0 1 
CALL PTJOB ( 3 , N S E T ) 
N1=N2 
GO TO 4 1 

4 0 N1= N S E T(MX > N1 ) 
4 1 CONTINUE 

I F ( N 1 . N E . 7 7 7 7 ) GO TO 3 0 
C 
C * * * SEARCH JOB POOL F I L E AND LOAD JOBS WITH DECISION 
C * * * VARIABLES BETWEEN 0 . 3 AND 0 . 7 5 IF TOTAL SHOP LOAD 
C * * * I S LESS THAN DESIRED 
C 

J = 0 
IF ( N O ( 1 2 ) • E G • 0 ) GO TO 7u 
N1 = M F E ( 12 ) 

5 0 IF U ' K S H P l . G E . T D E S 1 ) GO TO 7 0 
55 J = J + 1 

I F ( J . G T . N P O O L ) GO TO 7u 
X J B N = X J O B ( J ) 
I F ( X J B N . G E . 0 . 7 5 ) GO TO 5 5 
I F ( X J B N . L T . 0 . 3 ) GO TO 6 5 
N2 = NSET(MX >N1 ) 
CALL RMOVE ( N 1 . 1 2 . N S F T ) 
WKSHP1=WKSHP1+ATRIB(9) 
M N E X T = A T R I B ( 1 1 ) + . J J O O I 
CALL PTJOB ( 3 . N S E T ) 
N1=N2 
GO TO 6 6 

6 5 N1= NSET(MX . N l ) 
6 6 CONTINUE 

I F ( M l . N E . 7 7 7 7 ) GO TO 5 0 
70 CONTINUE 

RifTURfJ 



OR, I S S h 0 P L U A D 11\ G • L r I 
SG'bROUT I NE LP I ( N SET , NORO'V , N U C U L , I - K U V , < U L , I H D E A , N A U X ) 

* * * T H I S SUBROUTINE CALCULATES uEClSlu. 'M V A K I A B L E S ' ^ E 
* * * FOR LOADING J O b S I I N T U THE SHv,. 

DI MENS I ON NSET ( 3 5 , 1 ) , MVUX ( 5> ) ,Cui_ I ( 1 J ) , I ( 10 ) 
COMMON 1 0 , I " , I N I T , J L V N T >JMNIT ,MFA,MSTOP» -'X ,MxC , NCLC T , 

l N r i l S T »NOO,NORPT ,NOT , N PR'-' S » N K U N • N K U I N S , nSTAT , U ' I T , S C M , _ E , 
2 I S E E D , T N 0 . \ , T b t G , T F I N , " X X ,NPKNT , N C K D K , n E r , V ^ w ( 2 5 ) , 
3 < 0 F »<LE » KOL , ATR i O ( 3 3 ) , E I N U ( 2 5 ) , 1 m * ( 2 5 ) , ~ C E _ S ( 2 0 , 3 2 ) , 
4KRANK ( 2 5 ) , JCLR ,MAXNQ ( 2 5 ) »M F E ( 2 5 ) ,r*i_C ( 25 ) ,ni_E ( 25 ) , 
5 N C E L S ( 2 0 ) , N O ( 2 5 ) , PAR A" ( 4 0 , 4 ) , 0 T I E ( 2 5 ) , SSl'*iA ( 2 0 , 5 ) 
6 ,50.",A ( 7 5 , 5 ) , NA"E ( 6 ) , NPROJ , N'ON , NDAY , M YK 

C 0;•' V 0 N P L F ' • ! , f T P DS , N T 0 T P D , N '•', X 1 S Y S , X '•' S Y , I D' J E , 
1 I T Y P E , M N E X T , N L N , N L V , N H E L D , O B ( 1 0 ) , - B n ( 1 0 ) , X ( 1 0 , 1 0 ) , 
2 BUS ( 1 0 ) , N R S E T , NRULE , M N 0 .•/ , •'. R S T , N E N D S , N H 0 L ,NRL , 
3 A . ; A ( 1 0 ) ,SEED,ARATE ,LOC ( 2 JO ) ,MAX , A K ( 1 1 ) 

COMMON NPREL , NPREP , NDESL , ND'L , CAPM ( 1 - ) , DESL ( 1 0 ) , 
IDOL ( 1 J ) , DESLF , DMLF , OLOAD ( 1 u ) , X U P S , XWrsS , T I mEF ( 10 ) , 
2NSTSO , NLDR , N A K K ,SHur i_D ( 10 ) 

COMMON A ( 2 5 , 1 o o ) , KBV( 15 ) , C ( 1 0 0 ) ,FACDUD 
DO 5 1 1 = 1 , 1 0 

5 1 C 0 L I N ( I ) = 0 . 
c P S = « 0 0 L 0 0 l 
M.AXC0L=MCOL-l 
v'AXROO = "RO.-
NORH5=NPC0L+l 
NUPPEK = NUKU-.'/+] 
N U P S A ' = N O R ( ) 0 + ? 
I F ( NORO.-. • GT • * 'AX R0>. • 0 ? • N ° C 0 L • G T • "AXCOL ) Gu TO 9 1 0 
N 0 I T t R = - l 
I N C O L = - l 

* * * BEGIN 'OA IN I T E K A T I U I N i u u r 

2 0 . T I TER = " O I TE^ + 1 
6 2 5 CONTINUE 

* * * CHEC'< OPTICAL I TY AND-OR F I " D INCO'NlMG COLUMN 

2 5 . IF [ I N C O L . n C . - ) uO To 9 0 . 
1NC^L=3 
CM.l N = - L P S 
00 lb J NC = 1 , ' OCOL 
1 F ( G ( NC ) . GL . 0 " 1 N ) u() TO 2 6 w 
c . - ; r , = c (NC ) 



I P ( INCOL . EO.O ) GO TO 9 y.j 

* * * PICK KO/.' TO PIVOT ON 
* * * I S U b = o I M P L I E S STANDARD r l V v T 
* * * 1 6 0 0 = 1 r - ' P L I c S PIVOT AMD U P P t R SUBSTITUTE 
* * * 1 S U 3 = 2 I M P L I E S UPPER S U o S T l T U T E 

INROW=0 
RaT I N = 9 9 9 9 9 9 • 
DO 2 82 NR=1,N0R0. \ ' 
I F ( A ( N R , IMCCL) . L E . F P S ) Go Tu 2 S 0 
RAT 10 = A ( NR »N!OKHS ) /A ( i\m , I U C V L . ) 
I F ( R A T I O . G c . R A T M I N ) GO TO 2 8 0 
RAT •' IN = R A TI 0 
I N R 0 .•; = N R 
ISUB = 0 

2 8 0 I F ( A ( N R » I N C C L ) . G E . - E P S ) GO TO 2 8 2 
NDcX = KoV(NR ) 
I F ( A ( N U P P E R , N O E X ) • L E • - E K S ) b u To 2 82 
RAT 10= (A (MR, NORMS) -A ( N U P P E R , N D E X ) ) / A ( IMK, IINCUL. ) 
I F ( R A T I 0 • GE # R A T v , I N ) GO TO 2 8 2 
RAT V. I N = R A T I 0 
INRCW = \'R 
I S U B = 1 

2 8 2 CONTINUE 
IF I A(N U P P t R , 1 N C OL) . L E . - E P S ) Go Tu 2 8 1 
I F ( A t N U P P E R . I N C O L > • G E • RATUlN) Gu Tu 2 8 1 
RAT.'-' I N = A ( NUPPER » I . K JCUL ) 
INROW=MUPPER 
I S U b = 2 

2 8 1 I F ( I N R O W . N E . O ) GO TO 3 0 1 

* * * CHECK FOR AUXILIARY VARIABLES IN B A S I S 

I F ( I N D E X . E O . O ) Gu Tu 42 0 
IT = 1 
DO 4 2 1 1=1 .NOROV; 
DO 4 2 2 J = l , INDEX 
I F ( K B V ( I J . N E . K A U X ( J ) ) GO Tu 4 2 2 
I D O N E ( I T ) =KBV( I ) 
I T = I T + 1 
GO TO 4 2 1 

4 2 2 CONTINUE 
4 2 1 CONTINUE 

I F ( I T . G T . 1 ) CO TO 4 2 3 
4 2 0 CONTINUE 

* * * UNBOUNDED SOLUTION 
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W R I I E ( 6 . 2 8 5 ) INCOL 
2 8 5 FORMAT(1H , 3 0 H S O L U T I ON UNBOUNDED — ADDING C O L . 1 5 ) 

GO TO 6 2 5 
C 
C * * * PIVOT 
C 

3 0 1 I F ( I S U O . L T . 2 ) GO TO 3 ^ 4 
3 0 2 C ( N 0 R H 5 ) = C ( N C R H S ) - C ( I N C O L ) # A ( N U P P E R , I N C O L ) 

C ( I N C O L ) = - C ( I N C O L ) 
RATM IN = A ( N U P P E R » I N C O L ) 
DO 3 0 3 NC=1»NOROW 
A(NC .NORMS)=A(NC .NORMS)-A(MC . I N C O L ) * A ( N U P P E R . I N C O L ) 
A(NC . I N C O L ) = - A ( N C . I N C O L ) 

3 0 3 CONTINUE 
A(NUPSW . I N C O L ) = -A(NUPSW »INCOL) 
GO TO 2 0 0 

3 0 4 NCROW = ,<BV ( I NROW ) 
KBV( I NROW ) = I,NCOL 
DO 3 0 5 NR=] .NORCMV 

3 0 5 COL I N ( N R ) = A ( N R . I N C O L ) 
C S T I N = C ( I N C O L ) 
COEF= A ( I N R O W , I N C O L ) 
DO 3 30 NC=1.NORMS 
A(INROW .NC)=A( INROW » N C ) / C O E F 
CORR = A(INROW .NC) 
DO 3 1 0 NR=1.N0R0W 
I F ( N R . E O . I N R O W ) GO TO 3 1 0 
A(NR » NC ) = A(NR »NC)-COL I N ( N R ) * C C R R 

3 1 0 CONTINUE 
C ( N C ) = C ( N C ) -CSTIN*CORR 

3 3 0 CONTINUE 
I F ( I S U U . L T . l ) GO TO 2 u J 
INCOL=NCROW 
GO TO 3 0 2 

C 
C * * * END MAIN ITERATION LOOP 
C * * * OPTIMAL SOLUTION 
C 

9 J J CON TINUE 
GO TO 9 99 

4 2 3 W R I T E ! 6 . 1 9 3 ) 
1 9 3 FORMAT(1H . 4 0 U 5 0 L U T I ON I NFEASI . L ! .AMX ILITARY VARI ' M . r c 

14MAVE. /1M ,23HVALUE GREATER TEAR ZERO) 
GO TO 9 9 8 

9 1 0 . .RITE ( 6 . 9 1 1 ) 
; i l FORMAT (1H . 2 4 H T G 0 MANY ROWS OR CCLIKNS) 
9 9 5 WRIIE ( 6 . 9 9 6 ) 
9 9 6 F OR,MA T ( 1 M *2 3H***i>HOP LOADING AoCRTED) 

0 0 TO 9 ; 8 
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9 9 9 CALL JOBDEC(NSET,NOROO,NOCOL) 
9 9 8 CONTINUE 

RETURN 
END 

- F O R , I S 3H0PL0AD INC.,-IAIN 
C PROORA.i MAIN 

DIMENSION N S E T ( 3 5 , 2 ^ 0 ) 
COMMON I D , I M , I N I T , J E V N T , JMN I T,MF A,MS TOP * MX,MXC,NCLC T , 

1NHI ST » NOO , NCRP T , NO T , N P R," S , N R U N , N R DNS , NST AT , O U T , S C A L E , 
2 I SEED,TNOW , T B E G , I F IN » v X X »NPRN T , N C R O R , N E P , V N Q ( 25 ) , 
3 K O F , N L L , K O L , A T R I B ( 3 3 ) ,E N 0 ( 2 5 ) » I N N ( 2 5 ) , J C E L S ( 2 C , 3 2 ) , 
4 N K A . N < ( 2 5 ) ,UCLR ,MAXNO( 2 5 ) , M F E ( 2 5 ) , " L C ( 2 5 ) , M L E ( 2 5 ) , 
5 N C E L S ( 2 o ) , N C ( 2 5 ) , P AR A'-' ( 4 - , 4 ) , Q T I M E ( 2 5 ) » S S U V A ( 2 0 , 5 ) 
6 ,0UMA( 7 5 , 5 ) , NAME ( 6 ) , NFROJ , :•' ON , NDAy , N Y R 

C C M G N PLE.N , NTPDS » NTOTPD , NM ,X I SYS •X/N<SY • I D JE , 
11 TYPE , M,N E X T , N E N , N L V , N h E L D » ,< B ( 1 0 ) ,WL>M ( l o ) , X ( 1 0 , l 0 ) , 
2 BUo ( 1 0 ) ,NRSET ,NRULE,MN0.\ ,NRST ,NE,NDS ,NH0L ,NRL , 
3„.v.v d o ) » SEED , ARATE , LOC ( 2 ^ ) , M A X » A R ( 1 1 ) 

COMMON NPREL,NPREP,NDESL»NDML » C A R M ( 1 0 ) , D E S L ( 1 C ) , 
IDOL ( l o ) , DESLF , DML F ,OLOAD( l v ) , XOPS , X N'.KS , T INEF ( 10 ) , 
2NSTS/ . ,NLDR ,NARR ,S«IOPLD ( 1 0 ) 

COMMON A ( 2 5 , 1 0 0 ) , K B V ( 15 ) , C ( 1 0 0 ) ,FACDUD 
COMMON I COUNT , NCOUN T , S I NPE R , MS;> ( 1 ) , A V 0 L D 9 
\CROR=b 
NPRNT=6 

C 
C * * * READ IN SIMULATION PARAMETERS 
L 

R E A D ( 5 , 4 o ) NM, NTOTPD, N:<SE T ,PL EN, I SEED 
X X S B = D R A N D( I SEED) 
R L A D ( 5 , 5 O ) I T Y P E , N R U L E , I DUE,NLDR 
READ ( 5 , 5 5 ) ( MS ( J ) , U = 1 , 1 J ) 
READ(5 , 6 u ) ARATE,NARR,FACDUD , 3 INPER 
AV0LD9 = ( AR ATE>"8 • o *' 6 • w + 2 • 4 8 ) / F L O AT ( N'•' ) 
A V G L *J v = A V G L D 9 - 1 . 2 4 
IF ( NR Gc T • L E • .. ) NRSET = w 
; . T O T P L ) = I T ^ T P D + NRO£LT 
Nt\ S T = N RG E T 

i r ( N R o E T . L. u . . ) N i< S T = 9 J 9 9 9 J ) 

C * * * KEAD IN TRANS I TI 3 N MAT RI X 

DG K 1 = 1,NM 
l R L A D ( 3 , 7 . ) ( x ( I , u ) , J = I , : ; :) 

READ ( 5 , b ) NPREL,* — : r P ,N0ESL , F : L F , N N " L , ' V ' L F 
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RE AO ( 5 , 7 0 ) (TIKEE ( J ) , J = l , N " ) 
RE A J (E>»9o) ( CAP,-. ( J ) • J = 1 *N'*'.) 
IE {.NOESL.Nb • w ) G J TO 12 
RLAb ( 5 , 3 v T ( D E S L ( J ) * J = 1 »NO.) 
6 0 TO lb 

12 0 0 13 J = 1,N,0 
1 3 u-ESL ( J ) =DESLF*CAp-<! ( J ) 
1 3 I F INDP.L. .NE.0 ) GO TO 16 

READ ( 5 , 9 - ' ) ( D C L ( J ) » J = 1 » N." ) 
GO TO 18 

16 uj 17 J = l , N ' - ' 
17 ^OL I J ) =OP.Lr -CAP:', I J ) 
18 CO NTIN UE 

C 
C * * * I N I T I A L I Z E T; i E STATUS VARIABLES 
C 

uO 2u I = 1 »NP 
A b ( I ) = o . o 
WbM(I )= o • 0 
AR( I )= 0 • 0 
WWW(I ) = o • u 
d U S ( I ) = o . O 
SHOPLD ( I ) = u . 1, 

2 0 U L O A O ( I ) = 0 . u 
A R ( 1 1 ) = o . O 
X O P S = o . o 
X . > K S = o . o 
X l S Y S = o . o 

.NL N = 0 
Pi M X = O 
NLV = J 
Rl iELb = 0 
,NTPbS = 0 
I COUNT = ~ 
N C 0 U N T = o 
0 0 3 0 I = l , 2 o o 

3 o L O C ( I )= o 
C M L L G M S P ( N S n T ) 

4 w r b R ,'0\ T ( 3 I b * i T o • 3 » I 1 ^ ) 
3 o r o R AT ( 4 1 b ) 
bb rOR v J 1 1 - 1 1 ) 
6 ^ r v> R '. > \ T ( i T > . G » I j i > f l - . L - " * F i ^ . ! ; ) 
7v- Foi \ AT ( 1 7 • A ) 
6 >. t OR ,A T ( 3 I b »FT > • A » I :> »! I - • V ) 
> „ r oR.-',AT ( 1 OF 7 . 2 ) 

END 
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-FOR , I S St iOPLOAD I NO. M J P 
FUNCTION :.',OP(R) 

C * * * COMPUTES NUMBER OF OPERATIONS FOR AN INCOMING \ 
MOP = 4 
I F ( R • G T • O . l b ) M0P = 5 
I F ( R • G T • 0 . 3 5 ) MOP = 6 
I F { R • G T • 0 . 6 5 ) MOP = 7 
I F t R . G T . 0 . 8 5 ) MOP=3 
RETURN 
END 

- F O R , I S SHOPLOADING.OTPUT 
SUBROUTINE OTPUT ( N S E T ) 
RETURN 
END 

-FOR , I S SHGPLCADING.POGLHE 
SUB ROUT I NE POOLHE ( NSET » N 0 R 0 » N 0 C 0 L ) 

C 
C * * * T H I S SR LOADS THE UOBS FROM THE POOL BY A T T E S T I 
C * * * TO KEEP THE O U E U r S AT A CERTAIN LEVEL 
C 

DIMENSION N S E T ( 3 5 , 1 ) 
COMMON I D , I M , I N I T , J E V N T , J M N I T , M F A , M S T O P , M X , M y C , N C L C T , 

1NHIST » N 0 0 , N O R P T , N O T »NPPMS »NRUN »NRUNS»NSTAT»OUT • SCALE, 
2 I S E E D . T N D G . T B E G , T F I N , M X X . M P R N T , NCRDR , NEP »VNO(2 5 ) . 
3KOF » KLE >KOL »ATR I B ( 3 3 ) . E N O ( 2 5 ) . I N N ( 2 5 ) > U C E L S ( 2 0 , 3 2 ) . 
4-KRAiNK ( 2 3 ) , JCLi \ 5 MAXNO ( 2 5 ) » MF E ( 2 5 ) ,MLC ( 2 5 ) ,MLE ( 2 5 ) » 
5 N C E L S ( 2 o ) , N O ( 2 5 ) ,'P A P AM, ( 4 0 , 4 ) , 0 T I M E ( 2 5 ) >S3GMA(20>5 ) 
6 » SUMA(75 » 5 ) > NAME(6) »NPROJ» MON» NDAY»NYR 

COP'.MO N PLEN».NT P D S » N TOTPO »NM »X I SY S « X .• KSY »I DUE » 
11 TYPE ..'.NEXT >NEN,NLV >NnELD,GU ( l o ) ,<oBM ( 10 ) , X ( 1 0 , 1 0 ) » 
2 BUS ( O N »NRSET , N R U L E »'ON0O *NRST ,NLNUS*NHGL »N.' L , 
3-AN;.\|{ l o ) , S E E D » A R ; » T E , L O C (2•..->) > ' O \ X , A R ( 1 1 ) 

COMMON N P R E L , N P R E P , P D F SL , N D P L , C A P " ( 1 , ) , D E 3 L ( 1 0 ) , 
IDOL ( l u ) *DESLP , o M L F , O L P A D ( 1 . ) , X 0 P 3 »X ••KS»T T-'PF ( 10 ) , 
2NST SO » NLD R , NARR , 3i i OPL L ( I P ) 

COM, '.ON A ( 2 5 , 1 JV ) ».<i-*V ( 1 5 ) , C ( 1: „ ) , F ••CO 00 
COMMON I COUNT , NCOUNT , 3 I NPER ,MS« ( 1 o ) , AVGL09 
J J l = N u ( 1 2 ) 
LO 1 J = 1 » U J 1 

1 A ( N o R 0 A + 2 , J ) = . . o 
TEMPAG = • 0 
DO 2 o 1=1 ,N,M 
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TEMPGL=G . 0 
5 MTEST=0 

MBEST=0 
D I F = D^L ( I ) -v>LGAD ( I ) -TEMPGL 
I r ( D I F . L E . G . O ) GO TO 2 -
,\i2 = MFE ( 12 ) 
u>0 l o J = l , J J l 
N1=N2 - • 
I F ( A ( N O R G A + 2 > J ) • L T • - • - o j 1 ) GO TO 10 
I F ( A ( I , J ) . L T . - . 0 ) A ( I , J ) = - A ( I » J ) 
I F (A{ I , J ) . L T • J • 0 J J 1 ) GO TO 10 
I F ( C ( J ) • G E • M T E S T ) GO TO 10 
M 3 E S T = J 
M T E 5 T = C ( J ) 

I J N2=NSET (MX.N1 ) 
IF ( MBES T • AL • ) A ( NOROO + 2 ,MBEST ) = - 1 . 
TEMPQL = A( I •.'••.BEST ) +TEMPGL 
TEMPAG=TEMPAG+NSET ( 9 , N 1 ) /SCALE 
IF ( M o E S T . E O . - ) GO TO 2 0 
GO TO b 

2 J COR TIROL 
IF ( N L D R . N J - . 6 ) GO TO 50 
T O T L D = 0 . 0 
A C T L 0 = 0 . 0 
o o 3 0 1 = 1 ,(•:;••• 
T0TLD = T0TL.> + DESL ( I ) 

30 ACTL0 = AC TLO-rGnOPLO ( I ) 
ACTLB=ACTLB+TERPAG 
TEMPTL = - • 

3d MTEST=o 
M o E S T = J 
0 IF = TOT LD-ACT LO-T EMPTL 
IF ( O I F . L F . E . 0 ) GO TO 5 -
.\2 = MFE ( 12 ) 
DO 4 0 J = 1 , J J 1 
N1 = N2 
I F ( A ( N O R O A + 2 ) » J ) • L T • - • 0 - •< 1 ) GO TO 4 0 
IF ( C ( J ) • G L • M T E S T ) GO TO 4 -
ML>EST = J 
M T E S T = C ( J ) 

4 J N2 = NSE T ( iX » M ) 
IF ( M, u L o T • ., E . -< ) A ( , s 0 R 0' •< + 2 » •'• D E S T ) = - I • -
IcMPTL = TE • . r l L + N J - E T ( 9 , M ) /SCALE 
IF (MoEST ) 5 - » 5 - » 3 3 

5 . CGNTI ? J J L 
CALL JO^DL C ( NSET - NORO.: ..NOCOL ) 
R E T 0 R N 
END 
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- F O R , I S SHOPLOADIRG.PTJOB 
SUBROUTINE PTJOB ( I N P , N S E T ) 

C 
C * * * SUBROUTINE WHICH MOVES JOB TO NEXT MACHINE 
C * * * CENTER 
C 

DIMENSION N S E T ( 3 5 , 1 ) 
C0MM0N I D , I , INIT , JE VNT * JMN I T , MF A , MS TOP , •'• • X , * X C , NCLC T , 

1NHI ST , NOG ,NORPT , NOT , NPR' 'S ,MRUN , NRUNS ,NST AT , C U T , S C A L E , 
2 I SEED,TNOW , T o F G , T F I N , M X X ,NPRNT,NCRDR , N E P , V N Q ( 2 5 ) , 
3 K O F , , < L E , K G L , A T R 1 D ( 3 3 ) , ENO ( 2 5 ) , 1 NN ( 2 5 ) , JC EL S ( 2 0 , 3 2 ) , 
4 K R A N K ( 2 5 ) , JCLR , MAXNO ( 2 5 ) , M F E ( 2 5 ) , M L C ( 2 5 ) , P L E ( 2 5 ) , 
5 NC E L S ( 2 w ) , NO ( 2 5 ) » PAR AM ( 4 o , 4 ) » oT I'-' E ( 2 5 ) , SSU'-PA ( 2 0 , 5 ) 
6 ,SUMA ( 75 , 5 ) , N A M E ( 6 ) , NPROJ , -VON , NDAY ,N Yk 

COMMON PL EN, NTPDS, \ 'TCTPD,N •'., X I SYS , XwKSY , I D JE , 
11 T Y P E , M N E X T , N E N , N L V , N H E L D , W B ( 1 0 ) , P B M ( 1 u ) , X ( 1 0 , 1 0 ) , 
2 BUS( L ) ,NRSET , .NRU LE ,MNO0 , NRS T ,NENES,NHOL , N R L , 
3 W A' W ( 1 0 ) , S E E D , A R A T E , L 0 C { 2 v.- J ) , M A X , A R { 1 1 ) 

COMMON NPREL , NPREP ,NDESL , NDML , CAP'-' ( 1 0 ) ,DESL ( 1 0 ) , 
IDOL ( 10 ) ,DESLE ,DMLF , Q L 0 A D ( l o ) ,XOPS » X PKS,T I - E F ( 10 ) , 
2 N S T S 'A , N L D R , N A R R , S H 0 P L D ( 10 ) 

COMMON A ( 2 5 , 1 0 b ) , K B V ( 1 5 ) , C ( 1 0 o ) , F A C D U D 
COMMON ICOUNT ,NCOUNT , S I NPER ,MS'A ( l b ) , AVGLD9 

C 
C * * * CHECK I F JOB I S A NEW ARRIVAL 
C 

I F ( I N P . N E . l ) GO TO 10 
ATRI 0 ( 3 ) = T N O A 
N E N = N E N + 1 

C 
C * * * NEW ARRIVAL. CHECK I F A JOB POOL IS BEING USED 
C 

I F ( N L D R . E 0 . 5 ) GO TO 2 0 
C 
C * * * CHECK IF SHOP I S BEING PRELOADED AND JOB POOL 
C * * * HAS BEEN COMPLETED 
C 

I F ( N S T S W . E O . l ) GO TO 2 « 
C 
C * * * PUT ARRIVING J O J IN THE POOL IF C P . 1 MACH IS N~T I PL E 
C 

A T R I D ( 8 ) = TN0W 
J O b = A T R I o ( 3i. ) + o - . : ; o l 
L O C ( J O u ) = " F A 

C 
C * * * COLLECT S T A T I S T I C S O.N IN T ERARRI VAL TIMES TO 
C * * * Tnc JOB POOL 
C 

0 = T N O A - A R ( 1 1 ) 



CALL H I S T C ( D , 0 . 5 , 0 . 5 , 1 5 , N S E T ) 
A R ( 1 1 ) = T N 0 W 
N F I R 5 T = A T R I b ( 1 1 ) + J O O O I 
I F ( M S A ' I 1 ) . E G . : ; ) GO TO 4 
I F ( T N O W . L E . O . G O O l ) GO TO A 
I F ( B J S ( N F I R S T ) ) 5 , 5 , 4 
CALL F I LEN' ( 12 » MSET ) 
GO TO 7u 

* * * I F F I R S T OPERATION MACHINE I S I OLE,CONS IDER THE 
* * * J0L3 AS COMING FROM POOL AND PUT IN THE SHOP 

CONTINUE 
IF (MSW(3 ) . E Q . O ) GO TO 6 
I F ( S S U M A ( N F I R S T , 3 ) . G E . A V G L D 9 ) GO TO 4 
MNEXT=NFIRST 
CALL COLCT ( 1 . 0 , 6 9 , N S E T ) 
GO TO 2 0 

* * * JOB I S NOT A NEW A R R I V A L . CHECK I F IT I S COMING 
* * * FROM THE POOL 

IF ( I N P . E Q . 2 ) GO TO 4 -

* * * JOB I S CODING FROM THE POOL. 
* * * ALSO NEW JOBS WHEN A POOL I S NOT USED ARRIVE 
* * * AT T H I S POINT 
* * * UPDATE STATUS OF WORK IN SHOP AND ALSO UPDATE 
* * * AGGREGATE LOAD IN SHOP QUEUES FOR EACH MACHINE. 

CALL TMST (X I S Y S » T N O W , 1 2 , N S E T } 
CALL TMST ( X W K S Y , T N O W , 1 1 , N S E T ) 
X I S Y S = X I S Y 5 + 1 . 0 
X.\KSY = XOKSY+ATR l b ( 9 ) 
A T R I D ( 3 3 ) =TNC,v 
NNN = 9 • U + 2 . * A TR I ti ( 1 u ) + . 0 u 0 0 1 
DO 3 7 I = 1 1 , N N N , 2 
J = A T R I B ( I ) 
S H O P L D ( J ) = S H C P L D ( J ) + A T R 1 6 ( 1 + 1 ) 

* * * JOB I S NOT GOING INTO THE POOL. COLLECT STATIST 
* * * ON INTERARRIVAL TIMES TO THE CURRENT MACHINE 

D = T N 0 W-A R(MNEXT) 
MN4=MNEXT+4 
CALL HISTO ( D , u . 5 , - . 5 , M N 4 , N S E T ) 
AR(M NEXT)=TNOW 

* * * CHECK ON THE STATUS OF MACHINE FOR NEXI 
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C * * * JOB OPERATION 
C - . 

IP ( B U S ( M N E X T ) ) 6 0 , 6 0 , 5 0 
C 
C * * * NEXT MACHINE IS BUSY• JOB CAN NOT BE PUT ON 
C MACHINE 
C 

5 J A T R I B ( 8 )=TNOW 
MXl=MNEXT+l 
J O b = A T R I B ( 3 0 ) + 0 . 0 0 1 
L O C ( J O b ) = ^ F A 
GLOAD ( -'NEXT ) =QLOAD ( MNE X T ) + A T R I 6 ( 1 2 ) 
CALL FILEM (MX 1 . N S E T ) 
GO TO 7 0 

C 
C * * * NEXT MACHINE I S NOT BUSY• 
C * * * JOB MAY BE PUT ON MACHINE 
C 

6 0 CALL TMST ( BUS ( MNEX T ) , TNO.••!, MNEXT , NSE T ) 
BUS(.MNEXT ) = 1 . 0 
WT=0 • 0 
MX15=MNEXT+15 
CALL COLCT (OT ,MX 1 5 • NSE T ) 
T I M E V T = A T R I B ( 1 2 ) * ( 8 • O / C A P M ( M N E X T ) ) 
ATRIB( 1 ) =TNCV; + T IMiEVT 
A T R I 6 ( 2 ) = 1 . 0 
J = A T R I B ( 1 1 ) 
S H O P L D I J ) = S H O P L O ( J ) - A T R I b ( 1 2 ) 
JOB = ATR I c3 ( 3o ) + 0 . 0 0 1 
LOC(JOB ) =MFA 
CALLFILEM ( 1 , N S E T ) 

7 u N S T S W = J 
RETURN 
END 



O R , I S SHOPLOADlNG.START 
SUBROUTINE START ( N S E T ) 

* * * GENERATES I N I T I A L U O B S E T IN THE SHOP AT TIME 7ER 
* * * ANO ESTABLISHES THE JOB POOL IF REQUIRED 

DIMENSION NSET ( 3 5 , 1 ) 
COMMON ID , I " . , I NI T » JEVNT , JON I T , F A » S T 0 P » -IX , M XC»NCLCT 

1 N H I S T , N O Q , N C R P T ,NOT • N P R " 5 » NRUN »NRONS,NST A T , 0 J T , S C A L E 
2 I oEED • TNO/. > T D E G » T F I N » MXX , NPRN T,NCRDR » NEP »VNQ(2 5) « 
3 K 0 F » K L L , < 0 L » A T R I B ( 3 3 ) , n N o ( 2 5 ) » I M N ( 2 5 ) , J C E L S ( 2 0 , 3 2 ) » 
4 K R A N < ( 2 5 ) , JCLR ,MAXNG(25 ) , M F E ( 2 5 ) , M L C ( 2 5 ) » M L E ( 2 5 ) , 
5 N C E L S ( 2 o ) , N G ( 2 5 ) - P A R A M ( 4 o , 4 ) , G T I N E ( 2 5 ) » S S U M A ( 2 0 »5) 
6 , SUMA ( 7 3 , 5 ) , NAME ( 6 ) , N P R O J »,-iOM » N D A Y »N YR 

COMMON PLEA » NTPDS » NT OTPD, N •', ,X I SYS »X 0 K S Y , ID JE , 
1 I TYPE ,MNEXT , NE N ,NL V , N HE LD , WB ( 1 0 ) , B v { 10 ) , X (1 0 , 1 0 ) , 
2 B U S ( l o ) *NRSET ,NRULE »VNGW » NFS T » NENDS » NnCL > NRL 
3 A W W ( 1 0 ) , S E E D , A P A T E , L O C ( 2 D J ) , N A X , A R ( 1 1 ) 

COMMON NPREL , NPREP ,NDESL ,NDML, CAP'-' d o ) , O E S L ( 1 G ) , 
IDOL ( 1 J ) » DESLF , DMLF ,OLOAD ( 1 - ) , XCPS »XW<S»T I MEF ( 10 ) , 
2NSTS/ - >NLDR »NARR ,SHOPLD ( 10 ) 

TNO A = 0 • u 
TBEG= TNOW 
N5TSW=0 
DO 10 1 = 1 , N P R E L 

* * * DO NOT SET Sv. ITCH IF POOL I S S T I L L BEING LOADED 

I F ( I . L E . N P R E P ) GO TO 7 
NSTSW=1 

7 CALL ARVL(NSET) 
1 0 CONTINUE 

R E T 0 R N 
END 

FOR, I S Sr. CP LOAD I NG. T IMt 
FUNCTION TIME(RNUM) 
* * * CO 'PUT EG TIME F^R A J O B OPERATION 
T I L = - 2 . 4 6 < A L 0 G ( R N U '•' ) 
I F ( T I ' -N i .LT . 1 . o - ) T I *L= 1 . o o 
1 F ( I I M E • G T • ') • J - ) T I M E = 0 . 0 0 
RETURN 
END 
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- F O R , I S SHOP LOAD I NO •'•.'< I MO 
SUBROUTINE WKINQ (MBE ST ,NSET ) 

C 
C * * * SUBROUTINE USED WITH WORK IN NEXT OUEUE 
C * * * DISPATCHING RULE 
C 

DIMENSION N S E T ( 3 5 , 1 ) 
COMMON I D , I M » I N I T , J E V N T , J M N I T , M F A • M S TOP»MX,MXC«NCLCT, 

1NHI ST »NOQ,NGRPT ,MOT , NPRMS » NRU N » NRoNS • NST AT ,OUT , SCALE , 
2 I SEED » T NO»v , T BEG • T F I N , MXX » NPRNT , NCRDR , NEP ,VNO ( 2 5 ) , 
3 K O F , K L E , K O L , A T R I B ( 3 3 ) , E N O ( 2 5 ) , I N N{2 5 ) , JC E L S ( 2 0 , 3 2 ) , 
4KRANK ( 2 5 ) , JCLR ,MAXNO ( 2 5 ) ,MFE ( 2 5 ) ,MLC ( 2 5 ) , r-'LE ( 2 5 ) , 
5 NCELS ( 2 o ) , NC(2 5 ) , PAR AM ( 4 o , 4 ) , 0 T IME( 2 5 ) , SSUMA ( 2 0 , 5 ) 
6 ,SUMA( 7 5 , 5 ) , N A M E ( 6 ) , NPRO J , M-̂ N , NDAY »N 

COMMON PLEN , NTPDS ,NTOTPD ,NM ,X I SYS »X.vKSY » I DUE, 
11 TYPE ,MNEXT , NEN ,NL V , NHELD , WB ( 1 0 ) ••••BM ( l o ) , x ( 1 0 , 1 0 ) , 
2 BUS ( I J , N R S E T , NRULE ,HNuw * /MRS T , NENDS »NHOL >NRL , 
3 w W w ( l u ) , S E E D , A R M T L , L O C ( 2 U J ) , M A X , A R ( 1 1 ) 

COMMON N P R C L » N P R E P »N D E S L » N D M L * C A P M ( 1 0 ) , D E S L ( 1 0 ) , 
IDOL ( l u ) , DESLF , DMLF , OLOAD ( l o ) ,XGPS,XW'KS,T I M E F ( 1 0 ) , 
2NSTSW » N L D R , N A R R , S H 0 P L D ( 1 0 ) 

C 
C - * * * CHECK JOBS IN QUEUE FOR T H I S MACHINE 
C 

X X = 1 . 0 E + 2 0 
MBE ST = 0 
MN1=MN0W+1 
MXT = :-'.FE(MN1 ) 

10 Ni*.M = FLOAT ( NSET ( 13 ,MXT ) ) /SCALE + . OOuOOl 
C 
C * * * CHECK IF T H I S J O o HAS A NEXT OPERATION 
C 

I F (NMM•EQ•0) GO TO 5 0 
T WK = OLOAD(NMM) 
TM=TNOW+FLOA T ( N S E T ( 1 2 • M X T) ) / S C A L E 
iNl=MFE( 1 ) 

C 
C * * * CHECK IE NtXT EVENT I S AN END OF SERVICE 
C 

2 0 IF ( F L O A T ( N S E T ( 2 , M l ) ) / S C A L E . G T . 1 . 0 ) GO TO 4 0 
C 
C * # * F IND MACHINE CENTER WHERE END OF SERVICE EVENT 
C * * * I S 0 0 IMG NEXT 
C 

MM = FLOAT(NSET ( 1 3 . N l ) ) / S C A L E + . u o O 0 o 1 
IF (MM.NE.NMM) GO TO AO 

C 
C * * * CHECK IF EVENT I S GOING TO HAVE AN EFFECT ON WC^K 
C * * * AT NEXT OUEUE WITH RESPECT TO THE JOB WE ARE 



* * * CONSIDERING 

I F ( F L O A T ( N S E T ( 1 » N 1 ) ) / S C A L E - ( T M ) ) 3 0 , 4 0 , 4 0 
T.vK = TwK + FLGAT ( NSET ( 14 , N 1 ) ) /SCALE 
N1=NSET(MX »N1 ) 
IF ( N 1 . N E . 7 7 7 7 ) GO TO 2 0 

* * * CHECK IP MEASURE I S OPT U A L SO FAR 

I F ( 7 r t K . L T . X X ) Mc3EST=MXT 
I F ( T W K . L T . X X ) XX = TW.< 

* * * GET NEXT JOB IN QUEUE FOR THIS MACHINE 

I'IXT = NSE T ( MX , "X T ) 
IF ( M X T . N E . 7 7 7 7 ) uO TO l u 
RETURN 
END 

http://7rtK.LT.XX


APPENDIX C 

FORTRAN IV LISTING OF THE RANDOM NUMBER 

GENERATOR TEST PROGRAM 



<£ED,U RANDT.MAIN 
ED l 3 . 0 0 - 0 5 / 0 5 - 1 6 : 1 5 - ( 1 3 , 1 4 ) 
EDIT 
0 :P 1 124 
C *** PROGRAM MA. IN 

DIMENSION NMAT(11,11) ,NRUN(10) ,NLIN(10) ,ER(10) 
READ ( 5 , 1 0 ) ISEED,INUM 

10 FORMAT ( 1 6 , 2 X , 1 5 ) 
DO 20 1=1 ,10 
NRUN(I)=0 
NLIN(I )=0 
DO 20 J = l , 1 0 

20 NMAT(I,J)=0 
NRUNTO=0 
NRUNLE=0 
KA=ISEED 
KB=5**7 
KD=KA 
DO 100 1 = 1 , INUM 
KA-KD 
KOKA*KB 
KD=MOD(KC,2-v*17) 
D=KD 
X=D/ (2 .0**17) 
XX=X*10. 
IX=XX 
IX=IX+1 
IF ( I . E Q . l ) GO TO 99 
N M A T ( m , I X ) = N M A T ( m 5 I X ) + 1 

i r x = x * i o o o o o o . 
I IX1=X1*1000000. 
IF ( I 3 X . E Q . I I X 1 ) GO TO 900 
IF (IDIP.EQ.1.AND.X.GT.X1) GO TO 30 
IF (IDIR.EQ.2.AND.X.LT.X1) GO TO 30 
NRUNTO=NRUNTO+l 
IF (NRUNLE.GE.5) N"RUNLE=5 
NRUN(NRUNLE)=NRUN(NRUNLE)+1 
NRUNLE=0 

30 IF (X.GT.X1) IDIR=1 
IF (X.LT.X1) IDIR=2 
NRUNLE^NRUNLE+l 

99 X1=X 
3X1-= IX 

100 CONTINUE 
N RUNT 0= N RUNTO+1 
IF (NRUNLE.GE.5) NRUNLE=5 
NRUN(NRUNLE)=NRUN(NRUNLE) +1 



WRITE(6,201) 
201 FORMAT (IH1,24HRAKD0M NO GENERATOR T E S T / / / ) 

WRITE ( 6 , 2 0 3 ) 
203 FORMAT (IH ,32HFREQUENCY COUNTS AT . 1 INTERVALS) 

DO 207 J = l , 1 0 
DO 205 1=1 ,10 

205 NLIN(J) =NLLN(J)*NMAT(I,J) 
WRITE(6,209) J , N L I N ( J ) 

207 CONTINUE 
209 FORMAT (IH , 3 X , I 2 , 3 X , 1 6 ) 

WRITE ( 6 , 2 2 1 ) 
221 FORMAT ( / / I H , 13HMATRLX COUNTS) 

DO 223 1=1 ,10 
223 WRITE ( 6 , 2 2 5 ) (NMAT(I, J ) , J = 1 , 1 0 ) 
225 FORMAT (IH , 1 0 1 6 ) 

WRITE ( 6 , 2 3 1 ) 
231 FORMAT ( / / I H ,10HRUN COUNTS) 

WRITE ( 6 , 2 3 3 ) (NRUN(I ) ,1=1 ,5 ) 
233 FORMAT (1016) 

WRITE ( 6 , 2 3 5 ) NRUNTO 
235 FORMAT ( / I H ,20HTOTAL NUMBER OF RUNS,5X,16) 

*** CHI-SQUARE GOODNESS OF FIT 
CHISQ=0.0 
EXP=FL0AT(MUM-1)/10. 
DO 301 1 = 1 , 1 0 
Y=(NLLN(I)-EXP)>'«V2 
Y=Y/EXP 

301 CHISQ=CHISQ+Y 
WRITE ( 6 , 3 0 3 ) CHISQ 

303 FORMAT(//IH ,33HCHISQUARE GOODNESS OF FIT(9DOF) , F 9 . 3 ) 
* * * KOLMO GOROV-SMIRNOV GOODNESS OF FIT 
D=0.0 
Y1=0.0 
EXP1=0.0 
EXP=EXP/FL0AT(INUM-1) 

DO 3 2 1 1=1 ,10 
Y=FLOAT(NLIN(I))/FLOAT(INUM-1) 
Y1=Y1+Y 
EXP1=EXP1+EXP 
DIF=ABS(Y1-EXP1) 
I F (DIF.GT.D) D=DIF 

321 CONTINUE 
WRITE(6,323) D 

323 FORMAT ( / /TH ,34HKOLM-SMIRNOV GOODNESS OF FIT(9DOF) , F 9 . 3 ) 
*** SERLAL TEST 



CHISQ=0.0 
EXP=FLOAT ( INUM-1) / 1 0 0 . 0 
DO 331 1=1 ,10 
DO 331 J = l , 1 0 
Y=(NMAT(I,J)-EXP)**2 
Y=Y/EXP 

331 CHISQ=CHISQ+Y 
WRITE ( 6 , 3 3 3 ) CHISQ 

333 FORMAT ( / / / lH ,27HCHI-SQ SERIAL TEST(99DOF) , F 9 . 3 ) 
*** RUN TESTS(TOTAL RUNS) 

RNUM=NRUNTO-(2.0*FLOAT(INUM)-1.0)/3.0 
RDEN=(16.0-FLOAT(INUM)-29.0/90.0 
RDEN=RDEN**o.5 
Z=RNUM/RDEN 
WRITE ( 6 , 3 4 1 ) Z 

341 FORMAT(//III ,28RT0TAL RUN NORMAL STATISTIC , F 9 . 4 ) 
*** RUN TESTS(RUN LENGTHS) 
FINUM=FLOAT(INUM) 
ERT=((2 . *FLNUM) - 1 . ) / 3 . 
E R ( 1 ) = ( ( 5 . * F I N U M ) + 1 . ) / 1 2 . 
ER(2) = ((11.*FINUM) - 1 4 . ) / 6 0 . 

ER(3 ) = ( ( 1 9 . *FINUM) -47-. ) / 3 6 0 . 
E R ( 4 ) = ( ( 2 9 . * F I N U M ) - 1 0 5 . ) / 2 5 2 0 . 
ER(5)=ERT-ER(1) -ER(2) -ER(3) -ER(4) 

CHISQ=0.0 
DO 3 5 1 1 = 1 , 5 
FNRUN=FLOAT(NRUN(I)) 
Y=(FNRUN-ER(I))**2 
Y=Y/ER(I) 

351 CHISQ=CHISQ+Y 
WRITE ( 6 , 3 5 3 ) CHISQ 

353 FORMAT ( / / 1 H ,26HCHISQ RUN LENGTHS(4DOF) , F 9 . 3 ) 
GO TO 951 

900 WRITE ( 6 , 9 0 1 ) I 
901 FORMAT(111 ,34HERROR CONDITION, 2 EQUAL NO. ITER , 1 5 ) 
951 CONTINUE 

END 
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RANDOM NO GENERATOR TEST 
FREQUENCY COUNTS AT . 1 INTERVALS 

1 983 CM 1011 
3 978 
4 994 
5 1049 
6 1032 
7 976 
8 973 
9 1017 

10 986 

MATRIX COUNTS 
87 100 89 102 110 107 104 98 102 83 
96 102 111 102 89 100 100 98 110 103 
90 109 95 85 107 104 89 108 89 102 
94 96 106 101 106 111 95 89 94 102 

114 113 104 102 109 95 101 105 109 98 
104 109 95 109 111 101 103 101 99 100 

92 87 102 87 102 96 102 90 103 115 
98 9 1 85 99 106 113 95 87 106 93 

101 101 94 106 102 105 93 105 104 101 
107 103 97 101 107 ICO 89 92 101 89 

RUN COUNTS 

4147 1872 503 121 22 

TOTAL NUMBER OF RUNS 6666 

CHISQUARE GOODNESS OF FIT(9DOF) 6 .146 

KOLM-SMIRNOV GOODNESS OF FIT (9D0F) . 005 

CHI-SQ SERIAL TEST(99D0F) 5 4 . 4 3 5 

TOTAL RUN NORMAL STATISTIC - . 0 0 7 9 

CHISQ RUN LENGTHS(4D0F) 
END 1469 MLSEC 

2 . 5 1 5 
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APPENDIX D 

DESCRIPTION OF ATTRIBUTES, EVENTS, AND OPTIONAL 

VARIABLES IN THE GASP PROGRAM 
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E v e n t s 

1- End of s e r v i c e (ENDSV) 

2 - A r r i v a l o f a j o b t o t h e sys t em (ARIVL) 

3 - C o m p l e t i o n of a s c h e d u l i n g p e r i o d (COLL) 

4 - B e g i n n i n g of t h e s i m u l a t i o n (START) 

O t h e r e v e n t s which a r e n o t c a l l e d by EVNTS a r e : 

End of run i n p e r i o d (CLEAR) 

End of s i m u l a t i o n (ENSIM) 

Use r S u b r o u t i n e s 

MAIN 

EVNTS 

ENDSV T h i s i s u s e d when a j o b o p e r a t i o n h a s been c o m p l e t e d on a m a c h i n e . 

ARIVL C a l l e d when a new a r r i v a l comes i n t o t h e s y s t e m . 

COLL C o l l e c t s s t a t i s t i c s on mach ine and shop u t i l i z a t i o n a t t h e end of 

e v e r y s c h e d u l i n g p e r i o d . 

START C a l l e d a t t h e b e g i n n i n g of t h e s i m u l a t i o n t o p r e l o a d j o b s i n t h e 

s h o p . 

CLEAR Used t o c l e a r s t a t i s t i c a l a r e a s a f t e r t h e run i n p e r i o d . 

DYNAM T h i s i s u s e d t o c a l c u l a t e p r i o r i t i e s f o r dynamic r u l e s (DSOP). 

WKINQ Used w i t h t h e e x p e c t e d work in n e x t queue r u l e . 

PTJOB Takes an a v a i l a b l e j o b from ARIVL, ENDSV, o r JOBDEC and moves i t 

t o t h e m a c h i n e c e n t e r r e q u i r e d . 

GENMAT C a l l e d by COLL t o pu t t h e shop l o a d i n g i n f o r m a t i o n i n t h e m a t h e ­

m a t i c a l p rogramming model when t h i s form of l o a d i n g i s b e i n g u s e d . 
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LPM The l i n e a r p rog ram model u s e d t o d e c i d e which j o b s s h o u l d be moved 

from t h e j o b p o o l i n t o t h e s h o p . 

JOBDEC Program u s e d t o i n t e r p r e t t h e r e s u l t s of LPM and t o c a l l PTJOB a s 

r e q u i r e d . 

ENSIM End of s i m u l a t i o n . 

POOLRE Program u s e d t o l o a d j o b s i n t h e shop w i t h a h e u r i s t i c a l g o r i t h m 

i n s t e a d of t h e l i n e a r p rogram a l g o r i t h m . 

F u n c t i o n Subprograms 

DUED Computes a due d a t e f o r e a c h i n c o m i n g j o b . 

MOP Computes t h e number of j o b o p e r a t i o n s f o r e a c h i n c o m i n g j o b . 

TIME Computes a p r o c e s s i n g t i m e f o r e ach of t h e j o b o p e r a t i o n s on t h e 

r o u t i n g . 

GNARV Computes t h e t i m e b e f o r e t h e n e x t a r r i v a l i s d u e . 

F i l e s 

#1 E v e n t s 

# 2 - 1 1 Machine q u e u e s ( j o b s i n t h e queue ) f o r m a c h i n e s # 1 - 1 0 

#12 J o b s i n t h e j o b p o o l 

A t t r i b u t e s 

1- Time t h e e v e n t i s g o i n g t o t a k e p l a c e 

2 - Event code 

3 - Time a t which t h e j o b came i n t o t h e s y s t e m 

4 - Due d a t e f o r t h e j o b ( i n c l u d i n g TNOW) 

5 - Number of o p e r a t i o n s l e f t 

6 - S l a c k t i m e ( i n c l u d i n g TNOW) ( f o r s t a t i c r u l e s ) ; work r e m a i n i n g 

( f o r dynamic r u l e s ) 
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7- S l a c k o r work r e u i a i n i n g / o p e r a t i o n 

8- Time a t which j o b a r r i v e d a t i t s c u r r e n t queue 

9- T o t a l work t ime 

10- T o t a l number of o p e r a t i o n s 

1 1 - F i r s t o r a c t u a l o p e r a t i o n (mach ine) number 

12 - Time r e q u i r e d f o r t h e o p e r a t i o n i n a t t r i b u t e 1 1 , t h a t i s , f o r t h e 

o p e r a t i o n i n t h e mach ine where t h e j o b i s p r e s e n t l y l o c a t e d . 

13-26 S i m i l a r t o # 1 1 , 1 2 

27-29 Not u s e d 

3 0 - J o b number 

3 1 - Not u s e d 

3 2 - Amount of work a l r e a d y p e r f o r m e d on t h i s j o b ( h o u r s ) 

3 3 - Time a t which t h e j o b came o u t of t h e p o o l 

S t a t i s t i c s C o l l e c t e d 

COLCT (SUMA a r r a y ) : 64 s t a t i s t i c s 

N— V a r . 

1-10 UT P e r c e n t of t i m e busy i n a p e r i o d fo r mach ine I 

11 TISYS Time s p e n t i n t h e s y s t e m 

12 TLATE Time v a l u e of j o b l a t e n e s s 

13 TARDY Time v a l u e of j o b t a r d i n e s s 

14 ATS Average t i m e busy in a p e r i o d p e r r . a c h i n e 

15 DDD T ine v n l u e ( a b s o l u t e ) uf j o b l a t e n e s s 

16 -25 WT W a i t i n g t ime t o r j o b s a t queue of machine 'T 

26 -30 TYSYS T ine s p e n t i n t h e s y s t e m fo r j o b s w i t h 4-S o p e r a t i o n s 

31 -40 DBAL D e v i a t i o n from b a l a n c e f o r mach ine J 
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41 DBALT D e v i a t i o n from b a l a n c e f o r e n t i r e shop 

42 Time s p e n t i n s y s t e m w/o c o u n t i n g poo l t ime 

4 3 - 4 7 Time s p e n t i n t h e s y s t e m w/o c o u n t i n g t h e pool t ime fo r 

j o b s w i t h 4 -8 o p e r a t i o n s 

48 Time s p e n t i n t h e p o o l 

4 9 - 5 3 Time s p e n t i n t h e p o o l f o r j o b s w i t h 4 -8 o p e r a t i o n s 

5 4 - 6 3 DBALQ D e v i a t i o n from b a l a n c e i n queue f o r mach ine M j " 

64 DBALQT D e v i a t i o n from queue b a l a n c e ( a l l m a c h i n e s ) 

65 O p e r a t i o n run t i m e 

6 6 , 6 7 i n p o o l b e f o r e / a f t e r l o a d i n g 

6 8 , 6 9 N -̂ of j o b s l o a d e d i n shop t h r u s p e c i a l f e a t u r e s on PTJOB, 

ENDSV 

7 0 , 7 1 PWB, PQB 

TMST (SSUMA a r r a y ) : 14 s t a t i s t i c s 

1-10 BUS(I) Amount of t ime mach ine " l " has been busy 

11 XWKSY Amount o f work in h o u r s in t h e shop 

12 XYSY Amount of work i n number of j o b s i n t h e shop 

13 XOPS Number of o p e r a t i o n s pe r fo rmed f o r j o b s i n t h e shop 

14 XWKS Amount of work a l r e a d y done f o r j o b s i n t h e shop 

HISTO : 16 s t a t i s t i c s 

1 TLATE Time v a l u e of j o b l a t e n e s s 

2 XP Number of p e r i o d s l a t e 

3 ATS Average, t i m e busy i n a p e r i o d p e r mach ine 

4 .. AT Average p e r c e n t of load a r r i v e d / m a c h i n e 

5-14 D I n t e r a r r i v a l t i m e s fo r mach ine I 

15 I n t e r a r r i v a l t i m e s t o t h e j o b p o o l 

16 Time j o b s spend i n t h e poo l 
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APPENDIX E 

DESCRIPTION OF NON-GASP VARIABLES 
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D e s c r i p t i o n of Non-GASP V a r i a b l e s 

ARATE The r a t e of j o b a r r i v a l s 

AVG(I) Average p e r c e n t u t i l i z a t i o n f o r mach ine i 

BUS(I) S t a t u s v a r i a b l e f o r e ach m a c h i n e : 0 = i d l e , 1 = busy 

LOC(I) Column l o c a t i o n i n NSET of job " i " 

MNEXT The mach ine t o which a c u r r e n t j o b w i l l n e x t p r o c e e d 

NEN Number of j o b s e n t e r i n g t h e s y s t e m 

NLV Number o f j o b s l e a v i n g t h e sys t em 

NM Number o f m a c h i n e s i n t h e shop 

NRSET Number of r u n s i n p e r i o d s f o r t h e s i m u l a t i o n 

NTOTPD Number o f p e r i o d s t h e s i m u l a t i o n i s t o r u n 

NTPDS Number of e l a p s e d p e r i o d s i n t h e s i m u l a t i o n 

PLEN Leng th o f one s c h e d u l i n g p e r i o d 

SEED Random number s e e d t o be u s e d 

TISYS Time s p e n t i n t h e s y s t e m by an e x i s t i n g j o b 

WBM(I) V a r i a b l e u s e d t o m a i n t a i n MWB (machine work b a l a n c e ) s t a t i s ­

t i c s f o r mach ine " i " 

WWW(I) V a r i a b l e u sed t o m a i n t a i n u t i l i z a t i o n s t a t i s t i c s f o r mach ine 

M-J. tt 

X ( 1 , J ) I n p u t t r a n s i t i o n m a t r i x f o r j o b r o u t i n g 

XYSYS Number of j o b s i n t h e shop 

XWKSY Amount of work ( i n h o u r s ) i n t h e shop 

I Type Not u s e d 

NKELD Not u s e d 
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WB(I) Hours of work t h a t h a s a r r i v e d t o t h e shop f o r each m a c h i n e . 

NRULE 

1-

2 -

3 -

4 -

5 -

6 -

MNOW 

NRST 

MAX 

AR(I) 

NPREL 

NPREP 

Code which i n d i c a t e s queue d i s c i p l i n e , ( d i s p a t c h i n g r u l e ) t o 

be u s e d 

( D y n a m i c ) , Dynamic S l a c k R u l e , DS 

( D y n a m i c ) , Dynamic S l a c k p e r O p e r a t i o n R u l e , DSOP 

(Dynamic ) , E x p e c t e d Work i n Next Queue, EWIQ 

(Not D y n a m i c ) , S h o r t e s t P r o c e s s i n g T ime , SPT 

(Not D y n a m i c ) , Due D a t e . DD 

(Not D y n a m i c ) , F i r s t i n F i r s t O u t , FIFO 

(Normal GASP p r o c e d u r e fo r r a n k i n g e n t r i e s i n t h e f i l e i s used 

t o m a i n t a i n r a n k i n g o f j o b s i n m a c h i n e queues f o r r u l e s 4 - 7 . 

R u l e s 1-3 u t i l i z e s e p a r a t e s u b r o u t i n e s f o r compu t ing p r i o r i ­

t i e s . ) Only Ru le s # 2 , 3 , 4 , 6 were u s e d t o o b t a i n d e t a i l e d 

s i m u l a t i o n r e s u l t s i n o r d e r t o s a v e compute r t i m e . 

The m a c h i n e number where t h e c u r r e n t j o b h a s j u s t f i n i s h e d 

Used by main t o i n d i c a t e t h e number of r u n s i n p e r i o d s . S e t 

by main NRST = NRSET e x c e p t t h a t i f NRSET = 0 , t h e n NRST = 

9999999 . The e f f e c t o f t h i s i s t o e l i m i n a t e t h e r u n i n p e r i o d 

i f NRSET - 0 . 

E q u a l s t h e l a r g e s t j o b number p r e s e n t l y i n t h e s y s t e m (no t t h e 

number o f j o b s , b u t t h e j o b number) 

L a s t t i m e mach ine " I " had an a r r i v a l 

Number of j o b s t o be p r e l o a d e d i n t h e shop 

Number of j o b s t o be p r e l o a d e d i n t h e p o o l , i f u s i n g a p o o l , 

o u t o f t h e t o t a l i n NPREL 
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NDESL 

DESLF 

CAPM(J) 

DESL(J) 

NDML 

DMLF 

DQL(J) 

QLDAD(J) 

TIMEF(J) 

NSTSW 

XOPS 

XWKS 

DBAL(J) 

DBALT 

S w i t c h t o i n d i c a t e w h e t h e r d e s i r e d a g g r e g a t e l o a d p e r mach ine 

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

0 = r e a d , 1 - c a l c u l a t e d 

F a c t o r t o be used i n c a l c u l a t i n g t h e d e s i r e d a g g r e g a t e l o a d 

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

D e s i r e d a g g r e g a t e l o a d f o r mach ine " j " a f t e r l o a d i n g . 

S w i t c h t o i n d i c a t e i f d e s i r e d queue load a t e ach mach ine i s t o 

be r e a d i n d i v i d u a l l y o r c a l c u l a t e d : 0 = r e a d , 1 = c a l c u l a t e d 

F a c t o r t o be u s e d i n c a l c u l a t i n g d e s i r e d queue l e a d 

D e s i r e d queue l o a d f o r mach ine M J M 

V a r i a b l e u s e d t o keep t r a c k of work in queue f o r mach ine J 

( t o be u s e d by work i n n e x t queue d i s p a t c h i n g r u l e ) 

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

t i o n p r o p e r l y 

S w i t c h t o d e t e r m i n e i f t h e j o b b e i n g h a n d l e d by ARIVL i s t o 

be p r e l o a d e d d i r e c t l y i n t o t h e shop r e g a r d l e s s o f any p o o l 

a r r a n g e m e n t s : 0 = h a n d l e n o r m a l l y , 1 = p r e l o a d d i r e c t l y i n 

shop 

Number o f o p e r a t i o n s p e r f o r m e d a l r e a d y f o r j o b s i n s h o p ( s e e 

TMST) 

Amount of work p e r f o r m e d a l r e a d y f o r j o b s i n t h e shop ( s e e 

TMST) 

D e v i a t i o n from a g g r e g a t e b a l a n c e f o r machine " j " ( t h a t i s , 

d e v i a t i o n from d e s i r e d a g g r e g a t e l o a d i n t h e shop) 

D e v i a t i o n from b a l a n c e f o r e n t i r e shop 
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Load ing r u l e co be u s e d : 

0 = shop w i t h u n c o n t r o l l e d l o a d i n g o r r e l e a s i n g 

1 = p o o l w i t h d e s i r e d a g g r e g a t e l o a d , LP; 

5 = p o o l , d e s i r e d queue l o a d , h e u r i s t i c 

method o f j o b due d a t e g e n e r a t i o n ( 1 , 2 ) 

Code t o i n d i c a t e t y p e of a r r i v a l r a t e 

1 = P o i s s o n a r r i v a l s 

2 = P o i s s o n a r r i v a l s w i t h mean i n t e r a r r i v a l t i m e s s u p e r i m ­

posed on a s i n e c u r v e 

V a r i a b l e u s e d t o keep t r a c k of t h e a g g r e g a t e work in t h e shop 

f o r mach ine " j " 

D e v i a t i o n from d e s i r e d l e v e l o f work f o r mach ine " j M i n queue 

of mach ine " j " 

Sum of | DBALQ(J) | o v e r a l l m a c h i n e s 

M a t r i x used by t h e bounded LP i n c l u d i n g RHS and two e x t r a 

r o w s , one f o r u p p e r bounds and one f o r s w i t c h e s 

V a r i a b l e s which g i v e column number of v e c t o r i n t h e b a s i s i n 

t h e LP p rograms 

O b j e c t i v e row, i n c l u d i n g o b j e c t i v e v a l u e i n t h e RHS column 

A f a c t o r u s e d t o a s s i g n d i f f e r e n t w e i g h t s t o t h e j o b due d a t e s . 

A f a c t o r o f 0 i g n o r e s due d a t e s . 

Number of rows i n t h e LP p r o g r a m , n o t c o u n t i n g t h e boundary 

and s w i t c h rows 

Number of columns i n t h e LP p r o g r a m , n o t c o u n t i n g t h e RHS 

Number of a r t i f i c i a l v a r i a b l e s i n t h e f i n a l b a s i s 

Column number of t h e a r t i f i c i a l v a r i a b l e s i n t h e f i n a l b a s i s , 
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i f a n y . 

V a r i a b l e s Used I n t e r n a l l y i n Some S u b r o u t i n e s 

MAIN 

XXSD 

ENJJSV 

NOP 

NP23 

DDD 

TLATE 

TARDY 

X? 

JOB 

LR,LRM 

MBEST 

WT 

COLL 

UT 

TS 

A random number u sed to pr ime t h e random number g e n e r a t o r 

T o t a l number of o p e r a t i o n s f o r t h e j o b b e i n g h a n d l e d ( c u r r e n t 

j o b t h a t i s j u s t l e a v i n g t h e s y s t e m ) 

NOP+22. I n d e x used t o c o l l e c t s t a t i s t i c s on j o b s ( t ime s p e n t 

on s y s t e m ) d e p e n d i n g on t h e i r number of o p e r a t i o n s 

A b s o l u t e v a l u e of j o b l a t e n e s s 

J o b l a t e n e s s 

T a r d i n e s s = 0 i f TLATE i s < 0 , = TLATE i f TLATE > 0 

I n t e g e r number of p e r i o d s l a t e f o r a j o b ( c o u l d be n e g a t i v e 

i f j o b i s e a r l y ) 

J o b number fo r j o b l e a v i n g t h e s y s t e m o r j o b number f o r j o b 

e n t e r i n g s e r v i c e 

V a r i a b l e s u sed t o s e t i n d i c e s f o r r o l l i n g j o b a t t r i b u t e s when 

an o p e r a t i o n h a s been f i n i s h e d 

Value r e t u r n e d to ENDSV by DYNAM and WKINQ g i v i n g t h e column 

number of t h e j o b w i t h t o p p r i o r i t y ( a c c o r d i n g t o t h e r u l e i n 

u s e ) i n t h e mach ine queue where an end of s e r v i c e j u s t o c ­

c u r r e d 

W a i t i n g t ime f o r j o b b e i n g p l a c e d cn mach ine 

P e r c e n t of t i m e busy f o r a mach ine 

Time busy f o r a l l m a c h i n e s t h i s p e r i o d 
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TOT P e r c e n t of c a p a c i t y l oad a r r i v e d f o r a l l m a c h i n e s 

ATS Average t i m e busy t h i s p e r i o d pe r machine 

ATOT Average p e r c e n t of c a p a c i t y load a r r i v e d p e r machine 

PTJOB 

INP New a r r i v a l i n d i c a t o r : 2 from ENDSV, 1 from ARIVL, 3 from 

JOBDSC 

D I n t e r a r r i v a l t ime 

DYNAM 

DIF Due d a t e - - w o r k r e m a i n i n g 

DS Dynamic s l a c k 

DSOP Dynamic s l a c k p e r o p e r a t i o n 

XX B e s t dynamic s l a c k v a l u e so f a r 

MBEST Column number of b e s t j o b so f a r 

MNXT Column number of j o b b e i n g c o n s i d e r e d 

WKINQ 

MXT Column number of j o b b e i n g c o n s i d e r e d 

TWK T o t a l work c o n t e n t a t t h e mach ine queue where t h e j o b b e i n g 

c o n s i d e r e d would go n e x t 
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SAMPLE INPUT DATA FOR SIMULATION PROGRAM 
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1 o .o 

0 I 
- - " 1 

t+.0 

•3.0-

2 . 0 
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APPENDIX G 

SAMPLE OUTPUT FROM SIMULATION PROGRAM 
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-V A ft * 0 OS ~ A p f R 0- A C M £S--FO-'r_"-JOSr i 0°"~t:0* -J- 11J3—OS I ̂  F ̂ E^ErfT^^i^f^ATCHl tiG— 
LOADING APPROACH NljVJER 1 

0 I r j p ; : T C H T . . G . R U L r - y y ^ r p ^ 

-NUvOER-Or-T.r^CHirO.'lS—^lT;~TM£^-f^tH.-AT£ir-SHOP It) 
NUVaEH Or RON 10 PORIO-S 50 

-NUV2IR ~ OF-TlVt- PERIODS ~S I MUL A 7EO-* F fE R-ftt*M-itt 50«" 
LEf3Tn 0" E„CH TIUO PERIOD O.OO 

-SPECIAL -FEATURES OoCOOOOOOCr = 

MACHINE DEVIATION FROM BALANCE 
. ACS*EG A TE~t 0 « 0 GhJEU E-t*>A9-

1 6 . 3 2 4 - 6 . 1 7 2 
H 27981 »^T3O-? 
3 9 , i i66 - 5 . 2 4 5 
t± 5 73 06 - 7 7 5 S 3 
5 7 . 3 6 6 - 5 . 6 6 1 
& 5 . 9 9 4 « 6 Y 2 2 & 
7 3 , 4 6 4 - 9 , l o S 
g I^7tr2tJ - 3 T 9 0 t 
9 8 , 1 5 9 - i^ .^Bb 

lo 97tjt>6 --«#-retji3 

-DEV 1ATI ON-FROM-S A t ANC £• r^GGREG ATE~tOAB 
AVERAGE 123.554vARlANCE 2 2 1 0 . 4 5 7 

DEVIATION FROM BALANCE»QUEUE LOAD 
—AV ER AS E 72,-14 ftVA Rl AfiOE 69Sv*33-

ME-SPENTHE-H-THE—5-YS-Tf l̂ 
AVERAGE 6l,952VARlANCE 1 2 7 0 . 3 8 7 

TIME SPENT IN THE J03 pOOL 
V E R A b E 8 . 970 V A RIA NC £ 20-1.028 

-T-l ME—SpE NT-Tt-H-THE-S-YS Tt^M~ttf O^e0t~?-I-M£ 
AVERAGE ^2 .981VARIANCE 9 8 3 . 2 4 2 

J03S-IN-THE--P00L-- BLFORE - LOADING—AVG 6r€9— STD 

J O B S I N THE FOOL AHTER LOADING AVG 2 . 4 5 STD 3 . ^ 6 
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.—MACHINE UTILIZATION B A L - A N C E '-'EASURE-
1 6 4 . 4 8 6 4 . 6 3 1 
g- BM-* 622 4.-7^6 
3 7 7 . 6 1 ? 6 . 3 6 9 

-4 8 4 . H i 4 . 9 3 0 -
5 8 0 . 9 3 5 5 . 2 9 6 

-6 6 3 • 8 6 9 — 4 . 5 7 3 
7 8 5 . 5 7 5 4 . 4 4 6 

-8 7 ^ 8 >J5 5v94-9-9 7 7 . 8 6 9 6 . 1 1 4 
-10 79*645 5 . 7 4 3 -

-M f; G HINE-B A L A :\JC-C—M ENSURE- = 5 r 3 0 3 -
SHOP BALANCE: MEASURE = . 3 7 0 

-NUM3EK-OF—JO-'S ENTERING - SHOP-= 211-8-
Nl'MBElR OF 00JS LEAVING SHOP = 2128 
AvERAoE-JUt3--L A 1 E N £ S S - = -<tOr09 
AVERAGE L A T E N E S S VARIANCE = 2 7 5 4 . 4 5 
- AvE R '* GE—003—T A H Oi-r jE-S S - ^ 6~r5f>4-AVER^^E TARDIO-SS VARlA'JCf - 4 2 4 , ?58 
-A v LR AGE-5MOP u TIL-12 A T i0:1 = 8 1 . 694-
AVERAGE W . I . p . ( I N HOUnS OF WORK) = 4 1 1 , 7 6 8 1 2 0 . 8 9 3 
A V E R A G E - - N U f 16 E R- 0 F -O 0 3 S—IN —T H E~" 5 H 0 P —- >2^rt^ 6v7-51-
W,I•P.(AVERAGE OPERATIONS PERFORMED PER JOB IN THE SHOP). 

A V G ~ 5«-rfi-CH3 S-H>= JT9T3 0 0 rs-yV?- -j OTTi^ ~ 1 ̂ - ™ » J U U 
W«I.P.(AVLRAGE HOURS OF WORK DONE FOR J03S IN THE SHOP), 

AVo= 135,-74 8 STO= 49,-945 LENGTH OF SIMULATION RUN WAS 
—^OG—TI^E -PERI OoS-t 4vetrrC-H0URS-

•MACH1NE A V G - I N P U T / P O T -
1 8 4 , 3 0 

—2 84T613-
3 7 7 . 6 0 

- 4 8 4 . 2 2 
5 8 1 . 1 6 

- 6 8 4 T 36 
7 6 5 . 9 6 

- 6 7r,-&7-
9 7 3 , 1 6 

- 1 0 7 9 , 5 0 

0 T H E ft ~z AL ANCE"ME A S JR ES~ 
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•MACHfN£-Gt*E-U£-tWtfr.cg INDEX 
MACH NO AVCRAGE QWB MAXIMUM 

1 1 . 512 2 r l 5*4 8-
2 1,850 3 . 2 8 4 10 
3 1 2 • i 9 2 . 4 5 6 9~ 
4 1 . 6 b i 3 , 7 5 3 12 
5 i v 3 7 7 i2T^0 8 rcr 
6 1 ,466 2 . 4 0 2 9 
7 1 ,890 3 . 9 a 4 H r 
6 1 .105 1 .855 8 
9 1.-257 £ . 1 2 7 & 

10 1 .167 1 .891 9 

ALL 1 .453 2 . 6 8 1 12 

PERIOD WORK BALANCE INQEX PWB r 4 . 4 8 4 

PERIOD QUEUE BALANCE IN^EX PQ3 = 1 1 , 5 9 
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**GASP—SU:/MAR-¥-^.£PORT++-

SIMULATION PROJECT-NO.- 1—BY IRASTORZA 

OATt- - 1 / c / 1973 RUN -NUMBER 3-

4 * G £ N E R A T E D - O A T A * * 
CODE MEAN S n . o £ \ / . MIN. MAX, UBS. 

1 6 4 , 4 8 6 5 2 7 . 4 7 3 6 . 0 0 0 0 100 .0000 bOO 
2 6 4 , 6222 Z^s^^i-B »-Q003 HKM>0-0€ 
3 7 7 . 6 x 8 7 3 1 . 5 9 5 7 . 0 0 0 0 100 .0000 500 
4 6 4 . 1 1 0 9 2 7 , 7 5 5 9 *000O 1 0 0 , 0 0 0 0 boo 
5 8 0 . 9 3 5 2 2W.76&7 .0000 100 .0000 500 
6 6 3 . 8 6 9 0 2 6 . 7 2 9 9 rOOOO 1 OO,-«OO0 bOO 
7 8 5 , 5 7 5 5 2 b . 3 5 b e . 0 0 0 0 1 0 0 , 0 0 0 0 500 
8 7-Vv6u52 3-t^r48^5 ^-*-0O0G 10 ft .-̂ OO~0- ^H3 
9 7 7 , 8 6 9 0 3 0 . 9 0 8 9 . 0 0 0 0 lOO.l'OOO bOO 

_ 1 0 7 9 ^ 5 7 — 2 9 . 9 5 5 7 rOOOO 100 .-0 000 500 
l i 5 1 . 9 5 1 7 3 5 , 6 4 2 5 7 , 6 4 0 0 4 1 0 . 7 9 0 0 2128 
1 2 — ^ . 4 0 . - 0 9 ^ 8 52-,-4029—-i41-r670C 3 2 4 , 2 9 0 0 2128 
13 6 . 5 o 4 4 2 0 , 5 9 7 5 . 0000 3 2 4 , 2 9 0 0 2128 
1-4 6-, 5 355 ,-932 6 3rv296-0 8^0(^3 50-6 
15 53 .1C35 3 9 , 2 6 1 8 . 0 2 0 0 3 2 4 , 2 9 0 0 2128 

_ I 6_ ^ t 7 t j 9 3 Q-if&V* rOQOC 129.-3200 1-296 
17 5 . 8 2 4 9 1 6 , 4 5 6 5 . 0 0 0 0 3 3 5 . 7 9 0 0 1278 
16 4 .--3525 9,-7138 .rOO 0 0 1 2 3 , 6 9 00 1 5 
19 5 . 1 1 6 0 1 3 . 2 9 9 6 . 0 0 0 0 2 2 2 , 0 5 0 0 1300 
2tf -4-r3&87 i-ft^6ire^ rOCH>$ t95-r87^6 3^-55 
21 4 . 4 1 3 7 6 , 7 5 6 0 . 0 0 0 0 9 9 , 7 7 0 0 1327 
22 5 r6964 10,1+ 59** rO<H>0- 2-75 .-4-1-00 3b* 34 
23 3 . 5 7 8 9 6 , 3 2 l 8 . 0 0 0 0 83 ,7600 1*38 
24 4TO 018 8 . 9 6 8 8 rG 80C 1 6 0 . 7 900 1^ 5 7 
25 3 . 8 8 3 9 7 . 5 5 9 5 . 0 0 0 0 116 ,4900 1210 
26 38T-4-79 2 3*>rQ2& 6 7-r64<K) 2-1-6-.-9 2iH3 * 28 
27 4 4 . 2 6 7 3 3 0 . 6 1 2 7 1 2 . 4 2 0 0 3 3 3 . 9 7 0 0 441 
2 6 5 1 . 3 8 1 4 - 3 b . 3627—•—11". 80 0 C 314-.-4-7O0 b 3 2 
29 6 0 . 7 2 1 3 3 7 . 2 2 ^ 0 1 6 . 0 8 0 0 3 1 8 , 7 1 0 0 u 2 4 
3o 6 5 . 9 1 5 2 3 7 , 6 3 6 8 20 v 1800 *H f»T"7900 ^ 1 1 
3 l 6 . 3 2 4 4 1 1 . 2 2 7 4 - 2 0 . 2 l 8 e 3 1 . 6 3 1 2 bOO 

• 32 2 .-9 3 0 b- 19 -3fv.-41**-l 33 r2^59 *H}0-
33 9 . 4 8 5 9 1 2 . 4 4 8 0 - 2 9 . 2 9 3 8 3 0 . 2 4 6 2 bOO 
^ 5 . 3 0 6 2 I 5 . 3 l l 2 5 3 . 2 0 7 5 3 0 . 9 8 2 5 -bOO 
35 7 , 3 6 6 1 1 3 . 5 9 3 3 - 3 0 . 6 2 6 7 3 1 . 0 4 3 2 bOO 
3 6 5 . 9944 12.-3 i 4 f , — 2 6 . 0 0 0 * ~30-.b592 bOO 
37 3 .4640 1 6 . 5 7 8 2 - 6 4 . 2 5 0 8 3 2 . 0 3 9 2 bOO 
3 8 1 thru 27 T Mr."i717 1" H v? 5 6 2 3 2 r 3 738 bo 
39 6 . 1 5 9 5 1 2 . 9 7 9 6 - 2 4 . 6 3 6 1 3 2 . 9 7 3 9 bOO 
4Q 9,0i ;62 1 1 . 8 6 5 8 2 9 , u 6 2 5 3 0 , 9 6 7 5 bOO 
41 J 2 3 . 5 5 4 3 4 7 . 0 1 5 5 4 3 . 0 7 2 1 2 6 8 . 0 0 2 6 bOO 
H ? , - — 4 2 . 9 6 1 3 3 1 . 3 5 6 7 6 . 5 2 0 0 3 9 8 . 5 4 0 0 — 2 1 2 8 
43 2 9 . 0 6 5 5 2 3 , 6 4 2 4 6 , 5 2 0 0 183 .2700 ^0 
44 35 e ^964 24-.-9?0? 8.-0900 2f*l-.?2t>0 -**-4-l 
45 4 2 . 7 5 3 8 3 1 . 5 3 ? 3 1 0 . 4 3 0 0 3 0 7 , 8 0 0 0 b 3 2 

— 46 5 1 . 0 2 3 4 - - 3 2 . 7 3 3 1 - 9 . 2 3 0 0 - 3 0 9 . 7 1 0 0 424 
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-H-7~ 
48 

- 4 9 -
bQ 

- b l -
3?. 

- b a ­
st. 

- 5 5 -
b6 

-67 -
58 

-b9~ 
60 

- 6 1 -
62 

- 6 3 -
64 

- 6 6 " 
66 

~ 6 7 -
68 

-69~ 
70 

- 7 1 -

—5r?-;6965 34-rfttr?<? 
8 ,970 4 1 4 , 1 7 8 2 

— 9 , 4 j 37 —— 1 5 , 1 5 7 9 
8 . 9 7 0 9 1 4 , 0 * 0 5 

—- 8 , 6 2 7 6 — —i H , 2 2 3 0 
9 , 6 9 7 9 1^ .6323 
8 r 2 l a 7 r -2'i"l-5 5 3 

- 6 . 1 7 1 7 
- - 9 . 3 8 2 5 -
- 5 , 2 4 5 1 

- - 7 , 5 8 3 5 -
- 5 . 6 6 1 1 

—6-,-22t3l— 
- 9 . 1 0 5 4 

--3 .96-J5— 
- 4 , 3 8 5 1 
- 4 . 6 7 9 6 — 
7 2 . 1 4 3 1 

6 . 6 9 2 0 
—2.4540— 

NO 
fjy-

1 1 . 9 2 6 1 
—6,-2322" 

-r6-3^0" 3 937-^430-
080 0 2128 

- 3 2 0 -

7 .2350 - 3 8 . 
1U-1457 50~. 

7 . 8 2 ^ 1 " 4 6 . 
H . - 7 1 0 5 — 6 5 . 

B.6307 - 3 8 . 
-7-J-69-23 - 3 2 . 

131 ,9400 
0800 1 1 6 ^ 3 0 0 -
1400 1 1 0 , 9 7 0 0 *mi 
120 0 - ~ i 3 Iv 94 00 1>32-
2200 110 .7500 **24 
T7 00" 89v25t>t> 
1669 3 , 1 9 3 1 boo 
3328 —• 3.-1672 00" 
"900 3 , 1 9 0 0 500 
40 00 3 .-0900 & 0 0 -
3200 3 ,1600 boo 
29 29 3 v i ^ 7 1 5-80-

- 6 2 , 
- 2 7 , 

7 , 3 6 3 7 - 3 6 . 
—7.-1-6 31 ~ 3 ^ , 
2 6 , 3 3 5 3 1 1 . 

—2vUr>59 I v 

3400 
0942-

3 . 1 6 0 0 
-3v^--t58-

3 . 1 8 8 3 
-3?19^0&-

4«4836 
-lt-r592-2-

4 . 1 3 2 2 
3 , 2 5 5 3 • ; 

VALUES RECORDED 
-V-'-.LiJES-RECORJtO-

2 . 7 7 3 5 
~ 2 1 - 5 T 2 7 26 ; 

1018 
3 5 9 4 — 
6720 1 3 6 , 4 9 3 3 
tmttt) 9 . 0 0 0 0 
OOOO 18 .0000 

'OOOO I3rr0i)0^0-

bOO 
—tK>0~ 

bOO 
600-
bOO 

1-2^62-
bOo 

— 5 0 t r 

0000 1 2 . 2 4 2 9 500 
t m 8 5—"4 8 1 5 7 ^ 3 7 b^g-

^ - T - J _ t c R ; V T A T A ^ + 

CODE MEAN STD.DEV. MIN. MAX. TOTAL TIME 

1 . 8 4 4 9 - . 8 4 4 9 . 0 0 0 0 l.OOOO 4 0 0 0 , 0 0 0 0 
— 2 r84tte - ; 0 4 ^ 2 . 0 0 0 0 l v * 0 ^ 4 W > . 0 0 0 0 

3 . 7 7 8 2 - . 7 7 8 2 . 0 0 0 0 1.0000 4 0 0 0 , 0 0 0 0 
—H .-641-1 - r 8 4 H «D0O€ 1-.-0000 4000 .0000— 

5 . 8 0 9 4 - . 6 o 9 4 . 0 0 0 0 1.0000 4 0 0 0 , 0 0 0 0 
— 6 r8-387 — - . 8 * 87 «-0{H}G 3^-0000 4 0 00.-0 OflQ—• 

7 . 8 5 5 8 - . 8 5 5 8 . 0 0 0 0 1.0000 4 0 ^ 0 , 0 0 0 0 
— 6 r^-784 .-0000 I T - 0 0 0 0 40U0r0000— 

9 . 7 7 8 7 - , 7 7 8 7 . 0000 1.0000 4OUO.0O00 
- 4 0 . 7 9 6 5 - , -7965 .OOOO 1,-0-000 4 0 0 0 , 0 0 0 0 

11 M i l . 7 6 7 6 120 ,6925 4 e . 5 2 5 0 6 9 6 , 0 3 4 9 40"U.OOQC 
-12 -22 .7440 6 . 7 5 1 3 3-.-000O -44,0000—40<JO T o n OO— 

13 5S.8C67 1 9 , 2 9 9 8 7 . 0 0 0 0 1 3 3 , 0 0 0 0 4000 ,QCOO 
14 1-35.-7477 4 9 T 9 tf&tt l-4~Ht6 4̂ 4 32 7 T & 4 & 2 '40 ̂ O-r0000— 

_ **GENERAT£D-FREOUENCY-OIST«IBUTI0N5+*-
CODE HISTOGRAMS 

1 1491 34 30 38 29 34 22 29 2& 30 26 
42 2-£ 15 1-7 1-6 i-1 2-1 1-7 *4 18—146-

_2 0 — 0 — 0 0 0 — 0 — 0 — 0 — 0 0 0 
164 82 59 54 22 16 15 11 l b 71683 

3 0 0 0 0 0 0 1 5 10 17 4b 
48—3 -0-1-0 7—11S—63 6 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 



APPENDIX H 

RESULTS FROM RANDOM NUMBER GENERATOR TEST SEEDS 
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T a b l e 2 1 . R e s u l t s of T e s t s on Random Number G e n e r a t o r 

X 

r-s o c <u x: 
CM C O X u 

<U4J a) -u co t—i «—i c d MO'—' 
T3 4-1 T5 M-4 g >H M CC ^ H X W X O O T - < J-IM -U O S C O O ^ 0*4-10 <U OCM O C 3 3 cfl 
O o Oofc*S w a x H O ^ Z M c u 

1 6 . 9 2 .014 1 2 3 . 2 1.96 9 .49 CRITICAL 
VALUES 

TEST RESULTS 

SEEDS 

1) 100933 7 .59 .004 6 4 . 7 .34 5 .36 

2) 411719 8 . 1 2 ,005 6 4 , 7 .02 1.32 

3) 297449 9 . 1 1 .008 8 3 . 9 . 02 3 .86 

4 ) 349387 6 . 8 5 .005 6 1 . 9 . 07 3 .07 

5) 281923 7 . 2 2 .004 6 4 . 9 . 4 3 1.18 

6) 154231 4 . 4 1 . 006 6 4 . 3 1 .11 5 .30 

7) 329963 7 . 3 3 .006 8 0 . 2 . 8 5 1.61 

8) 900131 7 . 6 1 .008 8 1 . 8 .24 4 . 4 3 

9) 392819 2 . 5 5 .006 6 1 . 1 .19 .48 

10) 214753 2 .47 .005 6 1 . 2 .17 .35 

11) 200933 6 . 1 5 . 005 5 4 . 4 . 0 1 2 . 5 2 

12) 117341 5 .87 .005 5 5 . 8 .00 2 .86 



APPENDIX I 

SUMMARY RESULTS FROM SIMULATION RUNS 



T a b l e 2 2 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : No P o o l , R e s u l t s a f t e r 100 p e r i o d s , DSOP 

Run Number 1 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e s y s t e m 9 4 . 6 7 0 . 4 6 5 . 8 6 6 . 1 6 6 . 2 8 3 . 0 7 4 . 4 
2 . Time s p e n t i n t h e shop 9 4 . 6 7 0 . 4 6 5 . 8 6 6 . 1 6 6 . 2 8 3 . 0 7 4 . 4 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 234 . 1 5 1 . 1 4 9 . 150 . 1 5 3 . 162 1 6 7 . 
4 . Machine b a l a n c e m e a s u r e , MWB 3 . 8 1 5 . 0 0 6 . 6 2 5 .19 5 . 5 1 4 . 1 4 5 . 0 5 
5 . Shop b a l a n c e m e a s u r e , SWB .467 .867 1 .443 .973 1.29 .586 .938 
6. Queue work load b a l a n c e , QWB 2 1 . 7 1 4 . 2 1 0 . 6 9 . 0 3 8 .86 1 2 . 0 4 1 2 . 7 4 
7 . P e r i o d work load b a l a n c e , PWB 3 . 6 2 4 . 3 1 5 . 4 4 4 . 3 2 4 . 2 8 3 .69 4 . 2 8 
8 . P e r i o d queue b a l a n c e , PQB 9 0 3 . 1 9 8 . 5 6 . 4 1 4 1 . 110 . 157 . 2 6 1 . 

9 . Average queue s i z e 4 . 3 0 2 .99 2 . 4 2 2 . 5 0 2 .69 3 . 6 3 3 . 0 9 
10 . Average work i n p r o c e s s i n h o u r s 854 616 5 0 5 . 559 565 724 6 3 7 . 
1 1 . Average number of j o b s i n t h e shop 5 1 . 6 3 7 . 9 3 1 . 5 3 2 . 9 3 4 . 9 4 4 . 7 3 8 . 9 
12 . Average o p e r a t i o n done f o r j o b s i n shop 106 9 2 . 6 8 6 . 3 8 5 . 8 9 2 . 6 104 . 9 4 . 6 
1 3 . Average work h o u r s done f o r j o b s i n shop 275 230 215 222 237 261 240 . 

14 . Average l a t e n e s s 3 . 9 8 - 1 7 . 2 - 2 5 . 8 - 2 3 . 8 - 2 4 . 8 - 8 . 0 - 1 5 . 9 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 773 772 786 934 790 391 7 4 1 . 
1 6 . Average j o b t a r d i n e s s 1 1 . 2 2 . 5 .86 1.26 .473 3 . 0 0 3 . 2 3 
17 . Average t a r d i n e s s v a r i a n c e 366 3 6 . 1 0 . 4 1 3 . 4 4 . 7 5 0 . 6 8 0 . 2 

1 8 . Number of j o b s e n t e r i n g shop 422 416 379 410 405 430 4 1 0 . 
19 . Average shop u t i l i z a t i o n 8 6 . 4 8 0 . 8 7 4 . 3 8 0 . 1 8 0 . 4 8 5 . 3 8 1 . 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 0 



T a b l e 2 3 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : No P o o l , R e s u l t s a f t e r 400 p e r i o d s , DSOP 

Run Number I 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e s y s t e m 7 7 . 2 7 4 . 6 7 5 . 1 7 2 . 5 7 1 . 4 7 1 . 3 7 3 . 7 
2 . Time s p e n t i n t h e shop 7 7 , 2 7 4 . 6 7 5 . 1 7 2 . 5 7 1 . 4 7 1 . 3 7 3 . 7 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 1 7 0 . 1 4 8 . 1 6 4 . 1 6 2 . 153 144 1 5 7 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 6 5 4 . 3 4 5 . 2 0 5 . 3 8 5 . 2 2 4 . 8 1 4 . 9 3 
5 . Shop b a l a n c e m e a s u r e , SWB . 7 2 1 .597 1 .074 .997 .953 .675 .836 
6. Queue work load b a l a n c e , QWB 1 5 . 4 1 4 . 8 1 4 . 8 1 4 . 8 1 4 . 1 1 2 . ? 1 4 . 4 
7 . P e r i o d work load b a l a n c e , PWB 3 . 9 4 3 . 7 6 4 . 1 9 4 . 4 5 4 , 3 1 4 . 1 4 4 . 1 3 
8 . P e r i o d queue b a l a n c e , PQB 233 5 8 . 6 2 5 . 1 4 6 . 3 3 7 . 9 4 6 . 3 7 4 . 5 

9 . Average queue s i z e 3 . 2 4 3 . 2 4 3 . 1 7 2 . 9 5 2 . 9 6 2 . 9 4 3.OS 
10 . Average work i n p r o c e s s i n h o u r s 6 7 0 . 665 6 4 2 . 613 616 617 637 
1 1 . Average number of j o b s i n t h e shop 4 0 , £ 4 0 . 9 3 9 . 8 3 7 . 6 3 7 . 6 3 7 . 6 3 9 . 1 
12 . Average o p e r a t i o n done f o r j o b s i n shop 9 6 . 5 9 9 . 9 9 7 . 7 9 1 . 9 9 5 . 2 9 5 . 2 9 6 . 1 
1 3 . Average work h o u r s done f o r j o b s i n shop 234 2 4 1 . 240 . 224 234 231 234 . 

14 . Average l a t e n e s s - 1 3 . 4 - 1 5 . 3 - 1 8 . 0 - 1 9 . 9 - 2 0 . 7 - 1 9 . 4 - 1 7 , 8 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 891 613 762 843 830 749 781 
1 6 . Average j o b t a r d i n e s s 4 . 0 3 1.99 1 .82 1.64 1.36 1 .50 2 . 0 6 
17 . Average t a r d i n e s s v a r i a n c e 124 . 2 5 . 1 2 3 . 6 2 1 . 7 1 7 . 1 2 1 . 5 3 8 . 8 

1 8 . Number of j o b s e n t e r i n g shop 1704 1745 1691 1672 1667 1695 1696 
19 . Average shop u t i l i z a t i o n 8 3 . 9 8 4 . 3 8 1 . 7 8 0 . 4 8 0 . 9 8 2 . 6 8 2 . 3 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 0 



T a b l e 2 4 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : No P o o l , R e s u l t s a f t e r 500 p e r i o d s , DSOP; S e t 1 

Run Number I 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 7 6 . 7 1 . 7 2 . 7 2 . 7 2 , 7 2 . 7 2 . 5 
2 . Time s p e n t i n t h e shop 7 6 . 7 1 . 7 2 . 7 2 . 7 2 . 7 2 . 7 2 . 5 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 1 6 8 . 1 4 5 . 159 . 1 5 1 . 149 . 156 . 1 5 5 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 7 3 4 . 5 9 5 . 2 4 5 . 1 1 4 . 8 9 5 .18 4 . 9 6 
5 . Shop b a l a n c e m e a s u r e , SWB .753 .715 1.036 .892 . 646 .954 . 833 
6. Queue w o r k l o a d b a l a n c e , QWB 1 6 . 2 1 3 . 3 1 4 . 1 1 4 . 6 1 4 . 0 1 4 . 4 
7 . P e r i o d work load b a l a n c e , PWB 4 . 0 0 3 . 8 9 4 . 2 6 4 . 2 8 4 . 2 8 4 . 1 4 
8 . P e r i o d queue b a l a n c e , PQB 190 . 4 7 . 8 2 1 . 7 3 3 . 5 3 8 . 8 6 6 . 4 

9 . Average queue s i z e 3 . 2 5 3 . 0 3 . 0 3 . 0 3 . 0 3 . 1 
10 . Average work i n p r o c e s s i n h o u r s 6 7 1 . 627 625 623 635 619 633 
1 1 . Average number of j o b s i n t h e shop 4 0 . 3 8 . 2 3 8 . 5 3 8 . 2 3 8 . 3 7 . 9 3 8 . 5 
12 . Average o p e r a t i o n done f o r j o b s i n shop 9 6 . 8 9 3 . 1 9 5 . 6 9 6 . 5 9 5 . 9 9 4 , 3 9 5 . 7 
1 3 . Average work h o u r s done f o r j o b s i n shop 2 3 2 . 226 231 233 2 3 0 . 228 230. 

14 . Average l a t e n e s s - 1 3 . - 1 8 . -19 -19 - 1 7 . - 2 0 . - 1 7 . 7 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 8 7 6 , 735 784 790 815 761 7 9 4 . 
1 6 . Average j o b t a r d i n e s s 4 . 1.7 1.6 1.6 2 . 6 1.4 o o <-. *-
17 . Average t a r d i n e s s v a r i a n c e 116 . 21 21 21 5 9 . 1 9 . 4 2 . 8 

1 8 . Number of j o b s e n t e r i n g shop 2132 2132 2113 2110 2114 2109 2118 
19 . Average shop u t i l i z a t i o n 8 3 . 4 8 3 . 2 8 1 . 5 8 1 . 2 8 2 . 4 8 1 . 4 8 2 , 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 0 



T a b l e 2 5 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : No P o o l , R e s u l t s a f t e r 500 p e r i o d s , DSOP; S e t 2 

Run Number 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 7 2 . 6 9 . 7 2 . 7 2 . 72 7 3 . 7 1 . 7 
2 . Time s p e n t i n t he shop 7 2 . 6 9 . 7 2 . 7 2 . 7 2 . 7 3 . 7 1 . 7 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 1 5 8 . 1 4 5 . 1 5 2 . 1 5 3 . 1 4 3 . 1 4 8 . 150 . 
4 . Machine b a l a n c e m e a s u r e , MWB 5 .17 5 . 2 0 5 . 1 5 5 .27 4 . 9 7 4 . 9 3 5 . 1 2 
5 . Shop b a l a n c e m e a s u r e , SWB 1 .071 . 866 . 992 .945 .683 .652 ,868 
6. Queue work load b a l a n c e , QWB 1 3 . 6 1 3 . 6 1 3 . 5 1 3 . 6 
7 . P e r i o d work load b a l a n c e , PWB 4 . 1 5 4 . 3 8 4 . 2 1 _ ~— 4 . 2 5 
S. P e r i o d queue b a l a n c e , PQB 7 2 , 6 7 4 . 0 

9 , Average queue s i z e 3 . 0 0 2 . 8 3 . 0 _ _ _ _ 2 . 9 
10 . Average work i n p r o c e s s i n h o u r s 621 598 621 616 625 638 620 . 
1 1 . Average number of j o b s i n t h e shop 3 8 . 3 6 . 5 3 8 . 2 3 7 . 8 3 7 . 9 3 8 . 7 3 7 . 9 
12 . Average o p e r a t i o n done f o r j o b s i n shop 9 5 . 5 9 4 . 2 9 5 . 7 9 4 . 1 9 4 . 6 9 4 . 1 9 4 . 7 
1 3 . Average work h o u r s done f o r j o b s i n shop 232 288 232 226 227 225 238 

1 4 . Average l a t e n e s s - 2 0 . - 2 3 . - 1 9 . - 2 0 . - 1 8 . - 1 6 . - 1 9 . 3 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 734 810 729 798 768 768 768 
1 6 . Average j o b t a r d i n e s s 1.4 1 .1 1.4 1.4 2 . 0 2 . 4 1 .62 
17 . Average t a r d i n e s s v a r i a n c e 1 8 . 1 3 . 1 7 . 1 7 . 32 42 2 3 . 2 

1 8 . Number of j o b s e n t e r i n g shop 2113 2111 2113 2100 2117 2113 2111 
1 9 . Average shop u t i l i z a t i o n 8 1 . 5 8 1 . 2 8 1 . 7 8 1 . 1 8 2 . 3 8 2 . 4 8 1 . 7 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 0 



T a b l e 2 6 . S i m u l a t i o n R e s u l t s w i t h One Seed 

C o n d i t i o n s : P o o l , S p e c i a l l o a d i n g a p p r o a c h 1 0 1 0 1 , DSOP, Seed 4 1 1 7 1 9 , V a r i o u s DESLF Value ; 

Run Number 
DESLF. 4 . 2 5 3 .50 3 .00 2 . 5 0 2 . 2 5 

1 2 3 4 5 Avg, 

1 . Time s p e n t i n t h e s y s t e m 8 4 . 9 9 3 . 5 9 6 . 7 102 . 109 . 
2 . Time s p e n t i n t h e shop 6 2 . 7 5 9 . 8 5 7 . 6 5 6 . 1 5 7 . 5 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 9 7 . 8 108 112 140 . 169 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 9 4 5 . 0 2 4 . 8 4 4 . 8 3 4 . 9 0 
5 . Shop b a l a n c e m e a s u r e , SWB . 7 2 1 .704 . 5 7 1 .499 . 5 5 1 
6. Queue work load b a l a n c e , QWB 9 . 4 8 . 3 6 7 . 3 0 7 . 3 6 8 .36 
7 . P e r i o d work load b a l a n c e , PWB 4 . 3 8 4 . 3 7 4 . 3 2 4 . 3 8 4 . 4 0 
8 . P e r i o d queue b a l a n c e , PQB 4 1 . 6 3 4 . 3 2 4 . 3 2 3 . 4 23 .7 

9 . Average queue s i z e 2 . 5 0 2 . 3 4 2 . 2 2 2 . 1 4 2 . 2 1 
10 . Average work i n p r o c e s s i n h o u r s 535 512 493 485 498 
1 1 . Average number of j o b s i n t h e shop 3 3 . 2 3 1 . 5 3 0 . 3 2 9 . 5 3 0 . 2 
1 2 . Average o p e r a t i o n done f o r j o b s i n shop 8 1 . 3 7 3 . 5 7 1 . 4 6 6 . 9 6 5 . 5 
1 3 . Average work h o u r s done f o r j o b s i n shop 194 173 166 155 152 

14 . Average l a t e n e s s - 7 . 2 1 1.37 4 . 4 4 9 . 5 3 1 6 . 7 
1.5. V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 1 0 4 5 . 1444 1311 1480 1373 
16 . Average j o b t a r d i n e s s 8 . 1 4 1 5 . 1 1 6 . 2 2 0 . 0 2 4 . 3 
17 . Average t a r d i n e s s v a r i a n c e 171 406 382 510 537 

1 8 . Number of j o b s e n t e r i n g shop 2113 2113 2113 2113 2113 
19 . Average shop u t i l i z a t i o n 8 1 . 4 8 1 . 2 8 1 . 2 8 1 . 1 8 0 . 8 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 1 3 . 5 4 1 9 . 7 2 2 , 6 2 5 . 9 2 9 . 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 1 0 , 0 0 1 6 . 1 1 9 . 1 2 2 . 5 2 5 . 5 



T a b l e 2 7 . S i m u l a t i o n R e s u l t s w i t h One Seed 

C o n d i t i o n s : P o o l , S p e c i a l l o a d i n g a p p r o a c h 0 1 1 0 1 , DSOP, Seed 4 1 1 7 1 9 , V a r i o u s DESLF V a l u e s 

Run Number 
DESLF . 4 . 2 5 

1 
2 . 5 0 

2 
2 . 0 0 

3 
1.50 
4 Avg. 

1 . Time s p e n t i n t h e s y s t e m 7 5 . 0 7 4 . 5 7 6 . 9 7 9 . 8 
2 . Time s p e n t i n the shop 6 3 . 0 5 4 . 1 5 3 . 9 5 2 . 8 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 1 1 1 , 9 7 . 4 1 1 7 . 139 . 
4 . Machine b a l a n c e m e a s u r e , MWB 5 . 2 8 5 . 1 2 5 .09 4 . 9 7 
5 . Shop b a l a n c e m e a s u r e , SWB .972 .849 . 7 2 1 .755 
6. Queue work load b a l a n c e , QWB 1 0 . 4 7 . 5 0 8 . 2 1 7 . 2 6 
7 . P e r i o d work load b a l a n c e , PWB 4 . 3 6 4 . 3 3 4 . 4 2 4 . 2 7 
8 . P e r i o d queue b a l a n c e , PQB 4 9 . 8 3 5 . 3 2 7 . 7 2 2 . 0 

9 . Average queue s i z e 2 . 5 2 2 . 0 5 2 . 0 4 1.98 
10 . Average work i n p r o c e s s i n h o u r s 5 4 0 . 467 462 453 
1 1 . Average number of j o b s i n t h e shop 3 3 . 3 2 8 . 6 2 8 . 5 2 7 . 9 
1 2 . Average o p e r a t i o n done f o r j o b s i n shop 8 7 . 5 7 9 . 4 7 7 . 4 7 6 . 1 
1 3 . Average work h o u r s done f o r j o b s i n shop 2 1 1 . 187 180 172 

14 . Average l a t e n e s s - 1 7 . 2 - 1 7 . 6 - 1 5 . 2 - 1 2 . 4 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 879 1135 1226 1198 
16 . Average j o b t a r d i n e s s 3 . 0 1 4 . 3 8 6 .13 6 . 8 1 
17 . Average t a r d i n e s s v a r i a n c e 4 6 . 9 6 9 . 4 102 1 0 3 . 

1 8 . Number of j o b s e n t e r i n g shop 2113 2113 2113 2113 
19 . Average shop u t i l i z a t i o n 8 1 . 6 8 1 . 6 8 1 . 4 8 1 . 7 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 7 . 9 8 1 2 . 2 1 3 . 4 1 5 . 4 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 4 . 8 4 9 . 8 1 1 . 4 1 3 . 7 



T a b l e 2 8 . S i m u l a t i o n R e s u l t s w i t h One Seed 

C o n d i t i o n s : P o o l , S p e c i a l l o a d i n g a p p r o a c h 0 0 0 1 1 , DSOP, Seed 4 1 1 7 1 9 , V a r i o u s DESLF V a l u e s 
DESLF 

Run Number 

1. Time, s p e n t i n t he s y s t e m 7 8 . 8 7 4 . 7 7 1 . 8 
2 . Time s p e n t i n t he shop 6 3 . 4 5 1 . 2 5 4 . 2 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 1 0 3 . 126 9 7 , 4 
4 . Machine b a l a n c e m e a s u r e , MWB 5 . 1 1 4 . 7 6 4 . 8 8 
5 . Shop b a l a n c e m e a s u r e , SWB .796 . 666 . 8 2 1 
6. Queue w o r k l o a d b a l a n c e , QWB 9 . 3 2 6 . 5 9 7 . 7 2 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 3 7 4 . 1 4 4 . 1 1 
8 . P e r i o d queue b a l a n c e , PQB 3 8 . 1 2 9 . 1 3 3 . 2 

9 . Average queue s i z e 2 . 5 4 1 .90 2 . 0 5 
10 , Average work i n p r o c e s s i n h o u r s 539 446 466 
1 1 . Average number of j o b s i n t h e shop 3 3 . 5 2 7 . 1 2 8 . 7 
12 . Average o p e r a t i o n done f o r j o b s i n shop 8 6 . 2 7 6 . 8 8 0 . 8 
1 3 . Average work h o u r s done f o r j o b s i n shop 205 182 190 

14 . Average l a t e n e s s - 1 3 . 3 - 1 7 . 4 - 2 0 . 3 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 810 1235 1124 
1 6 . Average j o b t a r d i n e s s 3 . 9 5 5 . 2 2 3 . 5 4 
1 7 . Average t a r d i n e s s v a r i a n c e 5 7 . 9 7 7 . 1 5 2 . 0 

1 8 . Number of j o b s e n t e r i n g shop 2113 2113 2113 
1 9 . Average shop u t i l i z a t i o n 8 1 . 6 8 1 . 5 8 1 . 6 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 1 0 . 3 1 3 . 5 1 0 . 5 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 6 . 5 1 2 . 0 8 . 5 

4.^25 1750" 2750 
(11101) (11101) 

2 3 4 Avg 



T a b l e 2 9 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : Job a r r i v a l d i s t r i b u t i o n w i t h s t a t i c mean, No p o o l , DSOP 

Run Number 1 2 3 4 5 6 Avg. 

1 . Time s p e n t in t h e s y s t e m 7 4 . 9 6 8 . 9 6 9 . 0 6 9 . 1 7 0 . 1 7 0 . 4 
2, Time s p e n t i n t h e shop 7 4 . 9 6 8 . 9 6 9 . 0 6 9 . 1 7 0 . 1 7 0 . 4 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 1 5 8 . 136 . 1 2 2 . 136 . 140 . 138 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 5 5 4 . 9 9 4 . 6 2 5 . 0 3 4 . 9 4 4 . S 3 
5 . Shop b a l a n c e m e a s u r e , SWB .477 .689 ,507 .672 . 6 3 1 .595 
6. Queue work load b a l a n c e , QWB 1 7 . 1 1 2 . 5 1 2 . 6 1 2 . 3 1 3 . 1 1 3 . 5 
7 . P e r i o d w o r k l o a d b a l a n c e , FWB 4 . 0 9 4 . 3 5 4 . 1 3 4 . 4 1 4 . 3 6 4 . 2 7 
8 . P e r i o d queue b a l a n c e , PQB 2 5 5 . 130 . 8 0 . 5 3 2 , 3 4 9 . 1 109 . 

9 . Average queue s i z e 3 . 1 2 2 . 8 1 2 . 8 3 2 . 8 3 2 . 8 8 2 . 8 9 
10 . Average work i n p r o c e s s i n h o u r s 652 592 602 595 6 0 2 . 6 0 9 . 
1 1 . Average number of j o b s i n t h e shop 3 9 . 5 3 6 . 3 3 6 . 6 3 6 . 4 3 6 . 9 3 7 . 1 
12 . Average o p e r a t i o n done f o r j o b s i n shop 9 5 , 1 9 4 . 4 9 4 . 9 9 4 . 5 9 4 . 3 9 4 . 6 
1 3 . Average work h o u r s done f o r j o b s i n shop 227 228 227 223 227 227 . 

14. Average l a t e n e s s - 1 5 . 3 - 2 3 . 2 - 2 1 . 3 - 2 3 . 0 - 2 2 . 1 - 2 1 . 0 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 1170 834 804 842 822 8 9 4 . 
16 . Average j o b t a r d i n e s s 5 , 0 5 1 ,18 1.46 1.26 1.29 2 . 0 5 
17 . Average t a r d i n e s s v a r i a n c e 202 1.18 1 .46 1.26 1.29 5 4 . 6 

18 . Number of j o b s e n t e r i n g shop 2126 2115 2127 2112 2112 2113 
19 . Average shop u t i l i z a t i o n 8 3 . 2 8 1 . 6 8 3 . 0 8 1 . 5 8 1 . 8 8 2 . 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 



T a b l e 3 0 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : P o o l , Load ing h e u r i s t i c s , DSOP 

Run Number •» 
i. 

2 3 4 5 6 Avg. 

1 . Time s p e n t i n t he s y s t e m 8 8 . 7 7 8 . 2 8 0 . 6 8 0 . 1 7 7 . 0 8 0 . 9 
2 . Time s p e n t i n t h e shop 7 0 . 6 6 6 . 9 6 8 . 0 6 7 . 2 6 6 . 6 6 7 . 9 

3 . A g g r e g a t e d e v i a t i o n from Des , B a l . 138 129 125 1 3 3 . 1 2 5 . 130 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 7 7 5 . 3 2 4 . 8 0 5 . 2 8 5 . 2 8 5 . 0 9 
5 . Shop b a l a n c e m e a s u r e , SWB .729 .925 .678 . 9 4 1 .874 .830 
6 . Queue work load b a l a n c e , QWB 1 2 . 9 1 0 . 8 1 1 . 0 1 0 . 9 1 1 . 4 1 1 . 4 
7 . P e r i o d work load b a l a n c e , PWB 4 . 0 7 4 . 4 5 4 . 1 4 4 . 3 9 4 . 4 6 4 , 3 0 
8 . P e r i o d queue b a l a n c e , PQB 106 4 4 . 2 2 8 . 6 1 6 . 9 2 2 . 1 4 3 . 6 

9 . Average queue s i z e 2 . 9 6 2 . 7 2 2 . 8 1 2 . 7 5 2 . 7 0 2 . 7 9 
10 . Average work i n p r o c e s s i n h o u r s 623 575 595 577 570 5 8 8 . 
1 1 . Average number of j o b s i n t h e shop 3 7 . 9 3 5 . 4 3 6 . 4 3 5 . 6 3 5 . 1 3 6 . 1 
12 . Average o p e r a t i o n done f o r j o b s i n shop 8 6 . 5 8 7 . 4 8 8 . 0 8 6 . 6 8 8 . 5 8 7 . 4 
1 3 . Average work h o u r s done f o r j o b s i n shop 208 212 210 207 213 210 . 

14. Average l a t e n e s s - 1 . 4 3 - 1 3 . 9 - 9 . 3 - 1 1 . 9 - 1 5 . 3 - 1 0 . 4 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 1053 821 777 828 7 9 1 . 8 5 4 . 
16 . Average j o b t a r d i n e s s 1 1 . 1 3 . 6 5 , 0 4 . 5 3 . 0 5 . 4 4 
17 . Average t a r d i n e s s v a r i a n c e 254 . 5 8 . 0 7 9 . 8 7 3 . 0 4 7 . 4 1 0 2 . 

1 8 . Number of j o b s e n t e r i n g shop 2132 2113 2132 2113 2110 2120 
19 . Average shop u t i l i z a t i o n 8 3 . 5 8 1 . 6 8 3 . 2 8 1 . 5 8 1 . 2 8 2 . 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 1 1 . 7 8 . 2 8 . 8 8 .9 7 . 6 9 . 0 4 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 7 . 4 3 . 9 4 . 6 4 . 7 3 . 3 4 . 7 8 



T a b l e 3 1 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : Few i n t e r a c t i o n s , No p o o l , DSOP 

Run Number 1 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e s y s t e m 3 4 . 9 3 4 . 4 3 5 . 8 3 6 . 3 3 4 . 5 3 5 . 2 
2 . Time s p e n t i n t h e shop 3 4 . 9 3 4 . 4 3 5 . 8 3 6 . 3 3 4 . 5 3 5 . 2 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 4 0 . 8 4 0 . 8 4 2 . 3 4 3 . 4 4 0 . 6 4 1 . 6 
4 . Machine b a l a n c e m e a s u r e , MWB 5 . 8 9 5 . 4 2 5 . 9 1 5 . 4 1 5 . 7 1 5 .67 
5 . Shop b a l a n c e m e a s u r e , SWB 1.720 1.453 1 .700 1 .271 1.558 1.540 
6. Queue work load b a l a n c e , QWB 2 8 . 6 2 5 . 6 3 1 . 9 2 7 . 6 2 8 . 9 2 8 . 5 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 2 4 4 . 0 7 4 . 2 3 4 . 2 0 4 . 2 0 4 . 1 9 
8 . F e r i o d queue b a l a n c e , PQB 3 4 0 . 106 . 6 6 . 1 289 2 7 . 5 166 . 

9 . Average queue s i z e 4 . 6 8 4 . 7 6 4 . 9 0 5 .07 4 . 7 7 4 . 8 4 
10 . Average work i n p r o c e s s i n h o u r s 154 160 . 1 6 1 . 170 . 159 1 6 1 . 
1 1 . Average niimber of j o b s i n t h e shop 2 7 . 5 2 8 . 0 2 8 . 6 2 9 . 5 2 8 . 0 2 8 . 3 
1 2 . Average o p e r a t i o n done f o r j o b s i n shop 1 6 . 0 1 6 , 4 1 6 . 1 1 7 . 1 1 6 . 7 1 6 . 5 
1 3 . Average work h o u r s done f o r j o b s i n shop 3 6 . 3 3 8 . 9 3 7 . 7 4 0 . 3 3 9 . 2 3 8 . 5 

14 . Average l a t e n e s s - 4 6 . 3 - 4 5 . 6 - 4 4 . 4 - 4 3 . 6 - 4 6 . 0 - 4 5 , 2 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 1246 1105 1231 1090 1118 1 1 5 8 . 
16 . Average j o b t a r d i n e s s . 3 5 . 1 1 .30 .14 . 1 3 . 2 1 
17 . Average t a r d i n e s s v a r i a n c e 3 . 1 9 . 7 2 3 . 6 .86 . 77 1 .83 

1 8 . Number of j o b s e n t e r i n g shop 3182 3257 3211 3268 3255 3235 
19 . Average shop u t i l i z a t i o n 8 1 . 0 8 3 . 3 8 1 . 8 8 3 . 9 8 2 . 6 8 2 . 5 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 



T a b l e 3 2 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : Few i n t e r a c t i o n s , P o o l , DSOP 

Run Number ) 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e s y s t e m 6 4 . 1 6 2 . 5 6 4 . 3 7 6 . 2 6 6 . 3 6 6 . 7 
2 . Time s p e n t i n t h e shop 2 2 . 1 2 0 . 3 2 4 . 0 2 6 . 3 2 1 . 4 2 2 . 8 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 2 5 . 3 2 3 . 2 2 8 . 5 3 1 . 2 2 4 . 4 2 6 . 5 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 7 2 4 . 5 1 5 . 0 2 4 . 8 1 4 . 7 4 4 . 7 6 
5 . Shop b a l a n c e m e a s u r e , SWB .743 .694 .867 .875 .976 . 8 3 1 
6. Queue work load b a l a n c e , QWB 1 6 . 2 1 1 . 0 2 1 . 0 20 .7 1 2 . 4 1 6 . 3 
7 . P e r i o d work load b a l a n c e , PWB 4 . 0 6 3 . 9 2 4 . 1 7 4 . 0 1 3 . 8 1 3 .99 
8 . P e r i o d queue b a l a n c e , PQB 5 1 . 8 1 7 . 0 1 5 . 1 4 3 . 3 1 0 . 1 2 7 . 5 

9 . Average queue s i z e 2 . 7 2 2 . 4 4 3 . 0 5 3 . 4 8 2 . 6 3 2 . 8 6 
10 . Average work i n p r o c e s s i n h o u r s 8 6 . 6 8 2 . 7 9 6 . 9 107 . 8 5 . 3 9 1 . 7 
1 1 . Average number of j o b s i n t h e shop 1 7 . 6 1 6 . 3 1 9 . 3 2 1 . 5 1 7 . 3 1 8 . 4 
12 . Average o p e r a t i o n done f o r j o b s i n shop 7 . 2 5 7 . 1 0 7 . 0 5 8 . 1 4 7 . 3 2 7 . 3 7 
1 3 . Average work h o u r s done f o r j o b s i n shop 1 2 . 8 1 3 . 2 1 2 . 8 1 5 . 8 1 3 . 6 1 3 . 6 

14 . Average l a t e n e s s - 1 7 . 0 - 1 7 . 5 - 1 5 . 9 - 3 . 9 - 1 4 . 1 - 1 3 . 7 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 1462 1193 1807 939 1116 1303 
1 6 . Average j o b t a r d i n e s s 6 .29 4 . 3 5 8 .46 8 . 5 5 4 . 8 7 6 . 5 0 
17 . Average t a r d i n e s s v a r i a n c e 156 . 8 0 . 3 273 207 108 1 6 5 . 

18 . Number of j o b s e n t e r i n g shop 3182 3257 3211 3268 3255 3235 
1 9 . Average shop u t i l i z a t i o n 8 1 . 2 8 2 . 5 8 1 . 5 8 3 . 3 8 2 . 3 8 2 . 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 3 6 . 4 3 7 . 7 3 5 . 4 4 4 . 2 3 9 . 8 3 8 . 7 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 3 0 . 0 3 1 . 2 2 9 . 0 3 7 . 7 3 3 . 3 3 2 . 2 



T a b l e 3 3 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : Asymmetr ic t r a n s , m a t r i x , No p o o l , DSOP 

Run Number 1 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e s y s t e m 7 4 . 3 7 2 . 2 7 3 . 3 7 7 . 2 7 5 . 6 7 4 . 5 
2 . Time s p e n t i n t h e shop 7 4 . 3 7 2 . 2 7 3 . 3 7 7 . 2 7 5 . 6 7 4 . 5 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 157 . 1 6 8 . 1 5 8 . 174 . 1 6 3 . 164 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 9 1 5 .37 4 . 6 3 5 . 1 8 5 . 06 5 . 0 3 
5 . Shop b a l a n c e m e a s u r e , SWB .755 .987 . 565 .887 . 838 .806 
6. Queue w o r k l o a d b a l a n c e , QWB 1 2 . 8 1 3 . 7 1 3 . 6 1 5 . 4 1 4 . 4 1 4 . 0 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 1 9 4 . 4 0 4 . 0 9 4 . 3 1 4 . 2 5 4 . 2 5 
8 . P e r i o d queue b a l a n c e , PQB 5 2 . 6 3 8 . 7 4 5 . 2 4 7 . 4 2 0 . 7 4 0 . 9 

9 . Average queue s i z e 3 . 1 5 3 . 0 4 3 . 1 1 3 .29 3 . 2 3 3 . 1 6 
10 . Average work i n p r o c e s s i n h o u r s 647 626 644 664 655 6 4 7 . 
1 1 . Average number of j o b s i n t h e shop 3 9 . 8 3 8 . 5 3 9 . 4 4 1 . 1 4 0 . 5 3 9 . 9 
12 . Average o p e r a t i o n done f o r j o b s i n shop 9 7 . 2 9 4 . 9 9 7 . 9 9 7 . 4 9 8 . 7 9 7 . 2 
1 3 . Average work h o u r s done f o r j o b s i n shop 232 224 235 228 233 2 3 0 . 

14 . Average l a t e n e s s - 1 6 . 0 - 1 8 . 3 - 1 6 . 9 - 1 3 . 9 - 1 5 . 6 - 1 6 . 1 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 672 793 754 713 703 727 
16 . Average j o b t a r d i n e s s 2 . 1 1 .51 2 . 2 7 2 . 5 1 1.92 2 . 0 6 
17 . Average t a r d i n e s s v a r i a n c e 3 3 . 0 1 6 . 3 4 1 . 0 5 6 . 2 2 2 . 6 3 3 . 8 

18 . Number of j o b s e n t e r i n g shop 2136 2135 2147 2124 2150 2138 
19 . Average shop u t i l i z a t i o n 8 3 . 2 8 1 . 2 8 3 . 3 8 2 . 4 8 2 . 8 8 2 . 6 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 



T a b l e 3 4 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : Asymmetr ic t r a n s i t i o n m a t r i x , P o o l , DSOP 

Run Number 1 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 9 3 . 9 8 5 . 0 8 4 . 8 9 5 . 9 9 5 . 4 9 1 . 0 
2 . Time s p e n t i n t h e shop 6 4 . 6 6 2 . 2 6 3 . 9 6 4 . 2 6 5 . 1 6 4 . 0 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 7 8 . 3 9 3 . 2 8 5 . 4 8 6 . 1 8 7 . 9 8 6 . 2 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 7 8 5 . 4 4 4 . 9 1 5 .20 5 .24 5 . 1 1 
5 . Shop b a l a n c e m e a s u r e , SWB .384 . 7 7 1 .489 . 566 .519 . 546 
6. Queue work load b a l a n c e , QWB 8 .40 9 . 0 5 9 . 2 0 9 . 1 1 9 . 7 1 9 .09 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 4 3 4 . 6 9 4 . 4 5 4 . 6 5 4 . 7 4 4 . 5 9 CO P e r i o d queue b a l a n c e , PQB 2 7 . 2 1 5 . 1 1 4 . 1 1 9 . 6 1 6 . 4 1 8 . 5 

9 . Average queue s i z e - 2 . 6 2 2 . 4 8 2 . 5 8 2 .59 2 . 6 6 2 . 5 9 
10 . Average work i n p r o c e s s i n h o u r s 552 524 549 543 556 545 
1 1 . Average number of j o b s i n t h e shop 3 4 . 5 3 2 . 9 3 4 . 1 3 4 . 1 3 4 . 8 3 4 . 1 
12 . Average o p e r a t i o n done f o r j o b s i n shop 7 7 . 8 8 0 . 1 8 3 . 6 7 7 . 7 4 9 . 7 4 9 . 8 
1 3 . Average work h o u r s done f o r j o b s i n shop 182 . 184 . 198 178 183 185 

14 . Average l a t e n e s s 3 . 6 - 5 . 6 - 5 . 5 5 .04 4 . 4 3 .39 
15 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 760 1 0 0 1 . 9 0 0 . 9 1 5 . 1094. 934 
16 . Average j o b t a r d i n e s s 1 1 . 8 8 .49 7 . 9 2 1 3 . 9 1 4 . 4 1 1 . 3 
17 . Average t a r d i n e s s v a r i a n c e 222 197 149 258 403 246 

18 . Number of j o b s e n t e r i n g shop 2136 2135 2147 2124 2150 2138 
19 . Average shop u t i l i z a t i o n 8 3 . 1 8 0 . 8 8 2 . 8 8 1 . 9 8 2 . 0 8 2 . 1 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 1 7 . 8 1 4 . 3 1 3 . 6 1 9 . 2 1 8 . 6 1 6 . 7 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 1 3 . 5 1 0 . 1 9 . 4 1 4 . 9 1 4 . 3 1 2 . 4 



T a b l e 3 5 . S i m u l a t i o n R e s u l t s - B a s i c Runs 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , T i g h t due d a t e g e n e r a t i o n - - D E S L F 4 . 2 5 , SINPER 1 6 , FACDUD 
8 0 , DUD g e n e r a t i o n 1 , No p o o l , DSOP 

Run Number 1 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e s y s t e m 7 6 . 5 7 2 . 2 7 9 . 1 7 2 . 7 7 2 . 5 7 4 . 6 
2 . Time s p e n t i n t h e shop 7 6 . 5 7 2 . 2 7 9 . 1 7 2 . 7 7 2 . 5 7 4 . 6 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 168 . 1 5 8 . 1 4 6 . 159 . 152 . 157 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 7 3 5 . 1 7 4 . 5 9 5 . 2 4 5 . 1 2 4 . 9 7 
5 . Shop b a l a n c e m e a s u r e , SWB .753 1 .071 .715 1.036 .892 . 8 9 3 
6. Queue work load b a l a n c e , QWB 1 6 . 2 1 3 . 6 1 3 . 3 1 4 . 1 1 4 . 6 1 4 . 4 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 0 0 4 . 1 5 3 .89 4 . 2 6 4 . 2 8 4 . 1 2 
8 . P e r i o d queue b a l a n c e , PQB 190 . 7 2 . 6 4 7 . 8 2 1 . 7 3 3 . 5 7 3 . 1 

9 . Average queue s i z e 3 . 2 5 3 . 0 0 2 . 9 9 3 . 0 3 3 . 0 1 3 . 0 6 
10. Average work i n p r o c e s s i n h o u r s 6 7 1 . 621 627 625 624 634 . 
1 1 . Average number of j o b s i n t h e shop 4 0 . 8 3 8 . 2 3 8 . 2 3 8 . 5 3 8 . 2 3 8 . 8 
12 . Average o p e r a t i o n done f o r j o b s i n shop 9 6 . 8 9 5 . 5 9 5 . 1 9 5 . 7 9 6 . 5 9 5 . 9 
1 3 . Average work h o u r s done f o r j o b s i n shop 232 232 226 232 234 2 3 1 . 

14. Average l a t e n e s s - 1 3 . 6 - 1 9 . 9 - 1 8 . 4 - 1 9 . 3 - 1 9 . 6 - 1 8 . 2 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 876 734 735 784 791 7 8 4 . 
16 . Average j o b t a r d i n e s s 4 . 0 6 1.39 1 .71 1.64 1.63 2 . 0 1 
17 . Average t a r d i n e s s v a r i a n c e 1 1 6 . 1 8 . 4 2 1 . 6 2 1 . 0 2 1 . 6 3 9 . 7 

18 . Number of j o b s e n t e r i n g shop 2132 2113 2132 2113 2110 2120 
19 . Average shop u t i l i z a t i o n 8 3 . 4 8 1 . 5 8 3 . 2 8 1 . 5 8 1 . 2 8 2 . 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 



T a b l e 3 6 . S i m u l a t i o n R e s u l t s - B a s i c Runs 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , T i g h t due d a t e generat ion.—DESLF 4 . 2 5 , SINPER 16 , FACDUD 
8 0 , DUD g e n e r a t i o n 1 , No p o o l , EWIQ 

Run Number 1 2 3 4 5 6 Avg. 

1. Time s p e n t in t he s y s t e m 6 5 . 7 6 2 . 2 6 1 . 3 6 1 . 6 6 2 . 8 6 2 . 7 
2 . Time s p e n t i n t h e shop 6 5 . 7 6 2 . 2 6 1 . 3 6 1 . 6 6 2 . 8 6 2 . 7 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 1 5 5 . 1 5 5 . 148 . 1 5 5 . 1 5 1 . 1 5 3 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 8 1 5 . 2 8 5 . 0 0 5 . 3 3 5 . 5 2 5 .19 
5 . Shop b a l a n c e m e a s u r e , SWB .993 1.392 1.067 1.413 1.588 1. 291 
6. Queue work load b a l a n c e , QWB 1 1 . 4 9 . 1 3 7 .86 8 . 9 3 8 . 8 1 9 . 0 3 
7 . P e r i o d work load b a l a n c e , PWB 3 . 8 4 3 . 9 4 3 . 9 5 3 . 9 8 3 .99 3 . 9 4 
8 . P e r i o d queue b a l a n c e , PQB 142 . 7 0 . 1 6 4 . 7 1 2 . 4 2 0 . 1 6 1 . 9 

9 . Average queue s i z e 2 . 5 8 2 .47 2 .39 2 . 4 5 2 .47 2 .47 
10 . Average work i n p r o c e s s i n h o u r s 573 549 547 546 552 5 5 3 . 
1 1 . Average number of j o b s i n t h e shop 3 4 . 1 3 2 . 9 3 2 . 2 3 2 . 6 3 2 . 8 3 2 . 9 
12 . Average o p e r a t i o n done f o r j o b s i n shop 1 1 2 . 1 0 7 . 104 . 106 . 107 1 0 7 . 
1 3 . Average work h o u r s done f o r j o b s i n shop 269 2 5 6 . 2 5 1 . 2 5 5 . 260 . 2 5 8 . 

14 . Average l a t e n e s s - 2 4 . 6 - 3 0 . 0 - 2 8 . 8 - 3 0 . 4 - 2 9 . 5 - 2 8 . 6 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 5753 3911 4208 3749 3859 4296 
16 . Average j o b t a r d i n e s s 1 6 . 7 1 2 . 4 1 3 . 1 1 2 . 1 1 2 . 6 1 3 . 4 
17 . Average t a r d i n e s s v a r i a n c e 2687 1158 1444 . 1 0 1 3 . 1108 1482 

1 8 . Number of j o b s e n t e r i n g shop 2124 2117 2126 2118 2109 2119 
19 . Average shop u t i l i z a t i o n 8 2 . 8 8 1 . 6 8 2 . 9 8 1 . 4 8 1 . 0 8 1 . 9 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 



T a b l e 3 7 . S i m u l a t i o n R e s u l t s - B a s i c Runs 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , T i g h t due d a t e g e n e r a t i o n - - D E S L F 4 . 2 5 , SINPER 1 6 , FACDUD 
8 0 , DUD g e n e r a t i o n 1 , No p o o l , SPT 

Run Number 1 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e s y s t e m 5 1 . 2 4 7 . 5 4 8 . 8 4 6 . 7 4 8 . 0 4 8 . 4 
2 . Time s p e n t i n t h e shop 5 1 . 2 4 7 . 5 4 8 . 8 4 6 . 7 4 8 . 0 4 8 . 4 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 1 4 7 . 1 4 8 . 1 4 3 . 1 4 9 . 146 . 147 . 
4 . Machine b a l a n c e m e a s u r e , MWB 5 . 0 5 5 .16 4 . 8 6 5 .17 5 . 4 6 5 . 1 4 
5 . Shop b a l a n c e m e a s u r e , SWB . 9 2 3 . 8 7 1 .877 .966 1.302 . 988 
6. Queue work load b a l a n c e , QWB 4 . 3 5 3 . 8 2 3 . 6 1 3 . 6 6 3 . 6 1 3 . 8 1 
7 . P e r i o d work load b a l a n c e , PWB 4 . 1 5 4 . 3 4 4 . 0 0 4 . 2 6 4 . 2 2 4 . 1 9 
8 . P e r i o d queue b a l a n c e , PQB 7 8 . 8 2 7 . 4 2 6 . 5 6 .16 1 2 . 3 3 0 . 2 

9 . Average queue s i z e 1.82 1.68 1.70 1.65 1.70 1 .71 
10. Average work i n p r o c e s s i n h o u r s 497 465 4 7 1 . 4 5 8 . 4 6 8 . 472 
1 1 . Average number of j o b s i n t h e shop 2 6 . 4 2 5 . 0 . 2 5 . 3 24 .7 2 5 . 1 2 5 . 3 
12 . Average o p e r a t i o n done f o r j o b s i n shop 6 9 . 5 6 4 . 1 6 6 . 0 6 2 . 7 6 4 . 3 6 5 . 3 
1 3 . Average work h o u r s done f o r j o b s i n shop 161 1 4 8 . 150 . 144 . 147 . 150 . 

14 . Average l a t e n e s s - 3 9 . 1 - 4 4 . 6 - 4 1 . 5 - 4 5 . 4 - 4 4 . 1 - 4 2 . 9 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 4783 3189 3434 3086 3158 3530 
16 . Average j o b t a r d i n e s s 9 . 7 8 7 . 0 7 7 . 8 0 6 .52 7 . 1 0 7 . 6 5 
17 . Average t a r d i n e s s v a r i a n c e 2052 5 9 6 . 891 547 585 934 

18 . Number of j o b s e n t e r i n g shop 2118 2118 2124 2118 2104 2 1 1 6 . 
19 . Average shop u t i l i z a t i o n 8 2 . 8 8 1 . 6 8 2 . 8 8 1 . 5 8 1 . 2 8 2 . 0 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 



T a b l e 3 8 . S i m u l a t i o n R e s u l t s - B a s i c Runs 

C o n d i t i o n s : Symmet r i c t r a n s i t i o n m a t r i x , T i g h t due d a t e g e n e r a t i o n - - D E S L F 4 . 2 5 , SINPER 1 6 , FACDUD 
8 0 , DUD g e n e r a t i o n 1 , No p o o l , FCFS 

Run Number 1 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 7 4 . 9 7 3 . 7 7 7 . 4 6 9 . 5 7 7 . 6 7 4 . 6 
2 . Time s p e n t i n t h e shop 7 4 . 9 7 3 . 7 7 7 . 4 6 9 . 5 7 7 . 6 7 4 . 6 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 152 . 1 4 8 . 152 142 . 172 . 1 5 3 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 7 1 5 .19 4 . 9 1 5 . 0 1 5 .19 5 . 0 0 
5 . Shop b a l a n c e m e a s u r e , SWB . 6 7 1 . 9 2 1 .687 .685 .942 . 7 8 1 
6. Queue w o r k l o a d b a l a n c e , QWB 15 .9 1 4 . 4 1 7 . 0 1 2 . 8 1 6 . 4 1 5 . 3 
7 . P e r i o d work load b a l a n c e , PWB 4 . 0 6 4 . 3 1 4 . 2 4 4 . 3 8 4 . 3 1 4 . 2 6 
8 . P e r i o d queue b a l a n c e , PQB 1 7 1 . 2 0 1 . 1 3 1 . 4 5 . 1 100 . 130 . 

9 . Average queue s i z e 3 . 1 6 3 . 0 5 3 . 2 6 2 . 8 6 3 . 2 5 3 . 1 2 
10 . Average work i n p r o c e s s i n h o u r s 668 642 686 6 1 1 . 6 7 6 . 6 5 7 . 
1 1 . Average number of j o b s i n t h e shop 3 9 . 9 3 8 . 7 4 0 . 9 3 6 . 7 4 0 . 7 3 9 . 4 
12 . Average o p e r a t i o n done f o r j o b s i n shop 105 102 1 0 8 . 9 5 . 6 1 0 7 . 104 . 
1 3 . Average work h o u r s done f o r j o b s i n shop 25? 246 2 5 9 . 2 3 1 . 2 5 8 . 249 . 

14 . Average l a t e n e s s - 1 5 . 3 - 1 8 . 4 - 1 2 . 7 - 2 2 . 6 - 1 4 . 7 - 1 6 . 7 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 3092 2834 3046 2713 3148 2967 
16 . Average j o b t a r d i n e s s 1 5 . 7 1 3 . 9 1 6 . 8 1 2 . 0 1 6 . 2 1 4 . 9 
17 . Average t a r d i n e s s v a r i a n c e 785 6 2 4 . 8 0 0 . 498 801 7 0 2 . 

18 . Number of j o b s e n t e r i n g shop 2129 2107 2115 2112 2108 21L4. 
19 . Average shop u t i l i z a t i o n 8 3 . 3 8 1 . 6 8 2 . 8 8 1 . 5 8 1 . 6 8 2 . 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 



T a b l e 3 9 . S i m u l a t i o n R e s u l t s B a s i c Runs 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , T i g h t due d a t e g e n e r a t i o n - - D E S L F 4 . 2 5 , SINPER 1 6 , FACDUD 
8 0 , DUD g e n e r a t i o n 1 , C o n t r o l l e d shop w i t h poo l , DSOP 

Run Number 1 2 3 4 5 6 Avg. 

-i Time s p e n t i n t h e s y s t e m 116 . 8 8 . 4 1 0 0 . 2 8 9 . 3 7 9 . 2 9 4 . 6 
2 . Time s p e n t i n t h e shop 6 9 . 2 6 2 . 8 6 4 . 7 6 2 . 5 6 1 . 7 6 4 . 2 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 1 2 6 . 8 5 . 2 8 9 . 1 8 8 . 0 9 0 . 3 9 5 . 7 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 6 8 5 . 2 4 4 . 7 0 5 . 3 4 5 . 26 5 . 0 4 
5 . Shop b a l a n c e m e a s u r e , SWB . 4 8 8 .762 .562 .778 .782 .674 
6. Queue work load b a l a n c e , QWB 1 1 . 6 8 .99 9 . 5 4 8 . 4 8 8 .96 9 . 5 1 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 2 1 4 . 5 2 4 . 1 5 4 . 6 1 4 . 5 3 4 . 4 0 
8 . P e r i o d queue b a l a n c e , PQB 8 2 . 5 3 1 . 3 2 1 . 5 1 2 . 9 1 5 . 9 3 2 . 8 

9 . Average queue s i z e 2 . 8 9 2 . 5 1 2 . 6 3 2 . 4 9 2 . 4 4 2 . 5 9 
1 0 . Average work i n p r o c e s s i n h o u r s 6 0 2 . 533 559 529 525 5 5 0 . 
1 1 . Average mimber of j o b s i n t h e shop 3 7 . 2 3 3 . 2 3 4 . 6 3 3 . 1 3 2 . 6 3 4 . 1 
1 2 . Average o p e r a t i o n done f o r j o b s i n shop 7 1 . 7 7 9 . 0 7 4 . 1 7 7 . 5 8 2 . 5 8 0 . 0 
1 3 . Average work h o u r s done f o r j o b s i n shop 1 6 7 . 1 8 8 . 1 7 3 . 183 1 9 6 . 1 8 1 . 

14 . Average l a t e n e s s 2 5 . 6 - 3 . 7 1 0 . 3 - 2 . 8 - 1 2 . 9 - 4 . 1 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 1374 920 956 1026 867 1029 
1 6 . Average j o b t a r d i n e s s 3 1 . 3 9 . 1 1 7 . 8 1 0 . 5 4 . 3 1 4 . 6 
1 7 . Average t a r d i n e s s v a r i a n c e 762 188 355 223 6 8 . 3 1 9 . 

1 8 . Number of j o b s e n t e r i n g shop 2132 2113 2132 2113 2110 2120 
1 9 . Average shop u t i l i z a t i o n 8 3 . 7 8 1 . 5 8 3 . 1 8 1 . 3 8 1 . 2 8 2 . 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 2 7 . 0 1 5 . 7 2 1 . 0 1 6 . 3 1 1 . 3 1 8 . 3 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 2 2 . 7 1 1 . 4 1 6 . 7 1 2 . 0 7 . 1 1 4 . 0 



T a b l e 4 0 . S i m u l a t i o n R e s u l t s - B a s i c Runs 

C o n d i t i o n s : Symmet r ic t r a n s i t i o n m a t r i x , T i g h t due d a t e g e n e r a t i o n - - D E S L F 4 . 2 5 , SINPER 1 6 , FACDUD 
8 0 , DUD g e n e r a t i o n 1 , P o o l , EWIQ 

Run Number 1 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 6 7 . 3 6 3 . 6 6 3 . 0 6 3 . 2 6 4 . 3 6 4 . 3 
2 . Time s p e n t i n t h e shop 5 9 . 4 5 5 . 2 5 5 . 5 5 5 . 4 5 6 . 3 5 6 . 4 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 1 3 1 . 130 . 130 . 132 . 1 3 1 . 1 3 1 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 9 7 5 . 3 2 4 . 8 6 5 . 4 8 5 . 5 6 5 . 2 4 
5 . Shop b a l a n c e m e a s u r e , SWB .998 1.199 .946 1.357 1 .601 1.220 
6. Queue w o r k l o a d b a l a n c e , QWB 8 . 2 2 6 . 2 4 5 . 9 3 5 . 8 8 6 . 0 8 6 .47 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 0 0 4 . 1 7 3 . 9 3 4 . 1 8 4 . 0 1 4 . 0 6 
8 . P e r i o d queue b a l a n c e , PQB 144 . 3 6 . 0 3 4 . 5 8 .6 1 4 . 7 4 7 . 6 

9 . Ave rage queue s i z e 2 . 2 4 2 . 1 1 2 . 1 3 2 . 1 2 2 . 1 5 2 . 1 5 
10 . Average work i n p r o c e s s i n h o u r s 5 1 5 . 4 8 7 . 496 486 493 4 9 5 . 
1 1 . Average number of j o b s i n t h e shop 3 0 . 6 2 9 . 3 2 9 . 6 2 9 . 3 2 9 . 6 2 9 . 7 
1 2 . Average o p e r a t i o n done f o r j o b s i n shop 1 0 0 . 9 3 . 0 9 4 . 9 9 4 . 2 9 5 . 6 9 5 . 5 
1 3 . Average work h o u r s done f o r j o b s i n shop 2 4 0 . 222 226 225 229 2 2 8 . 

14 . Average l a t e n e s s - 2 2 . 8 - 2 8 . 5 - 2 7 . 2 - 2 8 . 8 - 2 7 . 9 - 2 7 . 0 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 5188 3194 3514 3002 3246 3629 
16 . Average j o b t a r d i n e s s 1 5 . 7 1 1 . 2 1 1 . 8 1 0 . 4 1 1 . 6 1 2 . 1 
17 . Average t a r d i n e s s v a r i a n c e 2409 707 1040 634 742 1106 

1 8 . Number of j o b s e n t e r i n g shop 2124 2117 2126 2118 2109 2119 
19 . Average shop u t i l i z a t i o n 8 2 . 8 8 1 . 6 8 3 . 0 8 1 . 5 8 1 . 1 8 2 . 0 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 6 . 0 8 6 . 5 0 5 . 9 1 6 . 1 8 6 . 2 4 6 . 1 8 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 1.84 2 . 2 7 1.66 1.95 2 . 0 3 1 .95 



T a b l e 4 1 . S i m u l a t i o n R e s u l t s - B a s i c Runs 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , T i g h t due. d a t e gene ra t i on—DESLF 4 . 2 5 , SINPER 16 , FACDUD 
8 0 , DUD g e n e r a t i o n 1 , P o o l , SPT 

Run Number 1 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e s y s t e m 5 4 . 3 5 2 . 0 5 3 . 3 5 2 . 0 5 2 . 5 5 2 . 8 
2 . Time s p e n t i n t h e shop 4 5 . 3 4 3 . 0 4 4 . 5 4 3 . 1 4 3 . 2 4 3 . 8 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 1 2 3 . 124 . 122 . 124 . 119 . 122 . 
4 . Machine b a l a n c e m e a s u r e , MWB 5 .09 5 . 3 0 5 . 0 3 5 . 2 1 5 .64 5 . 2 5 
5 . Shop b a l a n c e m e a s u r e , SWB .936 .870 .844 .874 1.336 .972 
6. Queue work load b a l a n c e , QWB 3 . 2 6 2 . 6 8 2 . 8 4 2 . 6 3 2 .46 2 .77 
7 . P e r i o d work load b a l a n c e , PWB 4 . 1 8 4 . 4 8 4 . 2 0 4 . 3 9 4 . 3 6 4 . 3 2 
8 . P e r i o d queue b a l a n c e , PQB 3 4 . 5 1 1 . 6 1 0 . 8 3 . 5 5 . 3 1 3 . 1 

9 . Average queue s i z e 1.57 1.46 1.54 1.46 1.46 1 .50 
10 . Average work i n p r o c e s s i n h o u r s 4 3 8 . 412 427 413 413 4 2 1 . 
1 1 . Average number of j o b s i n t h e shop 2 3 . 9 2 2 . 7 2 3 . 6 2 2 . 7 2 2 . 8 2 3 . 1 
12 . Average o p e r a t i o n done f o r j o b s i n shop 6 2 . 9 5 8 . 8 6 3 . 0 5 8 . 5 5 8 . 8 6 0 . 4 
1 3 . Average work h o u r s done f o r j o b s i n shop 144 . 136 . 143 1 3 5 . 134 . 1 3 8 . 

14 . Average l a t e n e s s - 3 6 . 0 - 4 0 . 1 - 3 7 . 1 - 4 0 . 2 - 3 9 . 6 - 3 8 . 6 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 3941 2754 2973 2810 2790 3054 . 
16 . Average j o b t a r d i n e s s 8 .75 6 . 5 0 7 . 4 8 6 .69 6 . 7 8 7 . 2 4 
17 . Average t a r d i n e s s v a r i a n c e 1517 . 4 2 4 . 671 446 433 6 9 8 . 

1 8 . Number of j o b s e n t e r i n g shop 2118 2118 2124 2118 2104 2116 . 
19 . Average shop u t i l i z a t i o n 8 2 . 8 8 1 . 7 8 2 . 8 8 1 . 5 8 1 . 3 8 2 . 0 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 6 . 6 4 6 .69 6 . 4 8 6 . 7 1 6 . 8 2 6 .67 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 2 .39 2 . 4 5 2 . 2 3 2 . 4 8 2 . 6 1 2 . 4 3 



T a b l e 4 2 . S i m u l a t i o n R e s u l t s - B a s i c Runs 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , T i g h t due d a t e g e n e r a t i o n - - D E S L F 4 . 2 5 , SINPER 16 , FACDUD 
8 0 , DUD g e n e r a t i o n 1 , P o o l , FCFS 

Run Number 1 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 8 7 . 1 7 7 . 8 8 4 . 3 7 3 . 7 79 .7 8 0 . 5 
2 . Time s p e n t i n t h e shop 6 3 . 9 6 0 . 2 6 3 . 2 5 9 . 3 6 0 . 1 6 1 . 3 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 9 0 . 3 9 6 . 2 9 3 . 1 9 5 . 5 9 9 . 1 9 4 . 8 
4 . Machine b a l a n c e m e a s u r e , MWB 4 , 6 8 5 .17 4 . 8 2 5 .07 5 .20 4 . 9 9 

Shop b a l a n c e m e a s u r e , SWB .588 . 745 .544 . 636 . 906 .684 
6. Queue work load b a l a n c e , QWB 9 . 5 5 8 .00 1 0 . 2 7 .94 7 .67 8 .67 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 1 1 4 . 4 7 4 . 2 9 4 . 4 9 4 . 3 4 4 . 3 4 co P e r i o d queue b a l a n c e , PQB 7 9 . 5 4 6 . 6 3 9 . 3 1 8 . 4 1 6 . 1 4 0 . 0 

9 . Average queue s i z e 2 . 5 8 2 . 3 8 2 . 5 3 2 . 3 2 2 . 3 6 2 . 4 3 
10 . Average work i n p r o c e s s i n h o u r s 5 6 7 . 528 561 518 524 5 4 0 . 
1 1 . Average number of j o b s i n t h e shop 3 4 . 2 3 2 . 0 3 3 . 6 3 1 . 4 3 1 . 8 3 2 . 6 
1 2 . Average o p e r a t i o n done f o r j o b s i n shop 8 8 . 7 8 2 . 8 8 7 . 7 8 1 . 5 8 2 . 3 8 4 . 6 
1 3 . Average work h o u r s done f o r j o b s i n shop 2 1 0 . 197 . 2 0 8 . 194 . 196 . 2 0 1 . 

14 . Average l a t e n e s s - 3 . 1 - 1 4 . 4 - 6 . 0 - 1 8 . 4 - 1 2 . 4 - 1 0 . 9 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 2785 2527 2812 2518 2707 2670 
16 . Average j o b t a r d i n e s s 2 0 . 2 1 4 . 3 1 8 . 9 12 .7 1 5 . 8 1 6 . 4 
17 . Average t a r d i n e s s v a r i a n c e 7 4 7 . 483 722 430 529 5 8 2 . 

1 8 . Number of j o b s e n t e r i n g shop 2129 2107 2115 2112 2108 2114 
19 . Average shop u t i l i z a t i o n 8 3 . 4 8 1 . 7 8 2 . 8 8 1 . 5 8 1 . 6 8 2 . 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 1 4 . 4 1 1 . 0 1 3 . 1 9 . 6 1 2 . 3 1 2 . 1 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 1 0 . 2 6 . 8 8 . 9 5 . 4 8 . 1 7 .9 



T a b l e 4 3 . S i m u l a t i o n R e s u l t s w i t h One Seed 

C o n d i t i o n s : Showing t h e e f f e c t s of c h a n g e s i n DESLF w i t h DSOP, T i g h t due d a t e s , S i n e a r r i v a l s , 
SINPER 16 , DUDFCT 8 0 , Seed 100933, P o o l , DSOP 

DESLF 5 . 5 5 . 0 4 . 2 5 3 . 7 5 3 .50 
Run Number 1 2 3 4 5 

1. Time s p e n t i n t h e s y s t e m 9 2 . 1 1 0 1 . 116 . 124 . 126 . 
2 . Time s p e n t i n t h e shop 7 2 . 6 9 . 9 6 9 . 2 6 7 . 5 6 6 . 3 

CO A g g r e g a t e d e v i a t i o n from Des . B a l . 1 0 6 . 100 . 126 . 146 . 157 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 8 9 4 . 7 1 4 . 6 8 4 . 7 1 4 . 8 6 
5 . Shop b a l a n c e m e a s u r e , SWB .698 .604 .488 .475 .486 
6. Queue work load b a l a n c e , QWB _ 1 0 . 6 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB . 4 . 4 0 
8 . P e r i o d queue b a l a n c e , PQB 5 8 . 6 

9 . Average queue s i z e _ _ _ _ _ _ _ _ *~ — _ — _ » . 2 . 7 2 
10 . Average work i n p r o c e s s i n h o u r s 627 607 601 591 577 
1 1 . Average number of j o b s i n t h e shop 3 8 . 6 3 7 . 5 3 7 . 2 3 6 . 2 35 .4 
12 . Average o p e r a t i o n done f o r j o b s i n shop 8 4 . 3 7 8 . 4 7 1 . 7 6 6 . 8 6 3 . 6 
1 3 . Average work h o u r s done f o r j o b s i n shop 202 185 167 155 146 . 

14. Average l a t e n e s s 2 . 1 1 1 . 3 2 5 . 6 3 4 . 0 3 5 . 6 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 1002 1233 1374 1158 1044 
16 . Average j o b t a r d i n e s s 1 2 . 6 2 0 . 3 1 . 3 3 7 . 2 3 8 . 0 
17 . Average t a r d i n e s s v a r i a n c e 285 474 762 751 725 

1 8 . Number of j o b s e n t e r i n g shop 2132 2132 2132 2132 2132 
19 . Average shop u t i l i z a t i o n 8 3 . 3 8 3 . 5 8 3 . 7 8 3 . 3 8 3 . 0 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 1 2 . 8 1 8 . 9 2 7 . 0 3 2 . 4 3 4 . 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 8 . 5 1 4 . 6 2 2 . 7 2 8 . 1 29 .7 



T a b l e 4 4 . S i m u l a t i o n R e s u l t s w i t h One Seed 

C o n d i t i o n s : Showing t h e e f f e c t s of c h a n g e s i n DESLF w i t h SPT, T i g h t due d a t e s , S i n e a r r i v a l s , 
SINPER 1 6 . DUDFCT 8 0 . Seed 411719M. P o o l , SPT 

DESLF 4 . 2 5 3 . 7 5 3 .25 2 . 7 5 2 . 2 5 2 . 0 0 
Run Number 1 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 5 2 . 4 5 3 . 5 5 6 . 0 6 2 . 2 7 8 . 9 9 2 . 5 
2 . Time s p e n t i n t h e shop 4 3 . 2 4 1 . 9 3 9 . 7 3 8 . 0 3 8 . 3 3 8 . 8 

co A g g r e g a t e d e v i a t i o n from D e s . B a l . 1 2 1 . 1 0 1 . 8 3 . 8 7 2 . 1 8 4 . 1 1 0 1 . 
4 . Machine b a l a n c e m e a s u r e , MWB 5 . 5 2 5 . 4 1 5 . 2 5 5 .09 4 . 9 3 4 . 7 9 
5 . Shop b a l a n c e m e a s u r e , SWB 1.19 1.12 .944 .697 . 5 2 3 .515 
6. Queue w o r k l o a d b a l a n c e , QWB 2 . 5 3 1.35 2 .07 1.83 1.98 2 . 1 8 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 3 8 4 . 3 4 4 . 3 6 4 . 4 5 4 . 4 6 4 . 3 3 
8 . P e r i o d queue b a l a n c e , PQB 9 .40 8 . 0 1 6 . 3 3 4 . 1 9 3 .85 3 .06 

9 . Average queue s i z e 1.47 1.40 1.29 1.19 1.21 1.24 
10 . Average work i n p r o c e s s i n h o u r s 4 1 7 . 4 0 0 . 3 7 9 . 3 5 9 . 363 371 
1 1 . Average number of j o b s i n t h e shop 2 2 . 9 2 2 . 2 2 1 . 0 2 0 . 1 2 0 . 3 2 0 . 5 
12 . Average o p e r a t i o n done f o r j o b s i n shop 5 9 . 7 5 7 . 8 5 4 . 2 5 2 . 2 5 2 . 9 5 3 . 4 
1 3 . Average work h o u r s done f o r j o b s i n shop 1 3 7 . 132 124 . 119 . 120 . 1 2 3 . 

14 . Average l a t e n e s s - 3 9 . 7 - 3 8 . 6 - 3 6 . 1 - 2 9 . 8 - 1 3 . 3 . 5 2 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 2726 2610 2516 2474 2469 2048 
1 6 . Average j o b t a r d i n e s s 6 .68 6 .57 6 . 5 0 7 .28 1 2 . 0 1 5 . 6 
17 . Average t a r d i n e s s v a r i a n c e 374 . 330 322 340 564 712 

1 8 . Number of j o b s e n t e r i n g shop 2113 2113 2113 2113 2113 2113 
19 . Average shop u t i l i z a t i o n 8 1 . 5 8 1 . 5 8 1 . 5 8 1 . 5 8 1 . 6 8 1 . 5 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 6 . 9 5 8 .24 1 0 . 7 1 4 . 9 2 3 . 6 3 0 . 6 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 2 . 7 2 4 . 0 0 6 . 5 1 0 . 7 1 9 . 4 2 6 . 3 



T a b l e 4 5 . S i m u l a t i o n R e s u l t s - B a s i c Runs 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , T i g h t due d a t e g e n e r a t i o n - - D E S L F 2 . 2 5 , SINPER 1 6 , FACDUD 
8 0 , DUD g e n e r a t i o n 1 , No p o o l , SPT 

Run Number 1 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 4 9 . 2 4 7 . 2 4 7 . 5 4 7 . 6 4 7 . 2 4 7 . 7 
2 . Time s p e n t i n t h e shop 4 9 . 2 4 7 . 2 4 7 . 5 4 7 . 6 4 7 . 2 4 7 . 7 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 162 156 . 1 4 9 . 159 . 154 . 156 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 8 0 5 .28 4 . 8 4 5 .47 5 .37 5 . 1 5 
5 . Shop b a l a n c e m e a s u r e , SWB .990 1.279 .958 1.304 1.266 1.16 
6. Queue w o r k l o a d b a l a n c e , QWB 3 .89 3 .69 3 .48 3 .62 3 .58 3 .65 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 3 .84 4 . 0 6 3 .90 4 . 2 2 4 . 1 6 4 . 0 4 
8 . P e r i o d queue b a l a n c e , PQB 4 2 . 1 17 .0 14 .7 4 . 9 9 7 . 9 3 1 7 . 3 

9 . Average queue s i z e 1.78 1.68 1.70 1.70 1.67 1.71 
10 . Average work i n p r o c e s s i n h o u r s 489 466 468 471 462 471 
1 1 . Average number of j o b s i n t h e shop 2 6 . 1 2 5 . 0 2 5 . 3 2 5 . 2 2 4 . 8 2 5 . 3 
12 . Average o p e r a t i o n done f o r j o b s i n shop 6 8 . 1 6 4 . 6 6 6 . 3 6 5 . 1 6 4 . 5 6 5 . 7 
1 3 . Average work h o u r s done f o r j o b s i n shop 1 5 5 . 149 150 . 1 4 9 . 148 150 

14 . Average l a t e n e s s - 4 0 . 8 - 4 4 . 8 - 4 2 . 8 - 4 4 . 5 - 4 4 . 9 - 4 3 . 6 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 3744 3096 3117 3146 2986 3218 
1 6 . Average j o b t a r d i n e s s 7 .89 6 . 6 0 6 .68 6 . 7 4 6 . 5 3 6 . 8 9 
17 . Average t a r d i n e s s v a r i a n c e 1173 537 644 582 474 682 

1 8 . Number of j o b s e n t e r i n g shop 2132 2113 2132 2113 2110 2120 
19 . Average shop u t i l i z a t i o n 8 3 . 4 8 1 . 5 8 3 . 1 8 1 . 4 8 1 . 2 8 2 . 1 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 



T a b l e 4 6 . S i m u l a t i o n R e s u l t s - B a s i c Runs 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , T i g h t due. d a t e g e n e r a t i o n - - D E S L F 2 . 2 5 , SINPER 16 , FACDUD 
8 0 , DUD g e n e r a t i o n 1 , P o o l , SPT 

Run Number 1 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e s y s t e m 9 1 . 2 7 8 . 9 8 9 . 5 7 7 . 8 7 9 . 0 8 3 . 3 
2 . Time s p e n t i n t h e shop 4 0 . 8 3 8 . 3 3 9 . 6 3 7 . 1 3 6 . 8 3 8 . 5 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 9 7 . 0 8 4 . 1 8 9 . 5 7 6 . 8 7 4 . 6 8 4 . 4 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 4 4 4 . 9 3 4 . 4 6 4 . 9 1 4 . 7 0 4 . 6 9 
5 . Shop b a l a n c e m e a s u r e , SWB .377 .523 .403 . 4 9 1 .416 .442 
0. Queue w o r k l o a d b a l a n c e , QWB 2 . 4 6 1 .98 2 . 2 1 1.80 1.89 2 . 0 7 
7 . P e r i o d work load b a l a n c e , PWB 4 , 0 8 4 . 4 6 4 . 0 7 4 . 4 7 4 . 3 3 4 . 2 8 CO P e r i o d queue b a l a n c e , PQB 1 2 . 2 3 . 8 5 4 . 1 8 1.88 2 .15 4 . 8 5 

9 1 Average queue s i z e 1.36 1 .21 1.29 1.15 1.13 1.23 
10 . Average work i n p r o c e s s i n h o u r s 394 363 380 348 344 366 
1 1 . Average number of j o b s i n t h e shop 2 1 . 9 2 0 . 3 2 1 . 2 1 9 . 6 19 .4 2 0 . 5 
12 . Average o p e r a t i o n done f o r j o b s i n shop 5 6 . 9 5 2 . 9 5 5 . 0 5 1 . 0 5 0 . 2 5 3 . 2 
13 . Average work h o u r s done f o r j o b s i n shop 1 2 8 . 120 . 123 114 113 120 

14 . Average l a t e n e s s 1.03 - 1 3 . 3 - . 7 - 1 4 . 3 - 1 3 . 1 - 6 . 2 2 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 2159 2469 1981 2235 2239 2217 
16. Average j o b t a r d i n e s s 1 6 , 3 1 2 . 0 1 5 . 3 1 0 . 9 10 .9 1 3 . 1 
17. Average t a r d i n e s s v a r i a n c e 857 564 649 424 468 592 

18 . Number of j o b s e n t e r i n g shop 2132 2113 2132 2113 2110 2120 
19 . Average shop u t i l i z a t i o n 8 3 . 2 8 1 . 6 8 3 . 2 8 1 . 5 8 1 . 1 8 2 . 1 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 2 9 . 1 2 3 . 6 2 8 . 7 2 3 . 6 2 4 . 4 2 5 . 9 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 2 4 . 8 1 9 . 4 2 4 . 4 1 9 . 4 2 0 . 1 2 1 . 6 



T a b l e 4 7 . S i m u l a t i o n R e s u l t s - B a s i c Runs 

C o n d i t i o n s : P o o l , DSOP, DESLF 3 . 5 

Run Number 1 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 1 2 6 . 1 0 5 . 1 1 9 . 9 7 . 7 9 0 . 9 1 0 8 . 
2 . Time s p e n t i n t h e shop 6 6 . 3 6 1 . 2 6 5 . 0 5 8 . 8 5 7 . 2 6 1 . 7 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 157 . 1 2 1 . 1 4 5 . 104 . 7 3 . 4 120 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 8 6 5 . 3 5 4 . 7 7 5 .30 5 . 2 5 5 . 1 1 
5 . Shop b a l a n c e m e a s u r e , SWB .486 .665 .472 . 693 .540 . 5 7 1 
6. Queue work load b a l a n c e , QWB 1 0 . 6 8 .60 9 .69 7 . 5 1 7 . 8 2 8 .84 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 4 0 4 . 7 4 4 . 3 2 4 . 6 6 4 . 7 7 4 . 5 8 
8 . P e r i o d queue b a l a n c e , PQB 5 8 . 6 2 5 . 9 1 8 . 7 1 1 . 5 1 3 . 1 2 5 . 6 

9 . Average queue s i z e 2 . 7 2 2 . 4 1 2 . 6 4 2 . 2 9 2 . 2 0 2 . 4 5 
1 0 . Average work i n p r o c e s s i n h o u r s 577 522 563 502 483 5 2 9 . 
1 1 . Average number of j o b s i n t h e shop 3 5 . 4 3 2 . 2 3 4 . 7 3 1 . 0 3 0 . 1 3 2 . 7 
1 2 . Average o p e r a t i o n done f o r j o b s i n shop 6 3 . 6 6 8 . 9 6 5 . 8 7 0 . 6 7 1 . 5 6 8 . 1 
1 3 . Average work h o u r s done f o r j o b s i n shop 146 162 150 . 1 6 5 . 167 . 158 . 

14 . Average l a t e n e s s 3 5 . 6 1 3 . 1 2 9 . 3 5 . 7 - 1 . 4 1 6 . 5 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 1044 1644 1210 1491 990 1276 . 
16 . Average j o b t a r d i n e s s 3 8 . 0 2 3 . 2 3 3 . 7 1 7 . 8 10 .7 2 4 . 7 
17 . Average t a r d i n e s s v a r i a n c e 725 685 705 519 209 569 

1 8 . Number of j o b s e n t e r i n g shop 2132 2113 2132 2113 2110 2120 
19 . Average shop u t i l i z a t i o n 8 3 . 0 8 0 . 8 8 2 . 9 8 1 . 2 8 0 . 7 8 1 . 7 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 3 4 . 0 2 5 . 5 3 1 . 2 2 2 . 7 2 0 . 0 2 6 . 7 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 2 9 . 7 2 1 . 3 2 7 . 0 1 8 . 5 1 5 . 8 2 2 . 5 



T a b l e 4 8 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : Normal c o n d i t i o n s , DSOP, No p o o l , A l t e r n a t i v e mach ine p a i r s 

Run Number 

t-i 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e s y s t e m 5 0 . 9 4 6 . 8 4 7 . 7 4 7 . 5 4 8 . 9 4 8 . 4 
2 . Time s p e n t i n t h e shop 5 0 . 9 4 6 . 8 4 7 . 7 4 7 . 5 4 8 . 9 4 8 . 4 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 207 3 7 0 . 294 . 2 6 5 . 264 . 280 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 1 2 4 . 8 3 4 . 2 8 4 . 9 5 4 . 8 6 4 . 6 1 
5 . Shop b a l a n c e m e a s u r e , SWB 1.234 1 .741 1 .281 1.857 1.777 1.58 
6. Queue work load b a l a n c e , QWB 7 . 9 5 6 .49 6 .69 6 . 6 4 7 . 4 4 7 . 0 4 
7 . P e r i o d work load b a l a n c e , PWB 2 . 9 0 3 . 1 0 3 . 0 1 3 . 1 2 3 . 1 0 3 . 0 5 
8 . P e r i o d queue b a l a n c e , PQB 1 8 7 . 1 6 . 0 2 6 . 2 8 . 2 3 10 .9 4 9 . 7 

9 . Average queue s i z e 1.87 1.66 1.72 1.70 1.76 1.74 
10 . Average work i n p r o c e s s i n h o u r s 454 413 429 4 1 7 . 4 3 0 . 4 2 9 . 
1 1 . Average number of j o b s i n t h e shop 2 7 . 0 2 4 . 8 2 5 . 5 2 5 . 1 2 5 . 7 2 5 . 6 
12 . Average o p e r a t i o n done f o r j o b s i n shop 7 7 . 0 7 0 . 4 7 2 . 8 7 1 . 4 7 4 . 1 7 3 . 1 
1 3 . Average work h o u r s done f o r j o b s i n shop 181 166 170 1 6 8 . 176 . 172 . 

14 . Average l a t e n e s s - 3 9 . 3 - 4 5 . 1 - 4 2 . 3 - 4 4 . 6 - 4 3 . 3 - 4 2 . 9 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 1277 1325 1253 1305 1280 . 1288 . 
16 . Average j o b t a r d i n e s s . 7 4 1 . 4 2 4 .333 .376 .409 .457 
17 . Average t a r d i n e s s v a r i a n c e 1 4 . 0 4 . 7 4 2 . 5 8 4 . 1 2 4 . 2 2 5 . 9 3 

18 . Number of j o b s e n t e r i n g shop 2132 2113 2132 2113 2110 2120 
19 . Average shop u t i l i z a t i o n 8 3 . 7 8 1 . 5 8 3 . 1 8 1 . 4 8 1 . 1 8 2 . 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 



T a b l e 4 9 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : Normal c o n d i t i o n s , DSOP, P o o l , A l t e r n a t i v e m a c h i n e p a i r s 

Run Number 1 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 9 8 . 0 6 8 . 8 9 7 . 8 7 9 . 1 7 4 . 2 8 3 . 6 
2 . Time s p e n t i n t h e shop 

I 
3 7 . 8 3 2 . 9 3 8 . 2 2 5 . 0 3 3 . 7 3 5 . 5 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 2 6 0 . 3 7 7 . 176 . 2 6 9 . 220 . 260 . 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 1 1 4 . 3 3 4 . 0 0 4 . 4 0 4 . 3 6 4 . 2 4 
5 . Shop b a l a n c e m e a s u r e , SWB .708 .799 .620 .879 .829 .767 
6. Queue w o r k l o a d b a l a n c e , QWB 3 . 2 7 2 . 1 6 3 . 4 8 2 . 6 9 2 . 4 5 2 . 8 1 
7 . P e r i o d work load b a l a n c e , PWB 3 . 4 1 3 . 5 4 3 . 3 8 3 . 5 4 3 . 5 5 3 . 4 8 

co
 

P e r i o d queue b a l a n c e , PQB 6 .55 2 . 8 2 3 . 7 4 3 . 2 6 2 . 8 2 3 . 8 4 

9 . Average queue s i z e 1.19 . 9 3 1 1.20 1.04 . 963 1.06 
10 . Average work i n p r o c e s s i n h o u r s 336 289 336 305 291 3 1 1 . 
1 1 . Average number of j o b s i n t h e shop 2 0 . 2 1 7 . 5 2 0 . 3 1 8 . 6 1 7 . 7 1 8 . 9 
12 . Average o p e r a t i o n done f o r j o b s i n shop 4 5 . 3 4 5 . 2 4 5 . 7 4 5 . 1 4 4 . 8 4 5 . 2 
1 3 . Average work h o u r s done f o r j o b s i n shop 9 7 . 0 9 8 . 8 9 7 . 9 9 7 . 8 9 7 . 6 9 7 . 8 

14 . Average l a t e n e s s 7 . 3 3 - 2 3 . 2 7 . 5 6 - 1 3 . 0 - 1 7 . 9 - 7 . 7 6 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 847 1471 842 1479 1354 1199 . 
1 6 . Average j o b t a r d i n e s s 1 5 . 0 4 . 1 3 1 4 . 8 7 . 7 9 5 . 0 7 9 . 3 6 
17 . Average t a r d i n e s s v a r i a n c e 206 6 3 . 7 215 146 8 8 . 4 1 4 3 . 8 

1 8 . Number of j o b s e n t e r i n g shop 2132 2113 2132 21.13 2110 2120 
19 . Average shop u t i l i z a t i o n 8 3 . 1 8 1 . 7 8 3 . 0 8 1 . 5 8 0 . 8 8 2 . 0 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 3 4 . 3 2 1 . 1 3 4 , 0 2 5 . 4 2 3 . 4 2 7 . 6 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 3 0 . 0 1 6 . 8 2 9 . 7 2 1 . 2 1 9 . 2 2 3 . 4 



T a b l e 5 0 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , T i g h t due d a t e g e n e r a t i o n (method 1 ) , DESLF 4 . 2 5 , SINPER 
1 6 , FACDUD 8 0 , Pool l o a d i n g , M o d i f i e d GENMAT t o f o r c e j o b s i n t h e shop 16 h o u r s b e f o r e 
r e q u i r e d by j o b c o n t e n t , DSOP 

Run Number 1 2 3 4 5 b Avg. 

1. Time s p e n t i n t h e s y s t e m i 108 8 2 . 2 9 9 . 1 8 3 . 2 8 0 . 9 9 0 . 7 
2 . Time s p e n t i n t h e shop 7 0 . 3 6 2 . 9 6 6 . 4 6 2 . 1 6 3 . 7 6 5 . 2 

3 . A g g r e g a t e d e v i a t i o n from D e s . B a l . 126 9 3 . 6 104 . 9 5 . 7 9 3 . 6 1 0 2 . 6 
4 . Machine b a l a n c e m e a s u r e , MWB 4 . 6 3 5 .24 4 . 7 5 5 . 2 1 5 .15 5 .00 
5 . Shop b a l a n c e m e a s u r e , SWB .490 .777 . 5 3 1 . 7 7 1 . 702 .654 
6. Queue work load b a l a n c e , QWB 1 2 . 3 8 . 5 3 1 0 . 6 8 . 5 1 1 0 . 2 9 .99 
7 . P e r i o d work load b a l a n c e , PWB 4 . 1 5 4 . 5 1 4 . 2 4 . 4 9 4 . 5 0 4 . 3 1 
8 . P e r i o d queue b a l a n c e , PQB 9 1 . 4 3 5 . 7 2 8 . 3 1 1 . 9 1 7 . 1 3 6 . 9 

9 . Average queue s i z e 2 . 9 3 2 . 5 2 2 . 7 2 2 . 5 0 2 . 5 2 2 . 6 4 
10 . Average work i n p r o c e s s i n h o u r s 607 534 574 532 539 557 
1 1 . Average number of j o b s i n t h e shop 3 7 . 7 3 3 . 3 3 5 . 5 3 3 . 1 3 3 . 3 3 4 . 6 
12 . Average o p e r a t i o n done f o r j o b s i n shop 7 3 . 6 8 1 . 9 7 3 . 2 8 0 . 8 8 2 . 5 78 .4 
1 3 . Average work h o u r s done f o r j o b s i n shop 171 196 170 191 197 185 

14 . Average l a t e n e s s 1 8 . 4 - 9 . 9 5 - 9 . 0 8 - 9 . 0 1 - 1 1 . 4 - 4 . 2 1 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 1020 774 897 803 840 867 
1 6 . Average j o b t a r d i n e s s 2 3 . 9 4 . 7 6 1 6 . 4 5 .76 4 . 5 1 1 0 . 9 
1 7 . Average t a r d i n e s s v a r i a n c e 513 8 1 . 9 296 117 7 3 . 2 216 

1 8 . Number of j o b s e n t e r i n g shop 2132 2113 2132 2113 2110 2120 
1 9 . Average shop u t i l i z a t i o n 8 3 . 4 8 1 . 6 8 3 . 2 8 1 . 5 8 1 . 3 8 2 . 2 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 2 2 . 5 1 2 . 3 1 9 . 5 1 3 . 0 1 1 . 3 1 5 . 7 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 1 8 . 2 8 . 1 1 5 . 3 8 . 7 7 . 1 1 1 . 5 



T a b l e 5 1 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , Loose due d a t e g e n e r a t i o n (method 2 ) , SINPER 1 6 . No p o o l , 
DSOP 

Run Number 1 2 3 4 5 6 Avg. 

1 . Time s p e n t i n t h e s y s t e m 7 4 , 1 7 4 . 9 7 5 . 4 7 5 . 4 7 6 . 0 7 5 . 2 
2 . Time s p e n t i n t h e shop 7 4 . 1 7 4 . 9 7 5 . 4 75 .4 7 6 . 0 7 5 . 2 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 148 1 3 8 . 144 143 142 143 
4 . Machine b a l a n c e m e a s u r e , MWB 5 .30 4 . 8 1 5 .39 5 . 3 3 5 . 36 5 .24 
5 . Shop b a l a n c e m e a s u r e , SWB 1.17 .929 1.22 1.23 1.21 1.15 
6. Queue work load b a l a n c e , QWB 1 4 . 7 1 5 . 7 1 4 . 5 1 5 . 0 1 4 . 8 1 4 . 9 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . L8 3 .89 4 . 2 3 4 . 1 5 4 . 2 0 4 . 1 3 
8 . P e r i o d queue b a l a n c e , PQB 8 9 . 5 7 8 . 9 2 3 . 4 4 3 . 6 8 8 . 4 6 4 . 8 

9 . Average queue s i z e 3 . 1 3 .17 3 .17 3 . 1 5 3 .17 3 .15 
10 . Average work i n p r o c e s s i n h o u r s 635 659 646 645 643 646 
1 1 . Average number of j o b s i n t h e shop 3 9 . 2 4 0 . 0 3 9 . 9 39 .7 3 9 . 8 39 .7 
1 2 . Average o p e r a t i o n done f o r j o b s i n shop 124 127 126 126 125 126 
1 3 . Average work h o u r s done f o r j o b s i n shop 305 313 311 309 308 309 

14 . Average l a t e n e s s - 9 6 . 2 - 9 1 . 2 - 9 4 . 9 - 9 5 . 1 - 9 5 . 1 - 9 4 . 5 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 4161 3887 4136 4095 4111 4078 
16 . Average j o b t a r d i n e s s . 012 .004 .002 .006 . 0 0 1 .005 
17 . Average t a r d i n e s s v a r i a n c e .104 .008 . 0 0 3 .037 .004 . 0 3 1 

1 8 . Number of j o b s e n t e r i n g shop 2113 2132 2113 2110 2113 2116 
19 . Average shop u t i l i z a t i o n 8 1 . 6 8 3 . 1 8 1 . 4 8 1 . 2 8 1 . 5 8 1 . 8 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 0 0 0 0 0 0 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 0 0 0 0 0 0 



T a b l e 5 2 . S i m u l a t i o n R e s u l t s 

C o n d i t i o n s : Symmetr ic t r a n s i t i o n m a t r i x , Loose due d a t e g e n e r a t i o n (method 2 ) , DESLF 3 . 5 0 , SIMPER 
1 6 , FACDUD 8 0 , Poo l l o a d i n g , M o d i f i e d GENMAT t o f o r e e j o b s i n t h e shop 24 h o u r s b e f o r e 
r e q u i r e d by iob c o n t e n t , DSOP 

Run Number 1 2 3 4 5 6 Avg. 

1. Time s p e n t i n t h e sys t em 7 6 . 0 7 8 . 4 7 2 . 4 7 7 . 9 77 .1 7 7 . 4 
2 . Time s p e n t i n t h e shop 5 9 . 0 6 0 . 7 5 8 . 7 5 9 . 6 5 9 . 2 5 9 . 4 

3 . A g g r e g a t e d e v i a t i o n from Des . B a l . 8 4 . 2 7 7 . 3 8 2 . 6 8 4 . 4 8 3 . 7 8 2 . 4 
4 . Machine b a l a n c e m e a s u r e , MWB 5 .30 4 . 7 6 5 . 3 1 5 .40 5 .18 5 . 1 9 
5 . Shop b a l a n c e m e a s u r e , SWB .988 .667 . 8 9 1 1.04 1.02 . 9 2 1 
6. Queue work load b a l a n c e , QWB 6 .79 8 .38 6 .59 7 . 3 3 6 .65 7 . 1 5 
7 . P e r i o d w o r k l o a d b a l a n c e , PWB 4 . 3 7 4 . 1 1 4 . 4 8 4 . 4 2 4 . 2 1 4 . 3 2 
8 . P e r i o d queue b a l a n c e , PQB 3 3 . 0 2 4 . 5 1 0 . 5 1 6 . 7 4 8 . 0 2 6 . 5 

9 . Average queue s i z e 2 . 3 1 2 . 4 2 2 . 2 9 2 . 3 3 2 .30 2 . 3 3 
10 . Average work i n p r o c e s s i n h o u r s 508 527 503 509 504 511 
1 1 . Average number of j o b s i n t h e shop 3 1 . 2 3 2 . 5 3 1 . 1 3 1 . 4 3 1 . 2 3 1 . 4 
12 . Average o p e r a t i o n done f o r j o b s i n shop 9 8 . 5 103 9 7 . 8 9 8 . 8 9 7 . 5 9 9 . 1 
1 3 . Average work h o u r s done f o r j o b s i n shop 241 248 238 240 238 241 

14 . Average l a t e n e s s - 9 4 . 4 - 8 7 . 5 -•92.9 - 9 2 . 6 - 9 4 . 0 - 9 2 . 3 
1 5 . V a r i a n c e of l a t e n e s s d i s t r i b u t i o n 4294 4179 4385 4210 4245 4263 
16 . Average j o b t a r d i n e s s .016 .032 .017 .019 .015 .020 
17 . Average t a r d i n e s s v a r i a n c e .098 .140 .060 . 0 9 1 .060 .090 

18 . Number of j o b s e n t e r i n g shop 2113 2132 2113 2110 2113 2116 
19 . Average shop u t i l i z a t i o n 8 1 . 6 8 3 . 3 8 1 . 5 8 1 . 3 8 1 . 9 8 1 . 9 
20 . Average number j o b s i n p o o l b e f o r e l o a d i n g 1 1 . 1 1 1 . 5 12 .0 11 .7 1 1 . 3 1 1 . 5 
2 1 . Average number j o b s i n p o o l a f t e r l o a d i n g 6 .8 7 . 2 7 .7 7 .4 7 .0 7 . 2 
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T a b l e 5 3 . T T e s t s , P a i r e d O b s e r v a t i o n s 

CRITICAL VALUES 

N o n p a i r e d t e s t 
t . 9 5 ( 8 ) = 1.860 
t . 9 9 ( 8 ) = 2 . 8 9 6 

P a i r e d t e s t s 
t . 9 5 ( 4 ) = 2 . 1 3 2 
t . 9 9 ( 4 ) = 3 .747 
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R 3 , Dev. from BAL 

4 , MWB(t) 

5 , SWB 

6 , QWB 

7 , PWB 

8 , PQB 

1 0 , Avg WIP h r s 

1 3 , Avg h r s work done 

1 4 , Var of l a t e n e s s 

1 5 , Avg t a r d i n e s s 
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T a b l e 5 3 . (Conc luded) 
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T a b l e 5 4 . ANOVA F T e s t s (F v a l u e s ) 

F n n / o I^N = 5 - 2 9 T a b l e s 35 t o 38 . 9 9 ( 3 . 1 6 ) „ i 
N No Pool 

T a b l e s 39 t o 42 
P o o l , DESLF = 4 . 2 5 

T a b l e s 
P o o l , 

4 7 , 4 0 , 4 6 , 4 2 
DESLF f o r 

F 16) ~ 3 .24 Four D i s p a t c h i n g Ru les Four D i s p a t c h i n g R u l e s DSOP 
O t h e r s 

= 3 . 5 0 , SPT = 2 . 2 5 , 
= 4 . 2 5 

R 3 , Dev from BAL 1.648 2 2 . 1 4 7 .37 

4 , MWB . 8 8 1 1.17 3 .99 

5 , SWB 6 . 8 1 5 8 .80 2 1 . 7 5 

6 , QWB 9 3 . 5 9 8 4 7 . 1 3 4 9 . 8 7 

7 , PWB 6 . 0 3 0 4 . 8 6 7 . 8 1 

8 , PQB 2 . 9 0 4 .134 1.72 

1 0 , Avg WIP h r s 7 5 . 1 5 5 3 7 . 9 0 4 7 . 7 2 

1 3 , Avg h r s work done 2 1 2 . 9 7 110 .37 1 9 8 . 

1 4 , Var of l a t e n e s s 3 6 . 7 8 2 2 . 5 0 2 0 . 7 0 

1 5 , Avg t a r d i n e s s 6 6 . 7 7 2 . 5 1 4 . 4 4 
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T a b l e 55 . Duncan Ranking T e s t s 

I - - T a b l e s 35-38 

No P o o l , f o u r d i s p a t c h i n g r u l e s 

Row 3 , D e v i a t i o n from Bal 
No d i f f e r e n c e i n t h e means 

Row 4 , MWB 
No d i f f e r e n c e i n t h e means 

Row 5 , SWB 
EWIQ i s d i f f e r e n t 

Row 6 , QWB 
No d i f f e r e n c e be tween DSOP and FCFS 
O t h e r g r o u p i n g s a r e d i f f e r e n t 

Row 7 , PWB 
EWIQ i s d i f f e r e n t 

Row 8 , PQB 
SPT i s d i f f e r e n t from FCFS 

Row 1 0 , Avg WIP ( h r s ) 
DSOP and FCFS show no d i f f e r e n c e 

Row 1 3 , Avg h o u r s work done 
No d i f f e r e n c e be tween FCFS and EWIQ 

Row 1 4 , V a r i a n c e of l a t e n e s s d e s t 
No d i f f e r e n c e be tween FCFS and SPT 

Row 1 5 , Average t a r d i n e s s 
No d i f f e r e n c e be tween EWIQ, FCFS 

I I - - T a b l e s 39-42 

SPT EWIQ FCFS DSOP 

FCFS DSOP SPT EWIQ 

SPT EWIQ DSOP FCFS 
H 1 1 j — 

EWIQ DSOP SPT 

SPT 
-f— 

EWIQ DSOP 
1 1— 

SPT 
-f— 

EWIQ DSOP 
j 1__ 

FCFS 
— I — 

FCFS 

FCFS 

SPT DSOP FCFS EWIQ 

DSOP FCFS SPT EWIQ 
_4 j 1 L _ 

DSOP SPT EWIQ FCFS 
H 1 1 i— 

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

Row 3 , D e v i a t i o n from B a l a n c e 
FCFS and DSOP show no d i f f e r e n c e —I 
SPT and EWIQ show no d i f f e r e n c e , 
b u t t h e two g r o u p s a r e d i f f e r e n t from each o t h e r 

FCFS DSOP SPT EWIQ 
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T a b l e 55. ( C o n t i n u e d ) 

Row 4 , MWB 
No d i f f e r e n c e shown 

Row 5 , SWB 
No d i f f e r e n c e be tween DSOP and FCFS 

DSOP FCFS SPT 
—I— 

EWIQ 

Row 6 , QWB 
No d i f f e r e n c e be tween FCFS and DSOP 

SPT EWIQ FCFS DSOP 
—\ f 

Row 7 , PWB 
EWIQ i s d i f f e r e n t 

EWIQ SPT FCFS DSOP 
—I I 

Row 8 , PQB 
No d i f f e r e n c e 

Row 10 , Avg WIP h r s 
No d i f f e r e n c e be tween FCFS and DSOP 

SPT EWIQ FCFS DSOP 

Row 1 3 , Avg h o u r s of work done 
A l l means a r e d i f f e r e n t 

Row 1 4 , V a r . o f l a t e n e s s 
DSOP i s d i f f e r e n t from a l l o t h e r s 
A l s o FCFS and EWIQ a r e d i f f e r e n t 

Row 1 5 , Avg t a r d i n e s s 
SPT and FCFS a r e d i f f e r e n t 

SPT DSOP FCFS EWIQ 
—I J 1 P— 

DSOP FCFS 
—I i— 

SPT 
—I— 

EWIQ 
- J 

SPT EWIQ DSOP FCFS 
—I 1 1 > 

I I I - - T a b l e s 4 7 , 4 0 , 4 6 , 4 2 

P o o l , f o u r d i s p a t c h i n g r u l e s w i t h t h e f o l l o w i n g DESLF v a l u e s : 
DSOP (3^ .5 ) , EWIQ ( 4 . 2 5 ) , SPT ( 2 . 2 5 ) , FCFS ( 4 . 2 5 ) 

Row 3 , D e v i a t i o n from b a l a n c e 
No d i f f e r e n c e be tween SPT and FCFS o r 
be tween DSOP and EWIQ. O t h e r com­
p a r i s o n s show d i f f e r e n c e s . 

Row 4 , MWB 
SPT d i f f e r s from DSOP and EWIQ 

Row 5 , SWB 
EWIQ i s d i f f e r e n t from a l l o t h e r s 
A l so SPT i s d i f f e r e n t from FCFS 

SPT 

SPT FCFS DSOP EWIQ 
—I 1 1 r— 

FCFS DSOP EWIQ 

SPT DSOP FCFS EWIQ 
—I ! 1 1— 
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T a b l e 5 5 . (Conc luded) 

Row 6 , QWB 
No d i f f e r e n c e between FCFS and DSOP 

Row 7 , PWB 
No d i f f e r e n c e be tween SPT and FCFS 

SPT EWIQ FCFS DSOP 

EWIQ SPT FCFS DSOP 

Row 5 , PQB 
No d i f f e r e n c e 

Row 10 , Avg WIP h r s 
SPT i s d i f f e r e n t from a l l o t h e r s 
A l so EWIQ and FCFS a r e d i f f e r e n t 

Row 1 3 , Avg h o u r s of work done 
A l l means a r e d i f f e r e n t 

Row 14 , V a r i a n c e of l a t e n e s s 
No d i f f e r e n c e be tween SPT and FCFS 

Row 1 5 , Average t a r d i n e s s 
DSOP i s d i f f e r e n t 

SPT EWIQ DSOP FCFS 

SPT 
i 

• i 

DSOP 

, 

FCFS 
i 

J 

EWIQ 
I 

j 

DSOP 
l 

SPT 
1 

i 

FCFS 
1 

/ 

EWIQ 

i i 1 1 

EWIQ 
-\ 

SPT 
1 

FCFS 
$ 

DSOP 
j — 
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- F O R , I S SHOPALT2.ENDSV 
SUBROUTINE ENDSV ( N S E T ) 

C 
C * * * EVENT SUBROUTINE CALLED WHEN AN END OF SERVICE 
C * * * HAS OCCURRED FOR A JOB OPERATION 
C 

DIMENSION N S E T ( 3 5 » 1 ) 
COMMON I D , IM , I N I T , JE VNT » JMN I T , MF A , MS TOP * MX ,MXC , NCLC T , 

1NHI ST » NOO » NORP T , NOT » \PRMS » NRUN »NRUNS »NST AT ,OUT . S C A L E , 
2 I 5 E E D . T N O W , T B E G , T F I ; N , M X X » N P R N T , NCRDR , NEP , VNQ ( 2 5 ) . 
3KOF ,;<LE ,KOL , A T R I 3 ( 3 3 ) , ENQ ( 2 5 ) , I NN ( 2 5 ) . JC ELS ( 2 C , 3 2 ) . 
4KRANK ( 2 5 ) >JCLR »MAXNQ(25) , M F E ( 2 5 ) , M L C ( 2 5 ) »f- 'LE(25) » 
5 N C E L S 1 2 0 ) ,NCM 2 5 ) > P A R A M ( 4 0 , 4 ) , Q T I M E ( 2 5 ) , SSUMA(2 0 , 5 ) 
6 , SUM A ( 7 5 , 5 ) , NAME ( 6 ) , NPROJ ,MON , NDAY > N Y R 

COMMON P L E N , N T P D S , N T O T P D , N " , X I S Y S , X W K S Y , I DUE, 
1 I TYPE,MNEXT , NEN , N L V , N H E L D , W B ( 1 0 ) , W B M ( 1 0 ) ,X ( 1 0 , 1 0 ) , 
2 B U S ( 1 0 ) , N R S E T , NRULE,MNOW,NRST,NENDS,NHOL,^ 'RL, 
3WWW(10 ) , S E E D , A R A T E , L O C ( 2 0 U ) , M A X , A R { 1 1 ) 

COMMON MPREL, N P R E P , NDESL »NDML , CAP'-'( 1 0 ) , D E S L ( 1 0 ) , 
1 D Q L ( 1 0 ) , D E S L F , D ML F ,QL 0 A D ( 1 0 ) , X O P S , X W K S , T I M E F { 1 0 ) , 
2NSTSW » NLDR , NARR , SHQPLD ( 10 ) 

COMMON A ( 2 5 , 1 0 0 ) , K 8 V ( 1 5 ) , C ( 1 0 0 ) , F A C D U D 
COMMON I C O U N T , N C O U N T , S I N P E R , M S W ( 1 0 ) , A V G L D 9 
M N O W = A T R I B ( 1 1 ) + 0 . 0 0 0 0 1 
M N E X T = A T R I B ( 1 3 ) + 0 . 0 0 0 0 1 
CALL TMST ( XOPS , TNOW, 1 3 ,.NSET ) 
X 0 P S = X 0 P S + 1 . 0 
CALL TMST (XWKS,T N O W , 1 4 , N S ET) 
XWKS=XWKS+ATRI3(12) 
A T R I B ( 3 2 ) = A T R I B ( 3 2 ) + A T R I 3 ( 1 2 ) 
A T R I 3 ( 5 ) = A T R I B ( 5 ) - 1 . 0 
I F (ATRI 3 ( 5 ) ) 1 J , 1 J , 6 C 

C 
C * * * COLLECT S T A T I S T I C S ON THE JOB LEAVING THE SYSTE''* 
C 

10 T I S Y S = T N 0 W - A T R I b ( 3 ) 
CALL COLCT ( T I S Y S , 1 1 , N S E T ) 
N O P = A T R I B ( 1 0 J + 0 . 0 O 0 O 1 
N P 2 3 = N 0 P + 2 2 
CALL COLCT ( T I S Y S , N P 2 3 , N S E T 1 
CALL TMST ( X I S Y S , T.NO \ , 12 , NSET ) 
X ISYS = X I S Y S - 1 . 0 
CALL TMST ( XWKSY,TNOW,11 ,NSET) 
X ,\ K S Y = X WK S Y-A T R I B ( 9 ) 
DDD= ABS ( TNO1/.—ATR I B ( 4 ) ) 
CALL COLCT ( DDD , 1 5 ,.NSET ) 
T L A T E = T N O W - A T R I b ( 4 ) 
CALL COLCT ( T L A T E , 1 2 • N S E T ) 
CALL H I S T O ( T L A T E , - l u . . , 2 . u , l , N S E T ) 

file:///PRMS
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TARDY=TLATE 
I F ( T L A T E . L T . O . O ) T A R D Y = 0 . 0 
CALL COLCT (TARDY » 1 3 » NSET) 
TSYNPL=TNOW-ATRIB(3 3 ) 
CALL COLCT (TSYNPL * 4 2 * NSET) 
N P 4 0 = N O P + 3 9 
CALL COLCT ( T S Y N P L » N P 4 0 , N S E T ) 
TI POOL = A T R I B ( 3 3 ) - A T R I B ( 3 ) 
CALL COLCT ( T I POOL > 4 3 * NSET ) 
PERPOL = T I P O O L / P L E N + J • 5 
NPEPOL=PERPOL 
CALL H I S T O ( N P E P O L , 1 . L , 1 . 0 , 1 6 , N S E T ) 
N P 4 6 = N O P + 4 5 
CALL COLCT ( T I P 0 0 L » N P 4 6 » N S E T ) 
B = F L O A T ( N T P D S - 1 ) * P L E N 
B D U E = A T R I B ( 4 ) 
IF ( B D U E . L T . B ) GO TO 3 0 
I F (BDUE.LT.TNOW) GO TO 2 0 
LP= ( T N O W - B D U E / P L E N ) - . 9 9 9 9 9 9 9 
GO TO 4 0 

2 0 L P = 0 
GO TO 4 0 

3 0 L P = ( B - B D U E ) / P L E N + . 9 9 9 9 9 9 
4 0 XP=LP 

CALL H I S T O ( X P » - 1 0 . 5 , 1 . 0 , 2 » N S E T ) 
X O P S = X O P S - A T R I B ( 1 0 ) 
XWKS=XWKS-ATRIB(9) 
NLV=NLV+1 
J O B = A T R I B ( 3 0 ) + . 0 0 1 
L O C ( J O B ) = 0 
I F ( J O B . N E . M A X ) GO TO 8 0 

5 0 MAX=MAX-1 
J 0 B = J 0 B - 1 
I F ( L 0 C ( J O B ) . L E . 0 ) GO TO 5 0 
GO TO 8 0 

C 
C * * * THE J 0 3 I S NOT LEAVING THE SYSTEM 
C * * * UPDATE THE JOB ATTRIBUTES 
C 

6 0 IF ( N R U L E . L E . 3 ) A T R I B ( 6 ) = A T R I B ( 6 ) - A T R I B ( 1 2 ) 
LRM = ATR I B ( b" ) + . 0 0 l 
L R = 2 * L R ^ + 9 
DO 7 0 I = 1 1 » LR » 2 
ATR1B( I ) = A T R I B ( 1 + 2 ) 

7 0 A T R I B ( 1 + 1 ) = A T R I B ( 1 + 3 ) 
A T R I B ( L R + 2 ) = 0 . 0 
A T R I B ( L R + 3 ) = U . 0 
CALL PTJOB ( 2 , N S E T ) 
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C • * * CHECK MACHINE QUEUE FOR ANY JOBS 
C * * * AVAI ABLE FOR PROCESSING 
C 

8 0 IF (NO(MNOW + 1 ) ) 8 1 » 8 1 » 1 0 u 
C 
C * * * THERE ARE NO J O B S IN THE QUEUE 
C * * * CHECK QUEUE FOR COMPANION MACHINE 
C 

8 1 CONTINUE 
CAL1=(MN0W+.C1 ) / 2 . G 
MCAL1=CAL1 
KCAL1=2*MCAL1 
MCAL2=MN0W-MCAL1 
I F ( M C A L 2 . L E . 0 ) MNO1 =MNO.\'-1 
I F ( M C A L 2 . G T . 0 ) MN01 = MN0r/+l 
I F ( N Q ( M N 0 1 + 1 ) ) 9 0 , 9 u , 8 2 

8 2 CONTINUE 
C 
C * * * MORE THAN ONE JOB I S AVAILABLE IN COMPANION 
C * * * M A C H I N E ( M N 0 1 ) • COMPUTE P R I O R I T I E S AND BRING IN 
C * * * THE JOB WITH THE HIGHEST P RI O RI T Y FROM THE QUEUF. 
C 

2 0 0 MN1=MN01+1 
I F ( N Q ( M N 1 ) • E Q • 1 } GO TO 2 2 0 
IF ( N R U L E . E Q . O . O R . N R U L E . G T . 3 ) GO TO 2 2 0 
I F ( N R U L E . G T . 2 ) GO TO 2 1 0 
MN02=MN0W 
MN0W=MN01 
CALL DYNAM (MBEST > NSET) 
CALL RMOVE (MB EST,MN1»NSET ) 
6 0 TO 2 3 0 

2 1 0 CALL WKINQ (MBEST »NSET) 
MM0W=MN02 
I F ( M B E S T . E O . O ) GO TO 2 2 0 
CALL RMOVE (MBEST »MN1»NSET) 
MN0W=MN0 2 
GO TO 2 3 0 

2 2 0 CALL RMOVE ( M F E ( M N 1 ) , M N 1 , N S E T ) 
C 
C * * * COMPUTE THE WAITING TIME FOR THE JOB AND 
C * * * DECREASE THE WORKLOAD IN THE MACHINE QUEUE. 
C 

2 3 0 ';«T = TNO ,/.-ATR 113(8) 
MN15=MN01+15 
CALL COLCT ( V>1 * MN 1 5 * NSET ) 
Q L O A D ( M N 0 1 ) = Q L O A D ( M N 0 1 ) - A T R I B ( 1 2 ) 
S H O P L O ( M N 0 1 ) = S H O P L D ( M N 0 1 ) - A T R I c ( 1 2 ) 
T IM E V T = A T R I b ( 1 2 ) * ( 8 . u / C A P M ( M N O W ) ) 
ATR I B ( 1 )=TNOv\' + TIMEVT 
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A T R I B C 2 ) = 1 . 0 
J O B = A T R I B ( 3 0 ) + . 0 0 1 
LOC ( JOB ) = ' ' ' F A 
ATRIB(11)=MNOW 
CALL F I L E M ( 1 ,NSET ) 
RETURN 

9 0 CALL TMST ( BUS ( MfMOW ) , TNOW ,MNO>: » NSET ) 
B U S ( M N O W ) = 0 . 0 
I F ( M S W ( 2 ) . L Q . O ) GO TO 9 3 
I F ( N L D R . E Q . C ) GO TO 9 3 
CALL COLCTt 1 . C 6 8 . N S E T ) 
I F ( N O ( 1 2 ) • L T • 1 ) GO TO 9 3 
I F ( M S W ( 3 ) . E Q . O ) GO TO 8 8 
I F (SSUMA(MNOW > 3 ) . G E •AVGLD9) GO TO 9 3 

C 
C * * * TRY TO MOVE JOB FROM POOL TO EMPTY MACHINE 
C 

8 8 J = 0 
N1 = M F E ( 1 2 ) 

9 1 J = J + 1 
N F I R S T = F L O A T ( N S E T ( 1 1 , N 1 ) ) / S C A L E + . 0 0 0 1 
I F ( N F I R S T . E Q . M N O W ) GO TO 92 
N 1 = N S E T ( M X » N 1 ) 
I F ( N 1 . N E . 7 7 7 7 ) GO TO 9 1 

C 
C * * * NO JOB WAS FOUND THAT COULD HELP IDLE MACHINE 
C 

GO TO 9 3 
C 
C * * * PUT JOB FROM POOL IN IDLE MACHINE 
C 

9 2 CALL R M 0 V E ( N 1 » 1 2 . N S E T ) 
CALL COLCT ( 1 . 0 , 6 9 , N S E T ) 
M N E X T = A T R I U ( 1 1 ) + . U 0 O 0 1 
CALL P T J O B ( 3 , N S E T ) 

9 3 RETURN 
C 
C * * * MORE THAN ONE JOB I S AVAI ABLE• COMPUTE 
C * * * P R I O R I T I E S AND BRING IN THE JOB WITH THE 
C * * * HIGHEST PRIORI T Y FRO''' THE QUEUE. 
C 

1 0 0 MN1=MN0W+1 
I F ( N O C N I ) . E Q . l ) GO TO 12 0 
I F ( N R U L E . E Q . 0 . O R . N R U L E . G T . 3 ) GO TC 1 2 0 
I F ( N R U L E . G T . 2 ) GO TO 1 1 0 
CALL DYNAM (MB E S T , N S E T ) 
CALL RMOVE ( M B L S T , M N 1 , N S E T ) 
GO TO 1 3 0 

1 1 0 CALL /i K. I N Q ( MB EST , NSE T ) 
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I F ( M B E S T . E Q . O ) GO TO 1 2 0 
CALL RMOVE ( MBEST ,M.M 1 ,NSET ) 
GO TO 1 3 0 

1 2 0 CALL RMOVE ( MFE ( M,M 1 ) , MM 1 »NSET ) 
C 
C * * * COMPUTE THE WAITING TIME FOR THE JOB AND 
C * * * DECREASE THE WORKLOAD IN THE MACHINE QUEUE. 
C 

1 3 0 WT=TNOW-ATRIB(8) 
MN15=MNOW+15 
CALL COLCT (WT , M N 1 5 , N S E T ) 
QLOAD(MNOW)=QLOAD(MNOW)-ATRIE(12) 
SHOP L D ( M M 0 W ) = SH OP L D ( M N 0 W ) - A T R I B ( 1 2 ) 
TIMEVT = ATRIB( 12 ) * ( 8 . C / C A P M ( ^ N O W ) ) 
A T R I 3 ( 1 )=TNOW+TIMEVT 
A T R I B ( 2 ) = 1 . 0 
J O B = A T R I 6 ( 3 0 ) + . 0 0 1 
LOC(JOB)=MFA 
CALL FILEMf 1 »NSET) 
RETURN 
END 
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- F O R . I S SnOPAL T2 .GL.N 'AT 
SUBROUTINE GL.M.-IAT d>.SET) 

C 
C * * * T H I S SUBROUTINE PLACES T h e PARAMUt-Rb FOR JnC jQob 
C * * * IN THt J."N3 POOL IN THE FUK- K L ' J U I K E D OY L P 
C 

D T ' c N S I O ' ! NSET ( 3 5 . 1 ) * DUDF T ( 5 ') ) , VF'.!M ( 1 ' . . 7 . ) . O V ' Y (5 ) 
COMMON I D » I M » I N 1 T , J E V N T . J M N I T . V F A » - S T U H * * X , < „ Y C , I M C L C T , 

1NHI ST » NO" . •'••'"C.PT »N r , T . "PP'VS . N'RUN . *:K Jr.:S . INST AT . u ' ' T , S C A C L , 
2 I SEED » T NO / . TDF G . T F I N . ' ' X X . NPKiMT » N C K D K » N L P » V-N-V ( 25 ) . 
3N.CF » <LE »<0L . A T ? It* ( 33 ) »EN . ( 25 ) » I \ N ( 2 5 ) »JCELS ( 2 : . 3 2 ) » 
4 . < H A . \ N ( 2 5 ) , JCLN .NAXNO ( 2 5 ) » Ml- E ( 2 5 ) »•- LC ( 2 5 ) { 25 ) » 
5 NCLLS ( 2 u ) »NU ( 2 5 ) .PARA.- ( 4 » 4 ) » uT I t ( 2 5 ) » SSU.-.A ( 2 3 . - 3 ) 
6 .OJ'- 'A ( 7 5 . 5 ) . J \ M . - ' L ( 6 ) . NPKUo . JMJN . isDAY .^Yn. 

COM"ON P L E N » T PDS » NTQTPD > •*!'•- » X U Y 3 » X X S Y . I DL E . 
11 TYPE , "N EXT EN .NLV » NHELD.- 'B ( 1 G ) . • B"' ( I - ) , Y ( 10 , 1 ) , 
2 BUS ( 1 ) » NRSET »N 0OLE »'•' .r 1C '•/. •*",:? S T » v E ND S »"." HU L » "•' K L , 
3 . ( 1 . ) . S t t D . A R A T t .LUC ( 2 , 0 ) ..-.AX , A* ( 1 1 ) 

CPvvQM r-PREL . NPRtP »riL)ES L »NDML » C APM ( ) . DEoL ( 1 0) • 
I L O L ( 1« ) .DESLF ,DMLF .OLOAD ( 1 ; ) . X UP ^ . X' ••K C> . T I M E F ( 1 0 ) . 
2NSTSv '»NL0R»NAKK»SriuPLD( 1 >) 

CC-r iON A ( 2 5 . 1 0 ) , KBV ( 1 5 ) » C ( 10 0 ) , FACDUD 
C 
C * * * Kt r lE ' - ' u t R TO USE ONLY AN EVEN NUMbLK u F r-'iACnl r^E^ 
C * * * O l T h THIS S P L C I A L L Y H U D I F I ED , , x w 6 . A , 
c * * * o t i r A i ; , r , o . O F J O U S I N P O O L A N D I N I T I A L I Z E .-.ATrxiCFS 
c 

N P O 0 L = N O ( 1 2 ) 
MRO.\ = 2 5 
:.'.C0L = 8 0 
N O R ° O = N ^ 
N 0 C O L = : M P U W J _ + 2 * N M 
I NDcX=0 
DO 3 1 = 1 . 5 

3 < A U X ( I ) = w 
O b J I N = J . O 
DO 1 1 = 1 .M'i 
DO 1 J = 1 J U K U U L 
.• FOP ( I » J ) = - . 

1 CONTINJE 
DO 2 1=1 
D? 2 J = l .NOCOL 

2 A ( I , J ) = .' . -
J = ~ 
'•1=-*FE( 12 ) 

C 

0 *** O o T A T . LP M-TRi t M T R I L S FOR LACM J 0 6 

J = J + i 
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.\'<TIM = 0 . 0 
NQ1=FLQAT ( NStLT ( 1 0 , wl ) ) /SCA,_ t + • r ' 0 ^ 0 0 1 
0 0 3 5 I =1 ,-NUl 
N O N 1 = 9 + 2 * I 
N0,N2 = FL°AT ( N5ET ( N0M1 , N 1 ) ) / SCAL t + . 0 ? 0 - > 0 1 
N0N3=NO<Nl + l 
'.-J OL = F L 0 A T ( N S L T(NON3 . N1 ) ) / S C A L E 
A ( N O N 2 » J ) = « C L 
.«'<T I : ' = .;< T I ' ' + /. OL* ( 8 . ^ / C A P ^ ( NUIN2 ) ) 
IF (N L D R • Ti L • 2 • 0<? • v L DR•N E • 3 ) Gu Tu 3 5 
I F ( N O N I . N L . 1 1 ) Gu Tu 3 5 
WFOP ( N 0 N 2 , J ) ='.'.'OL 

3 5 CONTINUE 
TIWJUE = F L O A T ( N S t T ( ' . , N l ) ) /SCAL E + • OOOC 0 1 
A ' R K J U E =TLOAT (NSET < 9 , I N 1 ) ) / S C A U E + • '.00001 
u J u S L < = T I '••JUL-TNU •'- '•XT I n 
I F (DUDSLK . L E . J . ' ^ ) DUDSLK. = C 0 
OUUFT ( J ) = F AC DUD / { DUD5LK+. 3 ) 

C 
C * * * OuT AIT. NEXT J O J IN Trih K U U L , IF THL.NE IS A.,Y 
C 

N1 = NSET(MX . N l ) 
I F ( N l . N E . 7 7 7 7 ) GO TO 3 o 

L 
C * * * SET UP MATRICES REQUIRED L>Y LPI 

N M 1 = N f ' / 2 
NORO'.v = N' 4.1 
N0C0L = NHUUL + 2 *m-.l 
DO 4 5 I = 1 , N " 1 
DO 4 5 J = 1 , N P C 0 L 
1 I 1 = ( 2 * 1 ) - 1 
1 1 2 = 2 * 1 
At 1 , J ) = A ( I 1 1 . J ) + M I 12 . J ) 
IF ( N L D R • L 0 • 2 • 0 R • ' i L D R • L C» • 3 ) GO TO 60 
UO 51 I = l , N n R O W 
DO 52 J = l , ' i O C O L 
I F ( J . C ' : . ( NPOOL +1 ) ) A ( I » J ) = 1 . 
IF t J . ^ . C P ^ L + V l + i ) ) A ( I , J ) = - 1 . ' J 
CONTINUE 
u L S L 2 = D L S L ( I I I )+Di_5L ( I 12 ) 
S.IOPL2 = 3»IOPL 0 ( I I I ) + S H r , P L D ( 1 1 2 ) 
A ( 1 , N C C ' " L + 1 ) = DE5L2 - S n ^ P L 2 
A A = A I I .NOCUL + 1 ) 
^ u J I N = C J J l N + / , , J S (/\A ) 
KbV ( I ) =NPCOL+ I 
IF ( A A . V J L . „ ) GO TO 51 
A( I , NOC^L-f 1 ) = -AA 
KuV ( I ) =\HOL>L + .'v-'.l + I 

5 2 
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DO 54 J = l , N O C U L 
54 A ( I »J ) = - A ( I » J ) 
5 1 CONTINUE 

GO TO 7 1 
C 
C * * * MATRIX PREPARATION .VHEN NEXT O'jEUt RULE IS USED 
C 

6 J DO 6 1 I = l ,NORO.\ ' 
DO 62 J = l , N O C O L 
I 11= C 2 * I ) - l 
1 1 2 = 2 * 1 
I F ( J . L E . N P C C L ) A( I , J )=WFOH( I U , j ) + w F u r ( I I 2 » ^ ) 
I F ( J . E O . ( M P O O L + 1 ) ) A ( I , J ) = 1 . 
IE ( J • E O • ( N P O O L +NM1 + I ) ) A ( I , J ) = - 1 . 0 

62 CONTINUE 
D Q L 2 = D G L ( I I I ) + D G L ( 1 1 2 ) 
QLOAD2 = Q L O A D ( I I I ) + O L O A D ( 1 1 2 ) 
A ( I » NOCOL+1)= DUL2 - U L U A D 2 
A A = A ( 1 , N O C O L + l ) 
O B J I N = O B J I N + A B S ( A A ) . ... 
K B V ( I ) = N P O O L + I 
I F ( A A . G E . 0 . 0 ) GO TU 6 1 
A ( I , N O C O L + l ) = -AA 
K D V ( I ) = NPOOL+NMl+I 
DO 6 4 J = l , N O C O L 

64 A ( I » J ) = -A ( I * J ) 
6 1 CONTINUE 
7 1 CONTINUE 

NRT1=N0R0W+1 
NCT2=NOCOL+2 
NPT2=NPOOL+(2*NM) 
DO 72 I=NRT1 ,NM 
DO 72 J = N C T 2 » N P T 2 

72 A ( I » J ) = 0 . 0 
DO 76 J = l , N O C O L 
C ( J ) = 0 • 0 
IF ( J . G T . N P O O L ) GO TO 7 7 
C ( J ) =-DUDF T ( J ) 
A ( N O R O W + l , J ) = l . J 
A ( N G R O W + 2 , J ) = l . u 
GO TO 76 

77 C ( J ) = l . u 
A ( N O R O A ' + 1 , J ) = - 1 . 0 
A(N0R0W + 2 , J ) = 1.'J 

76 CONTINUE 
C ( N 0 C 0 L + 1 ) = -OB J I N 
A(NCROW + 1,NOCOL + 1 ) = L• C 
A (NORO.-.+2 , NOCOL •• 1 ) = c-. L 
DO 8 8 I = l , N G R O . ; 
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DO 8b J = l , N O C O L 
C ( J ) = C ( J ) - A ( I , J ) 

36 CONTINUE 
I F ( N L D R . G E . 4 ) 00 TO 9 1 
CALL L P I ( NSET , NDRO'.V , NCCOL •N'RO.-.V'CCL ,INDEX,KAUX ) 
GO TO 92 

9 1 CALL POOLHE (NSET » NOROW * NOCOL ) 
92 RETJRN 

END 

- F O K » I S Sr tOPALT2«JOt , i ;EC 
SUBROUTINE UOBDEC (NSET ,NOROW,NOCOL) 

DIMENSION N S E T ( 3 5 , 1 ) , X J O B ( 1 0 0 ) 
COMMON ID , IM., I NIT . JEVNT , J M N I T ,MF A, MO TOP , MX ,'^XC , NCLC T , 

INf i lST »NCQ,f:ORPT ,NOT , NPRMS»NRUN , v R O " S »NSTAT , O U T , SCALE , 
2 I SEED» T N O . T BEG » T F I N »MX X , NPRNT , NCODO , NEP »VNO { 25 ) » 
3,<0F »KL E , KOL »AT R I u ( 3 3 ) » E NO ( 2 5 ) > I N N ( 2 5 ) » JC EL S ( 2 3 » 3 2 ) » 
W A . \ ; ; ( 2 b ) , J C L K ,MAXNO ( 2 5 ) »OF E ( 2 5 ) » MLC(2 5 ) »MLE ( 25 ) » 
5 N C E L 0 ( 2 o ' ) , N ^ ( 2 5 ) >PARAM(4 0 . 4 ) , 0 T T ' E ( 25 ) » SS'JMA ( 2 0 » 5 ) 
6 , SOMA ( 7 5 , 5 ) , . \ A M E ( 6 ) ,NPKOJ,MON,NDAY>NYR 

COMMON PLEN , NTP J S , NTOTOD,N"»X I SYS ,X 'KSY » I DUE , 
1 I TYPE » MNEXT , NEN ,NLV , NHELD, -.'B ( 1 0 ) , ( 1 J ) , X ( 1 0 , 1 0 ) , 
2 3 U S ( 1 L ) ,NRSET , MRUL E ,MNO'.v, "RST , MENDS > NHOL »'. R L , 
3 .W.A ' ( 10 ) I O L U ; ,ARATE , LOC ( 2 0 J ) ,MAX,AR( 1 1 ) 

COMMON .NPREL T PREP , NOP S L » N0*-'L , C D ' - ' ( 1 0 ) , O E S L ( 1 0 ) , 
IDOL ( 1 0 ) , 0E SLF , 0 ' 'L F , 0 L 0 A0 ( U ) »X OPS » X'/.'KS» T I V E F ( 10 ) , 
2 N S I S » ; N L D R » NAR R , S H O P L D ( 1 J ) 

COMMON A ( 2 5 , 1 c 0 ) , K LJV ( 1 5 ) , C ( 1 w u ) , F *C DUD 
<NMl=NM/2 
NPOOL = .NO ( 12 ) 
» 0 1 J = 1 > N P 0 L- L 
X J O B ( J ) = o „ ^ 
A/\l ( N O k 0 0 + 2 , J ) — • -J o v.' 1 
I « = I F I X(A Ai ) 

1 I r" ( I A • L 0 . - 1 ) X J 0 0 ( J ) = 1 • c 
IF ( . N L O R . O L . A ) J O TO 20 
DO 2 1 = 1 » ' 0 ' 1 
J J = K c V ( I ) 
X J C u ( J J ) = / ( I ,NOCOL + 1 ) 

* * * VA.<I A-JLU-S IN _ A S I S AND I T H - P P L K BOUND INDICATOR 

C 
c 
c 
c 
c 

T H I S SUBROUTINE USES THE LP RESULTS TO MAKE THE 
FINAL SELECTION REORAO ING THE JOBS THAT SHOULD 
BE LOADED IN THE SHOP 
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* * * ON, NELD TO JE CALCULATED DIFFERENTLY 

AA1=A( NCRO.% + 2 , J J ) - . J C 1 
I A = I F I X ( A A 1 ) 
I F ( I A . N E . - l > GO TO 2 
X J 0 3 ( J J ) =A ( NGRO'A' + l »J J ) -A ( I f NOCOL + 1 ) 

2 CONTINUE 

* * * SEARCH JOB POOL F I L E AND LOAD IN THE SHOP THOSE 
J O B S '/.ITH DECISION VARI ABLE • GE • . 7 5 

2 J J = u 
N I = , ; F E ( 1 2 ) 
/JKShP l = o . 0 . 
T D E S 1 = 0 . G 
DO 2 5 I=1,.NM 
T D E S 1 = T D E S 1 + D E S L ( I ) 

2 5 •.•;KSriPl=.vKSHPl+SMOPLJ t I ) 
3u J = J + 1 

X J B . « = X JOB ( J ) . . . 
IF ( X J B N . L T . 0 . 7 5 ) GO TO 4 0 
N 2 = N S E T ( M X . N l ) 
CALL RMOVE ( \ 1 , 1 2 , N S E T ) 
.ViCSHP 1 = /. KS' iP1 + A T R I 3 ( 9 ) 
MNE X T = AT R I B ( 1 1 ) + . 0 0 1 
CALL P T J 0 3 ( 3 , NSET) 
N1 = .N2 
GO TO 4 1 

4 0 N I = NSFT ( MX >N1 ) 
4 1 CON T I NUE 

IF ( N l . N E . 7 7 7 7 ) GO TO 3 . 

* * * SEARCH JOB POOL F I L E AND LOAD J G o S WITH DEC IS I C ; 
* * * VARIABLES B L T A ' E E N ^ . 3 AND 0 . 7 5 IF TOTAL SHOP LO* 

J = . 

I S LEGS THAN 0F SIRED 

5 5 

IF I N G ( 1 2 ) . E G . . ) GG TG 7 J 
N1 = '-'FE ( 12 ) 
I F ( .vKSHPl .CL • T ^ L S l ) GO TO 7 
J = J + 1 
IF ( J . J T . N r o C L > GO TO 7~ 
X >J C • . = X J V' L> ( J ) 
I f ( X J - , N . G L . ~ . ? 5 ) GO TG 5 5 
IF ( X J o N . L T . . . 3 ) GG TG 6 5 
.\2 = . \oE I (MX ) 
C,<LL R.-.^VE ( \ 1 , 1 2 » NGE T ) 
. • . K S U P 1 = . . K 3 U P 1 +ATRI B ( 1 ) 
.-i,N E X T = A T IN I L ( 1 1 ) + 1 
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CALL PTJOB ( 3 , N S E T ) 
N1 = N2 
CO TO 6 6 

6 5 N1=NSET (MX »N1 ) 
6 6 CONTINUE 

IF ( N 1 . N E . 7 7 7 7 ) GO TO 5o 
/ o CONTINUE 

RETURN 
END 

- F o U , l S SriOPAL T 2 . P T J O o 
SUBROUTINE PTJGG ( I N P . N S E T ) 

C 
C * * * SUBROUTINE /MICH MOVES JOb TO NEXT MACHINE 
C * * * CENTER 
C 

DIMENSION N S E T ( 3 5 , 1 ) 
COMMON I D , I M , I N I T , J E V N T , JM.N I T , MF A , MS TOP , MX ,MXC,NC"LCT , 

1 N H I S T , N 0 Q , N O R P T , N O T , N P R V S , NRUN , NRUNS , NST A T ,OU T , S C A L E , 
2 I S E E D , T NOV- , T J>EG , T F I N , ' X X » N P R N T , NCRDR , NEP , V 'O ( 25 ) , 
3KOF ,KLE , \ O L , ATR l o ( 3 3 ) , ENO ( 2 5 ) , I HN ( 2 5 ) , JC ELS ( 2 0 , 3 ? ) , 
4KRAN^ ( 2 5 ) , J C L i \ • -1A X'. i ( 25 ) » ' F E ( 2 5 ) ,MLC ( 25 ) ,MLE ( 2 5 ) , 
5 N C E L S ( 2 u ) , N G ( 2 5 ) , PAR AM ( 4 0 , 4 ) , Q T I M L ( 2 5 ) » SSU-MA ( 2 0 » 5 ) 
6 ,SUMA( 7 5 , 5 ) ,NAMti ( 6 ) » NPKOJ , MON , NC AY , N YK 

COMMON P L E ; , N T P DG , N T 0 T t1D , NM , X I 5 Y S , X A'KS Y , I DUE > 
1 I TYPE ,MNEXT , NEN , NLV , NUELD , Wui ( 10 ) , Wo'-' ( l o ) , X ( 1 0 , 1 0 ) , 
2 BUS( l u ) ,NRGET , N R U L E , MNOW » \ R S T , f JE NDS , NHOL 
3WWW(lu) , S E E D,A R A T E , L 0 C ( 2 U J ) , M A X , A R ( 1 1 ) 

COMMON N P R E L » N P R L P » N D E 5 L » N D -1L , C A P ( l u ) , D E S L ( 1 0 ) , 
IDOL ( 10 ) • DESLF ,D":LF , 1LC AD ( 10 ) » XC°S » X W£5 » T I " E F ( 10 ) , 
2NSTSW,NLDR ,NARR , S H 0 P L D ( l o ) 

COMMON A ( 2 5 , 1 L 0 ) , <BV ( 1 5 ) , C ( 1 ) , FACDUD 
COMMON ICOUNT , NCOUNT , o I NPER ,MSW { l u ) , AVGLD9 

C 
C * * * CHECK IF JOo IS A NEW ARRIVAL 
C 

IF ( I N P . N E . l ) GO TO k 
A T R I B ( 3 ) = T N O W 
NEN=NEN+1 

C 
C * * * N L A ARRIVAL. CiECK IF A JOB POOL I S BEING USED 
C 

IF ( N L D R . E Q . ^ ) GO TO 2 J 
C 
C * * * CHECK I F SHOP I S BEING PRELOADED AND JOB POOL 
C * * * rIAS GEEiN COMPLETED 
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I F ( N S T S * . E G . 1 ) oO TO 2 ^ 

* * * PUT ARRIVING J O u IN THE POOL IF O P . 1 'ACH IS N^T I DL 

A T R l b ( 8 ) = TNOO 
J Co = A T R I c ( 3 L ) + 0 • 0 J 1 
L C C ( j o b ) = : - :FA 

* * * COLLECT S T A T I S T I C S ON INTERARRIVAL T T - E S TO 
* * * THE JOB POOL 

b = T AC .»-AR ( 1 1 ) 
CALL HISTO ( D , u . b . 3 » 1 5 , N S E T ) 
A R ( 1 1 ) = T N C O 
N FI R S T = A T R I ri ( 11 ) + . . . 1 
I F ( ',S.\M 1 ) . E C . J ) GO TO A 
IF ( TNOlv .LE .O.v . )Ol ) OO TO 4 
I F ( BUS ( Nf- IRST ) ) 5 , 5 , 4 

A C M L L F 1 L L M ( 1 2 , N S E T ) 
GO TO IJ 

* * * I F F I R S T OPERATION MACHINE I S I OLE,COMSIDER THE 
* * * JOB AS COMING FRO;-". POOL AND PUT IN THE SHOP 

5 CONTINUE 
IF (MSA' ( 3 ) . L U . 0 ) GO TO 6 
I F ( S S U ; - O v ( N F I R 0 T , 3 ) . O E . A V G L D 9 ) GO TO A 

6 MNEX T = NFIRST 
CALL COLCT ( 1 . 0 * 6 9 , N S E T ) 
GO TO 2 0 

* * * UOJ IS NOT A NE'-' ARRIVAL. CHECK IF IT I S C C ' I N G 
* * * FROM THE POOL 

l u I F ( I N P . E 0 . 2 ) GO TO 4 v. 

* * * JOB I S CCMI..G FROM THE POOL. 
* * * ALSO NE.. JOOS -/HEM A POOL I S NOT US Eur ARRIVE 
* * * AT T h I S POINT 
* * * uPDATL 0 T A T .5 OF -'CRK IN SHOP AND ALSO UPDATE 
*•** A G o R E 0 ATE . L 0 A _> IN S HOP OOEOLS FOR EACH ' - ' A C H I N E . 

2 . C / ^ L TOOT ( X I 0 Y 0 , T '. 0 .. , 1 2 , N 0 E T ) 
CALL TMST ( v. <S 1 • TNO.- • 11 .NSET ) 
X ISY0 = X ISYG + 1 . -
A.-.,<SY = X. <OY + A TR I - ( -M 
A 7 A I c ( 3 3 ) - T .NO .. 
. . . 0 . = 2 • " A T ;\ I ( i ./ 1 
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DO 3 7 1 = 1 1 ».Ni\i\ , 2 
J = AT R I B ( 1 ) 

3 7 SHGPLDt J ) = S H O P L D ( J ) + M R I r , ( 1 + 1 > 
C 
C **x- JOL3 I S 'JOT GOING INTO THE POOL. COLLECT S T A T I S T I C ^ 
G * * * ON INTERARRIVAL T I - ' E S TO THE CURRENT *•'ACHINE 
C 

4 u D = TNO>.'-AR (.-'.NEXT ) 
MN4=MNEXT+4 
C M L L H I S T O (D » u • 5 » ^ • 5 » MN4 »NSE T ) 
A R C M . N E X T ) = T N O V : 

c 
C * * * CHcCK ON TME STATUS OF MACHINE FOR NEXT 
C * * * JOB OPERATION 
C 

I F (bUS(MNEX T) ) 6 w , 6 . , 4 1 
C 
C * * * NEXT MACHINE IS b U S Y . J O b CAN NOT BE PUT ON 
C * * * M A C n I N E . CHECK COMPANION MACHINE. 
C 

4 1 CONTINUE 
C A L 1 = ( M N E X T + . o l ) / 2 . ~ 
MCAL1=CAL 1 
MCAL1=2*MCAL1 
M.CAL2=MNEXT-MCAL1 
IF ( M C A L 2 . L E . 0 ) i-lNEX 1 =MNEX T - l 
I F ( M C A L 2 . o T . G J MNEX 1 = MNEXT +1 
I F ( b U S ( M N E X l ) ) 4 2 , 4 2 9 bO 

C 
C * * * COMPANION MACHINE I S NOT BUSY. 
C * * * PUT JOB I N COMPANION " A O T I N E . 
C 

4 2 CON 1 IN U E 
CALL TMST ( c L 5 (* 'NEX 1 ) » TN0 /. »MN EX 1 » N 3 E T ) 
o U S ( M N E X l J = l . u 
•v T = U • J 
MX15=MNEXT+ l b 
CALL COLCT ( T * MX 15 » NSE T ) 
T I M L V T = A T R I B ( 1 2 ) - ( 8 . / C A P M C ' N E X T ) ) 
ATR I D ( 1 ) =TNJ/ . + T I VT 
A T R I B ( 2 ) = 1 . , 
ATR I B( 11 )=M,NEX1 
J = A T R I o ( 1 1 ) 
SriOPLD ( J ) =S;iOPLD ( J ) T R I ( 12 ) 
J 0 D = A T R I o i 3 ^. ) + o • •../1 
L O C ( J O c ) = MFA 
C A L L F I L L M ( 1 » NGE T) 
GO TO 7u 

C 

http://MCAL2.oT.GJ


* * * NEXT MACHINE AND I T S COMPANION ARE BUSY. 
* * * JOB CAN NOT bE PUT ON E l T n E R MACHINE. 

ATK I ti ( b ) = T»NOto 
MXl=MNEXT+l 
JOB = ATR I b ( 3 0 ) +0 • Ou 1 
L O C ( J O B ) = M FA 
QLOAD (MNEXT ) =OLOAD ( MNEXT ) + ATR I b ( 12) 
CALL FILEM (MX 1 , N S E T ) 
GO TO 7 0 

* * * NEXT MACH I NE I S NOT BUSY. 
* * * UOB MAY BE PUT ON MACHINE 

CALL TMST (BUS(MNEXT),TNOW »MNEXT »NSET) 
B U S ( M N E X T ) = 1 . o 
W T = 0 • u 
MXlb=MNEXT+15 
CALL COLCT ( T »MX 1 5 » NSE T ) 
T IMEVT = ATR I 0 ( 12 ) * ( 8 . o/CAPM (M.NExT ) ) 
ATR IB ( 1 ) = TtNGW + T IMEVT 
A T R I b ( 2 ) = l . w 
J = A T R I B ( 11 ) 
S H O P L D ( J ) = 5 H C P L D ( J l - A T R 1 3 ( 1 2 ) 
J O B = A T R I B ( 3 0 ) + 0 . 3 J l 
L O C ( U O D ) = MF A 
CALLFILEM ( 1 , N S E T ) 
NSTS.\ = o 
RETURN 
END 
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